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A Model construction

A.1 Fish trophic interactions

Since turf algae and macroalgae were assumed to be grazed at rates g
T
and g

M
≤ g

T
, respectively,

it can be further assumed that the relative proportions of turf algae and macroalgae consumed
by grazers (such as herbivorous fish) can be represented with the ratio

g
M

g
T

≤ 1. Hence, we took5

T +
g
M

g
T
M ≤ 1 as the scaling term for herbivorous fish growth. As rates of herbivory are negatively

impacted by accumulation of algal turf sediment [1, 2], we introduced another quantity µ(t) repre-
senting this decrease. µ(t) depends on sediment quantities on the seabed, and is further explained
below. We assumed that herbivorous fish would be eaten by piscivorous fish and top predators, with
δ
P

denoting the percentage of the diet of piscivores made up by herbivores and δH
Z

denoting this10

percentage for top predators. This meant that our scaling constant for herbivorous fish predation

was taken to be
δ
P
F

P
+δH

Z
F

Z

δ
P
+δH

Z

≤ 1. Therefore, after also accounting for the harvesting term −h
H
F

H
,

we represented the differential equation for herbivorous fish as follows:
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(A.1)

The diet of omnivorous fish typically consists partly of primary producers (e.g. algae) and
partly of other food sources such as zooplankton and small invertebrates [3]. We defined δ

O
as the15

percentage of an omnivorous fish’s diet consisting of algae, and assumed that omnivorous fish would
consume turf algae and macroalgae at the same relative rates as herbivorous fish. This was scaled
down by µ in the same way as in the dynamics for herbivorous fish. This implies that (1 − δ

O
)

percent of an onmivorous fish’s diet consists of other food sources, the availability of which we
modelled using a function ϕ(t) (see below). As with herbivorous fish, we assumed that omnivorous20

fish were eaten by piscivorous fish (composing (1 − δ
P
) percent of their diet) and top predators

(composing δO
Z

percent of their diet), and harvested at a constant rate. Therefore, the dynamics of
omnivorous fish are represented as follows:
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(A.2)
As detailed above, piscivorous fish were assumed to eat both herbivorous and omnivorous fish, in

proportions δ
P
and (1− δ

P
), respectively. They are, in turn, eaten by top predators and harvested.25

Note that the proportion of top predator diet that piscivorous fish make up is 1− δH
Z
− δO

Z
. As the

total predation pressure on piscivorous fish is therefore F
Z

(
1− δH

Z
− δO

Z

)
, but scaling this to values

between 0 and 1 involves dividing by 1− δH
Z
− δO

Z
, this constant is normalized out of the differential

equation governing piscivorous fish dynamics. The differential equation in question is as follows:
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Top predators consume fish from all other functional groups, according to the proportions men-30

tioned above. As they lack predators by definition, the sources of their mortality are assumed to
be harvesting and natural causes. This yields the following differential equation for top predators:
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(A.4)

Fung et al. did not explicitly include grazer populations in their model, and hence represented
grazing pressure as a constant θ. We instead use a baseline rate θ̃ scaled by the population levels
of herbivorous and omnivorous fish relative to their theoretical maxima, with the contribution of35

omnivorous fish to grazing being the proportion of their diet consisting of algae. The grazing rate
also decreases as sediment levels increase, so we additionally divide by 1+µ (as in the grazing terms
of F

H
and F

O
) to represent this. Specifically, we take θ to be the following:

θ(t) =
θ̃ (F

H
+ δ

O
F

O
)

(1 + µ) (1 + δ
O
)

(A.5)

A.2 Deforestation and sediment dynamics

Changes in forest cover were modelled in a variety of different ways, to represent unmanaged40

deforestation and managed logging. For our baseline scenario, we assumed a steady loss of forest
cover scaling with population increases. Here, we drew on the work of Tanaka and Nishii [4] which
modelled the percentage change in forest cover per unit change in area population; we defined r

X

as the linear rate of deforestation referred to as r in [4]. We obtained values for population N and
population change dN

dt based on the medium-variant United Nations projections for tropical island45

states in Oceania [5], specifically the Sustainable Development Goals region of Oceania (excluding
Australia and New Zealand). We also assumed a background rate of forest regrowth, governed by
the rate a

