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a  b  s  t  r  a  c  t

Ecosystem  models  are  well-established  tools  to investigate  the  effects  of human  activities  and  natural
events  on  marine  ecosystems.  Recent  modeling  approaches  advocate  the  integration  of  physical  and
biological  processes  and  the  coupling  of  fully-represented  ecosystems.  Here,  we describe  a  coral  reef
ecosystem  simulation  model  (CAFFEE)  linking  reef  cover  dynamics,  benthic  and  pelagic  production  and
metabolism,  detrital  pathways  and  reef  formation  processes.  The model  integrates  27  functional  groups
with  coupled  two-way  trophic  and  spatial  interactions  and  includes  dynamic  adjustment  of  benthic
production  and  consumption  processes.  The  model  is  validated  with  a 40 year  time  series  of  coral  reef
field  data  from  Kenyan  reefs  responding  to  two  disturbances:  fisheries  closures  and  a  strong  thermal
anomaly,  the  1998  coral  bleaching  event.  The  model  simulations  successfully  replicated  a number  of
patterns  observed  in  empirical  data,  in  particular  the  progression  of  communities  toward  greater  cal-
ecovery of fish
cosystem models

cium  carbonate  deposition  following  fisheries  closure,  and  the  temporal  shift  to algal-domination  after
bleaching  events.  Further  validation  of  the  model  was  garnered  from  comparisons  of emergent  model
outputs  with  ecological  ratios  commonly  used  to parameterize  comparable  systems.  The  model  simula-
tions  indicate  trade-offs  among  the  organic  and  inorganic  (calcium  carbonate)  processes  in  coral  reefs
whereby fisheries  closures  promote  inorganic  production  and  bleaching  disturbances  favor  the  organic
production  processes  of  the  reef.
. Introduction

Coral reefs are complex ecosystems with an uncertain future
Pandolfi et al., 2011). Their complexity makes it challenging to
pply standard empirical scientific principles of ecological investi-
ations using a limited number of controlled components to make
olistic predictions about reef responses to common disturbances.
valuating this complexity requires developing holistic models and
unning scenarios and testing their results against field studies
rom similar types of disturbances to validate models, which might
hen be used to evaluate a larger set of disturbances (Holmes and
ohnstone, 2010). The strength of model predictions will depend on

he quality of the models and their ability to realistically include key
omponents most influenced by and responding to disturbances.
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Consequently, testing models under a variety of scenarios is a key
step in validating and evaluating their strengths and weaknesses.

Coral reef models have been developed with the purpose of
estimating energy flows (Polovina, 1984) and assess a variety of
common impacts, including fishing (Arias-González, 1998; Arias-
González et al., 2004; Gamble and Link, 2009; Liu et al., 2009;
McClanahan, 1992, 1995), eutrophication (Meesters et al., 1998;
Wolanski et al., 2004), grazing and sea urchin die-offs (Mumby
et al., 2006, 2007), climate change (Baskett et al., 2009, 2010;
Crabbe, 2008), and generic or a variety of disturbances (Holmes
and Johnstone, 2010; Langmead and Sheppard, 2004). These mod-
els differ in their structure and scope and provide useful tests for
specific aspects of coral reef ecology and disturbances for specific or
regional coral reef systems. As early models have proven to be use-
ful in validating model outputs with field data, efforts to expand
their scope remain as a needed next step in investigating model
creation and validation (Travers et al., 2007).
Here, we present the overall structure and key processes of one
of the larger and more holistic coral reef models and evaluate the
benthic and fish components with one of the longer running coral
reef monitoring programs (McClanahan, 2008, 2013 in review;
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npublished data). The purpose is to provide the details needed
o understand the model structure, methods of calibration, basic
imulation outputs of key components, and test it against an inde-
endent empirical time series for a basic set of model scenarios that
ave parallels in the empirical field data. The scenarios presented
ere include the recovery of reefs after the closures to fishing and
ow these reefs responded to a large thermal anomaly or the 1998
leaching event. These provide the primary ways that the ecolog-

cal components of the model will be tested and validated before
valuating the fishing components of the model (Ruiz Sebastián
nd McClanahan, in preparation).

. Methods

.1. Conceptual model

The CAFFEE (Coral–Algae–Fish-Fisheries Ecosystem Energetics)
odel described in this paper simulates the processes driving the

iomass and benthic cover dynamics of 27 functional groups repre-
enting typical components of coral reef ecosystems in the western
ndian Ocean. The trophic interactions between the functional
roups (Table s.1 in the supplementary material) are synthesized
n a food web (Fig. 1) integrating four types of macrophytes
turf, fleshy and calcifying algae and seagrass), two  types of
ard corals (branching/foliaceous forms and massive/submassive

orms), microplankton, zooplankton, four categories of detrital
atter (reef and pelagic particulate and dissolved organic matter),

our types of invertebrates (algivores, corallivores, detritivores and
icro-invertebrates), and 11 fish guilds (macro- and micro-grazers,

craper-excavators, corallivores, macro- and micro-detritivores,
lanktivores, macro- and micro-invertivores, piscivores and pisci-

nvertivores). The model also simulates selective harvesting of fish
iomass by five categories of artisanal fisheries common in the
egion with distinct gear characteristics (fish traps, beach seines,
pear guns, gillnets and lines) and associated gear-guild catch
atios. Light and nutrients are the implicit energetic drivers in the
odel.
CAFFEE simulates the biomass dynamics of the functional

roups by time-step computing the energy flows representing
etabolic and ecological processes for each biomass pool. The
odel quantifies the amount of biomass gained as a consequence

f production processes, the amount of organic matter used in
etabolic maintenance and the organic matter transferred to

igher trophic level components due to consumption processes.
or autotrophic groups, this can be expressed in terms of biomass-
pecific rates as:

dBi
dt

= Bi · (gpi − ri − epi − edi − cai) − ˙jBj · cij − ˙kBi · inik (1)

here dBi/dt is the rate of change in biomass in the autotrophic
roup i; gpi, ri, epi, edi are the biomass-specific rates of gross produc-
ion, respiration, exudation as particulate (POM) and as dissolved
rganic matter (DOM), respectively, and cai is the rate at which
nergetic resources are used in the deposition of carbonate skele-
ons by corals and calcifying algae. Consumption of i by grazers
r predators j occurs at a rate cij, while inik is the rate of biomass
oss due to non-trophic interactions with k. All biomass values in
he model are referred to in units of mass density (kg wet weight
er hectare). For heterotrophic groups, the energetics model can be
xpressed as:

dBi = (˙jBi · cji) · aei · pei − Bi · (ri + mi) − ˙kBk · cik − Fi (2)

dt

here dBi/dt is the rate of change in biomass in consumer group
, Bj is the biomass of prey item j, cji is the consumption rate of

 on prey item j, aei and pei are the assimilation and production
ical Modelling 263 (2013) 326– 348 327

efficiencies of consumer i, ri and mi are the respiration and non-
predatory mortality rates, cik is the consumption rate of predator
k on i, and Fi is the biomass captured by fisheries. Total biomass
consumed by i is Ci = ˙kBi·cki. Consumer excretion is equivalent to
ingested non-assimilated organic matter, therefore Ei = (1 − aei)·Ci,
and is assumed to consist of POM only.

For benthic groups such as macrophytes and corals, biomass
cannot be disassociated from the physical space they occupy in the
reef. The biomass dynamics of benthic groups are determined by
trophic interactions and metabolic processes, both of which are
density dependent. In CAFFEE, macrophyte and coral groups are
characterized by their biomass and by their occupancy of benthic
space, and the ratio between those two state variables provides
a measure of biomass density. Occupation of benthic space is a
major determinant in benthic productivity and standing stock, thus
we have incorporated into CAFFEE the processes driving benthic
cover dynamics as conceptualized in Fig. 2. Benthic (planar) cover
is described as a percentage of the total benthic space and the cover
values of benthic groups are calculated simultaneously to biomass
dynamics in time-step calculations with the general form:

dS

dt
= G + X − C − I (3)

where dS/dt is the rate of change in occupied substrate, G and X
represent colonization and expansion processes, respectively, and
C and I represent the loss of cover due to consumption and non-
trophic interactions, respectively. Benthic cover dynamics and their
relationships with reef structuring processes are described in detail
below.

Conceptually, CAFFEE approach to ecosystem trophodynamic
modeling integrates several significant aspects. First, CAFFEE favors
modeling of processes based on empirical parameterization of
basic metabolism and ecology over derived parameters such as
productivity:biomass ratios, consumption:biomass ratios or diet
fractions, which in CAFFEE are in fact emerging values rather than
forcing values. The use of feedback loops and parameter ranges
also favors dynamic self-adjustments to processes and an overall
more adaptive modeling approach. Secondly, CAFFEE bioenergetic
flows among functional groups are fully coupled, providing a true
two-way interaction. Thirdly, detrital pathways are explicitely
modeled in CAFFEE, thus providing a critical link between exuda-
tion/excretion processes and detritivorous/planktonic consumers
and fully accounting for energy and associated pathways. Fourthly,
benthic production is biomass-dependent and spatially linked to
reef cover dynamics. And fifthly, calcification, erosion and sub-
strate dynamics are explicitely modeled to take into account
biotic–abiotic benthic coupling.

2.2. Primary production

2.2.1. Macrophytes
Changes in the biomass of benthic macrophytes result from

the balance of gains obtained from gross photosynthetic produc-
tion and losses due to respiration, exudation as particulate or
dissolved organic matter, production of calcium carbonate sub-
strates in the case of calcifying algae, consumption by herbivores
and non-trophic interactions with other benthic organisms. Given
the assumption of neutral growth at maximum biomass density in
the absence of predators and competitors, the relationship between
biomass-specific rates for macrophytes in Eq. (1) can be expressed
as:
gp(ı) ≥ r(ı) + ep(ı) + ed(ı) + ca(ı) (4)

where gross production exceeds respiration, exudation and invest-
ment into calcification for any positive value of biomass density (ı)
except when at its maximum.
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ig. 1. Food web of a coral reef ecosystem as implemented in CAFFEE, including 27 fu
f  organic matter (e.g. detrital transfers) are indicated by dotted lines. Extraction of

Biomass density of a benthic functional group is defined as the
atio of biomass to occupied surface area, thus:

i =
Bi
SAi

(5)

here surface area (SAi) is determined from benthic (planar) cover
nd topographic complexity and, for corals and calcifying algae,
rom the surface index (see Section 2.5.2).

