Theoretical Ecology (2022) 15:321-335
https://doi.org/10.1007/512080-022-00546-w

ORIGINAL ARTICLE q

Check for
updates

The combined effects of dispersal and herbivores on stable states
in coral reefs

Ariel Greiner'® . Emily S. Darling - Marie-Josée Fortin' - Martin Krkosek’

Received: 14 March 2022 / Accepted: 15 September 2022 / Published online: 28 September 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

Theory and empirical work suggest that coral reefs may exhibit alternative stable states of coral versus macroalgal dominance.
However, it is unclear how dispersal of coral and macroalgae among reefs might impact this bistability and the resilience
of the coral-dominated state. We develop a mathematical model to investigate how reef cover dynamics are affected by (1)
coral and macroalgal dispersal between two reefs and (2) heterogeneous grazer abundances. We find that at low coral and
macroalgal dispersal levels, a new type of stable state emerges with both coral and macroalgae present. Furthermore, we show
that a reef abundant with coral and grazers can support a coral-dominated stable state in a second reef depauperate of grazers
by dispersal of coral larvae. These results help explain previous empirical findings on reefs once thought to be incongruent
with traditional coral-macroalgal alternative stable states theory—such as intermediate coral and macroalgal cover stable
states and high coral-low grazing scenarios. Our findings indicate that changing dispersal levels (e.g., due to climate change,
reef degradation) between reefs changes the possible stable states and the grazing rate at which the coral-dominated state
is predicted to be stable. This work demonstrates the relevance of accounting for the level of dispersal among coral reefs or

other bistable ecosystems when designing conservation management plans.
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Introduction

Many ecosystems are thought to have multiple stable states
(Scheffer et al. 2001; Petraitis and Dudgeon 2004), such as
arctic tundra ecosystems (vegetated versus exposed soil—
McLaren and Jefferies 2004), temperate marine rocky reefs
(urchin barrens versus kelp forests—Filbee-Dexter and
Scheibling 2014), savannah grasslands (grass-dominated
versus sparse vegetation—Belsky 1986; Staver et al. 2011),
coral reefs (coral-dominated versus macroalgal-dominated—
Knowlton 1992; Scheffer et al. 2001; Mumby et al. 2007a),
and freshwater lakes (turbid bream-dominated versus clear
pike-dominated—Scheffer 1989). Abrupt transitions between
stable states can occur via small changes to environmental
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conditions (e.g. different grazing rates; Filbee-Dexter and
Scheibling 2014; Schmitt et al. 2019) and often occur under
different conditions in forward and reverse directions (i.e.
hysteresis; Petraitis and Dudgeon 2004; Schroder et al. 2005),
making recovery of the system to a prior stable state chal-
lenging. Consequently, models of these systems are needed
to understand and predict the conditions under which they
‘tip’ to an alternative state (Petraitis 2013). While some
mechanisms are understood (e.g. grazing rates on coral reefs;
Mumby et al. 2007a), other putative mechanisms are less
well understood, such as dispersal among ecosystem patches,
which can influence ecosystem states and ultimately recovery
trajectories. Understanding the role of dispersal in tipping
point dynamics will help predict the resilience of different
ecosystem states, where resilience is defined as the capacity
of the system to absorb (resist or return from) disturbance
without transitioning to an alternative state (Holling 1973;
Carpenter et al. 2001; Ives and Carpenter 2007; C6té€ and
Darling 2010). The greater the resilience of the favourable
ecosystem state of a bistable ecosystem, the easier it is to
ensure the continued persistence of that favourable ecosystem
state through management efforts.
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Dispersal among habitat patches may increase species
persistence by allowing species to track a changing climate
and have access to resources (Bailey 2007; Krosby et al.
2010), as well as allow for increased gene flow among pop-
ulations of the same species—potentially enabling faster
adaptation to climate change (Manel et al. 2003; Balkenhol
et al. 2015). For marine systems, dispersal relies on ocean
hydrodynamics that transport propagules among patches
(Harrison and Bjorndal 2006; Cowen and Sponaugle 2009),
such as coral reef communities whose composition and func-
tioning depend on dispersal of larvae (coral, reef fish; Jones
et al. 2009) and propagules (macroalgae, turf algae) among
reefs (Veron 1995; Jones et al. 2009; Paris-Limouzy 2011).
Marine species dispersal is changing due to anthropogenic
drivers like climate change causing habitat loss (bleaching,
rising water levels, etc.; Munday et al. 2009) and shortening
larval duration times (O’Connor et al. 2007; Figueiredo et al.
2014). Changes to species dispersal level among patches
will affect the degree of connectivity between those patches.
Connectivity among marine ecosystems is considered in
conservation planning (e.g. 50 reefs initiative—Beyer et al.
2018) but spatial conservation planning has not considered
how best to protect patches of bistable ecosystems whose
connectivity is changing.

While previous studies have explored the influence of
dispersal on alternative stable state ecosystem dynamics,
the influence of different dispersal levels on the stability of
complex multi-species ecosystems is still not well under-
stood. Dispersal has been shown to increase species diversity
(Tilman 1994) with intermediate dispersal levels maximizing
biodiversity in metacommunity models (Loreau et al. 2003)
but it is not well understood how different dispersal levels
may change the existence and composition of stable states in
ecosystems with alternative stable states. Starting with the
simplest bistable systems and networks, Amarasekare (1998),
Kang and Lanchier (2011), and Knipl and Rést (2016) mod-
elled two one-population patches, each with a population
that exhibited bistability due to Allee effects showing that
the number of stable states increases when the populations
are connected. van Nes and Scheffer (2005) took this a step
forward and modelled a one-dimensional network of bistable
patches (with simple consumer-resource ecosystems) at dif-
ferent dispersal levels and showed that the response of the
system to perturbations depends on the direction of change
and the heterogeneity of the system. Such analyses may also
be pertinent to more speciose and complex alternative stable
state ecosystems, such as coral reefs, which are of importance
for conservation.