X
. We took the forest regrowth term to be logistic, as the rate of forest expansion into

cleared land should decrease as the amount of available cleared land does; we assumed a carrying
capacity of 1, or 100% forest cover. Therefore, the differential equation for forest cover, dX

dt , was50

taken to be the following:

dX

dt
=

dX

dN

dN
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+ a

X
X(1−X) = −r

X
NX

dN

dt
+ a

X
X(1−X) (A.6)
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Sediment export onto reefs was assumed to change due to deforestation, and specifically increase
due to increased erosion when forest cover was low. The amount of sediment being deposited onto
reefs due to soil erosion typically increases linearly as forest cover is reduced [6, 7]. We took q

b
to

be the baseline river sediment concentration at 100 percent forest cover, and q
c
to represent the55

additional amount of sediment in rivers when all land has been cleared; both of these have units
of mg cm−3. We also took λ (measured in yr−1) as the rate at which sediment in these rivers is
exported into the water column. Once sediment is suspended in the water column above a reef,
it can be washed out further into the ocean or settle on the seabed. We took e to be the rate at
which sediment is washed out of a reef ecosystem, and assumed that the amount of sediment on the60

seabed would be in equilibrium with the amount suspended in the water column. The differential
equation for S

W
is therefore as follows:

dS
W

dt
= (q

b
+ (1−X) q

c
)λ− eS

W
(A.7)

Here, the term eS
W

covers both initial export of sediment by rivers to areas beyond a reef
(which first must physically pass through the reef area) and later off-shelf export of sediment in
the water above a reef. This was done since both of these processes are significant [8, 9] and data65

that could be used to separate the two was not readily available. Because suspended sediment and
sediment on the seabed are measured in different units (mass per unit volume and per unit area,
respectively), and converting between these may be difficult, we opted to express sediment on the
seabed as a ratio between the level at any given time and levels corresponding to pristine conditions.
A corollary of our assumption that accumulated seabed sediment is in equilibrium with suspended70

sediment concentration is that the growth in these two variables is proportional to each other, and
expressing S

B
as a ratio (i.e. indexing a value of S

B
= 1 to pristine conditions) rather than as a

differential equation eliminates the need for a growth rate constant. We therefore took S
B

to be
the following:

S
B
(t) =

S
W
(t)

S
W
(t = 0)

(A.8)

Fung et al. identified sedimentation as affecting four processes in their model, namely lateral75

coral growth (described using r
C
), larval recruitment of both local brooding and exogenous spawning

corals (lb
C
and ls

C
, respectively), and coral death (d

C
). The existing literature describes changes in

these processes as functions of sedimentation rates, rather than the total amount of sediment either
in the water column or on the seabed (see e.g. [10] Appendix B). We therefore assumed that these
processes could be described as baseline rates r̃

C
, l̃b

C
, l̃s

C
, and d̃

C
scaled up or down according to80

the sedimentation rate. Much of the redistribution of sediment on reefs is performed by parrotfish
[11, 12], which bite into sediment while feeding and therefore reduce sediment buildup on reefs,
lowering the effective sedimentation rate, although other herbivorous fish with different feeding
methods also may have effects on sediment accumulation [12]. In a recent experiment in which
areas of seabed were caged off to simulate a herbivorous fish density of zero, Akita et al. found85

that the caged areas had on average double the accumulated sediment levels compared to uncaged
control sites [13]. All of the control sites in [13] were fished, and herbivorous fish landings in the
area were reported as being half of what was caught in the 1990s, suggesting that herbivorous fish
density there would be at most half of its theoretical maximum. Since the sedimentation rates (mass
per unit area per unit time) observed by [13] were similar to pristine values observed elsewhere (see90

below), we therefore assumed that the sedimentation rate would begin linearly increasing when the
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herbivorous fish population declined below a value of 0.5, and would double when no herbivorous
fish were present. Hence, we defined the sedimentation rate as follows:

r
Sed

= max[1 + (1− 2H) , 1] k
Dep

S
W

(A.9)

