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Executive Summary
An understanding of coral demographics can be very useful when designing and evaluating studies that aim to
detect the effects of natural and anthropogenic mediated impacts on coral communities, and when making
predictions about the likelihood and speed of recovery from such impacts. Yet, relatively little is known of the
demographic processes affecting populations of corals in north-western Australia, which are particularly exposed
to potential impacts due to dredging and dredging-related activities such as dredge material placement. This
study was undertaken to gather baseline data on demographic processes to improve our understanding of the
fundamental population dynamics in relation to recruitment, growth and survival of reef building corals in the
Pilbara. The purpose of this project was to use these data to enable predictions of the extent and rate of recovery
of reef building corals which are primary producers, habitat formers and key benthic organisms in tropical coastal
ecosystems including coral reefs.
In April 2014 and March 2015 surveys of coral populations were undertaken at Enderby and West Lewis Islands
in the Dampier Archipelago, Western Australia. These islands are located outside the central Port of Dampier
area and were considered to be largely unaffected by shipping or other port related activities. Coral assemblages
at the survey sites had not been directly impacted by coral bleaching and cyclones with coral cover averaging
between 25−44%, and were relatively stable across the two sampling periods, meaning that the data collected
are not unduly biased by episodic disturbance processes.
The corals investigated in this study were Acropora millepora, Turbinaria mesenterina and massive Porites spp.
(mainly P. lobata and P. lutea). These species were chosen because they were among the most common coral
taxa on reefs of the Pilbara, and on many reefs globally, making them fundamental to reef primary productivity
and carbonate accretion, and because they have contrasting life histories and susceptibilities to disturbances.
A. millepora is a fast growing, corymbose to tabular in growth form and one of the more common Acropora
species of the region. Turbinaria mesenterina has a vase-like growth form, and is characteristic of inshore reefs
in the Pilbara region, such as those commonly affected by development. Massive Porites spp. are encrusting to
hemispherical, and slow growing to more than several metres in diameter. Because of their large size and life
history strategy, they resist environmental disturbances such as severe cyclone impacts and provide important
physical structure to reefs.
For each species, population size-frequency distributions were obtained by recording the size of all colonies
within a one metre distance on either side of permanent transects (60 m2). Using the permanent transect as a
reference point, the locations of all colonies were recorded, and all colonies were tagged, measured and
photographed. Tagged colonies were re-located and re-measured approximately one year later. A total of 737
corals were examined; 473 corals from Enderby Island and 264 from West Lewis Islands. Similar numbers of
massive Porites (279), T. mesenterina (229) and A. millepora (272) colonies were tagged. Of the colonies tagged
733 corals were re-located a year later and assessed for survival, growth, partial mortality and fission.
Life history traits and population dynamics of the study species were broadly consistent with previous
demographic research on these genera, with higher sexual recruitment, faster growth and more rapid population
turnover in A. millepora than for Porites spp. (Done 1988, Smith et al. 2005, Doropoulos et al. 2015). Other studies
of foliaceous corals have found populations to be highly reliant on fragmentation, or vegetative reproduction
(Hughes & Jackson 1985). This was not the case for T. mesenterina in this study, which although foliaceous in
growth form, did not display substantial rates of fragmentation during the study, and was reliant on sexual
recruitment. The relative importance of sexual recruitment for T. mesenterina was lower than for A. millepora,
but combined with low growth rates this resulted in population recovery rates for T. mesenterina to be more
similar to Porites than to Acropora. Porites was distinguished from other species by virtue of the much larger
colony sizes reached, commonly over 2 m diameter, and no mortality was observed in colonies of the largest size
class (>75 cm). However, there was a low level of injury in the largest Porites colonies, whereby partial mortality
resulted in the colony transitioning to the smaller size class.
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Demographic data for each species were used to construct matrix population models that allowed assessment
of the relative susceptibility of populations to differing types of disturbance. Three general disturbance scenarios
were simulated, using the models. The scenarios were:
i.

size dependent mortality of the largest colonies (e.g. due to a cyclone);

ii.

severe reductions in recruitment (e.g. due to an extended dredging campaign); and

iii.

chronic reductions in recruitment (e.g. due to a shift in underlying environmental conditions).

In addition, more specific scenarios were simulated to evaluate what levels of disturbance (general mortality
combined with recruitment failure) could be sustained while still allowing recovery of populations to pre-impact
levels within five years, consistent with the definition of the Zone of Moderate Impact in the Environmental
Protection Authority’s (EPA) impact zonation scheme (see Technical Guidance: Environmental Impact Assessment of
Marine Dredging Proposals EPA [2016]).
Acropora millepora showed the most rapid recovery from mortality that affected adult colonies, while recovery
was slower in T. mesenterina and slowest in Porites spp. Conversely, A. millepora was most affected by failure of
recruitment, or sustained depression of recruitment rates. Recruitment rates did affect Turbinaria and Porites
populations but the effects on adult numbers took much longer to manifest and their influence on population
maintenance were smaller than in A. millepora. These simulations showed the underlying importance of
recruitment rates in determining overall population size, with density and cover ultimately being dependent on
the density or rate of recruitment. These effects were seen more rapidly in A. millepora than in the other species
because of the greater dependence on recruitment in the Acropora life history, in contrast to the greater reliance
on survival of large size classes in the Turbinaria and Porites. Consequently, the significance of recruitment
variation was also most evident in the A. millepora populations. Large background variation in recruitment that
is typical of Acropora corals means A. millepora populations have the capacity to recovery quickly from
disturbances when recruitment is highest, but very slowly when recruitment is lowest. Acropora corals typically
have the greatest uncertainty in recovery projections following severe disturbances.
Modelling of coral populations under a range of scenarios representing likely impacts from dredging showed that
under a best case scenario recovery within five years was only likely when impacts on live cover of A. millepora
and T. mesenterina were less than 15%. These estimates of recovery are optimistic in that they are based on the
upper 95% confidence intervals around population growth, that is to say at this point in time corals are more
than 5% likely to have recovered, and so while we can be highly confident that corals will not have recovered
within five years’ time, there is a possibility that recovery might be observed after this time. Recovery periods
based on average cover, rather than confidence intervals, are likely to take far longer, from 14 to 18+ years.
Based on 95% confidence lower bounds it is possible that disturbed populations of A. millepora and Turbinaria
will not recover from impacts on cover even after 20 years, while recovery of Porites could take up to 6 years in
a worst case scenario. Only A. millepora was sensitive to acute (80% reduction; one year) or chronic
(20% reduction; ongoing) recruitment failure and although it was able to recover from an acute impact on
recruitment within 5 to 11 years, a chronic impact would result in significant decline in cover after 5 years,
without a return to original cover levels. Porites spp. was only able to sustain a 7.5 % decrease in cover and still
recover within five years’ time though there was less variability around estimates of the time taken to recover
with average recovery time also estimated at between 5 years, and 6−7 years in the worst case scenario based
on the lower 95% confidence interval.
The results from the simulated impact events outlined present a ‘best case’ scenario in that they represent a
single impact. In reality, there will usually be a range of impacts affecting individual corals, coral cover, and rates
of recruitment, which will have cumulative effects (or even act synergistically) to produce greater impacts than
we have simulated, with consequently longer recovery times. The influence of these background disturbance
regimes in slowing rates of recovery is particularly relevant in the Pilbara, where we would expect additional
disturbances such as cyclones and/or coral bleaching to affect communities within a decade. Managing the

ii
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cumulative impact of local developmental pressures on Pilbara coral reefs, given this natural background periodic
disturbance regime, will be a considerable challenge in the coming decades.
This study provides, for the first time, a quantitative and mechanistic framework for assessing likely impacts of
dredging and related development activities at the level of coral populations, and for evaluating the timeframes
and likelihood of population recovery from impacts. As such the framework can be applied in combination with
other information such as experimental studies and hydrodynamic modelling to develop improved estimates of
the extent of impact zones relevant to environmental assessment guidelines. Importantly this modelling
framework also provides a means of evaluating multiple and cumulative impacts on coral populations of
particular relevance to development in the Pilbara.

Considerations for predicting and managing the impacts of dredging
In Western Australia, the EPA recommends the use of an impact zonation scheme to guide the environmental
assessment and management of the impacts of dredging (EPA 2016). A similar framework is applied (in modified
forms) elsewhere in Australia. The framework has three phases which can benefit from the input of new
information on biological components of marine ecosystems:
•

a pre-development phase, which includes surveys and investigations to define the system in which
dredging impacts might occur;

•

an impact assessment phase, in which the potential dredging-generated pressure fields and their effect
on sensitive components of the environment need to be predicted, and monitoring undertaken; and

•

a post-assessment phase for verification of the impacts and gathering of reference data.