The non-linearity of the relationship between production and
iomass has been documented for several macrophytes (Copertino
t al., 2009; Duarte and Chiscano, 1999; Hackney and Sze, 1988).
owever, parameterization of production:biomass relationships

s complicated because data on algal productivity is more often
eported on an aerial than on a biomass basis and biomass den-
ity often goes unreported. We  have compiled available data on

acrophyte energy budgets and derived parameters for biomass

ensity based production, respiration and exudation functions (Eq.
4)) using regression analysis, reported P:R ratios and the assump-
ion of neutral growth at maximum biomass density (Table 1 ).

ig. 2. Benthic space web  implemented in the CAFFEE model. Arrows indicate processes
ain.  Consumption processes (herbivory, corallivory) result in cover losses for the prey b
r  calcifying algae cover (encroachment) similarly results in loss of algae biomass.
nal groups and their trophic interactions (solid black arrows). Non-trophic transfers
ic resources by fisheries is shown in gray solid arrows.

Our model of benthic macrophytal productivity approximates pro-
duction and exudation as power functions and respiration as a
linear function of biomass density. This production model and the
budget balance between curves are based on: (a) maximum net
photosynthetic production to biomass ratio decreases with increas-
ing biomass density by a 10-fold factor between maximum and
minimum, with an inflexion point near 25% of maximum biomass
density (Copertino et al., 2009); (b) respiration rates derived from
reported P:R ratios; and (c) excretion as DOM accounts for 30–40%
of net production and excretion as POM for a 4–6% of net produc-
tion. Graphs of the budget curves for each group of macrophytes
can be seen in Fig. s.1 in the supplementary material. It should be
noted that the set of equations presented represents one of sev-
eral possible modeling approaches to the empirical data currently
available.
2.2.2. Corals
Corals are holobionts in which autotrophic production from

symbionts and heterotrophic production from the animal host are

 driving changes in cover type, with arrowheads pointing in the direction of cover
enthic group proportional to the consumed biomass. Colonization by corals of turf
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Table 1
Parameters of the energy budget of primary producer functional groups in CAFFEE.

Functional
group

Parameter Value Sources/derivation

Turf algae Maximum biomass density ı*
TA = 17,130 kg ha−1 McClanahan (1997)

Gross productivity rate gpTA(ı) = 16.172·ıTA
−0.516 Regression analyses based on data in Carpenter (1985) and Copertino

et  al. (2005)
Respiration rate rTA(ı) = 0.07154 − 0.00000047·ıTA

DOM exudation rate edTA(ı) = 4.8·ıTA
−0.516 Assumes a DOM:Net production ratio of 30–40% based on

Abdullah and Fredriksen (2004), Khailov and Burlakova (1969)
and Wada et al. (2007), and a POM:Net production ratio of
5–10% based on Ochieng and Erftemeijer (1999) and Wada
et al. (2007). Production is balanced by metabolic losses at
maximum biomass density (ı*

TA)POM exudation rate epTA(ı) = 1.6·ıTA
−0.516

Fleshy and canopy
algae

Maximum biomass density ı*
FA = 75,000 kg ha−1 Ateweberhan et al. (2006)

Gross productivity rate gpFA(ı) = 8·ıFA
−0.516 Reports of net production to biomass ratio range from 0.6% to 3.6%

(Dhargalkar and Shaikh, 2000; Miller et al., 2009; Penhale and Capone,
1981)

Respiration rate rFA(ı) = 0.012 + 0.000000016·ıFA Derived to result in Pg:R values between 2.6 and 5, as reported in
Dhargalkar and Shaikh (2000), Miller et al. (2009) and Wanders (1976a,b)

DOM exudation rate edFA(ı) = 2.78·ıFA
−0.516 See notes on exudation rates in turf algae

POM exudation rate epFA(ı) = 0.9·ıFA
−0.516

Calcifying and
coralline algae

Maximum biomass density ı*
CA = 4,600 kg ha−1 Ateweberhan et al. (2006)

Gross productivity rate gpCA(ı) = 3.3·ıCA
−0.516 Net production:biomass ratios range from 0.03% to 1% per day but values

of  ∼0.2% are common (Garrigue, 1991; Littler et al., 1986, 1995; Martin
et  al., 2006)

Respiration rate rCA(ı) = 0.0203 + 0.00000079·ıCA Chisholm (2003) reported Pg:R ratios ranging from 1.23 to 2.24 for a
range of crustose corallines but higher ratios are often reported (Marsh,
1970; Martin et al., 2006; Wanders, 1976a,b)

DOM exudation rate edCA(ı) = 0.7·ıCA
−0.516 See notes on exudation rates in turf algae

POM exudation rate epCA(ı) = 0.25·ıCA
−0.516

Cost of calcification rate kCA(ı) = 0.48·ıCA
−0.516 Biomass-specific calcification rates derived from Garrigue (1991), Martin

et al. (2006), and references therein, commonly lie between 0.01 and
0.04 per day

Seagrass Maximum biomass density ı*
SA = 61,000 kg ha−1 The maximum biomass density of seagrass reported in the region is

1,070 g (dw) m−2 (Bandeira, 2002)
Gross productivity rate gpSA(ı) = 7.2·ıSA

−0.516 Reported net production:biomass ratios are 0.3–3% per day (Bandeira,
2002; Duarte and Chiscano, 1999; Kirsch et al., 2002; Ochieng and
Erftemeijer, 1999; van Tussenbroek, 1998)

Respiration rate rSA(ı) = 0.0205 + 0.00000001·ıSA Derived to result in Pg:R ratios of 1–1.5 (Ziegler and Benner, 1999)
DOM  exudation rate edSA(ı) = 0.8·ıSA

−0.516 Corresponds to 11% of gross production, in agreement with the findings
of Ziegler and Benner (1999)

POM exudation rate epSA(ı) = 0.2·ıSA
−0.516 3% of gross production and neutral growth at maximum biomass density

Massive and
submassive corals

Maximum biomass density ı*
MC = 7,500 kg ha−1 Derived from Fitt et al. (2000) and Anthony et al. (2002)

Gross productivity rate gpMC = 0.007·ln (67·ı*
MC/ıMC) Results in rates ranging from 0.029 to 0.048 d−1. Derived from a

reference value of 0.0371 d−1 obtained by Anthony and Fabricius (2000)
in unshaded Goniastrea retiformis colonies in filtered seawater

Respiration rate rMC = 0.0286 Derived from Anthony and Fabricius (2000). Results in Pg:R ratios of
1.03–1.52. Gross productivity:respiration ratios between 0.97 and 1.35
have been reported by Anthony and Fabricius (2000), Riegl and Branch
(1995), Sorokin (1982) and Villinski (2003)

DOM excretion rate edMC = 0.000889 Derived from Coffroth (1990) and Riegl and Branch (1995).
Assumes that dissolved organic carbon is 70% of total organic
carbon (TOC) and that particulate organic carbon (POC) is 30% of
TOC, based on Crossland (1987), Nakajima et al. (2009, 2010) and
Wild et al. (2004)POM excretion rate epMC = 0.000381

Algae-caused mortality
rate

acMC = 0.0017 Lirman (2001) reported that corals lose 5–10% of tissue per month due to
algal interactions. We have estimated a conservative tissue loss rate of
0.0017 d−1

Fraction of net growth
invested in skeleton

caMC = 0.177 Skeleton growth seems to range from 8% to 22% of tissue growth in
massive corals (Anthony et al., 2002) and we have estimated that about
17.7% of net growth is allocated to skeleton growth from the clustering
of data points

Branching and foliose
corals

Maximum biomass density ı*
BC = 4,000 kg ha−1 Derived from Anthony et al. (2002) and Fitt et al. (2000)

Gross productivity rate gpBC = 0.02·ln (10.5·ı*
BC/ıBC) Results in rates ranging from 0.047 to 0.106 d−1. Derived from a

reference value of 0.0792 d−1 obtained from an average of rates in
Anthony and Fabricius (2000), Falkowski et al. (1984), Gochfeld (1991),
McCloskey and Muscatine (1984) and Porter et al. (1984)

Respiration rate rBC = 0.0473 Derived from respiration rates in Porites cylindrica colonies by Anthony
and Fabricius (2000). Results in Pg:R ratios of 1.0–1.92. Most reports
indicate Pg:R values ranging from 1.18 to 2.20 (Anthony and Fabricius,
2000; Gochfeld, 1991; McCloskey and Muscatine, 1984; Sorokin, 1982)

DOM  excretion rate edBC = 0.0020391 Derived from Coffroth (1990), Crossland (1987), Muscatine
et al. (1984) and Tanaka et al. (2008). Same assumption as for
massive corals
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Table 1
Parameters of the energy budget of primary producer functional groups in CAFFEE.

Functional
group

Parameter Value Sources/derivation

POM excretion rate epBC = 0.0008739
Algae-caused mortality
rate

acBC = 0.0017 Lirman (2001) reported that corals lose 5–10% of tissue per month due to
algal interactions. We have estimated a conservative tissue loss rate of
0.0017 d−1

Fraction of net growth
invested in skeleton

caBC = 0.2857 According to Anthony et al. (2002) skeleton:tissue growth ratios in
branching corals may  vary between 10% and 100% and tissue growth
may  even be negative while skeleton grows. The reasons for this
variation are poorly known. We have estimated a 40% skeleton:tissue
ratio from the data clustering in Anthony et al. (2002), which results in
an investment on skeleton of 28.57% of net growth

Microplankton Maximum biomass density ı*
MP = 20 kg ha−1 m−1

(depth)
From a conservative estimate of phytoplankton biomass of 50 �g C l−1 in
coastal Kenya by Mutua et al. (2004) and a phytoplankton carbon

t
C
h
d

w
w
a
e
i

l
(
e
F
p
o
r
p
w
b
p
m
e
r
o
e
i
a
(
i
f
c
t
s

2

t
c
m
(
d
t

he energy inputs balanced by the losses of the whole organism.
onsequently, the energy budget for corals combines Eq. (1) with a
eterotrophic contribution based on consumption of plankton and
etritus, and is expressed as:

dBi
dt

= [Bi · (gpi − ri − epi − edi − aci) + aei · pei · ˙jBi · cji] · (1 − cai)

−˙kBk · cik (6)

here all terms have been previously described except for aci
hich is the rate of biomass loss caused by macro–algae inter-

ctions (Lirman, 2001). The assimilation (ae) and production (pe)
fficiencies of corals and other consumer groups are summarized
n Table s.2 in the supplementary material.