This formulation uses a constant k
Dep

to represent the baseline rate of sediment deposition, as
well as incorporating dependence on the population of herbivorous fish. (We took k

Dep
to have95

units of 100 × cm yr−1. This is done so that the rate of sedimentation is expressed over an area
rather than a volume, and hence can be calibrated to observed field values that are measured in
mg cm−2 time−1. The scaling down of kDep by a factor of 100 was done because the field data on
sedimentation rates that we fit our model to had time units of days, while time in our model is
expressed in years, and we intended to keep our sedimentation rate on the same order of magnitude100

as the raw numbers seen in the field.) Because the three coral growth processes were negatively
affected by sedimentation, we modelled them as follows:

r
C
(t) =

r̃
C
κr

κr+r
Sed

; lb
C
(t) =

l̃b
C
κ
b

κ
b
+r

Sed
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C
(t) =

l̃s
C
κs

κs+r
Sed

(A.10)

Here, κ
r
, κ

b
, and κ

s
are constants that determine at which sedimentation rate the corresponding

coral growth rate is halved. Coral death instead increases when sedimentation rate is high. This
means that the sedimentation-dependent coral death rate can be taken as the following, with κ

d
a105

scaling constant:

d
C
(t) = d̃

C

(
1 +

r
Sed

κ
d

)
(A.11)

In addition to sedimentation’s effects on coral, the buildup of algal turf sediment (i.e. sediment
on the seabed contained under and within areas dominated by algal turf) is known to inhibit
herbivory of algae [1, 2]. As mentioned above, we modelled this by using a factor µ to divide the
rates of grazing and herbivory in the model. We assume here that sediment is evenly distributed on110

the seabed, so the amount of sediment accumulated there is a good proxy for algal turf sediment,
and hence the extent to which local algal turf is closer to being SPAT (short, productive algal
turf, the kind preferred by herbivorous fish) or LSAT. This can be done because the correlation
between seabed sediment load and algal turf length is roughly linear [2]. Tebbett et al. found that
approximately doubling seabed sediment concentration from pristine values led to herbivorous fish115

bites on algae approximately halving, and a quadrupling of sediment concentration led to a 78%
reduction in herbivorous fish bites compared to the pristine baseline (i.e. approximately another
halving from the value with doubled sediment levels) [2]. Similarly, it has been found that removal
of large amounts of sediment from reef flats (where seabed sediment buildup is greater) had similar
effects on encouraging herbivory as removing much smaller amounts of sediment from reef areas120

with less sediment buildup [1], indicating the sensitivity of herbivorous fish to algal turf sediment
levels. Because of this, we assumed that µ would increase logarithmically with the amount of
sediment on the seabed, with a logarithm base of 2 due to the repeated halvings mentioned above.
This means that our formulation for µ is as follows:

µ = max[log2(SB
) , 0] (A.12)

Much of the diet of omnivorous fish consists of zooplankton [3]. The phytoplankton that zoo-125

plankton eat can have their population growth limited by low light availability, such as in turbid
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waters, making planktonic food webs vulnerable to suspended sediment increases [14]. Zooplank-
ton dynamics (and hence zooplankton-phytoplankton trophic interactions) happen over a faster
timescale than the rest of the processes in our model [15], and plankton population dynamics are
also less complex in more active waters [16] such as those near the mouth of a river. Therefore, we130

assumed a direct dependence of ϕ(t) on suspended sediment concentration. This involved scaling
ϕ with light availability according to the Lambert-Beer law [17], which is the following function re-
lating underwater light intensity I to intensity of the light source I0 , depth d, and light attenuation
constant katt :

I = I
0
e−kattd (A.13)

We took the light attenuation constant k
att

to vary based on suspended sediment concentration.135

A linear relationship has been found between these two quantities in estuarine waters [18], which
has a slope of 60 when suspended sediments are measured in mg cm−3. Furthermore, we assumed
that ϕ = 1 in pristine conditions (to bound the growth rate of omnivorous fish above by 1), and
that water depth was constant. These constraints meant that we took the following form for ϕ:

ϕ = exp
(
−ϕ̃S

W

)
; ϕ̃ = 60 (A.14)