Below, we consider the implications of the findings of this project in the context of the various phases of the
impact assessment and management framework.
Pre-development Surveys

Demographic surveys

The findings of this project demonstrate the feasibility of collecting and applying coral demographic data for
application to specific developments. If collected over two (or preferably more) years these data allow the
construction of population models and projections of likely impact and recovery scenarios specifically tuned
to local species and conditions.
As with any attempt to draw conclusions based on sampling, accuracy is a function of sample size. Furthermore,
as the matrix modelling approach requires the data to be broken down into size categories, we require an
accurate estimate for each size class. Sampling the population in the same proportion at which individuals occur
would result in oversampling abundant size classes (increased effort for diminished return) and undersampling
fewer individuals in less abundant size classes with a concomitant reduction in accuracy. Similarly, it is important
to have colonies spanning a range of sizes within each size class, so as not to bias the rates of transition; the time
take for colonies to transition from one size class (e.g. 5–15 cm) to the next (15–25 cm) will depend on whether
they are the smallest (6 cm) or largest sizes (14 cm) possible within the class. The question of how many to sample
in each size class becomes one of sampling effort vs the size of effect reliably detected, in this case transition to
another size class, mortality etc. If for example we set power at a conventional 0.8 and effect size at 0.05
(5% probability of dying, changing size class etc. a sample size of around 50 individuals per size class is required
to achieve this.
Recruitment surveys
The simulations completed as part of this study have shown the importance of recruitment to the density and
cover of coral populations, particularly for Acropora. Consequently the quality and reliability of inferences made
using demographic models will be improved by using several years of pre-impact recruitment data to natural
substrata, to provide a reliable average baseline condition.
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For fast growing species such as Acropora and Pocillopora sampling is best undertaken between 12 and 18
months after the spawning date of recruits that would be expected to be detected. Deviation from this
approach would likely result in underestimates of recruitment. For example, in the six months prior to spawning,
recruits from that season would likely be too small to detect (6–12 months old), while recruits from the previous
season could be approaching two years old, and would have suffered additional mortality. In either case sampling
could lead to inaccuracy in estimating recruitment rates annual mortality rates. Apart from this general caution,
the timing of sampling is also critical in that annual sampling must be conducted at the same time of year, each
year.
Accounting for cyclones and other natural disturbances
The demographic models underpinning this modelling approach rely on using background rates of growth,
mortality and recruitment, and applying them in combination with observed population structures.
Environmental disturbances such as cyclones or bleaching can be accounted for in the modelling by applying
the model to surviving populations. Ongoing data collection presents the possibility of opportunistically
collecting data on the specific impacts of natural disturbances that could also be incorporated specifically into
modelling efforts.
Impact Assessment
Predictions of recovery
Modelling scenarios indicated that recovery of coral populations to pre-impact levels, even when impacts are
relatively minor (15% loss of cover or less) are likely to be slow. Based on modelled levels of recruitment
variability, recovery is unlikely to occur within five years for most corals and demographic scenarios, and is more
likely to take up to twice as long. Recovery periods will of course be even longer should additional disturbances,
such as cyclones and coral bleaching events, also impact populations within the decade. We recommend that
predictions about recovery do not assume rapid recovery from impacts to adult corals or, in the case of
Acropora, from impacts to recruitment levels.
For Turbinaria and Porites, population maintenance and recovery are particularly influenced by the survival of
the largest colonies in the population. Consequently any activity that disproportionately affects the largest
colonies should be avoided. This is particularly important for Porites spp. where the largest colonies may be
centuries old. By definition, recovery of Porites populations, in terms of size structure and the role of large
colonies in providing physical structure on reefs, would take centuries to occur.
Environmental windows
Model simulation outputs suggests that cover of A. millepora populations may be affected by loss of a single
recruitment season, with effects that could take 5−11 years to be overcome. However, recruitment variation in
Acropora corals means a single spawning event may make a disproportionately large, or small, contribution to
population dynamics over several years, increasing the variance in recovery trajectories from single disturbances.
Effects on Turbinaria and Porites recruitment were far less pronounced and unlikely to be significant unless
sustained for more than several years. Thus, the use of environmental windows for the cessation of dredging
should be weighted to emphasise the impacts on species of Acropora and other fast growing species that rely
on larval recruitment.
Chronic impacts
Small impacts on processes such as recruitment, if sustained over long periods, will have greater long term
impacts on population density and cover than single severe impacts. These effects are particularly visible for
A. millepora which can recover from acute impacts to regain original levels of cover, but is unable to sustain cover
when recruitment is only slightly reduced but for extended periods of time (i.e. years).
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Post-Approval
Selection of reference sites
Given the importance of recruitment for maintaining populations, and for allowing population recovery, data
collection at all impact and reference sites should include intensive surveys of coral recruitment to the natural
substrata, as well as the growth, survival, and size-distribution of existing coral populations.

Residual Knowledge Gaps
While this project has significantly increased our understanding of the natural dynamics of coral populations in
north-western Australia, and especially the Pilbara, it has also highlighted a number of enduring knowledge gaps.
Recruitment
Recruitment is of fundamental importance to many coral populations yet we know little about the spatial and
temporal (years) variation of recruitment rates in most coral reef ecosystems, and this is also true of the Pilbara
region. There are now some baseline data from the Pilbara on recruitment rates but these are very sparse and
undoubtedly do not account for the potential spatial variability in recruitment rates across a variety of scales
(within reefs, across shelf, regionally). Recruitment data based on the deployment of settlement tiles reflects
rates of larval supply. This may provide few insights into natural recruitment because the use of artificial
substrata introduces a number of potential biases due to variables such the periods of deployment before and
after spawning, and the number and timing of spawning events, and the fact that we have at present no
information on the correlation between settler numbers on tiles and recruitment on reefs. A systematic
approach to quantifying larval supply and recruitment variability around the region would greatly assist in
providing better predictions of both impacts and recovery, as well as potentially revealing long term trends in
recruitment. Studies of genetic differentiation of colonies within and among sites, spanning scale of tens of
meters to hundreds of kilometres would also provide valuable insights into the distances and directions of
larval dispersal which is vital information for population models.
Long term monitoring of coral populations
Understanding the nature of changes in coral populations and the disturbance processes that cause them, is
important contextual information for pre-development surveys, impact prediction and post-approval
management of dredging. Continued long-term studies would contribute to developing this understanding.
Such studies could be incorporated in pre- and post-approval monitoring of developments; however, such studies
have not to date provided data of the quality required for demographic modelling.
Combination with experimental studies
Demographic models such as those we have developed here have the potential to be combined with the latest
experimental studies on factors such as variations in light and sedimentation that affect coral recruitment,
growth and survival. These data, when available, could be combined with demographic models to better inform
predictions of the intensity and spatial extent of impacts, rates of population recovery, and potential for
chronic impacts due to coastal development.
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1

Introduction

Effective management of natural resources requires the ability to understand and predict the impacts of actions
that may arise from human activities, both positive and negative. In the context of managing port and industrial
development in the coastal zone, conditions are often imposed by Government to ensure activities are carefully
managed and unavoidable environmental impacts are maintained within acceptable levels. In Western Australia
the Environmental Protection Authority (EPA) is the key advisor to Government in this regard. For proposals that
include significant dredging, the EPA has developed an environmental impact assessment framework that
includes two pre-defined impact categories based on impact severity and duration (EPA 2016) and paraphrased
below:
‘Zone of High Impact (ZoHI) is the area where impacts on benthic organisms are predicted to be irreversible. The
term irreversible means ‘lacking a capacity to return or recover to a state resembling that prior to being impacted
within a timeframe of five years or less’. ... The loss of the benthic communities and/or habitats within these
zones should be considered irreversible, unless a defensible case for recovery of the impacted benthic communities
and habitats can be presented.
Zone of Moderate Impact (ZoMI) is the area within which predicted impacts on benthic organisms are sub-lethal,
and/or the impacts are recoverable within a period of five years following completion of the dredging activities.
This zone abuts, and lies immediately outside of, the zone of high impact. Proponents should … present an
appraisal of the potential implications for ecological integrity of the impacts over the timeframe from impact to
recovery (e.g. through loss of productivity, food resources, shelter). Where recovery from the impact predicted in
this zone is likely to result in an ‘alternate state’ compared with that present prior to development, then this
outcome should be clearly stated in environmental assessment documents….’
The key difference between the impact categories, is the likelihood of, and rate of, recovery to pre-impact levels
– in this case five years is a critical time period. Research into the likelihood and intensity of impact on benthic
organisms due to dredging (and elevated levels of suspended sediment and sedimentation) is the subject of an
intensive program of research within the Western Australia Marine Science Institution (WAMSI) Dredge Science
Node (DSN). This research builds on and improves upon previous work to provide essential relationships between
the level and duration of environmental stress and the health and survivorship of various coral life history stages.
However it addresses only part of EPA framework, in that while it aids in setting trigger levels and estimating the
degree of impact, it does not provide insights into the likelihood of recovery, the rate of recovery, or whether a
recovered community will represent an ‘alternate state’. There are currently few developed tools, if any, to allow
realistic predictions of recovery by populations of affected benthic organisms. Consequently, effective
implementation of the EPA framework would benefit from such a tool. The purpose of WAMSI DSN Project 4.7
is to provide the means with which to predict the extent and rate of recovery of reef building corals which are
primary producers, habitat formers and key benthic organisms in tropical coastal ecosystems including coral
reefs.
Coral reef ecosystems function at a hierarchy of conceptual levels as well as at varying scales in both space and
time. An integrated understanding of how the environmental stresses generated by dredging will impact coral
systems must address all of these levels, from the organism, to the population of individuals of a particular
species on a reef, and the entire community of corals on that reef. While organismal and community level
assessments of dredging and sediment impacts on corals are commonly applied in the context of managing
impacts to coral reefs in Western Australia (Chevron Australia 2010, Chevron Australia 2014, MScience 2009) and
elsewhere (Brown et al. 1990, PIANC 2010, Rouzé et al. 2015) population level assessments are far less common,
despite their usefulness as tools to assess impact and predict long term recovery from a range of disturbances
(Groenendael et al. 1988, Foster & Foster 2013).
The study of populations, or demography, is a fundamental aspect of ecology and demographic modelling is a
tool that can be used to estimate and predict the dynamics of populations, based on observed rates of birth,
death, and recruitment. Using demographic tools we can project and predict the rates of growth and recovery
of populations, and a particularly useful tool in this context is modelling based on the Leslie matrix (Leslie 1945)
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since it is based on size or stage rather than age (Werner & Caswell 1977). Age is well known to bear a poor
relationship to colony size in corals (Hughes & Jackson 1980) and matrix models have been widely used in the
study of the impacts of a range of environmental factors on coral populations including storms (Hughes 1984,
Lirman 2003), climate impacts (Foster & Foster 2013), ENSO (Fong & Glynn 1998), Acanthaster (Done 1988) and
general environmental degradation (Hughes & Tanner 2000). Such models may be particularly accurate when
employed in any given situation since they rely on direct measurements of specific demographic rates rather
than generalised assumptions about population growth (e.g. logistic growth).
The objective of WAMSI DSN Project 4.7 was to parameterize a demographic/recovery model of coral
populations so as to predict the ability of coral populations and assemblages to recover from varying degrees of
mortality caused by dredging and environmental disturbance. Accordingly, we quantified the vital rates
(recruitment, growth and survival) of populations of common corals in the Pilbara during a year of background
conditions and applied these rates to matrix models to investigate which life history stages underlie the recovery
of populations following disturbances. Additionally, the in situ vital rates and the resulting population model
were used to simulate the relative effects of degraded water quality (turbidity, sedimentation) quantified
experimentally for life history stages in WAMSI DSN Project 4.6 to understand impacts at a population level.

