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Abstract

Increased frequency and severity of stressors associated with climate change are
drastically altering ecosystems. Caribbean coral reefs differ markedly from just 30 years
ago, with much restructuring attributable to infectious disease outbreaks. Using a classic
epidemiological approach, we demonstrate how density-dependent demographic rates
serve as a mechanism for intrinsic coral resilience to population perturbations arising
from disturbances such as disease. We explore the impact of allowing infection status
to influence demographic rates and ascertain outbreak thresholds that are corroborated
by epizootic patterns observed in the field. We discuss how our threshold calculations
may provide metrics of coral epizootic early warning systems. Integrating our infection
model with equations describing the interspecific competition for space between coral
and macroalgae, we provide new mechanistic understanding of the influence that
coral life history dynamism and infectious disease have on the changing face of these
threatened ecosystems.
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1. Introduction

The impacts of climate change on ecosystems are as diverse as they are
widespread [35]. Although the effects of climate-associated stressors have been largely
deleterious, a minority of ecological studies have documented mitigating adaptations.
These fall into three general categories: geographical range shifts [45], phenotypic
plasticity [9] or evolution [44]. Despite evidence of more polar distributions [19] and
thermal acclimatization [8], the scope for adequate genetic or epigenetic adaptation in
coral is uncertain on ecological time scales [2].
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One of the most profoundly impacted coral reef regions is the Caribbean [23].
Disease has been a principle cause of Caribbean coral decline and is increasingly
considered to be a key stressor of global coral reefs [6]. The brunt of coral epizootics
has been experienced by Acropora and Montastraea spp. in the Caribbean [17, 27].
These massive reef building corals are characterized by great longevity and rare
recruitment events [14], with the former trait only necessitating the latter trait
for persistence. Susceptibility to infection has been attributed to physiological
predisposing factors [11] and/or environmental stressors [6], but the link between life
history traits and disease transmission [47] and the influence of infection status on
demography and interspecific interactions may also be important.

Disease has indirect as well as direct effects on coral population persistence. In
addition to partial and whole-colony mortality associated with infection, chronic
stressors weaken the ability of coral to compete with macroalgae for space [43] and
might also compromise fecundity by reducing effective colony size [41] or increasing
stress [16]. We begin by extending our previously published coral population infection
model [47] to allow for recovery from infection [37, 40]. We then incorporate the
infection model into a set of equations describing the interspecific competition for
space between coral and macroalgae. In doing so, we explore new mechanisms
of influence between coral life history dynamism and infectious disease, and their
combined impact on coral reef ecosystems.

2. Methods

2.1. Disease spread within a coral population Coral, denoted here by C, consists
of colonies that are susceptible (S ), infected (I) or recovered (R) (hence, C = S +

I + R). For undisturbed populations of large reef builders, there is negative skewing
in the colony size structure [10], meaning that the population is dominated by large
coral colonies. Following disturbances, coral coverage is reduced and colony size
structure becomes more positively skewed [26]. Recruitment rates increase as more
free space is made available [13] and average colony mortality rates also increase due
to a greater proportion of smaller colonies [25]. This life history dynamism can easily
be incorporated into the classic susceptible–infected–recovered framework:
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(
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(
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)
. (2.3)

Here r and µ1 are coral population growth and mortality, respectively, µ2 is the
additional mortality associated with infection, β is the transmission rate and ε is the
rate of recovery from infection. Mass action in pathogen transmission is assumed
because of the super-connectivity of pathogens within marine systems [28]. We let K
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denote the carrying capacity, the level of coral coverage for which new recruitment
and natural mortality are exactly in balance. Both population growth and mortality
are higher when colonies are smaller and more scarce: they are “inversely density
dependent” [13, 25]. We have previously reported a susceptible–infected model
including coral population dynamics [47], and so the first model of the current study
extends upon this previous work by allowing for coral recovery from infection, and by
allowing an adjusted population growth rate of infected colonies. Letting θ denote the
recruitment ability of infected coral relative to uninfected coral (0 ≤ θ ≤ 1), we explore
the dynamical properties of reduced coral recruitment associated with infection.

2.2. Interspecific competition between coral and macroalgae Not only does coral
compete with other coral, it also competes with macroalgae for space. The current
trend in coral reef deterioration has often been accompanied by phase shifts from
coral-rich to algal-rich states [17, 22, 29]. Disease is expected to have an important
impact on benthic community dynamics [46], but this notion has not been studied in
detail. Combining our infection model with the coral–macroalgal model of Mumby
et al. [32], we derive the following differential equations:

dS
dt

= rCT + ωR − βS I − S (µ1(1 −C) + a1M), (2.4)

dI
dt

= βS I − I(µ1(1 −C) + µ2 + a2M + ε), (2.5)

dR
dt

= εI − R(µ1(1 −C) + a1M + ω), (2.6)

dM
dt

= M(a1(S + R) + a2I + γT ) −
gM

M + T
. (2.7)