Algae on the seabed also undergoes photosynthesis, and coral obtains much of its energy from140

dinoflagellate symbionts, which in turn get their energy from photosynthesis. However, the reduc-
tion in coral growth and reproduction rates due to sedimentation (including from photosynthesis
reduction) is already included in the model via processes detailed by Fung et al. (see above). Ad-
ditionally, Fung et al. considered reduction in algal photosynthesis due to sedimentation, but did
not include it in their model due to lack of data. We also opted not to include this. Turf algae145

spread very rapidly, and have been found to dominate the benthos under conditions featuring high
turbidity [19] or sedimentation rates [20, 21] due to their ability to trap sediment. Therefore, we
assumed that although light attenuation due to turbidity may affect the growth of turf algae, it
would not appreciably affect their spread if a reasonable amount of light still reached the seabed.
Conversely, the steady-state macroalgae levels reached with our baseline parameter values were low150

enough that any difference due to decreasing photosynthesis would be minimal.

B Model parametrization

All parameters relating to transitions on the seabed between coral, macroalgae, turf algae and space
that were used by Fung et al. were kept at the values specified in [10]. This includes the baseline
values θ̃, r̃

C
, l̃b

C
, l̃s

C
, and d̃

C
for rates affected by features that we added to the model.155

To keep our model applicable to a potentially broad range of reef areas experiencing deforesta-
tion, we chose the fish growth rates and diet composition ratios in our model based on observed
properties of marine food webs rather than fitting them for fish in a specific region. Since genera-
tion time (and hence population growth rate) among aquatic species is negatively correlated with
trophic level [22], we selected growth rates satisfying r

H
> r

O
> r

P
> r

Z
. Pristine reef areas typi-160

cally have around 50 percent coral cover [23], which is not edible by herbivorous fish. We therefore
chose r

H
= 1.6, r

O
= 1.3, r

P
= 1, and r

Z
= 0.7; our growth rate for herbivorous fish allows their

population to double in approximately one year, as has been observed for many herbivorous reef
fish species [3], when 50 percent of the benthos is available for them to eat.
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As marine food webs, including those on coral reefs, have been found to have short average165

path lengths and considerable numbers of interspecies links [24], we assumed a relatively highly-
clustered food web in which the diet of each predatory functional group would have significant
contributions from each functional group that it preys on. Hence, we assumed that omnivorous
fish ate algae and non-algal food sources (e.g. benthic invertebrates) at equal rates, i.e. δ

O
= 0.5.

Similarly, we took the values of the top predator diet parameters to be δH
Z

= 0.1 and δO
Z

= 0.3170

based on the assumption that top predators would eat more fish in higher trophic levels, and we
took δ

P
= 0.4 for the same reason. However, in recognition of the fact that significant localized

variation can exist in fish diet composition, we checked our model’s output for values of ±10% in
each diet composition constant. Specifically, we took each of δ

O
, δ

P
, δH

Z
, and δO

Z
to be 90%, 100%,

and 110% of the values specified above (a total of 81 combinations of values) under the assumption175

of highland deforestation conditions, when all other parameters were at their baseline values. This
did not cause noticeable qualitative differences in the time series for the fish functional groups over
our 50-year simulation window, and had minimal effects on F

H
and F

O
, leading us to conclude that

our model was robust to variation in the diet composition constants.
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Figure B.1: Time series of herbivorous fish (Figure B.1a), omnivorous fish (Figure B.1b), piscivorous
fish (Figure B.1c), and top predators (Figure B.1d) when each of the diet composition constants
(δ

O
, δ

P
, δH

Z
, and δO

Z
) were varied by ±10%.

Previous modelling studies have found a harvesting rate of 0.3 yr−1 to be close to the maximum180

rate at which fish populations can maintain themselves [25, 26]. In contrast, harvesting rates asso-
ciated with subsistence fishing are typically an order of magnitude lower than those characteristic
of commercial fishing [27]. We therefore assumed a baseline harvesting rate of 0.15 yr−1 for each
functional group to represent the midpoint of plausible commercial rates, in the same way that the
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midpoints of the seabed parameter ranges identified by Fung et al. were used as baseline values both185

by us and in Fung et al.’s original study. Where applicable, this was altered by the consideration of
flexible harvesting rates, constant fishing quotas, and increased fishing pressure due to population
growth; see below for details.