2
2.1

Materials and Methods
Study species and sites

Study sites (Figure 1) on reefs at West Lewis Island and Enderby Island in the Dampier Archipelago, Western
Australia were chosen to be representative of reefs in the Pilbara and according to the abundance of study
species. These reefs had not been subjected to the severe bleaching which had affected many areas in the West
Pilbara region during 2011 and 2013 (Lafratta et al. 2016, Ridgway et al. 2016) and were also outside the
immediate vicinity of the Port of Dampier, so not directly impacted by human activities such as port development
and maintenance. The sites at West Lewis and Enderby Islands each supported populations of all three species
in sufficient numbers to allow several hundred colonies (ideally 50 per size class) to be tagged. Transects were
located haphazardly within the depth strata and zones characteristic of the target species, and consequently of
greatest ecological relevance to them.

Figure 1. Sampling locations in the Dampier Archipelago, Western Australia. Replicate sites with a permanent transects were
established within each location at Enderby Island and West Lewis Island.

2
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The taxa investigated in this study were Acropora millepora, Turbinaria mesenterina and massive Porites spp.
(mainly P. lobata and P. lutea) (Figure 2). Study species were chosen because they are among the most common
coral taxa on reefs of the Pilbara, and on many reefs globally, and because they have contrasting life histories
and susceptibilities to disturbances (Hughes & Connell 1999, Done 1988, Tanner et al. 1994). A. millepora is
corymbose to tabular in growth form and one of the more common Acropora species of the region, being found
on reef flats, lagoons and upper reef slopes, including on inshore reefs. Turbinaria mesenterina has a vase-like
growth form, with plates that can range in orientation from upright to horizontal (Willis 1987). It is characteristic
of inshore reefs in the Pilbara region, such as those commonly affected by development (Blakeway & Radford
2005), and is a species well able to withstand sedimentation (Sofonia & Anthony 2008). Massive Porites spp. are
encrusting to hemispherical, and can grow to more than several metres in diameter, often forming microatolls.
Because of their large size, they may not be severely affected by environmental disturbances, such as severe
cyclone impacts (Massel & Done 1993). Both small and large Porites are common on reefs throughout the Pilbara
region, from offshore clear water reefs to coastal areas. The ecological importance, regional distribution and
contrasting life histories of these species mean they are also being studied in complementary experiments within
the WAMSI DSN Project 4.6. The use of the same species in both the experimental and demographic research
component of WAMSI DSN Theme 4 Program has been designed not only to provide a basis for understanding
and predicting the growth and recovery dynamics of key coral species, but also to facilitate the investigation of
population-level effects of experimental results.

2.2

Permits

This work was conducted under under Licence Numbers SF0097491 and SF010411, issued by the Department of
Parks and Wildlife (DPaW) under the Regulation 8(1) of the Conservation and Land Management Regulations
(2002) and WA Department of Fisheries (DoF) exemption number 2142.

2.3

Sampling approach

At each reef site permanent transects were established to:
i.
ii.
iii.

quantify percentage cover of the benthic community (including corals);
establish the size-frequency distributions of study taxa; and
derive demographic rates (growth, mortality, shrinkage, fragmentation) for all life history stages
(size-classes).

Four permanent transects (30 m in length) were established at West Lewis Island, and two at Enderby Island (see
Table 1) between 20−30 May 2014. The start and finish points of transects were marked with a star picket and
at 5 m intervals with steel reinforcing rod. The position of all star pickets were recorded using a hand-held GPS.
Along each permanent transect, benthic photographs were taken to quantify the percentage cover of coral
assemblages as well as other benthic substrata. Photographs were taken at a distance of approximately 50 cm
from the substratum and spaced every 50 cm on each side of the permanent transects. Percentage cover was
quantified by classifying the benthos beneath 6 fixed points on each image (300 points per transect) using the
software package Transect Measure (V 2.41 http://www.seagis.com.au/transect.htm).
For each study species, population size-frequency distributions were obtained by recording the size of all colonies
within 1 m either side of the permanent transects (60 m2). Using the permanent transect as a reference point,
the locations of tagged colonies were recorded using bearings and offset distances from the tape. Colonies were
tagged with numbered stainless steel tags, then measured (maximum diameter and the diameter at right angles
to that; c.f. Babcock 1991) and photographed (Figure 2). Care was taken to ensure that the number of tagged
colonies and their size distribution within each size class (Figure 3) would allow robust inferences to be made for
use in later modelling (>50 individuals per size class). Tagged colonies were re-located and re-measured after
approximately one year (between 19−26 April 2015) and photographs used to quantify changes in size were
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taken from the same perspective as those in 2014. For purposes of standardisation, areas were converted to
equivalent diameters (Fong & Glynn 1998, Riegl et al. 2015).

Figure 2. Tagged colonies of Acopora millepora (top row), Turbinaria mesenterina (middle row) and massive Porites (bottom
row) spanning size classes from recruits or juveniles to the largest colonies.
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Figure 3. Size classes of A. millepora. Images representative of each of the five size classes used for developing size-class
transition matrices. (A) <2 cm (Recruits); (B) 3–5cm (Small Juveniles); (C) 6–10 cm (Large Juveniles); (D) 11–20 cm (Small
Adults); (E) 21–75 cm (Adults).

2.4

Recruitment

Quantifying population dynamics requires estimates of the rate of recruitment (essentially the birth rate) of the
population. This needs to be ascertained as a density (i.e. recruits per m2) that corresponds to the population
censused for size structure (Smith et al. 2005). A high level of effort was devoted to scrutinising the reef matrix
while surveying each permanent transect to identify as many small colonies (<2 cm) of each species as possible.
Despite this effort, it is likely that a proportion of the youngest recruits escaped detection due to their small size
and the cryptic settlement behaviour of coral larvae (Edmunds 2010, Doropoulos et al. 2016). These colonies
were mapped and tagged in 2014 and their density calculated. In 2015 the survey was repeated, giving two
estimates of annual recruitment for each of the populations.
The rates of recruitment at each site were estimated based on data from colony size-frequency distribution
transects. For Acropora, recruits were defined as colonies <2 cm in diameter and assumed to have recruited
within the previous year. In contrast, because of their slower growth rates (<1 cm yr-1; section 6.3 below, Cooper
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et. al. 2012), and the longer times taken to transition through the recruit stage, the number of Turbinaria and
Porites spp. colonies <2 cm were adjusted (Ebert 1999, p. 137) to provide an estimate of recruitment where:
The fraction ready to leave a size class, fL, was determined as,
𝑓𝑓𝐿𝐿 =

(1−𝑝𝑝)𝑝𝑝𝑛𝑛−1

(1)

1−𝑝𝑝𝑛𝑛

and n = the number of days in the stage, estimated based on average growth rates of individuals in the size
class. The transition from one stage (node) to the next, g, is the fraction ready to leave, fL, multiplied by the
survival rate, p,
𝑔𝑔 = 𝑓𝑓𝐿𝐿 𝑝𝑝

The probability of staying in the stage or node, s, is,

𝑠𝑠 = 𝑝𝑝 �

(1−𝑝𝑝)𝑝𝑝𝑛𝑛−1
1−𝑝𝑝𝑛𝑛

(2)

(3)

�

Because it is usually not possible to distinguish small (<5 cm) A. millepora colonies from other Acropora species
in situ, the proportion of A. millepora recruits was inferred from the number of A. millepora colonies as a
proportion of all Acropora colonies in the 5−10 cm size class. This assumes the proportional rates of recruitment
for A. millepora and other Acropora species are consistent over several years, and all species, therefore, display
similar life history traits (e.g. Edmunds 2010).These estimates were made on a transect-by-transect basis to
account for any microhabitat variation in species composition.

2.5

Population matrices and modelling

Size-structured population models were based on the transition of colonies through each life cycle stage/size
class (Leslie 1945). The rates of transition through each size class were a consequence of recruitment and
subsequent colony survival, growth and injury (shrinkage or fragmentation); survival and growth results in
transitions to larger size classes and survival and injury resulted in colonies shrinking to smaller size classes
(Figure 4). Colonies were assigned to size classes based on their average colony diameter, either measured in situ
or extrapolated from the digitised area of photographed colonies. Life history stages and the corresponding
colony size-classes for A. millepora and T. mesenterina populations were: Recruits ≤2 cm, Small Juveniles 3–5 cm,
Large Juveniles 6–10 cm, Small Adults 11–20 cm, Adults 21–75 cm (e.g. Figure 4). The stages for the larger Porites
spp. population were the same, but for an additional class for Large Adults >75 cm.