Coral reef ecosystems have long been hypothesized
to have alternative stable states (Hughes 1994). Mumby
et al. (2007a) showed that a model of coral-macroalgal
spatial competition that exhibits coral-macroalgal bista-
bility through grazer-mediated transitions (maintained by
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hysteresis feedbacks) can qualitatively explain the loss
of coral cover on Jamaican reefs that follows from a loss
of grazers and hurricane disturbance. In Mumby et al.
(2007a)’s model, reefs with high grazing rates have only a
coral-dominated stable state, reefs with low grazing rates
have only a macroalgal-dominated stable state and at inter-
mediate grazing rates, both the coral-dominated state and
the macroalgal-dominated state are stable and separated
by a mixed coral-macroalgal state that has mixed stability
(a saddle). The model developed by Mumby et al. (2007a)
has served as the basis for subsequent models of coral reef
cover dynamics that consider the contribution of sponges
(Gonzalez-Rivero et al. 2011), more explicit parrotfish
dynamics (Blackwood et al. 2012), and multiple coral spe-
cies with different responses to thermal stress (Baskett
et al. 2014)—among others. Others (e.g. Fung et al. 2011)
have also suggested that changing nutrient enrichment
and sedimentation levels on coral reefs may also change
whether one or both of the coral-dominated and macroal-
gal-dominated stable states are stable. While some have
argued that reefs exhibit a continuum of coral and mac-
roalgal composition rather than bistability (Bruno et al.
2009; Zychaluk et al. 2012) or that there exists greater sup-
port for alternative stable states in Caribbean reefs (more
likely to be in the necessary parameter range—Bellwood
et al. 2004; Hughes et al. 2010; Fung et al. 2011; Roff
and Mumby 2012), direct tests of the theory have shown
diverging trajectories to either a coral or macroalgal-
dominated state on Indo-Pacific reefs (Graham et al.
2015). Also, there have been experimental demonstrations
of hysteresis between coral and macroalgal-dominated sta-
ble states on Indo-Pacific reefs (Schmitt et al. 2019) and
of coral and macroalgal-dominated stable states on Indo-
Pacific and Caribbean reefs (Done 1992a,b; Hughes 1994;
Nystrom et al. 2000; Rogers and Miller 2006; Cheal et al.
2010).

Bistability is often considered in coral reef conservation
planning (e.g. Hughes et al. 2017; Steneck et al. 2018)—
because the consequences of incorrectly assuming that the
system does not have multiple stable states (Dudgeon et al.
2010) leads to conservation actions that could be more detri-
mental to coral reef health than actions that assume reefs are
bistable (Knowlton 1992) (e.g. more stringent management
thresholds). If a stable coral-dominated state exists under the
conditions present in a particular reef system, it means that a
coral-dominated state is an achievable management goal for
that system. Knowing the conditions that promote the exist-
ence of a stable coral-dominated state in a reef system and
knowing how to push the system into the coral-dominated
state is thus crucial for coral reef management. Ensuring
coral dominance on reefs is crucial for maintaining diverse
fish populations (Wilson et al. 2006; Graham and Nash
2013; Darling et al. 2017) which in turn provide food and
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livelihood for the human communities that live near coral
reefs in many parts of the world.

We do not know how present-day changes to macroalgal
and coral dispersal (e.g. due to habitat degradation or cli-
mate change) will affect the resilience of the coral-dominated
stable state in reef systems, particularly how it may interact
with the algal grazing rates of herbivores. Coral dominance
is thought to be maintained through positive-feedback loops
with grazers (more coral, more habitat for grazers; more
grazers, more room for coral—Williams and Polunin 2001,
Hoey and Bellwood 2011; Mumby et al. 2007b) and mac-
roalgal dominance is maintained through the inhibition of
coral recruitment by macroalgae (Hughes 1996; McCook
et al. 2001; Kuffner et al. 2006; Evensen et al. 2019). These
feedback loops may be affected by the amount of coral and
macroalgal recruits present on a reef (Nystrom et al. 2000;
Carpenter and Edmunds 2006; Mumby 2009) which itself is
dependent on the coral and macroalgal dispersal levels that
exist among reefs. However, the effects of different disper-
sal levels on the stability of the coral-dominated stable state
have not been fully explored. Previous theoretical models
explore the effect of a fixed rate of coral recruitment from
external sources (Fung et al. 2011; Fabina et al. 2015), or sea-
sonal vs. constant recruitment of coral from external sources
(McManus et al. 2019), or a fixed rate of coral recruitment
between two patches (Baskett et al. 2010) or the effect of var-
ious rates of external coral and macroalgal recruitment into a
single reef (Elmbhirst et al. 2009)—but none has explored how
changing the levels of coral and macroalgal dispersal between
explicit reefs might affect coral reef dynamics.

Given the uncertainty in how coral reef cover dynamics
are affected by changing dispersal levels among two bistable
reefs, the possibility of new stable states emerging, spatial
maintenance of states, or spatial propagation of a regime
shift remain unexplored. A first step, and our objective here,
is understanding the stability properties and resilience of
two bistable reefs with heterogeneous abundances of grazers
that are interconnected by dispersal of coral and macroalgae.
We develop and analyze a mathematical model that extends
Mumby et al. (2007a) to the situation of two reefs connected
by dispersal of coral and macroalgae recruits. Specifically,
we explore a wide range of coral and macroalgal dispersal
levels and herbivore grazing rates to determine at which dis-
persal levels and grazing rates the system maintains a stable
coral-dominated state. We show that at intermediate grazing
rates on both reefs, a spatial mosaic of multiple stable states
emerges at a low (> 0) dispersal level. When the grazing
rates between the two reefs are allowed to differ, dispersal
from a high grazing reef can “tip” a low grazing reef from
exhibiting a coral-dominated stable state to being bistable.
Conversely, dispersal from a high-grazing reef can “tip” a
low grazing reef from exhibiting a macroalgal-dominated

stable state to being bistable, thereby spatially propagating
ecosystem recovery or collapse.