Sediment export onto reefs due to erosion is low in heavily forested areas, and increases with
the proportion of cleared land [6, 7]. A recent survey on Isabel Island in the Solomon Islands found190

that over a catchment covered almost entirely by forest, sediment concentrations at the mouth of a
local river (the Jejevo) had a geometric mean of 20 mg L−1, or 0.02 mg cm−3 [28]. Since the waters
at the mouth of the Jejevo have been found to be on average 15 times more turbid than those by
adjacent rivers [29], we took q

b
to have a high value of 0.02 mg cm−3 and a low value of 0.0013 mg

cm−3. In the wet tropics of northern Queensland, Australia, Neil et al. found a linear relationship195

between percentage of land cleared and suspended sediment concentration in local rivers during the
wet seasons of specific years [6], thus controlling for temporal variation due to any ongoing changes
in land use. Plugging 100 percent land clearance into the formulas in [6] yielded values of 72 and
14 mg L−1 for very wet and fairly wet conditions, respectively. Wenger et al. performed a similar
analysis on Kolombangara Island in the Solomon Islands, based on future predictions of yearly200

erosion with varying percentages of cleared land [7]. That study found average suspended sediment
concentration in streams to be 124 mg L−1 at 40 percent cleared land with no management, as well
as a linear rate of increase for sediments, implying a concentration of 310 mg L−1 when land is fully
cleared. The concentration at 100 percent forest cover found by Wenger et al. was similar to that
found by Neil et al.; the difference in slope of the two relationships can be attributed to the fact205

that Wenger et al. considered deforestation on steeper terrain. We therefore took q
c
to be 0.31 mg

cm−3 when simulating deforestation on steep terrain, and 0.043 mg cm−3 (the average of the two
values found by Neil et al.) for gentler terrain. This represents the increase in sedimentation due
to erosion that an entirely cleared environment has compared to an entirely forested one.

Rates of sediment export from coastal into off-shelf areas have a great deal of spatial variation210

(see [8] for an example of this in New Guinea, with both very high and very low amounts of off-shelf
export observed). Therefore, we took e to vary over a wide range, namely from 0.1 to 0.9, with the
median value 0.5 used as a baseline. We assumed λ to be 1 yr−1 in order to simulate conditions
on reefs near river mouths. Reefs further away can receive substantially less sediment from river
discharges [30]; this process was folded into e in order to simplify the model analysis (see above),215

as e and λ perform similar functions (limiting sediment on reefs due to local hydrodynamics).
To find a value of k

Dep
, we related suspended sediment concentrations to rates of sedimentation

in a dataset covering Isabel Island [29], using the formula r
Sed

≈ k
Dep

S
W

in the absence of data
on parrotfish abundance. We used the average reported turbidity in nephelometric turbidity units
(NTUs) at the Jihro inshore reef site in that dataset, which was similar to those on other inshore reefs220

globally [29] such as on the Great Barrier Reef [12], to estimate suspended sediment concentration.
A value in mg L−1 was obtained from this using a linear method used in [31], taking the average
slope of 18 linear functions linking NTUs to sediment density, and this was further scaled to units
of mg cm−3. We then divided the observed sedimentation rates on inshore reefs in this dataset by
the obtained average sediment concentration. This gave us an average value of 4400 for kDep , after225

disregarding an outlier, which had a sedimentation rate over 20 times higher than the other sites
and was therefore deemed non-representative.

While parametrizing their model, Fung et al. estimated from field data that a sedimentation
rate of 100 mg cm−2 d−1, or 365×102 mg cm−2 yr−1, causes coral lateral growth rate to decline by
half (see [10] Appendix B). Hence, we took κ

r
= 365. Similar estimates by Fung et al. included that230
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a sedimentation rate of 12 cm−2 d−1 causes larval recruitment of both brooding and spawning corals
to decrease by 60%, and one of 13 cm−2 d−1 causes coral death rate to double. After converting
units, this leads to a value of 44

1.5 for κ
b
and κ

s
, and a value of 47.5 for κ

d
.