Figure 4. Life history diagram for a coral. A Porites population is represented above with circles representing size-class stages
in the population. Arrows represent demographic processes i.e. transition rates between size classes where ‘A’ represents
proportion growing to larger size class, ‘B’ proportion remaining in the same size class and ‘C’ proportion shrinking or dividing
to a smaller size class. Not shown are arrows for reproduction/recruitment which in an open population would come from
an external source of individuals to the smallest (2 cm) size class, or, for a closed population, from each reproductive size
class to the smallest size class.
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The size-specific rates of colony transition were determined by resampling tagged colonies after one year and
quantifying their survival and growth. Standard errors around the estimated survival for all colonies of each
species and size class were calculated using the Profile Likelihood method (Ebert 1999). Estimates of growth,
shrinkage and fragmentation were obtained by measuring changes in the two-dimensional projected surface
area of tagged colonies between 2014−2015 (A. millepora n = 205, T. mesenterina n = 122, Porites spp. n = 125).
Changes in live tissue area were obtained from photographs using the software Image J (V 1.48,
http://imagej.nih.gov/ij) and with the methods outlined in Rahav et al. (1991) and Tanner (1995). In cases where
images were not available to measure the change in live tissue, in-situ measurements (𝑑𝑑1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑2) were used to
calculate the change in live tissue area using the formula:
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜋𝜋 �

𝑑𝑑1+𝑑𝑑2 2
4

(4)

�

Similarly, when colonies were too large to enable the measurement of growth from single photos (Porites spp. n
= 11), changes in the live tissue area were calculated by classifying 100 randomly allocated points on each colony
(alive or dead) and converting these to a surface area using the formula:
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =

�%

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
�𝑥𝑥 (4 𝜋𝜋 𝑟𝑟)𝑥𝑥(4 𝜋𝜋 𝑟𝑟)
100

2

(5)

Rates of transition through the life cycle can be biased by an uneven size distribution of tagged colonies through
each size class. For example, if all tagged colonies in a size class of 21−50 cm are 22 cm in size, then none are
likely to transition to the next size class within a year. Conversely, if all tagged colonies are 49 cm then many will
transition to the next size class. Care was taken to ensure a relatively even spread of tagged colony sizes within
each size class, and the observed rates of transition were checked against calculations based on observed rate
of survival and the mean rate of growth for colonies within the size-class (Ebert 1999), according to equation 1
where for each size class, FL is the fraction leaving; p is the annual rate of survival; n is the expected time to
remain in the size class based on annual growth rate. The fraction leaving is then multiplied by the annual survival
rate to determine the transition rate to other size classes. Based on mean growth and survival, the sum rate of
transition and the observed rates from tagged colonies were comparable, so the observed rates were used.
For each study species, the rates of transition for all colonies were combined into a single model that
approximated regional conditions in the Pilbara region. Models were run assuming the populations receive a
supply of recruits from: both distant reefs (open) or from the same reef (closed). The proportion of recruits
derived from nearby versus distant reefs, therefore, will vary considerably depending on their relative isolation,
the prevailing oceanographic conditions, and the modes of reproduction of the dominant coral species (Hughes
et al. 2000, Cowan & Sponaugle 2008). While the extent to which different coral populations are open or closed
is difficult to predict, recent modelling in the Pilbara region suggests considerable variation (1−99%) of selfseeding, but that on average 22% of larvae reaching a reef subregion may originate from that same subregion
(Feng et al. 2016). This level of connectivity at the scale of reefs (10’s kms) is supported by many modelling
studies (Hughes 1984, Fong & Glynn 1998, Hughes et al 2000, Edmunds 2011, Foster & Foster 2013).
Recruitment rates for the open populations are area-specific and the estimation was done by measuring the rate
of recruitment standardised to the same area from which all the other population parameters were measured
(e.g. Smith et al. 2005). Recruitment rates in the open population models were not linked to the abundance of
adult colonies locally. Recruitment in the closed population models was proportional to adult area cover and was
estimated based on the ratio of number of recruits to the number of corals (Ebert 1999) in adult size classes
(>10 cm) on each transect. Furthermore, the contribution to recruitment was adjusted according to the total
colony area of Small Adults, Adults and Large Adults, given that increased fecundity in corals is correlated to
colony area i.e. most recruits are produced by Large Adults (Babcock 1991, Hall & Hughes 1996). From the colony
size-frequency distributions, the total area (A) of Small Adults, Adults and Large Adults were calculated for
populations of A. millepora and T. mesenterina colonies (𝐴𝐴 = 𝜋𝜋𝑟𝑟 2 ) and Porites spp. colonies (𝐴𝐴 = 2𝜋𝜋𝑟𝑟 2 ) .
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The proportion of the adult area was then used to adjust the observed rates of recruitment per Small Adult, Adult
and Large Adult.
Coral recruitment can be highly variable in space and time, thererfore it is important to represent this variability
in any attempt to understand or simulate coral populations, whether they are closed or open, since this will
provide some estimate of the range of potential scenarios that might be experienced by real coral populations.
In open populations, recruitment was varied randomly (SD × 2) around the average for each taxa, using the
Monte Carlo simulation routine (n= 1000, normal distribution) in PopTools (http://www.poptools.org/). For
closed populations recruitment was varied randomly across the entire range of recruitment rates observed on
the study transects. Population matrix models were then run using the single matrix for each taxa, with
recruitment variation implemented as above for both closed and open populations.

3
3.1

Results
Benthic cover

Live coral cover ranged between 25% at Enderby Island to 44% at West Lewis Island in 2015. Algal cover was
higher (69%) at Enderby Island than at West Lewis Island (38%). Cover of other sessile invertebrates (soft corals,
sponges) was negligible. The dominant corals at West Lewis Island were Pavona and massive Porites spp.,
contributing over 35% cover (Figure 5a). While the next most abundant corals were Acropora spp., their cover
was less than 3%. In contrast, the relative cover of Acropora was much higher at Enderby Island (16%) while
Pavona was not recorded and Porites spp. was relatively low in cover (2.9%; Figure 5b). At both sites, turf algae
on dead coral was conspicuous (34−56%), and likely as a result of coral bleaching events in 2013 and 2014. There
was little change in total coral cover between 2014 and 2015, and the relative contribution of various taxa to
total cover was relatively constant over this period (Figure 5), indicating that there were no major environmental
disturbances during this period.
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Figure 5. Coral cover for the 10 most common coral families in 2014 and 2015. Transects at West Lewis (A) and Enderby
Islands (B).

3.2

Size frequency distributions and density

Population density and size structure data were obtained from multiple transects at each location for the three
study species. A total of 791 corals of the target species was recorded within the sample area (360 m2), of which
massive Porites spp. colonies were the most common (n = 357), and largest of the three coral groups. A. millepora
(n = 130), and T. mesenterina (n = 110) colonies were less common (Figure 6). Size structures of the sample
populations were relatively stationary throughout the period, with modal colony size remaining similar across
years. Where changes in the frequency of colonies within size classes were observed between the years this
reflected the observed rates of growth and survival. For example, in A. millepora the modal size class was 20 cm
in 2014 while in 2015 it was the >20 cm size class. This is consistent with growth data for this size class which
shows more than half of tagged colonies in this size class grew into the largest size class (Table 2).
For T. mesenterina there was noticeable growth of 5 cm colonies into the larger 10 cm size class which was again
a good reflection of observed size class transitions. Overall numbers present along the transects declined slightly
from 2014 to 2015 for all but the Porites spp. populations. Changes in the abundance of small to medium corals
were not reflected in large substantial changes in overall coral cover (c.f. Figure 5) since these colonies are small
and each single species makes up a relatively minor proportion of overall cover (e.g. A. millepora populations in
2015 constituted only 1.1% of total cover).
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2014

2015

Figure 6. Population size structure of target species populations in the Dampier Archipelago in May 2014 and April 2015 (West
Lewis and Enderby Islands). Population structure includes only directly observed A. millepora recruits and not estimated
recruit numbers (c.f. Table 3).

The density of A. millepora colonies across the six transects averaged 20 ± 13 colonies per transect across both
years, with density was slightly lower in 2015 (19 ± 14) than in 2014 (21 ± 13). Densities among transects were
highly variable, ranging from as high as 41 to as low as 5 per transect, or from just over 1 m-2 to less than 0.1 m-2
(Table 1). Similarly, the density of T. mesenterina was relatively stable, varying from 18 ± 10 to 15 ± 8 per transect
over the year. The density of Porites spp. was particularly stable, varying less than 1% between years from 59 ±
30 to 58 ± 22.6 per transect.
Table 1. The density of colonies within each 60 m2 permanent transect. Combined area of all transects was 360 m2. Counts
included all colonies including recruits <2cm.
A. millepora

Taxa

Massive Porites

Site

2014

2015

2014

2015

2014

2015

Enderby T1

32

34

17

12

58

48

Enderby T2

23

26

9

11

31

38

West Lewis T1

6

7

33

21

102

96

West Lewis T2

41

35

10

5

20

37

West Lewis T3

9

5

28

28

79

69

West Lewis T4

15

9

13

12

67

65

Year mean ± SD

20 ± 130

19 ± 14

18 ± 10

15 ± 8

59 ± 30

Overall mean ± SD

10

T. mesenterina

20 ± 13

17 ± 9
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3.3

Growth and survival of tagged colonies

A total of 737 corals were mapped, tagged, measured, and photographed — 473 corals from Enderby Island and
264 from West Lewis Island. Among the species, similar numbers of massive Porites spp. (279), T. mesenterina
(229) and A. millepora (272) colonies were tagged. Of the colonies tagged, 733 corals were re-located a year later
and assessed for survival, growth, partial mortality, and fission.
The rates of colony survival were similar (79−93%) among species and size classes, apart from survival of the
smallest sized (≤2 cm) colonies of T. mesenterina (70%), Porites spp. (47%) and particularly A. millepora (35%)
(Figure 7). Rates of survival generally increased with the size for T. mesenterina and Porites spp. colonies, but
changed little for A. millepora colonies >2 cm. Consequently, the survival of larger (>5 cm) A. millepora colonies
was lower (<82%) and more variable than for T. mesenterina and Porites spp. colonies (>90%).
The changes in colony size reflected the different rates of growth among species and size classes, and their
likelihood of injury. For all but the largest size classes (>20 cm), the mean rate of linear extension was much faster
(3−8 cm yr-1) for A. millepora than for T. mesenterina and Porites (<1 cm yr-1), which grew slower and had a
higher probability of injury. However, the probability of injury increased considerably for the largest (>20 cm)
colonies, resulting in similarly low (<2 cm yr-1) means rates of growth for all species (Figure 7).
100
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80
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T. mesenterina
Porites spp.
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20
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Figure 7. Variation in size-specific rates of A)
survival (± SE) and B) growth (± SE) among
species.