Model
Overview

We extended the single-reef cover models of Mumby et al.
(2007a) and Elmbhirst et al. (2009) to a model of two reefs
connected by the dispersal of coral larvae and macroalgal
gametes (i.e. recruits) (Fig. 1; Egs. (1.1-1.4)). We built
from these continuous, deterministic models (Mumby et al.
2007a; Elmbhirst et al. 2009) because we wanted to see how
adding dispersal would alter the stability patterns that they
observed. Our model is ‘closed’—all recruits either disperse
to the same reef or to the other reef, none are lost and none
come from the ‘outside’. The dispersal ‘level’ is defined as
the percent of recruits of coral or macroalgae that disperse
to the other reef instead of staying in the same reef—i.e. a
‘high coral dispersal level’ means that a high percent of coral
recruits disperse to the other reef. In this way, the ‘dispersal
level’ may change due to changes in species composition (as
different species of coral or macroalgae may be more/less
dispersive), changes in ocean current patterns, changes in
propagule development time due to temperature changes,
or changes in coral reef cover extent (as this may change the
distance between reefs). We also incorporate herbivore graz-
ing on macroalgae and turf algae into our model. We focus
on grazing and dispersal as these are considered key drivers
of coral reef dynamics and are prominent in spatial conser-
vation planning of marine protected areas (Graham et al.
2015; Hughes et al. 2017; Steneck et al. 2018; Beyer et al.
2018). Specifically, we explore three different scenarios

Am

= Coral (C) @ =Turf Algae (T;) = Macroalgae (M)

Fig.1 Schematic diagram of the two-reef model. Each dotted circle
represents a particular reef, while the letters refer to the processes
described in Table 1 and Egs. (1.1-1.4). Pink lines/arrows represent
coral dispersal and brown lines/arrows represent macroalgal dispersal
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(explained below): (1) equal grazing and equal dispersal, (2)
equal grazing taxa-specific dispersal, and (3) heterogeneous
grazing, equal dispersal. We did not explore the heterogene-
ous grazing, taxa-specific dispersal scenario as we did not
anticipate that the results would qualitatively differ from
scenario 3 given that we did not see qualitative differences
(i.e. no new stable states) between scenarios 1 and 2.

Description of model

The two-reef model captures how reef cover changes over
time for two reefs interconnected by dispersal-modelling
changes in the proportional cover of coral (C), macroalgae
(M), and turf algae (T) in each of reefs 1 and 2. The dynam-
ics are given by:

% =aM,C, — gl—Ml + y(l —-q )M1T1 +yp, M, T,
dr M, +T, " "
(1.1)
dC
d_tl =r(1-q.)T,C, —dC, —aM,Cy +rp.C, Ty (1.2)
am, 8:M,
=aM,Cy — =22 4 y(1=p \M,T, + yq,M,T
o7 aml,Cy M +T2 J/( pm) 2l TYg M1y
(1.3)
dcC.
th =r(1=p.)T,C, = dC, — aM,C, + 1q,C, T, 1.4

with the subscripts 1 and 2 indicating the reef identity and
the state variables and parameters as defined in Table 1. The
dynamics of turf algae are given implicitly by 1 = M+
C,+T,and 1 =M, + C, + T,—this model does not allow
for any free space. The grazing rate of macroalgae and turf

Table 1 Description of the symbols used in Egs. (1.1-1.4): The coral
dispersal level from reef 1 to reef 2 is represented by parameter g, (coral
dispersal level from reef 2 to reef 1=p_) and macroalgae dispersal from

algae by parrotfish, urchins, and other grazers, is represented
by g;, where a higher g; indicates a higher abundance of
grazers. The Aj—fT (i:{1,2}) term in Eqgs. (1.1 and 1.3)

describes the indiscriminate grazing on turf algae and mac-
roalgae by these grazers, specifically showing the loss of
macroalgae in each reef due to grazing (see Blackwood et al.
2018). The aM;C; (i:{1,2}) term in Egs. (1.1-1.4) captures
the overgrowth of coral by macroalgae and the dC; (i:{1,2})
term in Eqs. (1.1 and 1.3) represents the loss of coral due to
natural coral mortality, where a represents the rate macroal-
gae vegetatively overgrows coral and d represents the rate of
natural coral mortality. Dispersal is modelled by parameters
g; and p; (j:{M,C}) (Table 1), which control the percent of
coral or macroalgal recruits that move from reef 1 to reef 2
or reef 2 to reef 1, respectively. 1-g; or 1-p; (j:{M,C}) indi-
cate the percent of coral or macroalgal recruits that stay in
reef 1 or reef 2, respectively. As in Elmhirst et al. (2009), the
coral and macroalgal recruits (after arriving at their destina-
tion reef) settle onto and displace turf algae (Wilson et al.
2003; Birrell et al. 2005, 2008) at rate y (macroalgae) or rate
r (coral). For example, in Eq. (1.1), the expression
4 (1 - qm)M 1T, describes the self-recruitment of macroalgae
from reef 1 (1-gq,,) onto turf present in reef 1, and in
Eq. (1.2), the expression rp.C, T, describes the recruitment
of coral from reef 2 (p,) onto turf in reef 1.