We determined values for r
X
by isolating it within the differential equation proposed by Tanaka

et al. [4], i.e. dF
dN = −r

X
FN . To do this, we used data on deforestation in the Indonesian part235

of the island of Borneo (i.e. Kalimantan) from 1973 to 2000 and from 2000 to 2010 [32], and
population growth data in Kalimantan over the same years [33]. For each of these time periods,
we took F to be the percentage forest cover in Kalimantan at the end of the period and N to be
the population of Kalimantan at the end of the period relative to its population at the beginning
of the period, and estimated dF

dN by dividing the change in forest cover by the relative change in240

population during the period. (2000 and 2010 were census years in Indonesia, and we estimated the
1973 population by assuming a linear rate of growth between the 1971 and 1980 censuses.) We used
relative rates rather than absolute population numbers (as was done by Tanaka et al.) in order to
control for population density and hence maximize applicability to different locations. From these
calculations, we obtained a value of 0.18 for r

X
from 1973 to 2000, and a value of 0.23 from 2000245

to 2010. We therefore took 0.23 as a baseline for r
X
, although we allowed it to vary in order to

simulate a variety of deforestation speeds.
A long-term study (from 1990 to 2020) on changes in forest cover in the tropics found that out of

the undisturbed forest in insular Southeast Asia in 1990, 16.4 percent had been deforested, and 3.7
percent had been deforested and subsequently regrew [34]. This gives an estimate that the speed250

of reforestation was 0.18 times the speed of deforestation in this time period. Hence, we assumed
our background rate of forest regrowth a

X
to be 0.18 times the baseline value for r

X
of 0.23, or in

other words a
X
≈ 0.04.

In all model simulations that were performed in the generation of our results, the initial condi-
tions for the model’s state variables were chosen to be the equilibrium values reached when running255

the model with no deforestation (i.e. X(t = 0) = 1, r
X
= a

X
= 0) but all other parameters at their

baseline values. This was done to represent a viable reef ecosystem with sustainable harvesting of
reef fish. The initial conditons that we chose are specified in Table B.3. To verify the effective-
ness of this method for generating initial conditions, we checked the model for bistability when
all parameters were taken as above. We found that nearly all combinations of initial conditions260

for all relevant state variables in our model (those besides X) resulted in convergence to the same
equilibrium that we chose for our initial conditions, although very small values of S(t = 0) caused
the model to converge to alternate attractors.

C Derivations of flexible harvesting rates

To evaluate the impact of flexible harvesting, we derived a harvesting rate that would change for265

each functional group based on local availability of fish in that functional group, while the percentage
of the total fish population being harvested would remain constant. We first estimated the rate
for all functional groups combined by taking a weighted average of the rates h

H
, h

O
, h

P
and h

Z
,

where the weights were set equal to the relative abundances of each functional group in the initial
conditions we specified above. In other words, we defined the aggregate harvesting rate as follows:270

h
Tot

=
h

H
F

H
(0) + h

O
F

O
(0) + h

P
F

P
(0) + h

Z
F

Z
(0)

F
H
(0) + F

O
(0) + F

P
(0) + F

Z
(0)

(C.15)
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Param Value Units Description

r
H

1.6 yr−1 Intrinsic growth rate for herbivorous fish

r
O

1.3 yr−1 Intrinsic growth rate for omnivorous fish

r
P

1 yr−1 Intrinsic growth rate for piscivorous fish

r
Z

0.7 yr−1 Intrinsic growth rate for top predator fish

h
H

0.15 yr−1 Harvesting rate for herbivorous fish

h
O

0.15 yr−1 Harvesting rate for omnivorous fish

h
P

0.15 yr−1 Harvesting rate for piscivorous fish

h
Z

0.15 yr−1 Harvesting rate for top predator fish

m
H

0.1 yr−1 Mortality due to predation for herbivorous fish

m
O

0.1 yr−1 Mortality due to predation for omnivorous fish

m
P

0.1 yr−1 Mortality due to predation for piscivorous fish

δ
O

0.5 ± 0.05 Unitless Percentage of omnivorous fish diet consisting of algae

δ
P

0.4 ± 0.04 Unitless Percentage of piscivorous fish diet consisting of herbivorous fish