Here macroalgae M overgrow turf T at rate γ, and can overgrow uninfected and
infected coral at respective rates a1 and a2. Turf can be calculated simply as T =

1 − (M + C) under the assumption of a complete coverage carrying capacity (K = 1).
In this way, turf represents all habitable space that is not occupied by either macroalgae
or coral [32]. It is reasonable to assume that coral’s competitiveness for space is
compromised by infection since other chronic stresses reduce coral growth rate [43];
hence a2 ≥ a1. Macroalgae are depleted through grazing g by herbivores. Susceptible
coral is replenished either through recruitment over turf or through loss of immunity
ω from the recovered class. Therefore, the first model (2.1)–(2.3) is a special case of
the second model (2.4)–(2.7) whereby the first model is regained when K is explicit,
M = 0, θ = 1 and ω = 0. The second model is used to investigate the importance
of infectious disease and inversely density-dependent coral population dynamics in
coral–macroalgal antagonism.

3. Results

3.1. Disease thresholds and coral population dynamics From the model described
by equations (2.1)–(2.3), the critical threshold population density for an infection to
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F 1. Epizootic threshold conditions as a function of coral cover C and disease transmission
coefficient β, from the model (2.1)–(2.3). The basic reproductive number is βC/(µ1(1 − (C/K)) +
µ2 + ε) and βC/(µ1 + µ2 + ε) for inversely density-dependent and density-independent coral mortality,
respectively (density-independent mortality is achieved simply by reducing µ1(1 − (C/K)) to µ1).
Inversely density-dependent mortality (dashed line) predisposes coral to epizootics (density-independent
mortality denoted by solid line). Parameter values are r = 0.25, µ1 = 0.2125, µ2 = 0.05, ε = 0 and θ = 1.

spread is calculated as follows:

S >
µ1

β

(
1 −

C
K

)
+
µ2 + ε

β
. (3.1)

Hence, the closer the population is to carrying capacity, the more vulnerable it
becomes to an outbreak. Epizootic thresholds are illustrated in Figure 1, which
shows that inclusion of inversely density-dependent coral mortality actually facilitates
disease outbreaks. Inversely density-dependent natural coral mortality, therefore,
may explain the widely observed propensity for disease to spread among larger
colonies [5] as well as the heightened susceptibility of regions with high coral coverage
to outbreaks [6, 36]. Intuitively, recovery from infection or infection-induced mortality
hampers disease spread. Similarly, loss of immunity (ω > 0) replenishes the pool of
susceptible coral, enhancing disease spread. Under the assumption that prior to an
epizootic, the prevalence of infected coral is very low, the initially susceptible class of
coral is approximated by the total coral population, and the critical coral coverage for
disease spread can be rewritten as

C >
K(µ1 + µ2 + ε)

βK + µ1
. (3.2)

Trajectory switches arise when coral density increases and exceeds the threshold
epizootic conditions. Birth and death rates decrease with increasing average coral
colony size. This leads to booms followed by busts in the coral population. Example
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F 2. Temporal dynamics of coral cover (S , black) and infection prevalence (I/C, red) under different
abilities of infected coral to recruit, represented by θ values in top-left of panels: 1.0 denotes no difference
from uninfected coral, 0.5 is a halved ability and 0.0 a complete inability to recruit. Trajectory switches
in infection spread occur once threshold coral coverage is exceeded. Parameter values are r = 0.25,
µ1 = 0.2125, µ2 = 0.05, β = 1 and ε = 0, for the model (2.1)–(2.3). (Colour available online.)

temporal dynamics are displayed in Figure 2, which also demonstrates the effects of
reduced fecundity associated with infection. Single host infections are not expected
to cause extinction [1]. Instead, the coral population experiences booms followed by
busts once the epizootic threshold is breached, the severity of which is exacerbated
by the reduced ability of infected colonies to recruit (Figure 2). The overall results
are dampened oscillations of infection until the coral population stabilizes below the
epizootic threshold.

3.2. Climate change and the competitive exclusion of coral When coral–
macroalgal interactions are included (equations (2.4)–(2.7)), one species competitively
excludes the other, in agreement with Mumby et al. [32]. Setting our parameter values
to those of Mumby et al. [32], we determined the impact that infectious disease and
density-dependent coral mortality have on the thresholds for exclusion (Figure 3).
Incorporating infection into the model of antagonism had intuitive results: it shifted
the exclusion threshold in favour of a macroalgal-dominant state, and this shift was
exacerbated by allowing macroalgae to overgrow infected coral more effectively
(a2 ≥ a1). Conversely, incorporating inversely density-dependent coral mortality
demonstrated enhanced coral resilience by increasing the tendency for macroalgal
exclusion. Therefore, heightened coral population turnover (for example, increased
coral recruitment) and infectious disease (for example, decreased recruitment and
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F 3. Effects of infectious disease and inversely density-dependent coral mortality on thresholds
for coral–macroalgal competitive exclusion. Here “DDM” means inversely density-dependent mortality
and “DIM” means density-independent mortality; a2 > a1 denotes enhanced ability for macroalgae to
overgrow infected coral (by a factor of 2). The areas above and to the left of the thresholds represent
initial conditions that favour coral dominance. For comparative purposes, all other parameters pertaining
to interspecific competition are set to those of Mumby et al. [32]: r = 1.0, µ1 = 0.44, g = 0.3, γ = 0.8,
a1 = 0.1, µ2 = 0.05, β = 1, ε = 0 and ω = 0.