Photosynthetic production in corals is strongly influenced by
ight availability and, to a lesser extent, by POM concentration
Anthony and Fabricius, 2000), and the rates of auto- and het-
rotrophic production may  not be independent (Anthony and
abricius, 2000). As previously done for production of macro-
hytes, we constructed coral autotrophic production curves based
n reported gross productivity values, productivity:respiration
atios and mucus excretion rates. We  also assumed that coral
hotosynthetic production rate has a logarithmic relationship
ith biomass density and results in neutral growth at maximum

iomass. Evidence suggesting that the relationship between coral
hotosynthetic production rate and coral biomass may  be logarith-
ic  was reported by McCloskey and Muscatine (1984). Respiration,

xcretion and calcification processes have been modeled as linearly
elated to biomass density, which would explain the variability
bserved in gross productivity:respiration ratios seen in the lit-
rature. Ratios of tissue growth:skeleton growth and energetic
nvestment into tissue and skeletal growth show considerable vari-
tion with colony size and morphology, light and heterotrophy
Anthony et al., 2002; Ferrier-Pagès et al., 2003) but, for simplic-
ty, we have modeled coral investment into calcification as a fixed
raction of net growth. The parameterization of Eq. (6) for the two
oral functional groups is summarized in Table 1 and graphs of
he energy budget curves for corals can be seen in Fig. s.2 in the
upplementary material.

.2.3. Autotrophic plankton
Microplankton, including bacterio- and phytoplankton, plank-

onic protozoa and metazoan larvae, constitute the microbial
omponent of the reef food web, with the autotrophic components

aking a substantial contribution to reefal primary production

Sorokin and Sorokin, 2009). Microbial food webs are notoriously
ifficult to integrate in ecosystem models due to the phylogenetic,
rophic, metabolic and size diversity of their constituent organisms,
content of 6% (Opitz, 1996), we estimate a phytoplankton biomass of
8.3  kg (ww) ha−1 m−1, and a maximum microplankton (including
benthoplankton) biomass of 20 kg ha−1 m−1

and the challenge of deriving energy budgets for individual compo-
nents in an ecosystem-level dynamic system is further complicated
given the differences between relevant time scales for these low-
biomass high-turnover pools. We  have simplified this complexity
by pooling all bacterio-, pico-, nano- and phytoplanktonic orga-
nisms into a single functional group (Microplankton) characterized
mainly as a primary producer, but also removing dissolved organic
carbon (DOC) from the system by consumption processes. Pool-
ing of organisms with different trophism in a functional group and
within-group trophic transfer could potentially lead to overstated
productivity, therefore calibration in this group seems particularly
sensitive.

Given that the auto- and heterotrophic components in
microplankton have daily doubling rates ranging from 0.8 to 4,
and from 1.1 to 2.9, respectively (Pomeroy et al., 1995; Ferrier-
Pagès and Gattuso, 1998) and that an undetermined portion
of the autotrophic production of microplankton is consumed
by its heterotrophic components, we  have estimated an overall
daily maximum biomass-specific net production rate of 4 for the
microplankton biomass pool. Furthermore, we have estimated a
maximum microplankton biomass of 20 kg ha−1 per meter of water
column (Table 1) and modeled net productivity of microplankton
using a sigmoidal curve with the equation:

npMP = 4(
1 + 100.2(BMP/rd)−2

) (7)

where BMP is the biomass of microplankton and rd is the reef depth
(in meters). Graphs of net productivity of microplankton can be
found in Fig. s.3 in the supplementary material.

2.3. Consumption and metabolic processes

2.3.1. Consumption
Fish, invertebrates and zooplankton entirely satisfy their energy

requirements through consumption processes, whereas heterotro-
phy plays a more complex role in corals (Anthony and Fabricius,
2000; Grottoli et al., 2006). Consumers acquire their energetic
resources at a consumption rate (ce,  the fraction of consumer
biomass equivalent to daily ingested prey biomass) which we
have defined as a function of the ratio between prey biomass
and predators and competitors biomass. Predator–prey theory
has predominantly held the view that the functional response
of predators is mainly driven by prey density, but this view has

been challenged by suggestions that ratio-dependent functional
responses (i.e. dependent on the ratio between prey and predators)
in predator–prey models may  represent population dynamics more
accurately than prey-density models, especially in heterogeneous
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nvironments (Akç akaya et al., 1995; Arditi and Ginzburg, 1989;
rditi and Saïah, 1992; Berryman, 1992; Berryman et al., 1995;
inzburg and Akç akaya, 1992). Nevertheless, functional responses
ay well encompass a spectrum of perception in which density

f predators, prey and co-habitating populations may  all be rel-
vant factors (Abrams and Ginzburg, 2000; Schenk et al., 2005).
he role of competition in modulating the functional response is
eceiving increasing attention in fisheries and ecological models (de
illemereuil and López-Sepulcre, 2011; Gamble and Link, 2009). In
ur model, we consider the functional response of predators (con-
umers) as a function of a food-to-consumers ratio (�) that includes
esource and interference competition. Thus, for consumer j this
atio is expressed as:

j = ˙iBi
Bj + ˙kBk · cckj

(8)

here Bi is the biomass of prey item i, Bj is the biomass of consumer
, Bk is the biomass of competitor group k and cckj is a competition
oefficient of k on j. Thus the food-to-consumers ratio is a prey-
redator biomass ratio weighted by competition. Given this food-
o-consumers ratio, we define the biomass-specific consumption
ate of consumer j, ce(�j), as following a sigmoidal model expressed
s:

e(�j) =
cemax
j

1 + 10

(
�mid
j

−�j
)

·�sl
j

(9)

here cemax
j

is the estimated maximum consumption rate of j, and
mid
j

and �sl
j

are the midpoint and slope, respectively, of the sig-
oidal function (Fig. 3). Type III or sigmoidal functional response
odels often show the best fit to empirical data (Aljetlawi et al.,

004; Eggleston et al., 1992; Englund and Leonardsson, 2008; Piana
t al., 2006; Viherluoto and Viitasalo, 2001). Consumption param-
ters have been summarized in Table s.3 in the supplementary
aterial. Estimates of consumption rates were derived from the

iterature and adjusted during model calibration.
Given that ce is a biomass-specific consumption rate, we  can

xpress the total amount of prey biomass ingested by consumer j as
j = Bj·ce(�j) or, assuming that j consumes prey items proportionally

o their biomass relative to total prey biomass, as:

j = ˙kBj · ce(�j) · Bk
˙pBp

(10)

ig. 3. Consumption and respiration rates in CAFFEE as functions of a food-to-
onsumers ratio. The consumption rate sigmoid curve (solid line) approaches
aximum consumption rate (cemax) as the food-to-consumers ratio reaches food

aturation level (at �mid times 2). The respiration activity multiplier (dashed line)
anges from its maximum value (actmax) at low � values to its minimum value
actmin) at food saturation level. The consumption rate was forced through the origin
y  proportionally adjusting the original sigmoidal curve (dotted line).
ical Modelling 263 (2013) 326– 348 331

where the last term is the diet portion of prey item k in the
consumption of j. Thus, prey-predator consumption rates can be
expressed as ckj = ce(�j) · (Bk/˙pBp). Dynamic adjustment of diet
portions based on relative biomass is one way of simulating prey-
switching, a feedback mechanism often associated with sigmoid
functional responses. However, biomass-proportionality is only
one of multiple hypotheses upon which to build a consumption
model. Alternative or complementary hypotheses may  consider
predator dietary preferences, prey vulnerability factors such as
individual prey size, or environmental effects such as refuge avail-
ability. We chose to introduce a “preyability” index (�ij, preyability
of prey item i by predator j) in predator–prey interactions that
encapsulates different factors affecting predator catch rates on par-
ticular prey. The effect of this preyability index is to weight the
proportional-biomass diet portion thus transforming Eqs. (8) and
(10) into:

�j = ˙iBi · �ij
Bj + ˙kBk · cckj

, and (11)

Cj = ˙kBj · ce(�j) · �kj · Bk
˙p�pj · Bp

(12)

The preyability indices and competition coefficients values used
in the present simulations have been summarized in Table s.3 in the
supplementary material.

2.3.2. Coral heterotrophy
The relative contribution of heterotrophy to coral energetic

budgets has long been subject to debate. Corals consume zooplank-
ton, microplankton, POM, and DOM (Houlbrèque and Ferrier-Pagès,
2009; Sorokin, 1982) at rates that are influenced by prey concen-
tration (Anthony and Fabricius, 2000; Ferrier-Pagès et al., 2003;
Palardy et al., 2006), colony size (Kim and Lasker, 1998), luminos-
ity (Anthony and Fabricius, 2000; Ferrier-Pagès et al., 2003) and
symbiont concentration (Grottoli et al., 2006; Palardy et al., 2008),
among other factors.

Coral heterotrophy differs from other consumption processes
in important aspects that justify modifications to the consumption
model presented above. As passive consumers, distinct con-
sumption rates for each prey type have been considered to be
independent from the total amount of prey, but proportional to
the concentration of each particular prey type (Ferrier-Pagès et al.,
2003; Houlbrèque et al., 2004; Palardy et al., 2006) and to follow a
type-II functional response (Anthony and Connolly, 2004). Because
surface area of the consumer, not biomass, is directly related to
consumption rate and heterotrophy rates decrease with increasing
colony size (Kim and Lasker, 1998), we have introduced an allomet-
ric correction factor in the calculations of coral consumption. The
amount of zooplankton, microplankton, reef POM and reef DOM
captured by corals is thus described by the equation:

Cj = ˙kBj · ce(�j)k · (1 − 1.12 · log10�j), (13)

where Cj is the total biomass consumed by coral group j, k is a par-
ticular coral prey type, ce(�j)k is the consumption rate of k by j, and
�j is the surface index of coral j (see Section 2.5.2). The logarythmic
allometric correction factor was  empirically estimated from model
simulation runs.

2.3.3. Microplankton consumption
Heterotrophic production by microplankton was integrated

with autotrophic production in a net production rate described in

Section 2.2.3. However, this mechanism also requires the removal
of DOM from the reef and pelagic pools for the budget balance of
these detrital pools. Bacterioplankton are the major contributors
to the remineralisation of DOM of benthic origin, removing more
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han 50% of the DOC released (Ziegler and Benner, 1999). Con-
umption dynamics are complex due to differences in lability of
he available organic matter, but the uptake rates of highly labile
lgal exudates are in the order of 1.5 times the microbial biomass
er day (Pett, 1989). Given that our microplankton functional group

ncludes more than just bacterioplankton, we have conservatively
stimated a constant biomass-specific consumption rate of DOM
y microplankton of 0.5 per day.

