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Abstract
Background: Local management action to address coral-reef stressors can improve reef health and mitigate the
effects of global climate change. Coastal development and runoff lead to sedimentation, which directly impacts coral
recruitment, growth, mortality, and the ecosystem services that coral reefs provide. Decision making for reef resilience
in the face of global and local stressors requires information on thresholds for management action. In response to
needs identified by reef managers, we plan to conduct a systematic review and meta-analysis that will explore the
effects of both deposited and suspended sediment on corals to identify single and interacting stressor thresholds.
We will identify levels of sediment exposure (i.e., concentration, duration, and frequency) that cause adverse physical,
physiological, behavioral, developmental, and ecological responses in coral and describe geographic and taxonomic
patterns in these responses. Our ultimate goal is to provide managers with sediment exposure thresholds that can be
expected to cause these responses.
Methods: Our systematic review will synthesize available evidence on the effects of suspended and deposited sediment on corals. The research questions were formulated with an advisory team to support management decisions
concerning local reef stressors in waters under U.S. federal jurisdiction. While the advisory team is most concerned
with reefs adjacent to U.S. Pacific Islands, our review will include studies that examine reef-building coral species
around the world. We will search online databases and grey literature to obtain a list of potential studies, assess
their relevance, and critically appraise them for validity and risk of bias. Provided enough data can be extracted from
relevant experimental studies, we will conduct meta-analyses that examine changes in coral health and survival in
response to suspended and/or deposited sediment, with the goal to define sediment thresholds for reef managers. If
enough data are available from within the U.S. Pacific Islands, we will construct region-, site-, and/or species-specific
thresholds to improve local management.
Keywords: Sedimentation, Turbidity, Dredging, Marine management, Bleaching, Mortality, Sublethal physiology,
Regulatory processes
Background
Half of the world’s coral reefs have been lost in recent
decades [1–4], while rising sea surface temperatures
and local stressors threaten one-third of those remaining [5]. This decline threatens the ecosystem services
that reefs provide [6], including a USD$36 billion annual
tourism industry [7]. In the U.S. and areas under its
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jurisdiction, corals and coral reefs are protected as federal trust resources, as special aquatic sites, for their
value as habitat for fish, and because some corals are
listed as threatened or endangered species [8–10]. The
regulatory programs that apply to corals and coral reefs
manage a wide variety of local stressors that include
physical destruction and alteration; sediment, nutrients and chemical pollutants; and point sources of thermal pollution [8–10]. Other regulatory programs are
designed to conserve species that use coral reefs as habitat and indirectly benefit reefs [11].
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Management of coastal activities can minimize the
degradation of water quality and bottom habitat, and
thus mitigate reef decline in the face of climate change
[12, 13]. However, reefs face a litany of local stressors
that may act synergistically and thus complicate regulatory programs [14]. Among the most damaging pollutants on coral reefs is sediment, which can remain
suspended in the water or be deposited on the coral
surface (i.e., turbidity and sedimentation, respectively)
and can contain toxicants, pathogens, and nutrients,
all of which impact coral growth, recruitment, and survival [15–18]. There is enormous variation in the levels
of exposure to turbidity and sedimentation that corals
can tolerate, which may result from taxonomic differences, geographic location, sediment type, and exposure concentration, duration, and frequency. Exploring
potential sources of this variation will help to quantify
synergistic effects and identify critical threshold values for sediment and other anthropogenic stressors on
reef-building corals, thus enhancing efforts to conserve
and restore coral reefs.
The Pacific Islands Regional Office (PIRO) of the U.S.’s
National Oceanic and Atmospheric Administration
(NOAA) is in the process of developing a tool to help
regulators and the regulated community assess the effects
of human activities on coral, coral reefs, and associated
benthic communities in the Pacific and to develop appropriate measures to mitigate for unavoidable impacts. This
‘Coral Tool’ becomes more valuable if critical threshold
values for suspended and deposited sediment on coral
reefs can be identified; the tool currently relies on the
results of previously published literature syntheses. The
most widely cited reviews of the effects of coastal development [18] and terrestrial runoff [16] on coral reefs are
now more than a decade old. Substantial new experimental data are now available to inform best management practices. More recent syntheses of the effects of
sediment on corals [15, 17, 19, 20] provide qualitative
accounts only, thus providing a starting point for the
quantitative synthesis that allows regulatory assessments
to rigorously identify thresholds and quantify adverse
effects.
In response to needs identified by NOAA PIRO, we
plan to conduct a systematic review and meta-analysis
that will identify thresholds of coral response to both
deposited and suspended sediment. These thresholds will
be applied to NOAA’s ‘Coral Tool’, bringing to bear the
most current and comprehensive information for decision-making. Specific research questions and a protocol
(see below) were developed by the team at NOAA that
is building the Coral Tool (authors Johnson, Kolinski,
and Minton, hereafter referred to as the ‘Coral Tool advisory team’) in conjunction with a research team from the
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University of Hawai‘i (authors Tuttle and Donahue), who
will conduct the systematic review and meta-analysis.