Annual Growth (cm)

8
A. millepora
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6
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2
0
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3.4

Size class transitions

Together, survival and growth determined the rates of colony transition through the life cycle. Comparable
survival and faster growth in A. millepora led to higher rates of transition to larger size classes than for
T. mesenterina and Porites spp., which were more likely to remain within their size class after 1 year (Table 2).
For all taxa, juvenile (≤10 cm) colonies rarely shrank to a smaller size class, whereas a similar proportion
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(0.01−0.11) of adult (>10 cm) colonies of all species shrank to a smaller size class following injury (Table 2). The
A. millepora population was characterised by particularly rapid transition to the largest size class, including
transition direct from 5 to 20 cm size class. In contrast, the T. mesenterina population was characterised by a
higher likelihood that a colony would remain in a size class from one year to the next. For Porites spp., there was
a high level of retention of the largest size class and very low likelihood of transition to a smaller size class, and
no mortality (Table 2). Transitions through other size classes were also relatively low, indicative of slow
population growth rates.
Table 2. Annual transition matrices for study species. Size classes are the maximum linear dimension of colonies and are the
same for all species, but for the Large Adult (>75 cm) Porites spp. Transitions are from row to column: for example, the
probability of A. millepora recruits growing to large juvenile size was 0.12. The estimated proportion of new recruits produced
by adult colonies is presented in Table 6.
Stage
Size (cm)

Recruits

Small Juvenile

Large
Juvenile

Small Adult

Adult

<2

2−5

6−10

11−20

21−75

Large
Adult

A. millepora
Recruits

<2

0

0

0

--

--

Small Juvenile

2−5

0.20

0.04

0.00

0.02

0.00

Large Juvenile

6−10

0.12

0.39

0.04

0.05

0.00

Small Adult

11−20

0.04

0.36

0.63

0.19

0.05

Adult

21−75

0.00

0.02

0.15

0.56

0.74

0.35

0.80

0.81

0.81

0.79

<2

0.41

0

0

--

--

Survival
T. mesenterina
Recruits
Small Juvenile

2−5

0.29

0.51

0.08

0.00

0.03

Large Juvenile

6−10

0.00

0.30

0.76

0.08

0.08

Small Adult

11−20

0.00

0.00

0.08

0.69

0.05

Adult

21−75

0.00

0.00

0.00

0.15

0.78

0.70

0.81

0.92

0.92

0.93

<2

0.33

0

0

--

--

--

Survival
Porites spp.
Recruits
Small Juvenile

2−5

0.13

0.64

0.02

0.08

0.00

0.00

Large Juvenile

6−10

0.00

0.12

0.64

0.11

0.01

0.00

Small Adult

11−20

0.00

0.00

0.25

0.63

0.06

0.00

Adult

21−75

0.00

0.00

0.00

0.12

0.85

0.04

Large Adult

>75

0.00

0.00

0.00

0.00

0.04

0.96

0.47

0.76

0.91

0.93

0.96

1.00

Survival

3.5

Recruitment

To improve accuracy of conclusions relating to recruitment, growth and juvenile mortality the larger sample size
of Acropora spp. (rather than exclusively on the very small number of identifiable colonies of A. millepora) was
required. The dynamics from the larger sample size of Acropora spp. could then applied to the A. millepora
population, and it was this sample on which transition rates were based, rather than just the dozen or so recruits
that turned out to be A. millepora. The other useful aspect of this approach was to derive a more realistic and
accurate estimate of A. millepora recruitment. The total number of Acropora spp. recruits (<2 cm) at the six
study sites (360 m2) in 2014 was 93, and 58 in 2015. The total number of 2 cm recruits per transect through
2014−2015 ranged from 3−26, with a mean of 12.6 ± 6.7 (mean ± SD) per 60 m2.
Of a total of 227 Acropora spp. up to 10 cm diameter, 34 were A. millepora. Based on these figures we estimate
that 14.9% of visible recruits were A. millepora. By applying this amount to counts of total recruits, we estimated
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average recruitment for A. millepora at 2.3 ± 1.01 per transect (mean ± SD, Table 3), ranging from a high of 4 to
a low of 1 per transect. There were 131 tagged Acropora recruits (on and off the transects) in 2014, of which 68
recruits remained in 2015 and of these, 10 were A. millepora. Based on these figures we estimate that 14.7% of
visible recruits were A. millepora, corroborating estimates based on 10 cm colonies.
The total number of recruits of the 3 study taxa within the survey area (360 m2) was similar among species, at
12−14 recruits (Table 3). Recruit abundances differed markedly among transects and between years. Recruit
abundance on the study transects was least variable for A. millepora (1–4) while T. mesenterina and Porites
spp.showed similar variability, 0–6 and 0–5 respectively.
For the closed population model, recruitment rates were adjusted to account for both the total number and area
of adults in different size classes: Small Adults, Adults and Large Adults (Porites spp. only). For A. millepora and
T. mesenterina populations, the mean contribution of Small Adults (11–20 cm) to the total area of adult corals
ranged from 33−36%, and from 61−64% for the Adult (21–50 cm) sized colonies. By comparison, the Porites spp.
populations had much larger colonies (>40% were over 50 cm diameter, and some up to 740 cm), so Small Adults
made a negligible (<1%) contribution to the total adult area, compared to the Adult (43%) and Large Adult (54%)
colonies (Table 3).
Given the effect of colony area, the contribution of Small Adult colonies to local recruitment in all species was
usually lower than for the larger adult size classes, irrespective of variation in colony densities. Among the species,
the adjusted rates of recruitment per adult were far lower in the Porites spp. populations, and consistently higher
in the A. millepora than the T. mesenterina populations (Figure 8). For example, within the Adult size class, A.
millepora had similar but less variable (0.43 ± 0.34, mean ± SE) rates of recruitment per Adult than T. mesenterina
(0.6 ± 0.60, mean ± SE), with lower rates for Porites (0.05 ± 0.01 mean ± SE) populations. Only the Porites
populations had Large Adult colonies, whose contribution to recruitment was far higher (0.36 ± 0.83 mean ± SE)
than the other adult size classes (Table 3, Figure 6).
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Table 3. Recruitment rates (fx) for the closed population models of each species. Rates were calculated separately for each site to provide a size-specific measure of recruitment variation for
each species’ model. Recruitment rates were adjusted according to the number and area (cm2) of colonies within each adult size class, as area provides a more accurate indication of reproductive
output in corals than number alone. The site-specific recruitment rates were applied to a single population matrix for each species, in which colony transitions were summed across all sites
combined (Table 2).
No.
Recruits

No.
Adults

Adult area
(cm2)

No. Small
Adults

Small Adults
(area, cm2)

Prop. Adult
area

Recruits to
Small Adult
ratio

No.
Adults

Adults
(area, cm2)

Prop.
Adult
area

Recruits
to Adult
ratio

No.
LargeA
dults

Large Adults
(area, cm2)

Prop.
Adult
area

Recruits to
Large
Adult ratio

End14T1

2

22

59418

8

8296

0.14

0.035

14

51122

0.86

0.1229

End14T2

1

19

42010

7

7599

0.18

0.0257

12

34411

0.82

0.0683

WL14T1

3

5

4117

4

2732

0.66

0.33

1

1385

0.34

0.68

WL14T2

5

30

33969

23

17389

0.51

0.0887

7

16579

0.49

0.28

WL14T3

0

7

15700

4

5024

0.32

0.16

3

10676

0.68

0.4533

WL14T4

4

11

18670

9

6748

0.36

0.12

2

11923

0.64

0.96

End14T1

1

4

1935

3

550

0.28

0.0933

1

1385

0.72

0.72

End14T2

0

6

1131

5

785

0.69

0

1

346

0.31

0

WL14T1

3

8

4737

2

190

0.04

0.06

6

4547

0.96

0.48

WL14T2

1

2

728

1

113

0.16

0.16

1

615

0.84

0.84

WL14T3

6

6

4427

3

829

0.19

0.38

3

3598

0.81

1.62

WL14T4

1

6

960

6

960

1

0.1666

0

0

0

0

End14T1

2

38

32191

10

1391

0.04

0.008

28

30800

0.96

0.0685

0

0

0

0

End14T2

0

−

−

−

−

−

−

−

−

WL14T1

2

72

492478

12

3901

0.01

0.0016

40

77316

−

−

−

−

−

−

0.16

0.008

9

411260

0.84

0.1866

WL14T2

0

−

−

−

−

−

−

−

−

−

−

−

−

−

−

WL14T3

5

45

463136

10

628

0

0

25

10897

WL14T4

5

44

53294

23

3273

0.06

0.0130

20

30326

0.02

0.004

10

451611

0.98

0.49

0.57

0.1425

1

19694

0.37

1.85

A. millepora

T. mesenterina

Porites spp.
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Recruits per Individual (Closed Population)

10

size class vs A. millepora
size class vs T. mesenterina
size class vs Porites spp.

Figure 8. Variation in recruitment rates
per adult colony (fx), among sites, size
classes and species, used in closed
population models. Replicates are site
specific rates of recruitment, adjusted for
the number and area of colonies within
each adult size class (see Table 3).