.3.4. Respiration and non-predatory mortality
The respiration rate of consumers (r in Eq. (2)) is parameterized

s a biomass-specific basal (or standard) respiration rate (�) multi-
lied by an activity factor representing the increase in metabolic
xpenditure due to consumer motion and activity. Bioenerget-
cs fish population models suggest that activity may  represent a
arge and variable fraction of energy budgets (Boisclair and Legget,
989) where multiple factors, mostly poorly known, are involved
Boisclair, 2001; Chipps and Wahl, 2008). Recent studies have
inked activity levels in fish to prey diversity, abundance, size and

orphology (Sogard and Olla, 1996; Chipps and Wahl, 2008, and
eferences therein). Based on the assumption that food scarcity
ncreases foraging activity, we have modeled the activity factor as a
igmoid function of the food-to-consumers ratio (�) between min-
mum and maximum activity values (Fig. 3). The activity factor of
onsumer j can then be expressed as:

ct(�j) = actmin
j +

actmax
j

− actmin
j

1 + 10
(�j−�mid

j
)·�sl
j

(14)

here actmax
j

and actmin
j

are the maximum and minimum values
f the activity multiplier for consumer j, respectively. Respiration
ates are then expressed as:

j = �j · act(�j) (15)

Basal respiration rates and maximum and minimum activity fac-
ors for functional groups have been summarized in Table s.4 in the
upplementary material.

Mortality due to causes other than predation is generally diffi-
ult to estimate from field data, although it is often used as a limiting
arameter for population growth (e.g. Carpenter et al., 1994). We
ave parameterized non-predatory mortality (m in Eq. (2)) as a
iomass-specific rate formulated as a linear function of biomass
ensity, expressed as:

j = �j · Bj, (16)

here �j is the non-predatory mortality (NPM) coefficient of group
. Estimates for NPM coefficients were derived heuristically from

odel simulation runs during calibration and have been included
n Table s.4 in the supplementary material. The amount of biomass
ost to NPM for group j can thus be expressed as:

j = Bj · mj (17)

.4. Detrital pathways

Detrital organic matter is represented in CAFFEE by four biomass
ools: reef POM, reef DOM, pelagic POM and pelagic DOM. The
rocesses driving the dynamics of the detrital biomass pools are
onceptualized in Fig. 4. The organic portion of macrophyte par-
iculate exudates and animal excreta and carcasses enter the reef
OM pool, where it is consumed by detritivores, transported to the

elagic POM pool, buried into sediment, or degraded into reef DOM
s a consequence of passive leakage. Macrophyte and coral DOM
xudates enter the reef DOM pool after elimination of the refractory
raction, where they are consumed by microplankton and corals,
ical Modelling 263 (2013) 326– 348

degraded by photoreactivity and diagenetic processes, or trans-
ported to pelagic DOM. Pelagic POM and DOM are consumed by
their respective levels of detritivores, or further transported to adja-
cent offshore or onshore systems. For simplicity, we have assumed
that biomass enters the detrital pools only at the reef level and
that there is a net flux of biomass between reef and pelagic pools,
albeit a more accurate representation would take into account tur-
bulence and flow dynamics. A fraction of the biomass entering the
pools consists of inorganic materials and refractory organic matter
and this is therefore not incorporated into the energetic cycle and
thus abandons the system, while the remaining labile fraction is
recycled.

Photodegradation due to exposure to UV radiation and loss of
bioreactivity due to diagenetic processes are the main causes of
DOM degradation. We  have estimated a biomass-specific DOM
degradation rate (ϑ) of 0.5 d−1 based on Amon and Benner (1996),
Pausz and Herndl (1999), Tranvik and Kokalj (1998) and Wada et al.
(2008). The budget equations for the detrital biomass pools are:

dBrPOM

dt
= ˙i�i · (Epi + Mi) − ˙jCj − (	rPOM→rDOM + 	rPOM→pPOM)

·BrPOM − 
rPOM→sed · Ssand (18)

dBrDOM

dt
= ˙i�i · Edi + 	rPOM→rDOM · BrPOM

− ˙jCj − (ϑ + 	rDOM→pDOM) · BrDOM (19)

dBpPOM

dt
= 	rPOM→pPOM · BrPOM − ˙jCj

− (	pPOM→pDOM + 
pPOM→off + 
pPOM→on) · BpPOM (20)

dBpDOM

dt
= 	rDOM→pDOM · BrDOM + 	pPOM→pDOM · BpPOM

− ˙jCj − (ϑ + 
pDOM→off) · BpDOM (21)

where dBk/dt is the rate of change of each detrital biomass pool, �i
and �i are the organic and labile fractions of POM and DOM, respec-
tively, of excreta of diverse origin (Table s.5 in the supplementary
material), Epi and Edi are the biomass excreted or exudated as POM
and DOM, respectively, and Mi is the biomass input from non-
predatory mortality (Eq. (17)). POM or DOM consumed is denoted
as ˙jCj. Rates of transport between detrital compartments (	) and
exports to adjacent systems (
) are summarized in Table s.6 in the
supplementary material.

2.5. Reef formation processes

2.5.1. Skeletal structures and reef framework
Calcium carbonate is deposited by corals and calcifying algae

as structural support for growth. The dynamics of these skeletal
structures are mainly driven by the processes of calcification, ero-
sion (biological, physical and chemical) and mortality. Calcification
increases the standing stock of the skeletons of living coral and cal-
cifying algae, whereas erosion and mortality reduce those stocks,
incorporating its constituents into the reef framework as dead coral,
rubble, or sand. Coral mortality, as a consequence of predation, dis-
ease, algal allelopathy or bleaching, results in the exposed coral
skeleton becoming part of the reef framework. The reef frame-
work itself is subject to erosion by eroding agents. Conceptually, the

dynamic budgets of coral or algae skeleton (Ki) and reef framework
(W) can be expressed as:

dK

dt
= PK − EK − LK, (22)
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ig. 4. Detrital pathways in CAFFEE representing a simplified model of the trans
cosystem. Detrital matter exiting the system is indicated by dark arrows.

here PK is the skeleton produced, EK is the skeleton loss caused by
rosion, and LK is the amount of skeleton transferred to the frame-
ork as a consequence of predation, bleaching or interactions; and

dW

dt
= LK − EW (23)

here EW represents erosion processes on framework structure.
The amount of skeleton produced can be derived from the ener-

etic investment into calcification (cai) in Eqs. (1) and (6). Thus, for
alcifying algae, this is:

KCA = BCA · caCA · �CA, (24)

nd for corals:

Ki = [Bi · (gpi − ri − epi − edi − aci) + aei · pei · ˙jBi · cji] · cai · �i

(25)

here all the terms have been previously described except for
he � coefficients, which are conversion factors between biomass
nvested in calcification and amount of calcium carbonate mass
eposited. Given a coral tissue enthalpy of 29.4 J mg−1, a CaCO3
eposition cost in corals of 0.152 J mg−1 CaCO3, and a metabolic
onversion efficiency of 0.75 (Anthony et al., 2002), the value of

 for corals is 32.93 mg  CaCO3 mg−1 coral tissue. Given that the
alorific value of calcifying algae tissue is approximately one tenth
hat of coral tissue (Paine and Vadas, 1969; Littler and Kauker, 1984)
e have estimated �CA as 10% of the conversion factor for corals.

Biological reef eroders include parrotfishes, sea urchins, bor-
ng sponges, polychaete worms, mollusks and others (Glynn, 1996)

ut only the former two are significant bioeroders in Kenyan reefs
Carreiro-Silva and McClanahan, 2001). Erosion of live coral skele-
on by parrotfishes and corallivorous fish is low (Glynn, 1996;
ayewardene and Birkeland, 2006; Jayewardene et al., 2009) but
e and transformation of particulate and dissolved organic matter in a coral reef

the eroding effect by parrotfishes on reef framework is of some
consideration (Alwany et al., 2009; Bellwood, 1995; Bruggemann
et al., 1996; Hoey and Bellwood, 2008). The erosion rate of scarids
on reef framework (εSC) depends heavily on their feeding mode
(i.e. scrapers versus excavators) (Alwany et al., 2009; Hoey and
Bellwood, 2008) and we have estimated an overall daily rate of
1 g CaCO3 ingested per g fish biomass (Hoey and Bellwood, 2008).
Sea urchins have lower rates of bioerosion on reef framework
(0.004–0.023 g CaCO3 g ww d−1) but can have a major effect at
high abundance (Brown-Saracino et al., 2007; Carreiro-Silva and
McClanahan, 2001). Based on results obtained in Kenyan reefs, we
have estimated a daily erosion rate of urchins on reef framework
(εAI) of 0.011 g CaCO3 g−1 ww urchin and proportional to exposed
framework. Thus, we have parameterized the bioerosion terms in
Eqs. (22) and (23) as:

EKi = ˙jCij · �ij, (26)

where Cij is the consumption of i by j, and � ij is a coefficient of
bioerosion proportionality between biomass consumed and eroded
skeleton (Table s.7 in the supplementary material); and:

EW = (BSC · εSC + BAI · εAI) · (ST + STA), (27)

where BSC, BAI, εSC and εAI are the biomass and biomass-specific
erosion rates of scraper-excavator fish and algivore invertebrates,
respectively, and ST and STA are the benthic cover of exposed reef
framework (transient cover) and turf algae, respectively.

Herbivory on calcifying algae and corallivory, while generally
having little effect on skeletal erosion, provide clear substrates for
colonization by benthic organisms (Bellwood, 1995; Bruggemann

et al., 1996) and contribute to benthic space dynamics by trans-
ferring the exposed substrate to the reef framework, as do other
processes such as coral mortality due to algal interactions, bleach-
ing or disease. To quantify the amount of skeleton loss caused by
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benthic cover space is only a relatively small fraction of the total
carbonate skeleton deposited. In massive corals, this is limited to
the new skeleton deposited in the outer margin at the base of
the colony; in branching corals, in addition, it includes the lateral
growth in peripheral branches overgrowing other substrata. We
have parameterized benthic space gained due to lateral expansion
as:
34 C. Ruiz Sebastián, T.R. McClanahan / 

ortality and consumption processes we define the coefficient ˇ
cover reduction ratio) as the fraction of lost biomass that results
n loss of benthic cover. We  have estimated cover reduction ratio
alues of 0.08, 0.03, 0.07 and 0.03 for herbivory on turf, fleshy,
alcifying algae and seagrass, respectively, and a value of 0.01 for
orallivory. Thus, the skeleton loss due to consumption and mor-
ality (LK in Eqs. (22) and (23)) can be expressed as:

Ki =
(Ci + Ii) · ˇi

ıi
· Ki
�i · Si

, (28)

here Ci and Ii are the amounts of biomass lost to consumption
nd non-trophic interactions, respectively, ˇi is the cover reduction
atio and ıi is the biomass density. Therefore the first term in Eq.
28) represents the amount of lost benthic surface area and the
econd term is used to normalize lost benthic space to planar area
nd calculate the amount of skeleton in the lost area. Ki, �i and Si
re skeleton mass, surface index and benthic space, respectively.