Objective of the review
The primary objective of the present study is to perform
a systematic review of peer-reviewed, public, and/or grey
literature to develop thresholds for suspended and deposited sediment stressors that affect nearshore coral-reef
ecosystems. We will follow established methodologies
[21–23] for systematic review in environmental management to (a) identify, collect, and evaluate sources of
empirical data on the effects of sediment on corals, both
around the world and in the Pacific Islands Region; (b)
extract relevant data from these sources using a common
set of procedures; (c) organize and store these data for
further analysis; and (d) use statistical analyses and metaanalytic procedures to identify single-stressor thresholds
and multiple-stressor synergisms on coral reefs.
To disentangle the effects of synergistic stressors, we
will focus on experimental studies that quantify the
causal relationship between sediment and coral response.
Monitoring and other observational studies will be used
to contextualize experimental findings. We will address
the following question and subquestions:
1. How does sediment exposure affect corals?
(a) What physical, physiological, behavioral, developmental, and ecological responses of corals are associated with sediment exposure (i.e., concentration,
duration, or frequency)?
(b) What is the relationship between sediment exposure and the frequency and magnitude of coral
responses (e.g., mortality, tissue necrosis, growth
rate, photosynthetic yield, etc.)?
(c) How do coral responses to sediment exposure differ
between deposited and suspended sediment?
(d) How do coral responses to sediment exposure differ
by geography, sediment type, and coral taxonomy,
morphology, and developmental stage?

Methods
Our systematic review and meta-analysis will be conducted according to the Guidelines and Standards for
Evidence Synthesis in Environmental Management, version 5.0 [21, 22] and reported according to the procedures of ROSES (RepOrting standards for Systematic
Evidence Syntheses) [23, Additional file 1].
Searching for articles

Our systematic review will start with the definitive
reviews on the subject, which include Rogers [18], Fabricius [16], Erftemeijer et al. [15], Risk [19], and Jones
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et al. [17, 20]. We will develop a list of potential sources
of data, hereafter called ‘benchmark studies,’ from this set
of reviews [Additional file 2].
To supplement this list, we will conduct electronic literature searches using the following databases or search
engines (DSE) using the University of Hawai‘i Mānoa
Library: (1) ISI Web of Science (All Databases, see
Table 1), (2) JSTOR, (3) Aquatic Sciences and Fisheries
Abstracts, (4) Dissertations and Theses Global, (5) James
Cook University Library One Search, (6) ReefBase’s Proceedings of the International Coral Reef Symposium, (7)
Science.gov, (8) Great Barrier Reef Marine Park Authority
(GBRMPA) Elibrary, and (9) Western Australia Marine
Science Institute’s Dredging Science Node (WAMSI DSN)
repository. These DSE are categorized and described in
Table 1, along with search specifications (e.g., full text vs.
abstract only, date ranges) for each. DSE 1–3 target peerreviewed literature produced by commercial publishers,
while DSE 3–9 target ‘grey’ literature, including theses/
dissertations, conference proceedings, and reports for
governmental/non-governmental entities.
The following genera will be specifically important because they contain species that are identified
by the ESA as either threatened or endangered: Acropora, Anacropora, Cantharellus, Dendrogyra, Euphyllia, Isopora, Montastraea, Montipora, Mycetophyllia,
Orbicella, Pavona, Porites, Seriatopora, Siderastrea,
and Tubastraea. These additional genera will be