1

0.1

0.01

0.001

small adults

3.6

adults

large adults

Population growth rates

Similar growth rates were obtained for models assuming both open and closed populations, when using mean
rates of recruitment. For both model approaches, populations were approximately stable (λ = 1.0), in most cases
with growth rates ranging from 0.944−0.995, but for a lower growth rate indicative of population decline for
A. millepora. For the open model that assumes constant recruitment independent of local adult abundance, the
A. millepora population was decreasing (λ = 0.796) by ~20% each year, whereas the T. mesenterina (λ = 0.944)
and massive Porites spp. (λ = 0.983) populations were much closer to stability (λ = 1.0).
For the closed model, which assumes recruitment is linked directly to the adult colonies, populations of all
species were relatively stable (λ ≈ 1.0 ± 0.1 ± 95% Confidence Intervals) using the mean recruitment rates (Figure
6). However, spatial variation in recruitment among sites had very different consequences for the population
growth rates of different species. For A. millepora, the mean population growth rate was higher (mean λ = 1.08
± 0.13 95% Confidence intervals) than the other species (Figure 9), but was also far more variable when using
the site specific rates of recruitment (λ = 0.83–1.37). The large range in population growth illustrates the
potential for A. millepora populations to increase or decrease by up to 30% each year, due solely to variation in
recruitment based on local reproductive populations. By comparison, recruitment caused less variation in
population growth rates in T. mesenterina (λ = 0.91–1.02), and had essentially no effect on the growth rate of
massive Porites populations (λ = 0.98).

3.7

Elasticities

Matrix elasticity is a measure of the relative contribution of life history stage transition to population growth.
That is, transitions with the highest values are the most important in maintaining population size or population
growth. Elasticity values were greatest for the largest colonies in each population for the open population
models. This effect was most pronounced in A. millepora, followed by Porites spp. with T. mesenterina showing
a relatively low elasticity value in the largest size class (Table 4). In open populations, there is by definition no
direct linkage between reproductive size classes (adults) and recruitment, since recruits are derived from a
general larval pool. Thus, the elasticity values more strongly reflect the importance of sustained growth and
survivorship of the existing colonies, in particular the largest adults. For open populations the elasticity values
for the largest size classes were 84.6%, 36.7% and 62.7% for A. millepora, T. mesenterina and Porites spp.
respectively.
For the closed population models, recruitment variation among the species was evident in the contribution of
different size classes and transitions to population growth (elasticities). Using the mean recruitment rates, the
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adult sized corals made the greatest contribution (>27.9%) to population maintenance and growth for all species
(Table 4). However, the magnitude and mechanisms by which adults contributed to population growth varied
among species, due especially to the contrasting contribution of sexual recruitment versus growth.
For A. millepora, a significant contribution to population growth was made by the growth and survival of adult
(Small Adults, Adults) colonies (total 41.7%), and also their production of new recruits (total 11.3%).
For T. mesenterina, the growth and survival of adult colonies (total 27.9%), and particularly their production of
new recruits (2.6% total), was less important, whereas the growth and survival of juvenile (Small and Large)
colonies made a much larger contribution to population growth (total ~37%) than for A. millepora (total ~15%)
and massive Porites spp. (total ~16%) juveniles (Table 3). In contrast, sexual recruitment in the massive
Porites spp. made a negligible contribution and populations were largely sustained by the growth and survival
of the adult colonies, particularly the Large Adults (50%) (Table 4).

3.8

Population projections

Population projections were conducted for each population over a period of 30 years, a sufficient time for
population structure to stabilize. For each population several projections were conducted:
Projections using observed rates of recruitment, growth and survival
A. millepora is used to demonstrate the impact of varying recruitment on population size in coral populations.
Projections of population growth in A. millepora were based on the size-class transition probabilities for pooled
transects (Table 2). Initial simulations were based on estimated maximum average recruitment rates
i.e. 2 recruits per transect for pooled transects (12 recruits per year). A population projection is also presented
with recruitment based on the maximum levels observed in a single transect (4 per transect), if applied to all
transects (24 recruits per year). In both cases a relatively stable population structure was reached in less than
20 years (Figure 9), and at this point simulated populations displayed a size-class distribution (Figure 10) similar
to that observed on transects in 2015 (Figure 6), with the exception of the 2 cm size class which in the model
includes pre-visible individuals. Simulated populations of A. millepora with average and high recruitment rates
differed proportionately in terms of density but, even in the maximum recruitment scenario, population size
(not including recruits) was lower than observed. This demonstrates the importance of recruitment levels in
determining overall population density, and also the fact this will stabilize, in open populations, at a level
characteristic of the recruitment rate. To reflect existing populations as closely as reasonably possible, maximum
recruitment rates were used in all subsequent simulations for both open and closed populations of A. millepora.
It is extremely important to bear in mind the overall importance of recruitment rates in determining population
size, as well as the marked spatial variability in recruitment even across relatively small distances. For these
reasons it is important to have adequate sample sizes for determining recruitment estimates.
Populations of T. mesenterina and Porites spp. displayed different patterns of growth, with T. mesenterina taking
up to 60 years to begin to reach a static population structure which was very similar to those observed on
transects in 2014 and particularly 2015. The largest size classes in the Porites spp. population did not stabilise
even after 60 years, and other projections (not shown) indicate only after approximately 150 years the relative
abundance of the largest size classes began to exceed that of the juveniles and small adults did not taper off,
resulting in ongoing population growth. For Porites spp. populations maximum rates of recruitment per transect
(total of 28 after adjustment for transition rates of recruits through the size class) were used in subsequent
simulations of open populations. For closed populations of Porites spp., average rates of recruitment (total of
14) were used, and average rates (total of 12) were used for both open and closed populations of T. mesenterina.
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Table 4. Contribution (%) of transitions (elasticities) to population growth rate, for open and closed population models. In open populations, recruitments are supplied from other populations
so stages involving the production or transition of recruits do not contribute to population growth (zero elasticities). In closed populations, recruits are generated from adult locally, so transitions
involving recruits contribute to population growth. Matrix elasticities are percentages and sum to 100. Tranisitons that make >10% contribution are in bold, and > 30% are in bold and italics.
Stage and size-classes are described in Table 2 and the Methods, and the transition matrices in Table 2.
Open Population

Closed Populations

Recruits

Small
Juvenile

Large
Juvenile

Small
Adult

size

2

5

10

stage

Adult

Large
Adult

20

75

>75

Recruits

Small
Juvenile

Large
Juvenile

Small
Adult

Adult

2

5

10

20

75

A. millepora
Recruits

2

0.00

0.00

0.00

0.00

0.00

0.79

0.00

0.00

1.08

11.29

Small Juvenile

5

0.00

0.01

0.00

0.17

0.00

5.60

0.26

0.00

0.19

0.00

Large Juvenile

10

0.00

0.09

0.03

0.52

0.00

5.01

2.73

0.33

0.68

0.00

Small Adult

20

0.00

0.08

0.49

2.03

6.01

1.76

2.85

6.54

3.17

2.37

Adult

75

0.00

0.00

0.11

5.90

84.57

0.00

0.22

1.87

11.56

41.71

T. mesenterina
Recruits

2

0.00

0.00

0.00

0.00

0.00

1.38

0.00

0.00

0.57

2.56

Small Juvenile

5

0.00

2.54

1.68

0.00

0.47

3.12

5.10

1.45

0.00

0.20

Large Juvenile

10

0.00

2.15

23.21

1.34

2.03

0.00

4.77

22.16

0.87

0.93

Small Adult

20

0.00

0.00

3.84

19.26

2.17

0.00

0.00

5.11

17.36

1.38

Adult

75

0.00

0.00

0.00

4.67

36.65

0.00

0.00

0.00

5.06

27.99

Porites spp.
Recruits

2

0.01

0.00

0.00

0.02

0.00

0.00

0.53

0.00

0.00

0.03

0.07

Small Juvenile

5

0.02

0.48

0.04

0.19

0.00

0.00

0.95

2.25

0.07

0.25

0.00

Large Juvenile

10

0.00

0.26

4.14

1.11

0.24

0.00

0.00

1.27

7.21

1.45

0.20

Small Adult

20

0.00

0.00

1.56

6.45

1.16

0.00

0.00

0.00

2.85

8.82

1.03

Adult
Large Adult

75
>75

0.00
0.00

0.00
0.00

0.00
0.00

1.40
0.00

17.32
1.41

1.41
62.78

0.00
0.00

0.00
0.00

0.00
0.00

2.15
0.00

17.30
1.75
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Figure 9. Population projections for study species A. millepora, T. mesenterina and Porites spp. (open populations). Initial
density = 0. A. millepora recruitment = 12, 24, T. mesenterina recruitment = 12, Porites spp, recruitment = 28. Recruitment
constant at levels representing average observed recruitment to maximum observed recruitment.
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Figure 10. Population structures as projected for study
species. Data are presented for populations at points when
the relative proportion of each size class stabilizes, and
varies among the study species. A. millepora – 18 years,
recruitment = 24, T. mesenterina – 30 years, recruitment =
12, Porites spp. – 150 years, recruitment = 28.