.5.2. Reef topography
Reef topography exerts a substantial influence on benthic pro-

esses as it affects the amount of physical space available to sessile
rganisms and therefore benthic productivity, and its influence
xtends to pelagic reef inhabitants though trophic cascades and
abitat heterogeneity. Measurements of reef topography in field
tudies are usually recorded as reef rugosity, a measure of the
atio between three-dimensional and planar surface area in reefs,
ith values usually ranging between ∼1 and 2 worldwide (Holmes,

008) and between 1.12 and 1.5 in the western Indian Ocean (Garpe
nd Öhman, 2003; McClanahan, 1994). However, the techniques
sed in measurements of reef rugosity do not differentiate between
enthic complexity due to reef framework topography and rugosity
ue to the supporting structures of live organisms. This distinc-
ion merits consideration in a process-based model as both levels
f benthic complexity exert their influence on different processes.
e  define framework complexity (ω) as the ratio between the

hree-dimensional and planar surface area of the reef framework,
nd surface index (�) as the ratio between the three-dimensional
nd planar surface area of calcifying benthic organisms. Framework
omplexity affects mainly the dynamics of benthic space, whereas
urface indices play a more important role in the energy budgets of
enthic groups, particularly on corals.

The surface area (SAi in Eq. (5)) occupied by benthic groups is
alculated from the product of planar space, reef framework com-
lexity and surface index, as:

Ai = Si · ω · �i (29)

Holmes (2008) estimated the surface index of massive and sub-
assive corals as 3.2 and 5.9, respectively, and that of branching

nd foliose forms as 6.3 and 3, respectively. In order to reflect
hanges in surface index with skeleton dynamics, we have param-
terized � as a function of skeleton mass, as follows:

MC = 0.8 + 3

1 + 10(1.05−0.000021·KMC)
, and (30)

BC = 0.8 + 3.5

1 + 10(1−0.000025·KBC)
(31)

or massive and branching corals respectively. We  have calibrated
hese curves based on ellipsoid geometry and an average mass den-
ity of coral skeleton of 1.5 g cm−3 for massive corals (see Fig. s.4
n the supplementary material for more details). The surface index
n turf and fleshy algae cover is considered to be 1, as is for calcify-

ng algae, for which we have assumed that the increase in surface
rea due to skeletal structure does not enhance significantly the
ffect of reef framework complexity. Given that skeletal growth in
orals overlaps framework complexity, the cumulative factoring of
ical Modelling 263 (2013) 326– 348

ω and � in corals may  lead to overestimating surface area; we  have
compensated for this effect by using lower maxima surface index
values (3.8 for massive and 4.3 for branching corals) with respect to
those reported by Holmes (2008). The relationship between mass
of reef framework (W) and reef framework complexity (ω) is diffi-
cult to ascertain and we have assumed a general value of ω = 1.3 for
western Indian Ocean reefs (Garpe and Öhman, 2003; McClanahan,
1994) regardless of framework dynamics.

2.6. Reef substrate dynamics

Reef benthic space is a critical resource for sessile organisms
and a determinant factor in the standing stock and productivity
of macrophytes and corals. Benthic cover dynamics were briefly
introduced above with reference to Fig. 2 and described in Eq. (3).
In our model, benthic cover is the basic currency of spatial area
for benthic organisms and its unit is a fraction of the total area
represented by the model virtual space. For simplicity, we make
an explicit distinction between sandy and hard substrates in the
reef, with sand cover being exclusively available to seagrass while
hard substrate can only be occupied by the other benthic groups.
No explicit processes have been modeled to simulate the dynamics
between sand cover and hard substrates.

The basic processes driving benthic cover dynamics are cover
gains due to recruitment (either on transient reef space or into
already occupied but suitable settlement space, i.e. encroachment)
and lateral expansion (or overgrowth), and cover losses due to
extirpation (during herbivory and corallivory) and interactions
(such as algal allelopathy). This was introduced earlier (Eq. (3)) and
these processes can be parameterized as:

dSi
dt

= ˙j(Sj · gij + SEij) − ˇi
�i · ıi

· (˙kBk · cik + ˙lBi · inil) (32)

where dSi/dt is the change in benthic cover in benthic group i, Sj is
the benthic cover of group j, gij is the recruitment rate of benthic
group i on group j (Table s.8 in the supplementary material), SEij is
the space gained by overgrowth of i on j due to lateral expansion, ˇi
is the corresponding cover reduction ratio, �i is the surface index
of i and ıi is the biomass density of i. The last two terms in Eq.
(32) correspond to the biomass of i lost due to consumption and
non-trophic interactions, respectively. Recruitment rates in corals
are linearly correlated with free space and unrelated to coral cover
(Connell et al., 1997).

Coral lateral growth results in cover gains at the expense of
transient or algal cover (coral–coral overgrowth is assumed to be
neutral for simplicity). Lateral extension of coral colonies is a con-
sequence of the calcification process whereby calcium carbonate
is deposited at the growing edges of the coral colony. Thus, the
amount of deposited carbonate that actually results in a gain in
SEi =
PKi

SAi · kdi
· lai · cor, (33)
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bleaching events is then expressed as:
ig. 5. Benthic cover in Kenyan reefs. Comparison of benthic cover percentage betw
oints)  and simulations for scenario A (solid line) and B (dotted line) generated with
oefficients of determination (R2) between the observational data set and model si

here PKi is the mass of calcium carbonate deposited (Eq. (25)),
Ai is the surface area (Eq. (29)), kdi is the mass density of coral
keleton, lai is the fraction of the volume of deposited carbonate
esulting in lateral expansion, and cor is a coral–coral overgrowth
eduction factor. Mass density of coral skeleton was estimated as
.5 g cm−3 and 1.91 g cm−3 for massive and branching forms respec-
ively based on the average of values in Carricart-Ganivet et al.
2008), Hughes (1987) and Mallela (2007). The lateralization factor
lai) is highly dependent on colony radius and branching complex-
ty and we have estimated values of 0.0055 and 0.0078 for massive
nd branching forms respectively. Coral-coral overgrowth reduc-
ion has been parameterized as a sigmoid function of total coral
over, as:

or = 1

1 + 104·(SMC+SBC)−2
(34)

Total lateral expansion has been apportioned proportionally to
he relative cover of overgrown substratum type, as:

Eij = SEj ·
Si

ST + STA + SFA + SCA
(35)

.7. Fisheries

Coral reef fisheries are dominated by artisanal techniques using
 variety of gears, including traps, beach seine nets, gill nets, hand
ines and spear guns (Jiddawi and Öhman, 2002; McClanahan et al.,
008; van der Elst et al., 2005). Gear characteristics and fisheries
ethods result in selective catches where certain functional groups

re caught more frequently than others (Cinner et al., 2009).
Equation (2) defined Fi as the biomass of fish group i captured
y fisheries. This term can thus be formulated as Fi = �jFij where Fij
s the amount of fish i captured by fishery j. The total fishery catch
or fishery j (denoted as FCj) can be formulated as FCj = �iFij. The
artial catch Fij can be parameterized as a function of fishing effort,
long-term observational data set from field surveys in protected Kenyan reefs (data
AFFEE model. Data points with yellow interior correspond to the 1999 observation.
ions for scenarios A and B are given for each functional group.

gear-guild selectivity and fish biomass and catchability, as in the
equation:

dFij
dt

= nfj · mtj · ˙j ij ·
Bi
B0
i

, (36)

where nfj represents fishing effort as number of fishermen per
hectare, mtj is the maximum daily take per fisherman,  ij is the
catch ratio of guild i by fishery j, Bi is the biomass of guild i and
B0
i

is a pre-fisheries reference biomass of guild i. Catch composi-
tion data on artisanal fisheries were used to calculate the fisheries
catch-guild ratios ( ).

The present paper focuses on recovery of reefs from fishing and
coral mortality and fishing effort is set to zero. Subsequent studies
will examine the influences of fishing on the reef ecosystem.

2.8. Bleaching events

A coral bleaching event is the loss of the coral’s photosynthetic
symbionts resulting in a reduction in autotrophic production. As
a consequence of this reduction, coral metabolic demands and
ecological interactions result in a loss of coral biomass, mortality
and reduction of benthic cover. An increase in consumption and
heterotrophic production has been postulated as a mechanism to
compensate for these losses (Grottoli et al., 2006). These processes
have been taken into consideration in CAFFEE by including two  fac-
tors in the energy budget of corals (Eq. (6)): sri, which is a symbiont
ratio in coral group i; and hci, which is a heterotrophic compen-
sation factor for coral group i. The coral energy budget including
dBi
dt

=  [Bi · (sri · gpi − ri − epi − edi − aci) + aei · pei · ˙jBi · hci · cji]

·(1 − cai) − ˙kBk · cik (37)
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Fig. 6. Fish and invertebrate biomass in Kenyan reefs. Comparison of fish and invertebrate biomass between a long-term observational data set from field surveys in protected
K  line) 

t  data s

d
b
i
s
r
s

s

w
f
s
p
i

enyan reefs (data points) and simulations for scenario A (solid line) and B (dotted
he  1999 observation. Coefficients of determination (R2) between the observational

The symbiont ratio is a relative measure of symbiont biomass
efined as the ratio between current and average values. As sym-
iont dynamics are not explicitly modeled in CAFFEE, this ratio

s assumed to be 1 except while recovering from the effects of a
imulated bleaching event. We  have assumed that symbionts are
e-acquired by corals at a constant rate and have parameterized
ymbiont ratio as:

ri(t) = 1 − BEint + BEint · BErr · (t − tBE) (38)

here BEint is the intensity of the bleaching event, given as the

raction of symbionts lost, BErr is the coral’s rate of recovery of
ymbionts, and tBE is the time of the bleaching event. These three
arameters are mandatory inputs for simulations including bleach-

ng events.
generated with the CAFFEE model. Data points with yellow interior correspond to
et and model simulations for scenarios A and B are given for each functional group.