important because of their importance in the Pacific
Islands Region: Alveopora, Astreopora, Favia, Favites,
Goniastrea, Goniopora, Leptastrea, Leptoria, Lobophyllia, Millepora, Platygyra, Pocillopora, and Turbinaria.
The following search, in English, uses Boolean operators and wildcards to improve the quality (i.e., true positive results) of search results, and has been tested for
its comprehensiveness [Additional file 2]: ((coral AND
sediment*) OR (coral AND suspend*) OR (coral AND
turbidity) OR (coral AND mud) OR (coral AND terrigenous) OR (coral AND silt*) OR (coral AND plume)
OR (coral AND dredg*) OR (coral AND land-based)
OR (sediment* AND Acropora) OR (sediment* AND
Anacropora) OR (sediment* AND Cantharellus) OR
(sediment* AND Dendrogyra) OR (sediment* AND
Euphyllia) OR (sediment* AND Isopora) OR (sediment*
AND Montastraea) OR (sediment* AND Montipora)
OR (sediment* AND Mycetophyllia) OR (sediment*
AND Orbicella) OR (sediment* AND Pavona) OR
(sediment* AND Porites) OR (sediment* AND Seriatopora) OR (sediment* AND Siderastrea) OR (sediment*
AND Tubastraea) OR (sediment* AND Alveopora) OR
(sediment* AND Astreopora) OR (sediment* AND
Favia) OR (sediment* AND Favites) OR (sediment*
AND Goniastrea) OR (sediment* AND Goniopora)
OR (sediment* AND Leptastrea) OR (sediment* AND
Leptoria) OR (sediment* AND Lobophyllia) OR (sediment* AND Millepora) OR (sediment* AND Platygyra)

Table 1 Search specifications for each database or search engine (DSE)
DSE Category

DSE Name (Abbrev.)

DSE Scope

Search specification(s)

Search dates

Bibliographic databases:

1. Web of Science (WoS), All
Databases

General science

Topic (titles, authors, abstracts, All years (1950–present)
keywords); ‘All Databases’
include: (a) WoS Core Collection (SCI-EXPANDED, ESCI),
(b) Biological Abstracts, (c)
SciELO Citation Index, and (d)
Zoological Record

2. JSTOR

General academic

Abstract, All content

Any time

Abstract

Any time

Global dissertations and theses Abstract

Any time

Australian university dissertations and theses

Abstract, Dissertation/Thesis

Any time

6. ReefBase

Proceedings of the International Coral Reef Symposium

Title; also Keywords for taxonspecific search terms

Any time

7. Science.gov

United States federal government science

Full record (no ‘Abstract’
option)

Any time

8. Great Barrier Reef Marine Park
Authority (GBRMPA) Elibrary

Australian federal government
science

All of ELibrary, Type = Report

Any time

9. Western Australia Marine
Science Institute’s Dredging
Science Node (WAMSI DSN)

Australian non-governmental
reports

All reports and research articles Any time
listed at [38]