Analysis

We analyzed the two-reef model Eqs. (1.1-1.4) to assess
how equilibria, stability of equilibria, resilience of stable
nodes, and associated reef compositions change in relation
to dispersal levels and grazing rates. Equilibria are specific
values of coral and macroalgae cover at which no further

reef 1 to reef 2 is represented by g,, (macroalgae dispersal level from
reef 2 to reef 1=p,,). Values of d, r, a and y taken from Elmhirst et al.
(2009)

Symbol Values Type Description

C; 0<C<l1 Variable Proportional cover of coral in reef i (i:{1,2})

M; 0o<M<l1 Variable Proportional cover of macroalgae in reef i (i:{1,2})

T, 0<T<1 Variable Proportional cover of turf algae in the reef in question

d d=0.24 Fixed parameter Rate of natural coral mortality (/time)

r r=0.55 Fixed Parameter Rate coral recruits settle on turf algae (/time)

a a=0.1 Fixed Parameter Rate macroalgae vegetatively overgrows coral (/time)

y y=0.77 Fixed parameter Rate macroalgae recruits settle on turf algae (/time)

8 0.01 <g<0.99 Parameter Rate macroalgae, turf algae grazed in reef i (i:{1,2}); allowed to vary (/time)
g, P 2 0<g;,p;<099 Parameter Percent of recruits (of type j, j:{M,C}) that leave the reef; allowed to vary
(1- qj), (1- pj)a 0.01<(1-g),(I-p<1 Parameter Percent of recruits (of type j, j:{M,C}) that self-recruit (recruit to the same

reef); allowed to vary

The coral dispersal level from reef 1 to reef 2 is represented by parameter g, (coral dispersal level from reef 2 to reef 1 =p_) and macroalgae dis-
persal from reef 1 to reef 2 is represented by g,, (macroalgae dispersal level from reef 2 to reef 1=p,,)
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change in the system occurs, and their stability properties state variables are constrained to only take values between
determine whether they attract trajectories (stable node), 0 and 1 (since each state variable is a proportion and since
repel trajectories (unstable node), or repel at least one 1= M, + C; + T, for each reef), the resilience of a stable
component of a trajectory (saddles, which tend to separate ~ node is easily quantified as the proportion of all possible
the basins of attraction surrounding stable nodes) (e.g. see  state values (i.e. state space) that will ultimately converge on
Fig. 2, Supplementary Information—Fig. S1). Because our  that equilibrium (i.e. the stable node’s basin of attraction).
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Fig.2 Number and stability of equilibria under scenario 1. The under one another in the bifurcation diagram (but see Supplemen-
graphs on the left are grazing bifurcation diagrams taken at a variety tary Information—Fig. S4 for separation of equilibria by stability).
of different dispersal levels (g,,=p,,=¢.=p,.) (indicated by the head- The dots in the bifurcation diagram represent equilibria of the sys-
ers in the grey bars). Grazing bifurcation diagrams show the stability tem of equations and their colour represents their stability (white dot
of the equilibria in the system and proportion of coral cover in reef 1 indicates unresolved equilibria, i.e. a Jacobian eigenvalue of 0). The
at different grazing rates (g;=g,). Note that ‘Dispersal Level =0.06 phase-plane plots show the equilibria using symbols that are consist-
means that 6% of the coral and 6% of the macroalgal recruits are dis- ent across all 4 plots with the same stability colour-coding as in the

persing out of their initial reef, to the other reef, while ‘Coral Cover bifurcation diagrams. The lines on the phase-plane plots represent
Reef 1’ refers to the proportion of coral cover present in reef 1. The different trajectories—each starting at a particular point in the allow-
graphs on the right are phase-plane plots that show how the system able state space (1=M+C+T, also see ‘Analysis’ section) and pro-
of differential equations behaves starting from a representative set of gressing to one of the stable nodes (represented by black symbols).
initial conditions at the dispersal level indicated and a grazing rate of The colours of the lines correspond with the type of the stable equi-
0.29 (corresponding to the red box in the bifurcation diagrams). Due libria that each trajectory lands on

to the multidimensionality of the system, some equilibria are hidden
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This relates directly to the classic definition of the resilience
of a state as being its capacity to absorb (resist or return
from) disturbance (Holling 1973; Carpenter et al. 2001;
Ives and Carpenter 2007; C6té and Darling 2010) as these
basins show how far the system can be pushed away from
a stable node and still return to it. We conducted our analy-
ses using MATLAB (MATLAB 2019 v. 9.6.0) to determine
the equilibria and R (v3.5.3, R Core Team 2019) to simu-
late the model and visualize the results (see Supplementary
Information—S1).

Study design

We examined three different scenarios of grazing rates and
dispersal levels, described below. In all of the scenarios
(unless otherwise specified), we varied both the grazing
rates and dispersal levels. We conducted the stability and
resilience analyses for grazing rates that varied from 0.01 to
0.99 (at increments of 0.01) and coral dispersal levels from
0 to 0.99 (at increments of 0.01). This enabled us to look
at a large range of grazing values around those that lead
to bistability in Mumby et al. (2007a) and Elmhirst et al.
(2009) [~0.2-0.4] as well as dispersal scenarios that range
from two independent reefs to two fully connected reefs. We
did not exclude any possible coral dispersal levels since the
percentage of coral dispersing is highly variable. It is highly
variable because it is dependant on the amount of coral in
each reef, size of each reef, and potential dispersal distance
of each coral species (i.e. coral pelagic larval duration, for
which there is much variability and uncertainty across coral
taxa (Baums et al. 2006 (20-30 days); Treml et al. 2008
(up to 80 days); Treml et al. 2012 (up to 60 days); Wood
et al. 2014 (up to 120 days); Hock et al. 2017 (7-14 days)).
Dispersal level and grazing rate values will be communi-
cated as either low (0-0.2), intermediate (0.2—0.4), or high
(0.4-0.99). For simplicity, we focus on symmetric dispersal
(the same dispersal rate to and from each reef) because sym-
metric dispersal kernels have been observed in some coral
reef systems and so are not unrealistic (D’Aloia et al. 2015;
also used in Baskett et al. 2014) but also because we did
not anticipate that asymmetric dispersal would qualitatively
change the stability patterns compared to those observed in
the symmetric dispersal case. In scenarios 1 and 2, the two
reefs are indistinguishable as they are always given identical
parameter values. The parameter values for the fixed param-
eters (Table 1) were all taken from Elmhirst et al. (2009).

Scenario 1: Equal grazing, equal dispersal
In this scenario, the coral and macroalgal dispersal rates are
equal and symmetric (g,,=p,,=¢q,.=p,) and grazing rates in

both reefs are the same (g;=g,). Macroalgal dispersal lev-
els are thought to be low (Deysher and Norton 1981; Stiger
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and Payri 1999) but it is hard to eliminate the possibility that
the levels are similar to that of coral dispersal as not much is
known about the spatial scales of macroalgal dispersal (Roff
and Mumby 2012). Scenario 1 will serve as the base case.