Figure 11. Variation in closed population projections among species and site-specific rates of recruitment. Projections
(25 years) for each species are based on transition rates and population size-structures for sites pooled, and the mean rate
of recruitment (left column) or the maximum and minimum rates of recruitment observed at each site (right column) for
closed populations (See Table 3). Note different scales for colony abundances (y-axis) and time-scales (x-axis)

For closed populations the observed rates of recruitment, growth and survival were also used to model
population size and structure projected over varying timespans. These projections reflected the varying
population growth rates and the relative importance of sexual reproduction in each species. For A. millepora
populations, there were declines in the abundances of all size classes when applying the mean rate of recruitment
(Figure 11, left column), whereas there were either rapid decreases or dramatic increases in population size using
the minimum and maximum observed rates, respectively (Figure 11 right column). Projections for the
T. mesenterina populations were similar, displaying slow rates of decline using mean rates of recruitment
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(Figure 11 left column), or rapid rates of decline or growth for the minimum and maximum rates of recruitment,
respectively (Figure 11 right column). The insignificant contribution of sexual recruitment to the maintenance of
massive Porites spp. populations was evident in the relative lack of variation among projections using the mean,
minimum and maximum rates of recruitment. All projections for Porites spp. populations displayed a similar
trend of declining abundances of all size classes, though these were slight for the Large Adult colonies.
Variable recruitment
The role of recruitment variation in determining population size was further explored by conducting Monte Carlo
simulations of populations. In Open populations the influence of recruitment variability on variation in total
population size (95% CI) was greatest in T. mesenterina, and smallest in Porites spp. Under these scenarios, the
overall variability in population size is relatively small (Figure 12) despite substantial variation in recruitment, and
stabilises as population structure stabilizes. For closed populations the effects of variability in recruitment on
overall population variability were greater than for open populations, possibly due to stochastic development of
larger positive/negative feedbacks. This potential was greatest in A. millepora and least in Porites spp.
(Figure 12). These trends were evident to varying degrees in all subsequent projections.
In contrast, in the closed populations variability in population size continued to increase in A. millepora and
T. mesenterina, as population size increased. Under average rates of recruitment closed populations of A.
millepora and T. mesenterina grew exponentially due to positive feedback between population size and
reproductive output and recruitment. Average levels of recruitment observed for Porites spp. were not sufficient
to allow such positive reinforcement to develop, and the total populations showed a gradual decline, even
though variability increased over time (Figure 12).
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Open population

Closed population

Figure 12. Population growth from 0 with stochastically varying recruitment. Recruitment was randomised on a mean seed
based on a normal distribution and two standard deviations. Confidence intervals are 95% Confidence Intervals based on
1000 iterations. Numbers of recruits based on maximum transect levels of recruitment measured in either 2014 or 2015.
A. millepora = 24, T. mesenterina = 12, Porites spp. = 28.

3.9

Disturbance scenarios

A range of disturbance scenarios were simulated, using the variable recruitment model with starting population
structures representing those of stable populations (Figure 10) and similar to those actually observed. The
scenarios included
i.

size dependent mortality of the largest colonies e.g. due to a natural disturbance (Figure 13);

ii.

severe reductions in recruitment e.g. due to an extended dredging campaign (Figure 14); and

iii.

chronic reductions in recruitment e.g. due to a shift in underlying environmental conditions (Figure 15).

In the severe size-dependent mortality scenario, a single mortality event was imposed on the largest size class in
the population (or 75 cm size class for Porites spp.) in year 12. The rate of survivorship was set to be the inverse
of the observed survivorship rate in that year.
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Open population

Closed population

Figure 13. Population response to a size-dependent mortality event (to simulate effects of cyclones or bleaching on larger
colonies) for A. millepora, T. mesenterina and Porites spp. The disturbance simulated in year 12 affected the >20cm size
class by reducing survivorship by a random proportion between 0.05 and 0.5.

For open populations, recovery of total population size to pre-disturbance levels took 11 years in A. millepora,
17 years in T. mesenterina and 20 years in Porites spp. following this event (Figure 13). For closed populations,
the response times were much longer for A. millepora, 16 years, and similar for T. mesenterina, also 16 years.
Due to the continuing decline of Porites spp., no recovery could be expected, under average recruitment, though
it is notable that the affected 75 cm size class decreased to become less abundant than the largest colonies
(>75 cm) after the disturbance and never again became more numerous than the largest colonies (Figure 13).
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Open population

Closed population

Figure 14. Population response to consecutive years of failed recruitment (to simulate effects of a dredging campaign) for
A. millepora, T. mesenterina and Porites spp. The disturbance simulated in year 12 affected the >20cm size class by
reducing survivorship by a random proportion between 0.01 and 0.1.

A two-year recruitment failure was simulated as an example of the effects of a major decline in recruitment such
as might occur during a major dredging campaign (Figure 14). For open populations, the level of decline was an
80% reduction of the randomised recruitment value. Populations returned to pre-disturbance levels more rapidly
than under the impacts to large colonies. The most significant impacts on A. millepora were evident in the large
size classes with recovery to pre-impact levels after 12 years. For T. mesenterina the 10 cm size class was most
affected by the initial recruitment failure, with the recovery of this size class, and the overall population, taking
14 years with virtually no impact on the largest size class. This pattern was even more pronounced for Porites
spp. where the only size class to show a decline in abundance (apart from recruits) was the 5 cm size class. The
corals in this size class did not recover to pre-disturbance abundance for 14 years although the total population
returned to pre-disturbance levels by eight years. For the closed populations some impacts of recruitment failure
were seen in the population but these were minimal, occurring after a short time lag of two to three years, with
a return to the pre-disturbance population numbers within five years (once again noting the continuous declining
trend in Porites spp.
Under the chronic disturbance scenario, where long-term recruitment was reduced by 20% (Figure 15), there
was a long-term reduction in population size in all taxa, although the population structures were similar to those
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before the baseline change. The reduction in A. millepora populations was greatest with populations only 77%
of the pre-disturbance level after 18 years. Interestingly, the impacts were greatest in the abundance of the
largest size class. Turbinaria mesenterina populations were less affected and remained at 88% of pre-disturbance
levels. Porites spp. populations were reduced to 80% of pre-disturbance totals, though the effect was evident
almost entirely in the smaller 5 cm and 10 cm size classes.
Open population

Closed population

Figure 15. Population response to a change in the baseline condition for A. millepora, T. mesenterina and Porites spp. The
disturbance simulated change in baseline conditions that resulted in a 20% reduction in recruitment (e.g. due to chronic
low-level increases in sedimentation).

3.10 Maximum impact estimates
Impact scenarios were modelled using open populations as examples to explore the maximum level of impact
that could be sustained by populations while still allowing for recovery to pre-impact status within a span of five
years consistent with a Zone of Moderate Impact designation under EPA (2016). For each species the impact
scenarios considered were:
i.

uniform mortality to all size classes (e.g. as might occur from sediment smothering);

ii.

recruitment reduced by 80% over one or more years (e.g. as might occur due to acute sedimentation
during spawning); and

iii.

chronic impacts caused by indefinite 20% reductions to recruitment (e.g. as might occur due to chronic
low-levels of increased sedimentation).
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In most management and ecological contexts the status of coral assemblages is measured as a proportion of
benthic cover i.e. percent coral cover, therefore in order to make the results of these scenarios easily
interpretable, the population structures in these models were used to estimate % cover of the populations.
Estimates were obtained by multiplying the colony abundance by the areas of colonies of the median size for
each size class. For the largest size classes (no upper bound) the average size of colonies censused on transects
was used. Disturbances were implemented in year 12 of the scenarios as above.
Under scenarios that imposed a conservative and uniform 15% level of mortality in one year across all size classes
of A. millepora it was highly unlikely that the total population cover would return to pre-impact levels before five
years. After 5 years the 95% confidence interval exceeded the mean pre-impact level of cover, but the mean
coral cover did not reach pre-impact levels even after 18 years (Figure 16). Higher levels of impact displayed even
longer recovery times. Similarly, for T. mesenterina populations subjected to same scenario (15% uniform
mortality) recovery was highly unlikely within 5−6 years, and mean levels of cover took more than 14 years to
return to near pre-disturbance levels (Figure 16). Populations of Porites spp. were most sensitive to uniform
impacts and the maximum level of impact that could be imposed while still having some possibility of recovery
within 5 years was a 7.5% decline in cover, or half the levels apparent for A. millepora and T. mesenterina. Based
on 95% confidence lower bounds it is possible that disturbed populations of A. millepora and Turbinaria will not
recover from these impacts on cover even after 20 years, while recovery of Porites could take up to 6 years in a
worst case scenario.
Populations of A. millepora were most sensitive to recruitment failure and the maximum level of reduction in
recruitment that could be sustained while still having some possibility of recovery within 5 years was an 80%
decline in recruitment over just 1 year. In such a scenario, return to pre-impact levels of cover was highly unlikely
within 5 years, and mean levels of cover did not recover to pre impact levels for 11 years (Figure 17). The same
level of impact applied to T. mesenterina resulted in virtually imperceptible impact to overall cover and mean
levels of cover continued to increase, remaining within the 95% confidence interval of pre-impact values.
Recruitment failure for more extended periods of time did result in slight declines in mean cover, though there
was a significant time-lag in the appearance of these (minor) effects and impacts were within confidence
intervals. Cover for Porites spp. populations were even less sensitive to reductions in recruitment, and even when
a 95% reduction in recruitment was simulated over a period of three years there was no significant change in
cover or the population’s growth trajectory (Figure 17).
A chronic ongoing but relatively small 20% reduction in recruitment to A. millepora populations resulted in
significant changes and after only 5 years even the upper 95% confidence limits were below the pre-impact levels
of cover (Figure 18). Populations of T. mesenterina and Porites spp. were far less sensitive to chronic reductions
in recruitment, even when these reductions were quite severe. Mean levels of cover for T. mesenterina remained
within confidence intervals for at least 18 years, even when recruitment levels were reduced by 40%, and for
Porites spp. a 50% reduction in recruitment took more than 35 years to slow population growth, with very small
declines evident only after this time (Figure 18).
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Figure16. Impact and recovery after uniform mortality for A. millepora (15%), T. mesenterina (15%) and Porites spp. (7.5%). Scenarios are for open populations with mortality applied to all size classes in year 12 of
simulation. Cover is %, note different scales on y axes. Starting conditions for the models are as for projections in Figure 9.

Figure 17. Impact and recovery after recruitment failure for A. millepora, T. mesenterina and Porites spp. Scenarios are for open populations with recruitment failure (20% of other years) applied to all size classes
in year 12 of simulation. Cover is %, note different scales on y axes. Starting conditions for the models are as for projections in Figure 9.