3. Aquatic Sciences and Fisheries Aquatic and marine science
Abstracts (ASFA)
4. Dissertations and Theses
Global (PQDT)
Organizational databases: 5. James Cook University One
Search (JCU)
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OR (sediment* AND Pocillopora) OR (sediment* AND
Turbinaria)).
Search results will be saved as BibTeX (.bib) or RIS (.ris)
files and imported into open-source reference managers
(e.g., Mendeley) with tools to identify and remove duplicates. We will test the thoroughness of our DSE searches
by comparing the DSE search results with those of two
other lists of potential sources of data. First, we will
query Google Scholar with the same search string (using
the Publish or Perish software tool [24] to export.ris files)
then evaluate the top 1000 search results to include only
‘relevant’ articles (see Screening Process, below) and those
un-duplicated in the DSE search. Similarly, we will screen
the list of benchmark studies (described above) to include
only relevant, un-duplicated articles [Additional file 2].
We will examine all relevant, un-duplicated articles
within the Google Scholar search and the list of benchmark studies to understand why they were not also found
in the DSE search. Possible reasons may include omission
of certain journals or conference proceedings from database archives, narrow data ranges, and regional/language
biases.
Based on any other systematic patterns of bias that we
discern, we will reassess our DSE to be more inclusive.
For instance, to avoid regional/language biases, we have
included the SciELO Citation Index in the Web of Science search [DSE 1] that targets Latin American research
in many Caribbean countries where we expect relevant
work to be based.

Article screening and study eligibility criteria
Screening process

For the purposes of this systematic review, an “article”
is defined as any written document including scientific
papers, abstracts, reports, book chapters, theses/dissertations, and other publications. Unique articles will
be imported into abstrackr [25], a free web application
in which the results of a literature search for a systematic review can be uploaded, organized, and screened.
All reviewers will independently screen a pilot round
of 100 articles (titles and abstracts evaluated together),
classifying each as ‘relevant,’ ‘irrelevant,’ or ‘maybe relevant’ to the research question. The reviewers will discuss
any discrepancies in their decisions and further clarify,
revise, and agree upon the classification criteria until a
consensus is reached for each conflict. Subsequently, all
articles will be independently screened by at least two
reviewers, and any conflicts between the two reviewers
will be resolved by a third member of the review team.
If a potential article was authored or co-authored by a
reviewer, then two other reviewers will determine the
potential relevance of the article. This will be done during
the full-text screening as well (see below).
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As the reviewers continue to make decisions about
the articles’ relevance, abstrackr’s machine learning protocol predicts relevant articles and presents them to the
reviewer(s) in order from ‘most likely’ to ‘least likely’ to
be relevant. This can increase workload savings while
maintaining relatively high sensitivity and specificity and
relatively low false-negative rates, thus making it a useful addition to the screening process [26, 27]. Regardless
of abstrackr’s prediction, the reviewer(s) will screen all
titles and abstracts. We will consider English abstracts for
non-English full texts during the article screening process. When a non-English article is deemed potentially
relevant, we will search for translations of full texts. If
English translations are not available, the article will not
be screened.
The full texts for all ‘relevant’ and ‘maybe relevant’ articles will be collected and reviewed according to the ‘Eligibility Criteria’ described below. Full-text screening will
be conducted by one reviewer. A second reviewer will
screen 10% of the full texts and compare their decisions
with that of the initial reviewer. If the two reviewers have
conflicting decisions, they will discuss until consensus
is reached and the second reviewer will screen an additional 10% of full texts (and will continue until there are
no remaining conflicts).
Each article may report the results of multiple studies.
We will define a “study” as a manipulative experiment
that addresses a single hypothesis or research question.
In the case of articles containing multiple studies, each
study will be independently reviewed according to the
‘Eligibility Criteria.’ To account for the non-independence
of studies within articles, we will include ‘study’ nested
within ‘article’ as a random effect in statistical models
that are a part of our meta-analyses.
In the particular case of dissertations and theses, special care will be taken to ensure that there is no duplication in our review between dissertation/thesis chapters
and publications based on the same data. Peer-reviewed
publications and final reports will take precedence over
dissertation/thesis chapters of the same data. When dissertation/thesis chapters provide additional data that are
not reported in the peer-reviewed document, these data
will supplement that of the peer-reviewed document but
remain a part of the same ‘study.’ Relevant, unpublished
chapters will be treated as independent studies.
Eligibility criteria