Scenario 2: Equal grazing, taxa-specific dispersal

Next, we allow dispersal of coral to be higher than macroalgae
but maintain equal grazing rates in both reefs (g;=g,). Here,
the percent of coral dispersing (i.e. the coral dispersal level) is
higher relative to the percent of macroalgae dispersing (i.e. the
macroalgal dispersal level) but dispersal within each taxon are
the same to and from each reef (symmetric) (g,,=p,,<g.=p.)-
In this scenario, we explore four different levels of macroal-
gal dispersal (macroalgal dispersal 50%, 25%, 10%, 5% of
coral dispersal). These levels were chosen because available
data indicates that it is unrealistic for macroalgal dispersal to
exceed 50% of that of coral or be effectively non-existent (i.e.
lower than 5% of coral dispersal) (Deysher and Norton 1981;
Stiger and Payri 1999; Mumby 2006). The ‘10% of coral dis-
persal’ results are included in the supplementary material as
they did not differ much from the 5% level (Supplementary
Information—Fig. S2).

Scenario 3: Heterogeneous grazing, equal dispersal

The third scenario investigates the effect of heterogeneous
grazing rates among reefs over the range of symmetric dis-
persal levels. To enable disambiguation of the influence of
different dispersal levels from that of heterogeneous graz-
ing rates, the dispersal levels of coral and macroalgae in this
scenario are symmetric and equal (g,,=p,,=q.=p.)- Also,
to simplify analysis of this scenario, we only considered a
few different grazing rates (denoted, ‘grazer levels’)—reef
I has either a high (g;=0.5), intermediate (g;=0.3), or low
(g;=0.1) grazer level while the grazing rate of reef 2 (g,) var-
ies systematically between 0.01 and 0.99. These grazer levels
were chosen in line with the grazing levels that were found
to lead to coral dominance, bistability, and macroalgal domi-
nance (respectively) by Mumby et al. (2007a) and Elmhirst
et al. (2009). This scenario allows exploration of different
management scenarios—allowing one to see how the number
and stability of equilibria in the system may change when the
reefs are under different fishing regimes (for example).

Results

Scenario 1: Assuming symmetric coral
and macroalgal recruitment

The inclusion of dispersal between two reefs altered
the qualitative coral and macroalgal cover dynamics by
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changing the possible types of stable states of a single
reef and for the two connected reefs. At very low dispersal
levels (~0%), a coral-dominated reef and a macroalgal-
dominated reef are able to coexist as the two reefs behave
independently, with each reef exhibiting bistability of
coral-dominated and macroalgal-dominated stable states
(Fig. 2a; see Supplementary Information—Fig. S4 for
more details) at intermediate grazing rates and the system
of two reefs having three possible types of stable states
(Both Coral-Dominated, Both Macroalgal-Dominated, One
Coral-Dominated One Macroalgal-Dominated stable state
(OCDOMD state)—Table 3) (Fig. 3d, h, and p). At higher
dispersal levels (>0%-6%), a new mixed coral and mac-
roalgal type of stable state (Both Mixed Coral-Macroalgal
Stable State (BMCM state)—Table 3) emerges where
both reefs have some coral and some macroalgal cover
(Figs. 2b, 31) at intermediate grazing rates. At these disper-
sal levels, each reef is tristable at intermediate grazing rates
and the system of two reefs again has three possible types
of stable states (Both Coral-Dominated, Both Macroalgal-
Dominated, BMCM)—though these types of states differ
from those at very low (~0) dispersal levels (Fig. 3d, h,
and 1—°‘Equal’ column). Finally, at higher dispersal lev-
els (> 6%), the two-reef system behaves as if it is only
one reef, with both reefs always having the same stabil-
ity properties—each reef is bistable at intermediate graz-
ing rates and the system of two reefs only has two pos-
sible types of stable states (Both Coral-Dominated, Both
Macroalgal-Dominated—Table 3) (Figs. 2c, 3d and h).
In summary, across all dispersal-grazing combinations
possible under this scenario, the two-reef system has four
possible types of stable states but five different possible
configurations of those stable states at any particular dispersal-
grazing combination (Fig. 3d, h, 1, and p): (1) Both Coral-
Dominated only, (2) Both Macroalgal-Dominated only, (3)

Table 2. Description of possible stable states of the two-reef model.
Names and descriptions of the organismal composition of the types of
stable states possible for the two-reef system across all three scenar-

Type of Stable State

Both Coral-Dominated, Both Macroalgal-Dominated (two-
reef system is bistable), (4) Both Coral-Dominated, Both
Macroalgal-Dominated, BMCM (two-reef system is trista-
ble), and (5) Both Coral-Dominated, Both Macroalgal-
Dominated, OCDOMD (two-reef system is tristable)
(Fig. 2).

Based on our numerical simulation and graphical assess-
ment, the BMCM stable state (Table 3) at low dispersal
levels is bounded by a supercritical pitchfork bifurcation
at a dispersal level of 0% and a subcritical pitchfork bifur-
cation at a dispersal level between 6 and 7% (Supplemen-
tary Information—Fig. S3). As the dispersal levels change
(once dispersal level > 0), the range of grazing rates at
which either the Both Coral-Dominated state or the Both
Macroalgal-Dominated state is fairly stable, only changing
by ~0.01 grazing rate in either as the dispersal level changes
(Fig. 3d, h, 1, and p). The emergence of BMCM stable
states at dispersal levels > 6% results in a decrease in size
of the basin of attractions for the Both Coral-Dominated
stable state and the Both Macroalgal-Dominated stable
state (Fig. 3d, h, 1, and p). The Both Coral-Dominated sta-
ble state has the highest resilience at higher dispersal levels
(above 6%) (Fig. 3d, h, 1, and p), when the two highly con-
nected reefs behave like a single reef.