2.9. Model calibration

Conceptually, the CAFFEE food web and its associated pro-
cesses are representative of East African coral reefs, but given that
regional ecophysiological studies are scarce, most parameters used
in calibrating CAFFEE have been extracted from studies realized
elsewhere. These values have been either used directly as presented
in their original publications or derived using standard conventions
or related literature. These conversions are listed in Table s.9 in the
supplementary material. Values for parameters such as preyabil-
ity indices, competition coefficients and non-predatory mortality

rates have been indirectly derived from heuristic model runs of the
computer model.

CAFFEE has been implemented as a computer application using
STELLA Modeling and Simulation Software (version 9.1.4). Model
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Table 2
State variables and productivity ratios for benthic functional groups in scenario A and B simulations. B0 and B are initial and final biomass density (in kg ha−1); S0 and S
are  initial and final benthic space occupied (as a fraction of total); and K0 and K are initial and final skeleton mass (in kg CaCO3 ha−1). Pn:B is an estimate of the annual net
production to biomass ratio (calculated as factor of the instantaneous ratio, not accumulative). Pg:R is the instantaneous gross productivity to respiration ratio. NPP is an
estimate of the aerial daily net productivity. Values for these ratios are shown as average ± standard deviation of the values obtained at 30-day intervals throughout the
40-year simulation run.

Functional group B0 B S0 S K0 K Pn:B Pg:R NPP (g C m−2 d−1)

Scenario A
Turf algae 7509.67 246.07 0.6745 0.0139 – – 20.09 ± 0.97 1.84 ± 0.04 0.626 ± 0.531
Fleshy  algae 1527.34 1897.51 0.0313 0.0366 – – 8.85 ± 0.99 2.93 ± 0.23 0.239 ± 0.054
Calcifying algae 22.80 1278.57 0.0076 0.2749 2000 174,729.01 10.47 ± 1.25 2.26 ± 0.17 0.122 ± 0.060
Seagrass 469.70 1155.62 0.0154 0.0299 – – 4.32 ± 0.59 1.57 ± 0.08 0.056 ± 0.008
Massive corals 866.97 5661.70 0.0889 0.2683 30,000 994,959.31 1.65 ± 0.24 1.16 ± 0.02 0.195 ± 0.040
Branching corals 748.80 4306.34 0.0960 0.3256 42,000 1,518,241.20 2.53 ± 0.29 1.15 ± 0.02 0.230 ± 0.045

Scenario B
Turf algae 7509.67 4431.03 0.6745 0.2565 – – 20.97 ± 0.97 1.88 ± 0.04 1.175 ± 0.379
Fleshy algae 1527.34 4365.39 0.0313 0.1014 – – 9.79 ± 0.72 3.15 ± 0.16 0.323 ± 0.047
Calcifying algae 22.80 890.71 0.0076 0.2116 2000 123,360.41 11.32 ± 0.89 2.37 ± 0.12 0.101 ± 0.043

s
d
f

2

b
p
T
t
p
t
m
t
W
b
u
o
b
i

Seagrass 469.70 827.51 0.0154 0.0242 – 

Massive corals 866.97 3663.06 0.0889 0.1715 30,000 

Branching corals 748.80 2213.36 0.0960 0.1705 42,000 

imulation runs presented in this paper used a time-step of 0.25
ays which smoothed the integration of microbial and higher-level
unctional groups.

.10. Model validation

To validate our model, we used a data set of fish and inverte-
rate biomass and benthic cover observations compiled over the
ast 20 years, with the first observations dating back to 1988.
his data set includes observations recorded in 8 study areas along
he Kenyan coast and includes coral reefs that have been afforded
rotection or fisheries closure status at different times during
he time frame of this data set (Table s.10 in the supplementary

aterial). It also includes sites that have been exempt from pro-
ection and that have been extensively used as fisheries grounds.

e extracted subsets from this data set to compare reef dynamics
etween observed data and simulations from the model. In partic-
lar, we compared the dynamics of state variables such as biomass
f fish and invertebrate functional groups or percentage cover of
enthic space with field data. The following scenarios were exam-

ned:

Scenario A – Reefs closed to fishing (protected): We  used observa-
tional data from 4 study areas that have been closed to fishing
for a time interval ranging from 43 years (Malindi) to 6 years
(Vipingo) and constructed a 40-year time-overlap series of reef
recovery from fishing. Initial values of functional group biomass
and benthic cover were obtained from the first observations
in the data set and used as initial conditions in 40-year model
simulations. Reefs at the time of closure had low fish biomass and
were generally dominated by sea urchins and associated states of
the benthic community (O’Leary and McClanahan, 2010).

Scenario B – Protected reefs and bleaching events: Using the same
initial conditions as in the previous scenario, we  ran model simu-
lations including a bleaching event designed to resemble the 1998
massive bleaching event that caused severe bleaching and coral
mortality in Kenyan reefs (McClanahan et al., 2001). We  parame-
terized this event in our model using a bleaching intensity of 80%,
symbiont recovery rate of 0.007 d−1 and heterotrophic compensa-
tion of 1 (i.e. no increase in heterotrophy). This scenario represents

the context for the empirical field data where the dual effects
of recovery from fishing and a large temperature anomaly and
associated coral mortality influenced the observational time series
(McClanahan, 2008).
– 4.87 ± 0.44 1.64 ± 0.06 0.053 ± 0.005
282,557.40 1.72 ± 0.82 1.17 ± 0.08 0.134 ± 0.075
203,252.54 2.66 ± 1.41 1.15 ± 0.08 0.135 ± 0.087

3. Results and discussion

3.1. Model fit to observational data

The percentage of benthic cover and the biomass of fish and
invertebrate functional groups in the CAFFEE simulations for sce-
narios A and B indicate the importance of using simulations
that realistically reflect the observational data (Figs. 5 and 6).
The data set of benthic cover observations in Kenyan reefs pro-
tected from fishing offers a good reference for the drastic shift
in coral reef benthic communities after the 1998 massive coral
mortality. The simulations generated by the CAFFEE model for
scenario A (without bleaching events) showed staggered changes
reflected in declining turf algae over the full time series, a small
rise and subsequent decline in fleshy algae a few years after the
closures and a 20 year recovery of hard coral from 20% to 60%
cover, and slow continuous rise in calcifying algae for the full 40
years (Fig. 5). This pattern may  be realistic for changes associated
with reef recovery from fishing and high sea urchin abundance
and grazing (O’Leary and McClanahan, 2010) but showed poorer
fits with the observed values of reef cover for hard corals and
turf algae that were disturbed by the 1998 thermal anomaly
(Fig. 5).

When the 1998 bleaching event was included in the simulations
(scenario B), the fit with observational data improved considerably
for hard corals and turf algae. Kenya’s protected reefs comprised
as much as 40% coral cover before the bleaching event but cover
was reduced to ∼10% after the event (Fig. 5; McClanahan et al.,
2001). In the simulation, the main beneficiary of this coral mor-
tality was algal turf, which increased from ∼30% to almost 60% of
the total cover. The cover of fleshy algae increased slightly and cal-
cifying algae decreased slightly after bleaching in the simulation.
Field data from Kenyan sites after the 1998 bleaching showed an
increase in turf algae from 31 to 59%, fleshy algae increased from 5%
to 10% of the cover, and the two  groups of calcifying algae (red and
green) showed different responses but an overall decline of 32% of
their initial cover (McClanahan et al., 2001). The model responses
are similar to the field data but there is some evidence that red cal-
cifying algae underwent a recovery a few years after the bleaching
event (O’Leary and McClanahan, 2010), which was not evident in
the simulation where the fleshy algae stayed above and the calcify-
ing algae stayed below the control run over time. It should be noted

that, because the studied reefs were at different ages of protec-
tion when the bleaching event occurred, our simulations included
the simulated bleaching event at two  different times, producing a
saw-shaped simulation that corresponds to the observational data
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n the year and time since closure to fishing that the bleaching
ccurred.

Initial and final biomass, benthic cover and skeletal mass for the
imulations in scenario A led to coral-dominated benthic commu-
ities, where hard corals occupied 60% of benthic space, calcifying
lgae 27.5%, and the rest of the macrophyte groups combined made
p 8% (Table 2). Scenario B simulations by contrast resulted in a turf
nd fleshy algae cover of almost 40% while hard coral was only 34%
f benthic space. Consequently, thermal disturbances may  explain
ome of the unexpected changes seen in these protected reefs over
he period of closure from fishing (McClanahan, in review).

The two scenarios also influence the fish and sea urchins changes
n the simulations and probably in the observational data (Fig. 6;

cClanahan et al., 2002a). Scenario A simulations showed general
ncreases in most fish groups over time and a steady decline in
ea urchins over the first 20 years of closure. There are also small
eclines in fish biomass in the final years of the simulation that
re associated with changes in benthic cover and associated pro-
uctivity but also changes in food sources and trophic interactions
f the different functional groups. For example, herbivore biomass
eclined with the reduction of macrophyte cover and aerial pro-
uctivity of turf algae (Fig. s.5c), leading to an increased intake of
ietary items with less productivity (Fig. s.7). A previous empirical
valuation of these fisheries closures reported a decline in biomass
nd suggested it was associated with increased calcifying algae and
educed net production in the oldest closures (McClanahan and
raham, 2005), which is seen in the model’s benthic productivity

rajectories (Fig. s.5).
The model trajectories for the biomass of fish and invertebrate

roups were clearly different between scenario A and B simula-
ions for the primary consumers functional groups but similar for
he higher trophic levels. Scenario B trajectories generally had a

uch better fit to the field data than those of scenario A indicat-
ng bleaching effects on the consumer groups with coral mortality
Wilson et al., 2006). For all the fish and invertebrate groups, except
or corallivores, biomass levels at the end of the simulation were
levated in the bleaching scenario relative to the recovery from
shing without bleaching (Table 3). Large grazers and detritivores

n particular had strong responses to the reversal to turf-dominated
enthos derived from bleaching events. Fish biomass in these
roups at the end of the simulation with bleaching was  two- to
our-fold that of the non-bleaching scenario. In contrast, corallivore
iomass declined sharply following bleaching events but recov-
red steadily afterwards reaching similar levels at the end of the
imulations in both scenarios. Observational data after bleaching
vents has shown increases in surgeonfish, mostly detritivorous
ypes such as Ctenochaetus, but also some browsers and declines
n coral-eating butterflyfish (Chong-Seng et al., 2012; McClanahan
t al., 2002a). Sustained increases in herbivore biomass associated
ith high levels of turf and coralline algae after severe bleach-

ng have also been reported in western Australian reefs (Gilmour
t al., 2013). Carnivorous fish groups had weakly positive immedi-
te responses to bleaching events but maintained elevated biomass
t the end of the bleaching scenario, in contrast with the steady
iomass decline in the scenario without bleaching. Some fish that
eed on micro-invertebrates, such as angelfish and mixed feeders,
an also increase along with piscivores but responses can overall be
ixed, weak, species specific, and time and disturbance-intensity

ependent (Chong-Seng et al., 2012; Pratchett et al., 2008). The
odel, therefore, predicts fish are most influenced by organic pro-

uction increases and trophic interaction that occur when algae
nd its productivity increases and possibly less reliable concerning
abitat requirements, which can often be reflected in the losses of

ensitive fish species after coral mortality (Chong-Seng et al., 2012;
raham et al., 2008, 2011).
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.2. Ecosystem productivity