Figure 18. Impact on cover (%) of chronic reduction in recruitment. A. millepora, T. mesenterina (20% normal) recruitment and Porites spp. (5% normal recruitment) scenarios are for open
populations mortality applied to all size classes in year 12 of simulation. Cover is %. Note different scales on y axes. Starting conditions for the models are as for projections in Figure 9.
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4

Discussion

Life history traits and population dynamics of the study species were broadly consistent with previous
demographic research on these genera, with higher recruitment, faster growth and more rapid population
turnover in A. millepora than for Porites spp. (Done 1988, Smith et al. 2005, Doropoulos et al. 2015). Other studies
of foliaceous corals have found populations to be highly reliant on fragmentation, or vegetative reproduction
(Hughes & Jackson 1985). This was not the case for T. mesenterina, which although it is foliaceous in growth
form, did not display substantial rates of fragmentation, but instead was reliant on sexual recruitment.
The relative importance of sexual recruitment for Turbinaria was lower than for A. millepora however and,
combined with low growth rates, this resulted in population recovery rates for Turbinaria that were more similar
to Porites spp. than to Acropora. Porites spp. was distinguished from other species by virtue of the much larger
colony sizes reached, commonly over 2 m diameter, and no mortality was observed in colonies of the largest size
class (Large Adults). There was a low level injury in the largest colonies, whereby the associated partial mortality
resulted in the colony transitioning to the next smallest size class.
Population projections based on demographic parameters measured in our study led to a number of important
conclusions relating to the likely impacts and recovery from simulated ecological disturbances. Simulated
mortality to large colonies resulted in some of the longest recovery times, ranging from 11 years in A. millepora
to 20 years in Porites spp. The timeframes for recovery are between 2−4 times longer than the 5 year recovery
time envisaged as corresponding to ’moderate‘ impact in EPA (2016). Recovery from a disturbance to recruitment
actually took longer in A. millepora than recovery from an impact to adults; however, for Turbinaria and Porites
spp. recovery was more rapid and surprisingly in the case of Porites spp. took only 8 years in terms of total
population numbers (but 14 years for 5 cm corals). For each of these disturbances we simulated an 80% reduction
in survival or recruitment. This level of impact is consistent with experimentally induced reductions in
recruitment in field experiments, for example a 5-fold increase in sedimentation rate from 1.1 to
5.3 mg cm2 day-1 resulted in a 61% decline in the number of recruits after 8 months (Babcock & Smith 2003). It is
significant that much more pronounced effects were predicted in terms of total population size where effect
sizes were smaller (20%) but effects were chronic (e.g. long lasting reduction in recruitment). In this scenario,
effects on overall population size were of a similar magnitude to the effect on recruitment (12−23% reductions
in total population size). The strongest reduction in population size due to reduced recruitment was for
A. millepora, as might be expected since it is the most reliant on recruitment; however, the impacts were most
evident numerically in the relative abundance of the large size classes and recruits themselves. The smallest
effect was on Turbinaria and in this species as well as Porites spp. effects differed from those for A. millepora as
they were greatest on the smallest size classes while effects on larger sizes were minimal.
Here we have taken a conservative approach to modelling disturbance and recovery, examining one impact at a
time, and imposing single impact events (even if these may span more than one year). In this respect our results
are optimistic in terms of predictions of the length of time taken to achieve recovery for a given level of impact.
However, we know that disturbances often occur in rapid succession. For example the north-west coastline of
Australia is regularly impacted by cyclones, and has recently suffered repeated and extensive mortality from
bleaching (Moore et al. 2012, Lafratta et al. 2016). Additive or multiplicative effects are also likely, such as loss
of coral cover and loss or failure of recruitment for 1–2 years, overlaid by chronic loss of recruitment (potentially
for decades). The approaches we have employed here can also be used to explore the sensitivities of coral
populations in the Pilbara to such multiple impacts, and while this work is beyond the scope of the current report,
they are a logical extension of the work we have started here.
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This study was conducted over two successive years, with field work spanning approximately 12 months.
Ideally Sampling would span at least four successive years. This would allow for minimal, but valid, annual
averages to be estimated. The benefits of longer term studies include:
•

higher levels of confidence around transition rates, particularly rates of transition through smaller
size classes;

•

higher level of efficiency in data collection. The initial establishment of permanent sites is the step
that requires the most time and effort and each subsequent sampling adds more data for less work;

•

recruitment estimates are particularly vulnerable to low accuracy due to inherently lower sample size
(based on transects/quadrats rather than individual colonies). Sampling over several years will
provide more accurate estimates of recruitment as well as better insights into inter-annual variability.
Sampling of recruit density on separate fixed-area transects, above and beyond those used for tagged
colonies, would also be helpful as a way to increase sample size; and

•

Larger sample sizes overall for each size class resulting in greater accuracy of estimates for transition
values.

Longer term studies over 5–10 years would give greater probability of providing insights into any size-specific
impacts of events such as cyclones, bleaching, predation by Acanthaster or Drupella, or anthropogenic activities,
on mortality and growth.
The need to have accurate data on recruitment rates is fundamental in order to project accurate rates of recovery
and stable levels of population density. Due to the large temporal and spatial variability in recruitment rates
sampling over as long a period as possible (preferably greater than 5 years) is desirable.
Data should be obtained from at least two locations or sites each of which should be sampled with at least two
permanently marked transects. Selection of sites and transect positions should be such that they provide valid
comparisons with particular sites of interest (i.e. impact sites). Sampling should ideally be conducted at a
minimum of one location in impact and reference locations, bearing in mind the need to obtain valid numbers
of samples for construction of accurate matrices. Where comparisons of impact and reference areas are to be
made a valid number of samples per size class should be obtained from within each impact/reference stratum.
The time of year of sampling is not critical except in that annual sampling must be conducted at the same time
of year, each year. Ideally the best weather season for low wave action and high visibility would be selected, in
order to facilitate the high number of fine scale manipulations and measurements required, to provide good
conditions for relocating and photographing colonies, and for general ease of orientation in the underwater
landscape. Observed rates of survival and growth in the study species are likely to be representative of prevailing
conditions across a range of coastal coral reef environments in the Pilbara region with overall coral cover
changing little between surveys undertaken in 2014 and 2015. Survivorship rates in the larger size classes of
Porites spp. and T. mesenterina were over 90% and while slightly lower in A. millepora survivorship was still over
80% for adult and sub-adult colonies under background conditions. The Acropora populations are generally in
shallower water and very likely more exposed to wave action than the slightly deeper Porites and Turbinaria
populations. It is possible that the reduced abundance of A. millepora large juveniles in 2015 was a result of
cyclone Olwyn. However Cyclone Olwyn really began to intensify only after passing south of Dampier, passing
rapidly from a latitude approximately level with Broome to be just west of Barrow Island in the space of 12 hours.
This path meant that the time during which swell would have been directed towards the study locations, between
Rosemary and Enderby Island, would have lasted only for a couple of hours. This would have minimised swell
impacts. While there were some visible signs of coral bleaching in 2014 this did not translate into significant
mortality as observed in other parts of the west Pilbara in 2013 (Ridgway et al. 2016). As such we are confident
that these data provide a valid baseline for demographic data during a disturbance free period on coral reefs of
the Pilbara.
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It is possible that study populations experienced residual stress from these bleaching events, which may have
affected growth and reproduction in years following bleaching (Baird & Marshall 2002, Sudek et al. 2012,
Hagedorn et al. 2016). Because the bleaching was a region-wide event, such impacts on reproductive output are
likely to have affected overall recruitment in the region (Hughes et al. 2000, Gilmour et al. 2013). Consequently,
we have treated estimates of recruitment density as representing the low end of the potential range and used
maximal observed recruitment rates for projections of open populations. This assumption is supported by a
roughly 30% increase in recruitment observed to settlement tiles in the Dampier region between 2015 and 2016
(CSIRO unpublished data). The decline in relative number of juvenile A. millepora noted above could also have
been a result of depressed reproduction and recruitment in 2013–2014.

5

Conclusions

The main implications of this study are that it provides for the first time a quantitative and mechanistic
framework for assessing likely impacts of dredging and related development activities at the level of coral
populations, and for evaluating the timeframes and likelihood of population recovery from impacts. As such the
framework can be applied in combination with other information such as experimental studies and
hydrodynamic modelling to develop improved estimates of the extent of impact zones relevant to environmental
assessment guidelines.
Modelling of coral populations under a range of scenarios representing likely impacts from dredging showed that
recovery rates vary with species and depending on the stages impacted. Recovery from general mortality to the
population within five years was only likely when impacts on live coral cover were less than 15%. Porites spp.
was only able to sustain a 7.5 % decrease in cover and still recover within five years’ time. These estimates of
recovery are optimistic in that they are based on 95% confidence intervals, that is to say at this point in time
corals are more than 5% likely to have recovered, and so while we can be highly confident that corals will not
have recovered within 5 years’ time, there is a possibility that recovery might be observed after this time.
Recovery periods based on average cover, rather than confidence intervals are likely to take far longer, from 14
−18+ years. Only A. millepora was sensitive to acute (80% reduction; 1 year) or chronic (20% reduction; ongoing)
recruitment failure and although it was able to recover from an acute impact on recruitment within 5−11 years,
a chronic impact would result in significant decline in cover after five years, without a return to original cover
levels. In general, recovery times are likely to be substantially longer than the five year time-frame indicative of
a ‘moderate level of impact’ (EPA 2016).
The results from the simulated impact events we have outlined present a ’best-case‘ scenario in that they
represent single impacts. In reality, there will usually be a range of impacts affecting individual corals, coral cover,
and rates of recruitment, which will have cumulative effects (or even act synergistically) to produce greater
impacts than we have simulated, with consequently longer recovery times. Importantly this modelling
framework also provides a means of evaluating multiple and cumulative impacts on coral populations of
particular relevance to development in the Pilbara.
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