δH
Z

0.1 ± 0.01 Unitless Percentage of top predator fish diet consisting of herbivorous fish

δO
Z

0.3 ± 0.03 Unitless Percentage of top predator fish diet consisting of omnivorous fish

k
h

0 - 1 Unitless Relative importance of local fish availability on harvesting rates

ν 0 - 1 Unitless Dependence of harvesting on population growth

Table B.1: Parameters related to fish vital processes used in this paper. Mortality rates are assumed
based on [25], k

h
and ν are allowed to vary over broad potential ranges, and all other parameters

are chosen to represent realistic biological scenarios.
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Param Value Units Description Reference

q
b

0.0013 - 0.2 mg cm−3 Baseline sediment concentration in
rivers due to erosion

[28]

qc 0.043, 0.31 mg cm−3 Additional river sediment concen-
tration when land is 100% cleared

[6, 7]

λ 1 yr−1 Rate at which sediment in rivers is
exported to reefs

Assumed

e 0.1 - 0.5 - 0.9 yr−1 Rate at which suspended sediment
on reefs leaves the system

[8]

kDep 4400 100× cm yr−1 Constant governing sediment depo-
sition from water column to seabed

[31, 29]

κr 365 100×mg cm−2 yr−1 Sedimentation rate at which coral
lateral growth is halved

[10]

κ
b

29.2 100×mg cm−2 yr−1 Sedimentation rate at which brood-
ing coral recruitment is halved

[10]

κs 29.2 100×mg cm−2 yr−1 Sedimentation rate at which spawn-
ing coral recruitment is halved

[10]

κ
d

47.5 100×mg cm−2 yr−1 Sedimentation rate at which coral
death is doubled

[10]

ϕ̃ 60 mg−1 cm3 Constant relating non-algal food
availability for omnivorous fish and
sediment concentration

[18]

r
X

0 - 0.23 - 0.25 yr−1 Deforestation rate [32, 33]

a
X

0.18× 0.23 yr−1 Forest regrowth rate [34]

Table B.2: Parameters related to sedimentation used in this paper.
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Variable Initial value

C 0.5457

T 0.2791

M 0.01

F
H

0.5165

F
O

0.7069

F
P

0.6554

F
Z

0.6738

S
W

0.0026

X 1

Table B.3: Initial conditions for each state variable in the model.

We then defined a harvesting rate for each functional group based solely on the relative avail-
ability of fish in that functional group as follows:

h
Var,I

(t) =
F

I
h
Tot

F
H
+F

O
+F

P
+F

Z
, I ∈ {H,O, P, Z} (C.16)

Since some fish species with high abundance (e.g. wrasses) are not expected to be of any
commercial interest [35], we did not assume that the actual harvesting rates for each functional
group would be solely based on relative fish abundances. Instead, we formulated harvesting rates275

h̄
H
, h̄

O
, h̄

P
, and h̄

Z
for each functional group that would partly depend on the fishing rates

parametrized from FishBase (i.e. the intrinsic demand for each functional group) and partially due
to local fish availability. In other words, for a constant k

h
representing the how important current

local conditions are in determining demand for each functional group, we defined each h̄ as follows:

h̄
I
(t) =

h
I
+k

h
h
Var,I

1+k
h

, I ∈ {H,O, P, Z} (C.17)

We also derived harvesting rates corresponding to constant fishing quotas for each fish functional280

group. To do this, we assumed that over a unit of time, the total number of fish harvested during
that time would always be equal to a value ρ × ξ, where ξ is the number harvested at time t = 0
and ρ is a scaling constant. ξ is defined below:

ξ = h
H
F

H
(0) + h

O
F

O
(0) + h

P
F

P
(0) + h

Z
F

Z
(0) (C.18)
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We further assumed that the different fish functional groups were harvested according to their
proportions of the population. This means that, for ω a factor to ensure that the total fish harvested285

remains constant, the number of fish harvested in each functional group I is as follows:(
F