Annual net productivity to biomass ratio (Pn:B) of benthic
acrophytes (Table 2) showed average production turnover rates

n the Scenario A simulations ranging from 4.32 yr−1 for sea-
rasses to 20.09 yr−1 for turf algae. All benthic groups experienced
light (4–12%) productivity increases in the Scenario B simulations.
hese ratios remained fairly constant during the 40-yr simula-
ions (Fig. s.5a) with only the turf algae showing a moderate and
ulsed increase in productivity response after bleaching events. The
n:B ratios obtained were similar to production turnover values
sed in Ecopath models by Bozec et al. (2004), Opitz (1996) and
udman (2001), and similar temporary increases in net production
ave been reported in bleached reefs (Kayanne et al., 2005). The
nnual production turnover of hard corals in the simulations was
.72 yr−1 and 2.66 yr−1 for massive and branching forms respec-
ively (in Scenario B); these values are slightly higher than the
alues (0.37–1.8 yr−1) used in Opitz (1996). These ratios were fairly
onstant throughout the simulation except for the period follow-
ng the simulated bleaching events where Pn:B reached temporary

inima below −7 and −12 for massive and branching corals respec-
ively (Fig. s.5a).

Productivity-respiration ratios Pg:R in turf algae (1.88 ± 0.04)
ere fairly constant throughout the simulation, with values that are

ower than what has been described in the literature. For example,
urf algae Pg:R ratios of ∼3 have been reported by Dhargalkar and
haikh (2000) and by Rogers and Salesky (1981) whereas Carpenter
1985) estimated a range of Pg:R values for turfs of 4.19–7.29. Fleshy
lgae Pg:R ratio showed little variation (Fig. s.5b) around the aver-
ge value of 3.15, a value well in the range of those reported in
ther studies (Dhargalkar and Shaikh, 2000; Rogers and Salesky,
981; Wanders, 1976a,b). On the calcifying algae, the Pg:R ratio
as also fairly constant throughout the simulation, with a value of

.37 ± 0.12, similar to those reported by Chisholm (2003), Martin
t al. (2006) and Wanders (1976a). With respect to seagrasses, their
g:R ratio was also constant throughout the simulation, and its aver-
ge value of 1.64 ± 0.06 was slightly higher than previous found in

 field study by Ziegler and Benner (1999).
Overall daily benthic production in the scenario A simula-

ion was 1.47 ± 0.41 g C m−2 d−1, with 42.6%, 28.9% and 16.2%
orresponding to turf algae, hard corals, and fleshy algae, respec-
ively (Table 2). A comparatively higher benthic production of
.92 ± 0.30 g C m−2 d−1 was found with the scenario B simulations,
ith the main contributors being turf algae (61.2%), fleshy algae

16.8%) and hard corals (14.0%). These scenarios reflect the trade
ff in inorganic (calcium carbonate) and organic production in
oral reefs that can be influenced by bleaching and coral mortality
McClanahan et al., 2002b).

The Pn:B ratios of consumer functional groups where gener-
lly in good agreement with comparable values in other coral
eef ecosystem models (Table 3) although some fish groups
scraper-excavators, micro-detritivores and micro-invertivores)
ad comparatively lower production turnover values. Most groups
ad higher Pn:B ratios in Scenario B simulations as they benefitted
irectly or indirectly from increased benthic organic production.
ne obvious exception was the corallivorous groups where Pn:B
nd biomass decreased as a consequence of the reduction in con-
umption. Zooplankton and micro-invertebrates also had slightly
ower Pn:B ratios in the bleaching scenario but their standing stocks
ncreased, suggesting a reduction in predation intensity by corals
or the former, and by macro-invertivores for the latter.
.3. Consumption processes

The biomass-specific consumption rates of the consumer func-
ional groups values are, in general, in agreement with C:B ratios
ical Modelling 263 (2013) 326– 348 339

used in other coral reef trophic models (Table 3). Overall, there
were only minor differences in C:B ratios between the two sce-
narios, with Scenario B elevating consumption and production in
the fish consumers relative to Scenario A, due to greater organic
than inorganic production in Scenario B. The most common effect
of the thermal anomaly on consumption rates was  a short-term
increase in herbivorous and detritivorous group consumption and
decrease in corallivores (Fig. s.6). This increase in consumption and
temporary increases in the biomass of herbivore/detritivores have
been observed after mass mortalities of sea urchins and bleaching
events (McClanahan et al., 2002a; Robertson, 1991). More com-
plex responses of consumption rates to the thermal anomaly were
observed in planktivores, piscivores, pisci-invertivores and micro-
invertivores where bleaching resulted in a longer-term elevation
of consumption rates, which can be associated with the increased
availability of food sources with higher productivity levels. Thus,
the increase in planktivore fish feeding rates follows from high POM
production rates, mostly by macrophytes, after bleaching events
(see Section 3.5), and piscivores and pisci-invertivores increased
their dietary intake of food items with higher productivity (e.g.
planktivores, micro-detritivores) (Fig. 7). Piscivores are generally
least affected by coral mortality, and it might be expected that their
prey are easier to capture after coral mortality although this is not
a well-studied aspect of reef ecology studies (Wilson et al., 2006).
Nevertheless, Pistorius and Taylor (2009) have suggested that there
is a delayed effect of coral mortality on piscivorous fish based on a
time series of catches in the remote Aldabra reefs.

The trajectories of the diet composition of the consumer
functional groups in Scenario A indicate a transition from an
algae–herbivores-dominated ecosystem to a coral–carnivores-
dominated ecosystem as the time since stopping fishing increased
(Fig. 7; Fig. s.7 in the supplementary material). Herbivorous fish
shifted their diets toward an increase in their intake of seagrass
and calcifying algae once algal turf became less abundant, which
reflects the many studies that find diet changes from poorly to
highly defended plants with increased herbivory (Hay, 1996). Addi-
tionally, the transition from organic production with low trophic
dominance to inorganic production and higher trophic levels is
commonly reported and a dominant paradigm in reef ecology
(DeMartini et al., 2008; McClanahan and Shafir, 1990; Sandin et al.,
2008). The bleaching events in Scenario B simulations strongly
modified the overall organic to inorganic production and herbi-
vores maintained a more regular diet composition due to the
resetting effect of bleaching mortality on benthic cover toward
early successional algae.

The diet of macro-invertivores, mainly urchins at the begin-
ning of the simulations, became mostly micro-invertebrates after
17 years for Scenario A and after 23 years in Scenario B (Fig. s.7 in
the supplementary material). Bleaching increases the persistence
of the algivore and detritivore invertebrates and reduced coral-
livore and micro-invertebrates in the diet of macro-invertivores.
Corallivores increased the consumption of massive over branch-
ing corals and planktivores increased the zooplankton diet fraction
over pelagic POM for a few years after the bleaching event. Coralli-
vores are the best studied group (Cole et al., 2008), and switching
diets is commonly observed for corallivores from studies of the
same species in locations with different prey but consumption of
massive species has also been shown to reduce the health of some
butterflyfish (Berumen et al., 2005; Berumen and Pratchett, 2008;
Graham, 2007). Nevertheless, there are many non-butterflyfish that
feed on massive species and some were observed to do consid-
erable damage to massive Porites after the 1998 bleaching event

(McClanahan et al., 2005).

Changes in feeding of the same species across bleaching events
have not been studied but the response is expected to be species-
dependent, influenced by the fidelity of their diet and obligate coral
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Fig. 7. Diet fractions. Trajectories of the dietary composition of selected functional groups during the CAFFEE simulations for scenario A (left column graphs) and scenario B
(right  column graphs). Graphs for the rest of the functional groups can be seen in Fig. s7 in the supplemental materials.
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eeder populations often decline while facultative coral feeders
how little change after high levels of coral mortality (Pratchett
t al., 2006). Fewer studies have been undertaken on diet changes
n macro-invertivores after reduced fishing effort and bleaching but
his gross pattern of switching to smaller invertebrates is consis-
ent with other types of disturbances, such as declines in sea urchins
Robertson, 1987).

.4. Energy balance
Stopping fishing in the model resulted in an initial increase in
iomass growth rate for all consumer functional groups except
or the algivore invertebrates (Fig. s.8 in the supplementary

aterial), followed by a steady decline which stabilized at growth
and scenario B (dotted lines). (a) Production rate and sources of reef POM and (b)
M and (f) DOM.

rates between ±0.02% biomass per day about ten years into the sim-
ulations. Scenario B simulations showed peaks of positive growth
rate around bleaching events in all groups except for corallivores.
Empirical studies of the early stages of fisheries closures frequently
report rapid recovery among fast-growing species but a decline
in growth and slow recovery in the later stages after closure
(McClanahan et al., 2008; Russ and Alcala, 2004).

The trajectories of the ratios of respiration, predation and
non-predatory mortality to the biomass produced throughout the
simulations indicated that metabolic respiration used 30–70% of

the produced energy in most groups, with predation generally
taking a secondary role of 20–30% of the production (Fig. s.9).
Non-predatory mortality showed peaks of production utilization
in contexts of reduced predation.
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c)  consumption rate of reef POM and (d) export rates of reef and pelagic POM.

.5. Flow of detrital organic matter

Algae fragments, followed by invertebrate and zooplankton
xcreta and carcasses, dominated the production of POM in all the
imulations (Fig. 8a). Lesser contributions to the POM pool were
rom the organic releases of fish and corals. In the Scenario A, POM
roduction from all sources decreased as the time since fishery
losure increased, which was driven by the reduction in benthic
acrophyte cover, so that fish and coral POM release play a larger

elative role by the end of the 40 year simulation. Bleaching events
n Scenario B had the effect of re-setting the reef POM production to
igher levels as algae dominated the reef again. Reef DOM dynamics

ollowed the same patterns (Fig. 8b), with a substantial contribution
rom reef POM into DOM production.