Scenario 2: Asymmetric recruitment

The possible types of stable states of the system of
two reefs does not change when the assumption of
equal recruitment of coral and macroalgae is relaxed
(g =Pm<4.=p. Supplementary Information—Fig. S1;
Supplementary Information—Fig. S5 for more details),
but the resilience of the BMCM stable states increases as
the percent of macroalgae dispersing decreases relative
to that of coral (Fig. 3i-1). The resilience of the BMCM

ios discussed. All stable state types have some non-zero level of turf
algal cover. Colours correspond to colour-coding in Figs. 2, 3, and 4

Description of Stable State

A. Surface cover on both reefs is dominated by coral, no

macroalgae present on either reef.

B. Both Macroalgal-Dominated State

Surface cover on both reefs is dominated by macroalgae, no

coral present on either reef.

C. Both reefs have some coral and some macroalgae present.

D. Surface cover on one reef is dominated by macroalgae (no

coral present) and surface cover on the other reef is

dominated by coral (no macroalgae present)
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Fig. 3 Basin of attraction size of the different equilibria for scenarios
1 and 2. Each panel is a heat map—the colour of every pixel in the
heat maps represents the proportion of the total allowable state space
(see bar on right; see ‘Analysis’ section) that is encompassed by the
basin of attraction of the stable node(s) representing the type of stable
state displayed in that row (‘Both Coral-Dominated’, ‘Both Macroalgal-
Dominated, ‘Mixed Coral-Macroalgal’, ‘Coral-Dominated, Macroalgal-
Dominated’; see Table 3), at the respective grazing rate and coral dis-
persal level. Thus, each row depicts where in the parameter space each
type of stable state is stable and if you add all of the rows together, it
shows where in the parameter space different combinations of stable

stable states increases to encompass ~40% of the state
space (for particular parameter combinations) as macroal-
gae connectivity is decreased relative to the coral connec-
tivity, with an accompanying decrease in the resilience
of the Both Coral-Dominated stable state and the Both
Macroalgal-Dominated stable states (Fig. 3a—d, m—p).
Also, the range of dispersal levels in which the BMCM
stable states exist (Fig. 3i—1) and the level of coral and
macroalgal cover within each reef while in this state (Sup-
plementary Information—Fig. S1) (in the BMCM states)
becomes larger as the macroalgae dispersal level decreases
relative to the coral dispersal level. In this scenario, the
OCDOMD stable states (Table 3) are still only evident at
a coral dispersal level of 0% (Fig. 3m—p).

@ Springer

state types are stable. Grey or N/A pixels indicate that no trajectories
in the total allowable state space at that grazing rate and coral disper-
sal level were attracted to the stable node of that row. The macroalgal
dispersal level (p,,, g,,) of each pixel is either equal to the coral disper-
sal level (p,, g,) (last column), or 5%/25%/50% respectively (5%, 25%,
50% columns; 10% column in Supplementary Information—Fig. S2).
This figure shows the results from scenarios 1 and 2 only. No (C) or
(D) type equilibria were observed at a coral dispersal level greater than
0.45, so higher coral dispersal levels are not shown. See Supplementary
Information—S1 for more details

Scenario 3: Heterogeneous grazing

Under this scenario, traditional coral-macroalgal bista-
bility on a reef (a la Mumby et al. 2007a) emerges at all
three grazer levels (g;:{0.1, 0.3, 0.5}) but tri-stability only
emerges if at least one reef has an intermediate grazing rate
(Fig. 4). A key result from this scenario is that a reef with
low grazing that would, in isolation, be in the macroalgal-
dominated state can instead be in a stable coral-dominated
state when it experiences dispersal from a reef that has a
high grazing rate [0.31-0.99] (Fig. 4a). However, the oppo-
site scenario is also possible, where a reef with a high graz-
ing rate can be ‘tipped’ to a macroalgal-dominated stable
state if connected by high coral and macroalgal dispersal
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Fig.4 Basin of attraction size of the different equilibria for scenario 3.
Each panel is a heat map—the colour of every pixel in the heat maps
represents the proportion of the total allowable state space (see bar
on right; also see ‘Analysis’ section) that is encompassed by the basin
of attraction of the stable node(s) representing the type of stable state
displayed in that row (‘Both Coral-Dominated’, ‘Both Macroalgal-
Dominated, ‘Mixed Coral-Macroalgal’, ‘Coral-Dominated, Macroalgal-
Dominated’; see Table 3), at the respective grazing rate of reef 2 (g,)
and coral dispersal level (p,, ¢.). Thus, each row depicts where in the
parameter space each type of stable state is stable and if you add all
of the rows together, it shows where in the parameter space different
combinations of stable state types are stable. Grey or N/A pixels indi-

to a reef with a low grazing rate (Fig. 4c), since at high
dispersal, the macroalgal-dominated state is also stable in
the high grazing rate reef. Essentially, when there is one
reef with high grazing connected by coral and macroalgal
dispersal to another reef with low grazing, both reefs are
bistable and the Both Coral-Dominated state and the Both
Macroalgal-Dominated state are both stable states of the
two-reef system. The higher the dispersal level, the less coral
or macroalgae needed in both reefs to ensure that the Both
Coral-Dominated or Both Macroalgal-Dominated states are
stable (respectively) (Supplementary Information—Fig. S6)

cate that no trajectories in the total allowable state space at that grazing
rate and coral dispersal level were attracted to the stable node of that
row. Grazing rate of reef 1 (g;) of a particular pixel on the heat maps
is indicated by the column header (low grazer level (g;=0.1), medium
grazer level (g;=0.3), high grazer level (g;=0.5)) and grazing rate of
reef 2 of a pixel is indicated by the x-axis. The macroalgal dispersal
level (p,,. g,,) is the same as the coral dispersal level for every pixel. No
(D) type equilibria were observed at a coral dispersal level greater than
0.45, so higher coral dispersal levels are not shown in the final row of
the figure—the y-axis of the rest of the rows runs from 0 to 0.99. See
Supplementary Information—S1 for more details

