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INTRODUCTION

There is increasing concern globally that enhanced runoff from human land uses is
leading to degradation of coral reefs. Land-clearing, deforestation, excess fertiliza-
tion of agriculture, and sewage runoff have all been implicated in contributing to
nutrient and sediment overload of coral reef waters, leading to so-called “phase
shifts,” in which areas formerly dominated by corals become overgrown by algae
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K, = proportional dependence of Fon S

K. = at equilibrium, relative dominance of competitiveness for space of adult
coral over algae

proportional dependence of K, on S

coral death rate at equilibrium

rate at which juvenile corals mature to adulthood
recruitment rate of coral juveniles

_. = proportional dependence of K, ; on S

= equilibrium growth rate of algae from nutrients
= proportional dependence of K, on S

5 = A/(1 — C,) = thickness of the algal mat

I
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The external variables are (1) sediments (S), (2) nutrients (N), and (3) disturbances.
Disturbances are modelling as a step decrease of cover of adult corals, providing empty
space; in the model runs presented here, the disturbances removed 70% of previous coral
cover (75% in Animation 6 discussed later). Empty space is rapidly colonised by algae:

A=(-C)H(-A-C,+1)

where H = the Heavyside function (1 for values of independent variable greater than
0, otherwise 0).

Because disturbances such as cyclones are often associated with nutrient pulses
which lead to pulses in algal growth (e.g., Russ & McCook, 1999), the model allows
for a pulse of algal growth at the time of disturbances. This is simulated by multiplying
the increase in algal colonisation by a scaling actor. It should be ermp ized-thatth
model structure includes several indirect impacts of sediments or nutrients, and thus the
outcomes of eutrophication are not those of the simple, direct-effects model criticised
by McCook (1999). The model presented here is primarily intended as an initial demon-
stration of the effectiveness of the approach; explanations and refinements of the equa-
tions and structure will be discussed in more detail in a subsequent paper.

VISUALIZATIONS

The model output is displayed as the trajectories of coral and algal abundance
through time (i.e., time series graphs). These trajectories are displayed as animated
graphs, proportional views of the two reef scenes in Figure 1, and as glyphs (or bars).
In the final animation, the glyphs are superimposed on a three-dimensional chart of
the central GBR. Visualisation of the data and bathymetry was performed using
OpenDX (formerly Data Explorer), an open source product available at
http://www.opendx.org. The model data used in Animation 6 were Tubed, Glyphed as
cylinders, and stacked on top of each other (algal abundance on top of coral). The
bathymetry data were RubberSheeted, and coloured according to height (grey repre-
senting z-values above MSL). The z-scale (topographic height or depth) was manip-
ulated in order to emphasize the coral reef lagoon area. Single frames were then
written out and converted to AVI using VideoMach (http://www. gromada.com).
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SIMULATED EFFECTS OF EUTROPHICATION
AND NATURAL DISTURBANCES ON CORAL
TO ALGAL PHASE SHIFT TRAJECTORIES

MOoDEL REer TRAJECTORIES: EFFECTS OF STARTING CONDITION
AND DISTURBANCES

The model trajectory equilibrates to the same final levels of coral and algal abun-
dance, independent of starting points (Animations 1 and 2). Similarly, after a distur-
bance which kills corals, algal cover undergoes an immediate increase, but again
equilibrates to the same final values, assuming sufficient time without further distur-
bances (Animation 3).

RESPONSES TO EUTROPHICATION

However, the specific levels of the equilibrium cover are dependent on the levels of
sediments and nutrients in the model. Comparisons of the trajectories for moderately
increased (Animation 4) and strongly increased sediment and nutrient conditions
(Animation 5, “eutrophic”), with the trajectory in the “oligotrophic” conditions
(Animation 1), show similar basic system behaviour, except that the trajectories equi-
librate at lower coral cover for the more eutrophic conditions. Thus eutrophication
results in a partial “phase shift” toward a state with higher algal abundance and less
coral cover. (It should be emphasised that this shift occurs because the model struc-
ture assumes eutrophication affects corals and herbivory as well as algal growth.)

AND HUMAN IMPACTS

The impacts of chronic long-term stresses such as overfishing or eutrophication on
established communities may be relatively small, but may be much more severe
where those communities are also subjected to acute, short-term disturbances,
whether natural or human in origin. Coral reef communities are naturally subject to
frequent, major disturbances, such as cyclones, crown-of-thorns outbreaks, or
bleaching, and may be able to recover rapidly from such events. However, the recov-
ery process may be hampered by chronic human impacts (Kinsey, 1988), and, in par-
ticular, rapid macroalgal growth subsequent to a disturbance may prevent coral
regrowth or recruitment and reef recovery (Connell et al., 1997; Hughes & Tanner,
2000).

This is well illustrated by the model results in Figure 3, which show a matrix of
community trajectories for increasingly eutrophic conditions and increasing frequen-
cies of acute coral damage. It can be clearly seen that the coral cover declines more
severely when subjected to both eutrophic conditions and frequent disturbances than
accounted for by either factor alone.

This observation has important implications in terms of attributing causality of
the decline in coral cover. The immediate cause of the coral death may be natural, but
the failure to recover, and consequent long-term decline in reef condition, may in fact
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human impact are intrinsically confounded by the often much larger changes caused
by the natural events. In nature, this difficulty will be exacerbated by the stochasticity
and variability inherent in many of the physical and ecological processes involved
(e.g., storm timing and severity, recruitment, competition, succession/recovery:
McCook, 1994; McCook & Chapman, 1997). The variability inherent in each of these
processes means the outcomes will themselves be inherently stochastic and variable.