We will use the PECO framework [28] to determine the
inclusion or exclusion of each article for further review
and analysis at the stages of title/abstract and full-text
screening. To be included, an article/study must meet
every criterion. Otherwise it will be excluded. We will
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provide a complete list of articles/studies with reason(s)
for inclusion/exclusion at the full-text screening stage.
Population

All life stages of all shallow (photic zone, ≤ 80 m depth)
scleractinian coral genera in all warm-water ocean basins
(20°–30 °C).
Exposure

Exposure to concentrations of suspended and/or deposited sediment of marine or terrigenous origin. For
manipulative experiments conducted in either the field
or laboratory, this will be the application of suspended or
deposited sediment.
Comparison

Specimens experimentally exposed to suspended or
deposited sediment must be compared to an appropriate
experimental control in either the field or laboratory.
Outcome(s)

Specific endpoints are all physical, physiological, behavioral, developmental, and ecological responses of corals
associated with exposure to deposited and/or suspended
sediment. These may include but are not limited to tissue/colony mortality, bleaching, and changes in rates of
growth, photosynthesis, and larval settlement/survival.
Outcomes will be recorded as binary or continuous data,
as reported in the study.
Eligible types of study design

Quantitative meta-analysis will be limited to the results
of experimental studies that quantify the cause-effect
relationship between sediment stress and coral response
(including BACI-designed studies and those conducted
in the field or laboratory, mesocosms, etc.), compared to
the response of corals to ‘ambient’ or ‘control’ conditions.
In situ, observational studies will be identified and used
to contextualize the findings of manipulative experiments
and the meta-analyses thereof.
Study validity assessment

We will critically appraise all studies that pass the fulltext screening process using a number of parameters
including the following, which may affect a study’s external validity:
• Study setting: field or laboratory;
• Temporal extent of the study: relatively long-term
monitoring or short-term measurements;
• And the following, which may affect both the external and internal validity of a study; Study design:
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manipulative experiment or observational study;
presence/extent of pseudoreplication;
• Randomization: how sediment exposure levels were
assigned to coral samples; and.
• Confounding factors: degree of accounting for potential effect modifiers, if present.
Internal validity will be further assessed per the criteria
outlined by Bilotta et al. [29], which adapted Cochrane’s
‘risk of bias’ tool [30] for environmental science applications. This “Environmental-Risk of Bias Tool” assesses
selection bias, performance bias, attrition bias, reporting bias, and miscellaneous bias. With this information,
we will also use the “Environmental GRADE Tool” [29]
to determine the overall quality (high, moderate, low, or
very low) of each study. Studies with a low or very low
overall grade (indicative of high susceptibility to bias)
may be excluded from further analysis. We will conduct
sensitivity analyses to test for the effect of these studies’
inclusion/exclusion. One reviewer will assess the quality
of a study. A subset of five studies will be appraised by the
entire review team. Conflicting decisions of study-quality
will be resolved by the entire review team. All risk assessment decisions and rationale will be recorded in the project database.
We will use these critical appraisals and tools to organize studies into groups of comparable records across
which we should (and should not) meta-analyze. This
process will determine the scope of inference of our
meta-analysis, thus defining the extent to which our
results may be applied to the diverse set of sedimentation
events that occur on coral reefs.
Data coding and extraction strategy

Information from studies will be input into a data coding and extraction form [Additional file 3] and recorded
in a project database that will be made available as a supporting document with the final review. The database will
include study characteristics such as the sample sizes,
means, and variations of coral response(s) to sediment
and control conditions. When these data are not reported
in the text, we will extract them from figures using opensource digitizing software that convert graph images into
numerical data (e.g., Datathief [31]). When only raw data
are available, we will calculate summary statistics. When
information is indecipherable or missing, we will contact
the corresponding author of the study for clarification.
All reviewers will extract data from the same 3 studies,
compare their results for any inconsistencies, and make
adjustments to the protocol to improve the consistency
of the data extraction process. After this pilot round,
each study will have data extracted independently by one
reviewer.
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Potential effect modifiers/reasons for heterogeneity