(when there is one reef with high grazing and one with low).
The Both Coral-Dominated stable state (Table 3) is the only
achievable stable state under intermediate to high dispersal
levels when one reef has an intermediate grazing rate and the
other has a high grazing rate, or when both have high grazing
rates (Fig. 4a—c). The OCDOMD states (Table 3) are still
only achievable at dispersal levels of 0% but emerge at all
three grazer levels (Fig. 4j—1). The BMCM stable states are
the only achievable stable states when one of the reefs has
low grazing rates and the other has a high grazing rate and
there are low or low-intermediate dispersal levels between
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the two (Fig. 4g—i). In summary, across all dispersal-grazing
combinations possible under this scenario, the two-reef sys-
tem has four possible types of stable states (Table 3) and
eleven different possible configurations of those stable states
at any particular dispersal-grazing combination—each type
of stable state can be the only achievable stable state and
all types of bistability and tristability are achievable except
the BMCM states and the OCDOMD states are never both
stable (Fig. 4g—i, j-1; Supplementary Information—Fig. S7).

Discussion

Our results show that the combination of dispersal and local
bistability in a system of two interconnected coral reefs is
predicted to lead to new dynamics and a new type of stable
state—the both mixed coral-macroalgal dominance stable
state (BMCM state—Table 3) where both reefs have some
coral cover and some macroalgae cover. The model also pre-
dicts that the BMCM states are stable at even higher coral
dispersal levels when the macroalgal dispersal level is set to
be lower than the coral dispersal level (Fig. 3i-1 and Sup-
plementary Information—Fig S1) (as is generally thought
to be the case—Deysher and Norton 1981; Stiger and Payri
1999; Mumby 2006). These BMCM states are reminis-
cent of the intermediate stable state (i.e. both populations
not extinct or at carrying capacity) that emerges in a model
of two bistable populations (bistability arising from Allee
effects) when there is dispersal of individuals between the
populations (Amarasekare 1998; Kang and Lanchier 2011;
Knipl and Rost 2016). The existence of these BMCM states
in real coral reef systems has, in the past, been used as evi-
dence against the alternative stable states hypothesis on reefs
by various studies (Bruno et al. 2009; Zychaluk et al. 2012
but see Mumby et al. 2013; Jouffray et al. 2015)—Jouffray
et al. (2015) even specifically mentioned a third state, though
it is unclear if this third state is the same type as the one
we describe here. Specifically, these studies find a high pro-
portion of BMCM states in reefs around the world, and our
results show that these BMCM states can be interpreted as
consistent with the alternative stable states theory with the
inclusion of dispersal among explicit reefs.

Our findings demonstrate that considering dispersal
between coral reefs is consequential for spatial conserva-
tion planning. In particular, at fairly high dispersal levels,
reefs with a high abundance of grazers (e.g. protected areas)
may tip reefs with few grazers to coral dominance. Yet, such
dispersal levels may also allow macroalgal-dominated reefs
with few grazers to tip reefs with an abundance of grazers
into a macroalgal-dominated state. Thus, the combination of
dispersal and spatially heterogeneous grazer abundance, for
example arising from fishing and protection, can produce a
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spatial propagation of coral or macroalgal dominance. This
result shows how empirical findings (Williams and Polunin
2001; Aronson and Precht 2006; Mumby 2009; Dudgeon
et al. 2010; Donovan et al. 2018) of macroalgal and coral
levels associated with grazing rates that seem incongruent
with traditional coral-macroalgal alternative stable states
theory or that simply found instances of dispersal maintain-
ing coral dominance on low grazing reefs (Done 1992a) may
actually not be incongruent with theory (Knowlton 1992;
Scheffer et al. 2001; Mumby et al. 2007a) when dispersal is
included in the model. Both of our results imply that coral
reef management policies meant to ensure coral dominance
on a reef should consider not only the abundance of graz-
ers on the reef but also the amount of coral and macroalgal
larvae that disperse among reefs.

The results from this study expand on the relationship
between grazing rate and reef cover state hypothesized by
past theory on single reefs (Mumby et al. 2007a; Elmbhirst
et al. 2009). Previous models (e.g. Mumby et al. 2007a) have
suggested high grazing rates are likely to support a coral-
dominated stable state on a single reef and that coral reefs
have either a coral-dominated stable state or a macroalgal-
dominated stable state. Our results provide a spatial exten-
sion to those findings—that a reef abundant with coral and
grazers can also support a coral-dominated stable state in
a second reef depauperate of grazers via dispersal of coral
larvae (Fig. 4a and Supplementary Information — Fig. S6)
and that BMCM stable states are possible at low dispersal
levels. The existence of these stable BMCM states imply that
a stable mosaic of intermediate coral-macroalgal composi-
tion is also theoretically possible for coral reef networks,
in addition to the stable states of coral or macroalgal domi-
nance. In addition, when the grazing rate and dispersal level
are such that these BMCM states are predicted to be sta-
ble, the resilience of the ‘Both Coral-Dominated’ and the
‘Both Macroalgal-Dominated’ states (Table 3) are both pre-
dicted to be lowered, thereby increasing the threshold graz-
ing rate and dispersal level needed to ensure that only the
coral-dominated state is predicted to be stable. Thus, while
these BMCM stable states provide other stable states with
some coral present, the coral-dominated state is harder to
achieve. In this way, these BMCM stable states are not ideal
if managers want to ensure that their systems trend towards
a coral-dominated stable state but they provide a preferable
management objective and some level of protection from the
macroalgal-dominated stable state. Also, the finding that the
intended benefits of protection may ‘spillover’ to maintain
a coral-dominated stable state in surrounding (connected)
unprotected reefs that may have fishery removal of grazers is
relevant for the design of fisheries and conservation manage-
ment tools, such as marine reserves. Here, the mechanism is
not the spread of grazers from protected areas but rather the
movement of incoming coral larvae, which can maintain a
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coral-dominated state that in turn maintains live coral habi-
tat to support reef fish and fisheries (Harborne et al. 2011;
Chong-Seng et al. 2012; Sheppard et al. 2017). However,
these results also show that a reef with a lower grazing rate
that is connected to one with a high grazing rate may tip that
high grazing reef into a macroalgal-dominated state, if the
low grazing reef has high macroalgal levels (Supplemen-
tary Information—Fig. S6). Which stable state is achieved
in these situations depends on the initial level of coral and
macroalgae in both reefs. Thus, anthropogenic interventions
such as fisheries restrictions on one reef may also affect the
stable states obtained in other nearby reefs.