increased mortality) that may result from climate change [6, 47] have antagonizing
effects on the interspecific interactions between coral and macroalgae.

4. Discussion

Phase shifts from coral- to macroalgal-rich states have been documented in many
Caribbean reef systems [17, 22, 29] and have arisen because of a decline in system
resilience combined with unprecedented mortality visited upon coral through disease,
hurricanes and bleaching [7, 20, 33, 39, 42]. Of the consortium of factors negatively
affecting coral reefs, infectious disease has arguably received the least research effort
despite current opinion of its future impact on coral reefs [6]. Using the classic
susceptible–infected–recovered approach, we have demonstrated threshold conditions
for coral epizootics and examined the influence of infectious disease on coral reef
dynamics.

Links between coral colony size and life history traits have been studied for
decades [24, 31]. Long-lived species, such as the major reef builders, are typically
believed to have “slow” life histories. Populations with slow growth and high
survival are understood to have constrained resilience through a delayed reaction
to perturbation [15, 34]. However, life history traits of coral are dynamic. Coral
demographics are inversely density-dependent [21], thereby providing a mechanism
for populations to recover more rapidly from downward perturbations [4]. Following
epizootics, disease resistance has been observed in the surviving coral colonies [38].
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While this is normally attributed to adaptive immunological responses [37, 40], we
suggest that there may be an additional mechanism. The positively skewed colony
size structure following the epizootic [26] provides natural coral resistance through
the accelerated population turnover rate. Although higher population turnover rates
are understood classically to attenuate disease outbreaks [12], the significance of
this relationship has until recently been overlooked in the context of coral reef
epizoology [47].

Of concern are findings of Bak and Meesters [3] and Meesters et al. [30] which
demonstrate precisely the opposite response: a negative skewing of post-disturbance
colonies under conditions where new recruitment is inhibited. We recommend
maintaining close monitoring of these types of reef systems as they may represent
populations that are primed for epizootics in addition to having little prospect for
recovery. Our simple analysis suggests that this priming of coral populations can
occur several years before detectable increases in disease prevalence, demonstrating
potential for our threshold calculations to contribute towards the development of
an early warning system for coral reef disease outbreaks. Better understanding of
the coral reef infection dynamics will allow for more quantitative, species-specific
calculations of critical coverage levels. It is important to consider the health of coral
in the context of the wider biological community. Therefore, we have examined
the interplay between coral disease infection and interspecific competition with
macroalgae. Our results show that infectious disease may shift the threshold for
competitive exclusion in favour of macroalgae. Enhanced ability of macroalgae to
overgrow infected coral and reduced recruitment of infected colonies further biased
the system towards macroalgal dominance. The complexity of the system makes it
difficult to gauge the relative contribution that disease made to the massive and rapid
coral decline within the Caribbean during the late 1970s to 1980s. Like all models,
we acknowledge the oversimplification represented by our mathematical description
of this complex system. Disease is almost definitely linked with climate [6] and phase
shifts in community structure are also driven by a loss of system resilience [32].
However, by linking life history traits with colony size structure, we elucidate an
additional mechanism of natural coral resistance. Field studies to corroborate our
hypothesized interaction between disease and coral–macroalgal antagonism represent
a priority research area as they will be paramount for making accurate projections of
anthropogenic effects on the fate of coral reef systems.

Reduced average colony size and ameliorated intraspecific competition following
disturbance would be expected to result in increased population turnover for any given
coral species. However, such changes in turnover will likely be accompanied by a
shift in the composition of the coral assemblage. In the Caribbean, for example,
the long generation times and limited recruitment of many large-bodied broadcast
spawners (for example, Montastraea annularis) have led to population depletion and
increased dominance of diminutive brooding species, such as Agaricia agaricites [18].
While a more rapid population turnover of the new assemblage may confer enhanced
resilience, such switches in species composition are unlikely to be desirable. Not only
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does this switch reduce species diversity, but the functioning of such assemblages,
such as providing habitat for a diverse fish fauna, will likely be diminished. Thus, a
more comprehensive analysis of disease-mediated impacts will have to consider how
changes in population size and assemblage composition affect the robustness of the
community to sustain individual ecosystem services.
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