There are several factors that may cause variation in
measured outcomes, information about which will be
extracted and recorded in the project database. This list
of effect modifiers was compiled in consultation with
the Coral Tool advisory team and includes the following: study location (ocean basin, region, and site), study
species and morphological form (e.g., massive, plating,
branching), time/season of sediment-exposure event,
sediment composition (e.g., silt–clay vs. calcareous sand)
and provenance (terrestrial vs. marine), sediment dose/
concentration (and methods for measuring dose), sediment exposure duration, and possible interacting effects
(e.g., light attenuation in concurrence with suspended
sediment, or nutrient-enriched deposited sediment).
These sources of variation are included in primary review
questions 1c and 1d and will be addressed as described in
the following section (Data synthesis and presentation).
While some of these effect modifiers will be categorical,
others will be numerical and may require the conversion
of reported units to a common standard, e.g., for deposited sediment the standard will likely be mg/cm2/day
and for suspended sediment the standards will likely be
either mg/L or NTU (which cannot be converted to one
another).
Data synthesis and presentation

We will present a narrative synthesis of the results of all
eligible studies included in our review. This narrative will
address the spatial and temporal processes that mediate
coral responses to (1) deposited sediment, (2) suspended
sediment, and (3) both deposited and suspended sediment. The results of observational experiments and case
studies will likely be presented in this narrative format to
contextualize the results of the quantitative meta-analyses applied to manipulative experiments, as described
below.
We will construct tables that list the responses of corals and organize them according to sediment exposure
(concentration, duration, frequency, and type), geographic location, coral taxonomy, and coral life-history
stage. These tables will synthesize information from relevant studies, which will help identify types of quantitative analyses that will best address our primary review
question.
For coral responses reported as binary (0 = no response,
1 = response; e.g., mortality) in control and treatment
conditions, the effect size for each study will be the log
odds. We will perform mixed-effects logistic regressions,
also known as “binomial-normal models” [32–34], with
random effects for ‘study’ nested within ‘article’ and/or
‘research group’, if a small number of research groups
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contribute multiple articles. This approach will estimate
the probability of an adverse response given a particular
level of sediment exposure and is useful because it can
provide explicit false positive, false negative, specificity,
sensitivity, and ROC outputs that may inform our choice
of the most robust models for regulatory purposes.
For coral responses reported as continuous variables
(e.g., photosynthetic or growth rates), the effect size for
each study will be the standardized difference in means.
This will be calculated using Hedges’ d and the variance thereof [35], which is unaffected by unequal sampling variances in the paired groups (e.g., treatment and
control conditions) and includes a correction factor for
small sample sizes. We will then explore the relationship
between effect size and stressor size with hierarchical
mixed-effects models that fit both linear and non-linear
exposure–response curves. This model structure will
allow us to examine the overall effects on corals while
accounting for within- and between-study (co)variance
structures (e.g., due to random effects and other effect
modifiers such as taxonomic group, geographical location, and study type). We will model deposited and suspended sediment separately and, when study-designs
allow, together. To detect any publication bias in our
meta-analyses, we will produce funnel plots of the effect
size plotted against the standard error of the effect size
[36, 37]. For studies with high susceptibility to bias (as
described in Study validity assessment, above), we will
conduct sensitivity analyses to test for the effect of their
inclusion/exclusion from meta-analyses.
After the meta-analysis is complete, we will identify
areas that will benefit most from additional empirical
research. We expect two key knowledge gaps: (1) gaps
in our understanding of the interactions between and
among deposited sediment, suspended sediment, and
other co-stressors, and (2) gaps in our understanding of
regional variation in responses, especially within the U.S.
Pacific Islands Region.
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