I

F
H
+ F

O
+ F

P
+ F

Z

)
ωF

I
(C.19)

In order to obtain ω, we first noted that the number of fish harvested at each time step always
being equal to ρ× ξ implies the following:∑

I

(
F

I

F
H
+ F

O
+ F

P
+ F

Z

)
ωF

I
= ρξ (C.20)

By factoring out and isolating ω, we get the following:

ω = ρξ

(
F

H
+ F

O
+ F

P
+ F

Z

F
H

2 + F
O

2 + F
P

2 + F
Z

2

)
(C.21)

The harvesting rate for each functional group I is the number of fish harvested in that functional290

group divided by its total population. If we denote the harvesting rate as ha
Var,I

, with the a denoting
that the amount harvested is what remains constant, we get the following:

ha
Var,I

=
ωF

I

F
H
+ F

O
+ F

P
+ F

Z

=
ρξF

I

F
H

2 + F
O

2 + F
P

2 + F
Z

2 (C.22)

We noted that the denominator of this expression would get very close to zero if all fish species
were nearing local extirpation, which was a likely scenario if fishing quotas remained constant. To
avoid numerical errors in such a case, we used a modified version of Equation C.17, substituting295

ha
Var,I

in place of h
Var,I

and taking k
h

= 999. This gave us variable harvesting rates for each
functional group that summed to a generally constant value:

h̄
I
(t) = 1

1000

(
h

I
+ 999ha

Var,I

)
, I ∈ {H,O, P, Z} (C.23)

As we anticipated that constant harvesting amounts could cause the fish to go extinct, we
additionally imposed the constraint while running the model that if the population of a functional
group was below 10−6, it would be treated as 0. This constraint further implied that the amount of300

fish harvested in such cases would also be zero. Calculation of fish extinction time was specifically
done for herbivorous fish; since fish functional groups were harvested in this case according to their
proportions of the total fish population, all functional groups that went extinct did so at the same
time. (This put the threshold for local extinction of all fish functional groups combined at 4×10−6.)

D Dependence of fish resilience to deforestation-induced sed-305

imentation on local hydrological conditions

To determine how the changes brought about by deforestation depend on local conditions, we ran
simulations of highland deforestation with q

b
(the baseline sediment concentration in local rivers)

and e (the rate at which sediment is flushed out of the system) varying within their entire ranges.
Here, we took r

X
= 0.23. Initial conditions for fish were taken to be their theoretical population310

12



maxima (i.e. 1 for each functional group); all other initial conditions were taken to be their steady-
state values when no deforestation takes place and all parameters are at their baseline values. This
was done in order to isolate the transient dynamics produced by different local conditions for the
same amount of deforestation pressure. In each simulation, we obtained the population of each fish
functional group at t = 20.315

We found that the effects of baseline local conditions on resilience of reef fish to deforestation-
driven sedimentation was heterogeneous across functional groups. Taking the population levels of
each fish functional group following 20 years of heavy deforestation on steep slopes (r

X
= 0.23,

q
c
= 0.31) revealed the expected patterns of fish resilience being greater for higher values of e and

lower values of q
b
. As was the case when we examined changes in fish populations as a function of320

deforestation rate (Figure 2 in the main manuscript), we found that more turbid starting conditions
(lower e and higher qb) affected omnivorous fish the most, whereas herbivorous fish had the broadest
range of conditions under which they were able to maintain at least a moderate population size
(Figure D.2). We additionally found that the dependence of fish populations following deforestation
on baseline river sediment concentration q

b
was sigmoidal, with large changes in fish population325

levels around 1×10−2 mg cm−3 for most functional groups, and at somewhat greater concentrations
for herbivorous fish.
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Figure D.2: Population levels of herbivorous fish (Figure D.2a), omnivorous fish (Figure D.2b),
piscivorous fish (Figure D.2c), and top predator fish (Figure D.2d) after 20 years of highland
logging, showing dependence on baseline sediment levels from erosion q

b
and off-shelf sediment

export rate e. Initial conditions for fish functional groups were taken to be that functional group’s
theoretical maximum population (i.e. 1) in all cases.
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