The model’s patterns of organic release are consistent with
xperimental observations where algae are reported to release
reater organic carbon than corals (Haas et al., 2011). This
reates increased microbial populations and oxygen demand
hat have been observed across fishing and nutrient gradi-
nts (Haas et al., 2009, 2011). A gradient of exposure to
ifferent levels of fishing in the Pacific found patterns in

ine with our simulations of recovery of fishing effects over
ime in terms of the benthic cover changes where domi-
ance of inorganic carbon producers increased and the release
f organic carbon was reduced with declining fishing impacts
Sandin et al., 2008; Haas et al., 2011). Field studies also
ndicate that bleaching and coral mortality rapidly increases
lgal cover and the release of DOC and POC, which stimulates

icrobes, of which some may  promote diseases that are fre-

uently reported along with increases in algae after nutrification,
leaching, and coral mortality (Bourne et al., 2008; Haapkylä et al.,
011; McClanahan et al., 2004; Nugues et al., 2004).
and scenario B (dotted lines). (a) Utilization of pelagic POM and (b) DOM production,

Reef POM produced in the model was either consumed in situ or
exported to the water column in similar percentages (∼40%) while
the remainder (<20%) was  converted to dissolved organic matter
(Fig. 8c). These values changed little in Scenario B simulations with
short-term reductions to consumption due to coral mortality. The
proportion of consumed DOM increased in the absence of bleach-
ing events as reef DOM stocks declined and bleaching events had
a balancing effect on DOM utilization rates (Fig. 8d). Invertebrates
dominated detritus consumption but their role declined over the
time since closure to fishing. In contrast, fish, corals and zoo-
plankton had lower and more stable consumption rates of detritus
throughout the Scenario B simulations (Fig. 8e), a consequence of
high sea urchin and other invertebrate abundance in fished reefs.
Bleaching increased the consumption of POM by zooplankton and
fish but the loss of living coral tissue led to a decline in their con-
sumption rates of both POM and DOM (Fig. 8f). There was a very
temporary increase in the consumption of DOM  by microplankton
after bleaching but this eventually lead to a lower levels as other
groups consumed more POM and DOM. Consumption trends fol-
lowed POM production rates in their response to reduced fishing
and bleaching events, an indication of bottom-up control along this
trophic pathway.

Detritus that was exported to the pelagic system in the
model had similar dynamics to the detritus maintained in the
coral reef (Fig. 9a–c). Detrital matter leaving the system (either
buried in sandy sediments, transported offshore or deposited
onshore) was approximately 12% of the POM produced in both
scenarios (11.5 ± 0.6% and 12.0 ± 0.4%, for scenarios A and B

respectively; Fig. 9d). Exported POM was  mainly in the form
of macrophytal detritus deposited on the beach (7.24 ± 3.99
and 11.51 ± 2.80 kg ha−1 d−1, for scenarios A and B respec-
tively) and transported to pelagic waters surrounding the reef
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5.43 ± 2.99 kg ha−1 d−1 and 8.63 ± 2.10 kg ha−1 d−1, for A and B
espectively). The amount of POM buried in sandy sediments
as comparatively much smaller at 0.21 ± 0.02 kg ha−1 d−1 and

.22 ± 0.01 kg ha−1 d−1 for A and B respectively. The amount of
lgae and seagrass detritus exported onshore was  equivalent to
2.5% of macrophytal NPP in both scenarios. There are few field

tudies of the amount of reef algae exported but seagrass studies
how highly variable estimates from 1% to 77% of the NPP with
verage values of around 28% (Heck et al., 2008). Seagrass may  be a
oor analog for algae, which is expected to be consumed at a higher
ate and exported at a lower rate than seagrass.

.6. Reef space and framework dynamics
Coral lateral expansion, rather than colonization, was  the main
ontributor to coral progressive dominance of benthic cover in
he non-bleaching scenario (Fig. 10a and b; Table s.11 in the
sive corals, (c) turf algae, (d) fleshy algae and (e) calcifying algae during the CAFFEE

supplementary material). This trend decreased as coral cover
increased and colonization became the main contributor to gain-
ing space 30 years into this simulation as non-calcifying algae cover
declined and calcifying algae increased. Field studies have shown
that regrowth and lateral expansion is consistently found to be a
dominant form of expansion by corals in the early stages of recovery
(van Woesik et al., 2011). Coral recruitment rates may be more sen-
sitive to benthic cover conditions and a study in Kenya found higher
larval recruitment of corals along a fishing gradient where coralline
algae and recruitment rates increased with declining fishing impact
(O’Leary et al., 2012).

Corallivory played a relatively small role in cover losses for
corals, secondary to mortality by algae, which has been argued

to be the most common case for coral reef population dynamics
(Mumby, 2009a). Rates of cover loss during bleaching were three
orders of magnitude higher than colonization rates and two  orders
of magnitude higher than algal overgrowth rates (Table s.11 in the
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upplementary material). Bleaching, while episodic, is a major con-
ributor to coral loss relative to other sources of mortality, which
re more constant but can control responses over longer periods
f time (Ledlie et al., 2007; Mumby, 2009b). Herbivory was the
ain cause of cover loss for all algal groups but the contribution

f encroachment and overgrowth in calcifying algae was  substan-
ial (Fig. 10c–e). Bleaching events provided short-term boosts to
olonization rates for turf algae and, to a lesser extent, to fleshy
lgae, which is commonly observed on coral reefs after bleaching
McClanahan et al., 2001; Gilmour et al., 2013).
The standing stocks of corals and calcifying algae skeletons
ncreased linearly over time in the Scenario A simulations (Fig. 11a)
s a consequence of the positive balance between the rates of
eef-forming processes (Table s.12 in the supplementary material).
, (b) daily calcification rates of calcifying groups, daily bioerosion rates on calcifying
f framework during the CAFFEE simulations for scenario A (solid lines) and scenario

Coral calcification rates stabilized at ∼130 kg CaCO3 ha−1 d−1 and
∼85 kg CaCO3 ha−1 d−1 for branching and massive forms respec-
tively (Fig. 11b) whereas calcifying algae maintained a linear
progression in calcification rate reaching 29.2 kg CaCO3 per hectare
per day at the end the 40-yr simulation. Field studies produce vari-
able results of about an order of magnitude variation and these
values are near averages of reported gross calcification values for
growing seaward margins (Davies, 1983; Perry et al., 2012).

Invertebrates were the dominant bioeroding agent in all cal-
cifying groups although fish made a significant contribution to

bioerosion of calcifying algae (Fig. 11c and d). Bioerosion rates
on coral skeletons by invertebrates peaked at 3.2 kg ha−1 d−1 and
4.1 kg ha−1 d−1, for branching and massive forms respectively, at
about 12 years after closure from fishing when sea urchins were
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till present and coral cover had recovered to ∼40%. Afterwards,
nce sea urchins declined to low levels, bioerosion on corals sta-
ilized at 1.3 kg ha−1 d−1 and 1.7 kg ha−1 d−1 (Fig. 11d). Bioerosion
ates on calcifying algae increased steadily along with the recovery
f calcifying algae and bioeroding scraping parrotfish, reaching a
ombined rate of 2.0 kg ha−1 d−1 at the end of the simulation for sce-
ario A. Empirical studies of reefs recovering from fishing with high
ea urchin numbers see direct impacts on corals and the erosion of
he calcium carbonate substratum (Carreiro-Silva and McClanahan,
001; O’Leary and McClanahan, 2010), but unfished reefs largely
ave high levels of erosion by bioeroding parrotfish, particularly
n calcifying algae (Bellwood et al., 2012).

Reef framework declined during the initial 15 years of this
imulation as invertebrate bioerosion rates exceeded the rates
f reef accretion from the losses of cover of calcifying benthic
roups (Fig. 11a and e). Bleaching events had a large effect on
eef framework stocks as coral mortality transferred large amounts
f coral skeleton to the framework and these pulsed gains far
xceeded bioerosion losses (Fig. 11a and e). Daily rates of trans-
er of coral skeleton mass into reef framework peaked at over
0,000 kg ha−1 d−1 (Fig. 11e, off-scale), three orders of magnitude
reater than the average rates (Table s.12 in the supplementary
aterial). Coral calcification and bioerosion rates showed greater

ariability in Scenario B simulations (Fig. 11b and d; Table s.12 in the
upplementary material) as the change toward greater calcification
as restarted after bleaching events.

. Conclusions

CAFFEE is an integrated energy and materials based simulation
odel of a coral reef and therefore provides a holistic perspective

f these important forcing and productivity aspects of coral reefs.
n principle, it provides a control system or possible default model
f a coral reef where energy and materials are the main drivers and
utputs of the ecosystem, as opposed to more complex species and
abitat-specific interactions that are more challenging to under-
tand and model at this large scale. Nevertheless, when comparing
he model outputs to functional level empirical field data on benthic
over and fish biomass it provides considerable explanatory value,
specially for the more realistic condition of a major bleaching
vent during the empirical time series. It should also be appreciated
hat the field data are influenced by other factors, such as smaller
leaching events, diseases, and possibly illegal fishing, among other
nvironmental complexities that were not studied and modeled.

These results and modest fit to field empirical data were sup-
orted by values for ecological ratios that are consistent with those
eported in the literature. This is encouraging given that, in con-
rast to other commonly-used trophodynamic models (e.g. EwE),
hese outputs are emergent in CAFFEE rather than input forcing
alues; they result from the approach of linking biomass-density
ased benthic production with reef cover dynamics. CAFFEE is
lso fully coupled, bringing together difficult-to-quantify aspects
f the detrital and calcium carbonate linkages that can be so criti-
al to evaluating the fate of production processes. They also greatly
nfluence soft-bottom (seagrass) and pelagic systems that are not
ypically modeled for coral reefs; yet are critical to fisheries and
ther ecosystem services (McClanahan et al., 2008). These charac-
eristics situate the CAFFEE modeling approach in line with current
fforts to develop end-to-end models (Travers et al., 2007). How-
ver, the integration of physical, biological and ecological processes
n CAFFEE comes at the cost of model assumptions and extensive
arameterization sets, for which (in some cases), there may  be lit-

le or no empirical support. Future uses of this model will evaluate
he model’s ability to predict and project fisheries and other types
f management based on this energy and materials-based view of
he ecosystem.
ical Modelling 263 (2013) 326– 348 345
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