While this study extends previous theory on the resilience
of coral reefs, there are nonetheless aspects of coral reef
biology that we did not include. For example, we did not
incorporate other species that compete for space with coral,
turf algae, and macroalgae such as sponges. Past models
have shown that alternative stable states with sponges are
possible (e.g. sponges—Gonzélez-Rivero et al. 2011), and so
spatial extensions of such work may have analogous results
to ours. We also did not consider the effects of other press
perturbations that affect coral reefs such as nutrient enrich-
ment, sedimentation, and acidification, which likely alter the
parameter spaces in which coral is dominant through their
harmful effects on coral persistence (Done 1992a; Chauvin
et al. 2011; Fung et al. 2011; Koop et al. 2001; Celis-Pla
et al. 2015; Tebbett et al. 2018; Tebbett and Bellwood 2019;
Wenger et al. 2020). We also did not explicitly consider
pulse perturbations such as bleaching (explored in Baskett
et al. 2014; Fabina et al. 2015) that could move the system
past an equilibrium of mixed stability (i.e. a saddle) and into
the basin of attraction of a different stable state. However,
by fully characterizing the state space (Figs. 3 and 4) for
different dispersal levels, grazing rates, and cover types, the
potential of pulse perturbations such as bleaching events to
cause state shifts may be anticipated. For a deeper explora-
tion of press and pulse perturbations in an ecosystem with
multiple stability, refer to Ratajczak et al. (2017).

Lastly, we only considered a system of two reefs con-
nected by symmetric dispersal. The amount of pelagic
dispersal of coral larvae, macroalgal gametes, and other
larvae in the ocean varies over time because oceanic cur-
rents, larval production, and ocean temperature (O’ Connor
et al. 2007; Figueiredo et al. 2014) vary across years and
within years. Pelagic larval dispersal between two reefs or
among larger networks of reefs may also be asymmetric
among reefs due to asymmetric ocean currents or differ-
ences in reef size and reef larval production. In this model,
to gain a basic idea of the effects of dispersal on the stable
states present on coral reefs, we did not consider asymmet-
ric or time-varying dispersal (note that Barnett and Baskett
(2015) find that variable recruitment only minorly impacts
the resilience of a two patch alternative stable state fish

community) but they should be considered in future stud-
ies. However, we do not anticipate asymmetric dispersal
will qualitatively change the outcomes we see here (i.e. the
existence of new stable states or the ability of one reef to tip
another), although the parameter space in which we show
this to occur is likely to be altered. Time-varying dispersal
may cause the stability landscapes we quantified to also
vary in time, causing the basins of attraction and even exist-
ence of stable equilibria to also vary through time, which
obviously would affect the dynamics. Interestingly,
McManus et al. (2019) found the average rate of exter-
nal recruitment more important than whether recruitment
was seasonal or constant, implying that approximating the
dynamics with constant average dispersal rates may be use-
ful for predicting the resilience of the coral-dominated state
under time-varying dispersal. Future work should focus on
how a variety of asymmetric, temporally changing dispersal
levels affects dynamics in systems of multiple reefs in rela-
tion to network structure (McManus et al. 2020) and grazer
heterogeneity, particularly considering whether there can
be localized pockets of a certain state or not in different
spatially explicit networks of connected coral reefs (van Nes
and Scheffer 2005; Karatayev and Baskett 2020).

By including many levels of coral and macroalgal dis-
persal in a standard coral reef cover model, we demonstrate
theoretically the possibility of mixed coral-macroalgal
(BMCM) stable states and expand the range of conditions
that allow for the existence of a coral-dominated stable state
on a reef. These results illustrate that a broader set of empiri-
cal observations of coral reef states are consistent with coral
reef alternative stable states theory (Knowlton 1992; Mumby
et al. 2007a) than previously realized—further enforcing the
importance of considering its conclusions when making man-
agement decisions. Our results suggest that the resilience of
coral-dominated states on a particular reef depends on the
coral and macroalgal dispersal and grazing rate it experiences
and the dispersal, grazing, and reef cover of surrounding
reefs. More generally, our results further our understanding
of how altering dispersal among bistable ecosystems impacts
the stability and existence of the states of a spatially extended
bistable ecosystem. Other ecosystems posited to be bistable
such as temperate reefs (i.e. urchin barren-kelp ecosystems,
Filbee-Dexter and Scheibling 2014; Karatayev and Baskett
2020), savannah grasslands (Belsky 1986), freshwater lakes
(Scheffer 1989), and arctic tundra ecosystems (McLaren and
Jefferies 2004) might have similar responses to the incorpo-
ration of dispersal. Humans are altering marine connectivity
via climate change (O’Connor et al. 2007; Figueiredo et al.
2014; Munday et al. 2009) and through habitat destruction
(McCauley et al. 2015) at the same time as they are altering
fishing levels on coral reefs (Pauly et al. 2002; Srinivasan
et al. 2010; Sumaila et al. 2011)—this study illustrates the
importance of accounting for connectivity and herbivore
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abundance as interacting forces, as the effect that each has on
the stability of coral-dominated states of a reef is dependent
on the level of the other. Thus, careful consideration of coral
reef herbivore and dispersal levels in the design of coral reef
fisheries and conservation management plans may be essen-
tial for conserving coral reef ecosystems and thus sustaining
the livelihoods and food security of hundreds of millions of
people around the world.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12080-022-00546-w.
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