This is an important observation: cven with a relatively simple model system in
which we know there is a long-term decline due to the human impact, it is unlikely that
a short-term impact assessment could detect differences between sites or times that
would demonstrate anything except the inherent variability and changes in the com-
munity. It is difficult to imagine a feasible sampling design based on benthic cover
which could satisfactorily demonstrate the eutrophication impact. Whilst the model
not only illustrates this difficulty, however, it also potentially provides ecologists with
a means to portray and illustrate this uncertainty and its implications in terms of risk
assessment and management — to the public, to policymakers, and to each other.

Even the preliminary applications of the model in this chapter demonstrate the
utility of this approach as an exploratory and explanatory tool for understanding coral
reef phase shifts. It should be reiterated that the model provided here cannot realisti-
cally predict the behaviour of real reef communities, which are vastly more complex,
nor has the model the capacity to predict the consequences of specific changes or
events. However, the approach has a number of advantages, including:

1. The ability to simulate a wide range of concepts and interactions and their
consequences, and to effectively portray them to a non-expert audience;
2. The increased rigour in understanding the concepts and processes involved,
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recovery from natural disturbances, an impact which may be diffuse and variable, and
consequently difficult to detect at short time scales.
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required in order to formulate their mathematical approximations;

3. The ability to explore (model) system behaviour under different condi-
tions, assumptions, and disturbance regimes, including circumstances
leading to degradation, and thereby:

4. The ability to identify and assess relative and potential risks under differ-
ent circumstances;

5. The absence of large, vertebrate predators from the model, which
increases researcher viability both inshore and offshore.

This exploratory potential, effectively allowing “virtual reef experiments,” with
few limitations on spatial and temporal scales, can provide a valuable means to
explore potential outcomes and identify significant factors and interactions. Thus,
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natural disturbance regimes shown here, has application to scientific debates, man-
agement applications, and public education. It may also provide policymakers with a
means to demonstrate risks which are otherwise difficult to prove.

The results presented here illustrate that eutrophication impacts are unlikely to
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Oceanographic Processes of Coral Reefs

ANIMATION 1 Trajectories of algal and coral
abundance through time on an oligotrophic model
“reef” with low levels of sediments and nutrients. The
graph at the top shows the time course of algal and
coral abundance; the glyph (bar) to the right of the
graph shows the relative abundances of coral (blue)
and algae (brown), synchronised with the moving
indicator on the graph. The changes between algal and
coral dominance are portrayed by the varying
proportion of the two scenes at the bottom. Initial
conditions were set to be low in coral (20%) and high
in algae (80%), but rapidly equilibrate to the final
conditions (~80% coral and 20% algal cover).

ANIMATION 2 Trajectories of coral and algal
abundance with the same (oligotrophic) model
parameters as Animation 1, except that initial coral
and algal abundance are reversed, and little change
occurs. Comparison with Animation 1 shows that the
system equilibrates to the same levels independent of
starting conditions.

ANIMATION 3 Same as Animation 2 (oligotrophic),
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ANIMATION 5 Effects of eutrophic conditions
(strongly enhanced sediments and nutrients) on coral
and algal trajectorics; otherwise, starting conditions
and parameters as for Animation 2. The effect of the
sediments and nutrients is to shift the equilibrium state
to a lower coral cover and higher cover of algae: i.e.,

a partial phase shift. Note that the model dynamics
underlying this shift simulate effects of cutrophication
on corals and herbivory, not simply effects on algal
growth.

ANIMATION 6 Large-scale and long-term
interactions between terrestrial runoff and
disturbances. Model community trajectories for a
range of reefs across and along the continental shelf
(as shown in Figure 4). The trajectories shown are
based on a change in water conditions halfway
through the time periods (see Table 1), representing
the changes in terrestrial runoff over the last 100 years
(Pulseford, 1991; Moss et al., 1993; Brodie, 1995).
Offshore conditions remain oligotrophic, whereas
inshore conditions become progressively more
cutrophic; midshelf conditions are intermediate.
Disturbance frequencies and timing vary within cross-
shelf regions (details in Table 1), but are uniform
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except that two disturbances Kill 30% of corat cover
(att = 100 and 300), resulting in an immediate rapid
dominance by algae (indicated by the sudden increases
in algae). However, the trajectories after each
disturbance return to the same equilibrium levels, with
high coral cover, provided there is sufficient recovery
time after each disturbance.

ANIMATION 4 Effects of moderately enhanced
sediments and nutrients on coral and algal trajectories;
otherwise, starting conditions and parameters as for
Animation 2.

across the shelf. The cffect of the Tlood plumes are
simulated by brief “nutrient pulses” of decreasing
strength to the north of the mouth of the Herbert River,
simultancous with disturbances. The relative heights
of the glyphs or bars indicate the relative abundance of
corals (blue) and algae (brown; sudden shifts indicate
disturbance changes). The simulations run for twice as
long as those in animations 1 to 5; all “rcefs” have
high initial coral cover (80%). It can be scen that even
in this relatively simple system with a known structure
(i.c., the model, plus Table 1), the background
variation overshadows the effects of eutrophication,
despite a definite, gradual decline of inshore reefs.
Note that, by the end of the simulations, several
inshore reefs are completely dominated by algae, to
the exclusion or near exclusion of corals.




