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Many corals form close associations with a diverse assortment of coral-dwelling fishes and other fauna.
As coral reefs around the world are increasingly threatened by mass bleaching events, it is important to
understand how these biotic interactions influence corals’ susceptibility to bleaching. We used dynamic
energy budget modeling to explore how nitrogen excreted by coral-dwelling fish affects the physiological
performance of host corals. In our model, fish presence influenced the functioning of the coral-
Symbiodiniaceae symbiosis by altering nitrogen availability, and the magnitude and sign of these effects
depended on environmental conditions. Although our model predicted that fish-derived nitrogen can
promote coral growth, the relationship between fish presence and coral tolerance of photo-oxidative
stress was non-linear. Fish excretions supported denser symbiont populations that provided protection
from incident light through self-shading. However, these symbionts also used more of their photosyn-
thetic products for their own growth, rather than sharing with the coral host, putting the coral holobiont
at a higher risk of becoming carbon-limited and bleaching. The balance between the benefits of increased
symbiont shading and costs of reduced carbon sharing depended on environmental conditions. Thus,
while there were some scenarios under which fish presence increased corals’ tolerance of light stress, fish
could also exacerbate bleaching and slow or prevent subsequent recovery. We discuss how the contrast
between the potentially harmful effects of fish predicted by our model and results of empirical studies
may relate to key model assumptions that warrant further investigation. Overall, this study provides a
foundation for future work on how coral-associated fauna influence the bioenergetics of their host corals,
which in turn has implications for how these corals respond to bleaching-inducing stressors.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coral reefs are among the most productive and biodiverse
ecosystems on the planet (Crossland et al., 1991; Fisher et al.,
2015). This diversity is largely supported by the physical structure
of the reefs themselves, which is primarily composed of the cal-
cium carbonate skeletons of scleractinian corals (Graham and
Nash, 2013; Spalding et al., 2001). Coral reefs generally occur in
nutrient-poor waters, yet corals are able to calcify at a rate that
supports net reef accretion due to a symbiosis with endosymbiotic
algae in the family Symbiodiniaceae (Muscatine and Porter, 1977).
In this partnership, the coral provides its algae with nutrients and
carbon dioxide needed for photosynthesis, and the algae provide
fixed carbon that fuels coral growth (Davy et al., 2012).
The functioning of the coral-algal symbiosis is critical for the
persistence of coral reef ecosystems. However, thermal and other
stressors can cause this relationship to break down, leading to
the mass expulsion of symbionts known as coral bleaching
(Hoegh-Guldberg, 1999). Severe bleaching events can result in
coral mortality, and they are currently the primary threat to coral
reefs worldwide (Hughes et al., 2018; Eakin et al., 2019). Bleaching
commonly occurs when elevated temperatures lead to photo-
oxidative stress in the symbionts, triggering their expulsion by
the host coral. However, many factors influence whether and to
what degree an individual coral bleaches during a stress event,
including symbiont type, nutrient availability, level of hetero-
trophic feeding, host morphology, and history of stress exposure
(Rowan, 2004; Morris et al., 2019; Grottoli et al., 2006; Loya
et al., 2001; Hackerott et al., 2021). As stress events like marine
heatwaves increase in frequency and severity (Hughes et al.,
2018), there is a critical need to better understand what makes
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corals more or less susceptible to bleaching. However, in many
cases, this is challenging because the factors that modulate bleach-
ing susceptibility do so in complex ways. For example, although
high ambient concentrations of nutrients have been shown to
exacerbate bleaching (Thurber et al., 2014; Donovan et al., 2020),
the effects of nutrient enrichment on bleaching depend on numer-
ous factors (e.g., the form of nitrogen, N:P ratios) in ways that are
not fully understood (Morris et al., 2019; Wiedenmann et al.,
2013). Additionally, coral growth has been shown to exhibit a uni-
modal response to nutrient enrichment (Gil, 2013), which could
potentially extend to similarly non-linear effects of nutrients on
bleaching.

Corals’ tolerance of bleaching-inducing stressors may also be
influenced by other organisms. In addition to algal endosymbionts,
a diverse assortment of taxa may live on or within coral colonies
(Gates and Ainsworth, 2011). In particular, the structural complex-
ity created by branching corals in the genera Pocillopora and Acro-
pora serves as an important habitat for many species of fishes and
invertebrates (Coker et al., 2014; Stella et al., 2010). Host corals
receive a range of benefits from these inhabitants, including
enhanced defense against corallivores, removal of sediments, and
provision of nutrients (McKeon et al., 2012; Stewart et al., 2006;
Liberman et al., 1995). The presence of coral-associated fauna
may also ameliorate the effects of stressors like disease and ele-
vated temperatures (Pollock et al., 2013; Chase et al., 2018), sug-
gesting that these mutualistic relationships could significantly
influence the bleaching susceptibility of the corals that form them
(Gates and Ainsworth, 2011).

Coral-dwelling fishes, particularly damselfish (Family Pomacen-
tridae), are widespread and abundant on many coral reefs (Coker
et al., 2014; Wilson et al., 2008). How these fish impact their host
colonies during periods of stress could therefore have large impli-
cations for the resilience of branching coral populations. However,
little is known about how fish presence influences coral bleaching,
or by what mechanisms. One recent study found that resident fish
reduced the severity of experimentally-induced bleaching, and the
authors suggested these results could be due to increased nutrient
availability and/or aeration of interstitial space in the presence of
fish (Chase et al., 2018). Here, we explored this hypothesis more
formally and expanded on it by also asking how fish effects are
mediated by environmental conditions, including ambient nitro-
gen levels. We focused on the effects of fish excretions (e.g.,
nitrogenous wastes; Meyer and Schultz, 1985), as nutrient avail-
ability can have a major influence on corals’ susceptibility to
bleaching (Morris et al., 2019). In general, fishes and other con-
sumers play important roles in nutrient dynamics on coral reefs,
including the transport of nutrients from the water column to
the benthos (Allgeier et al., 2016; Pinnegar and Polunin, 2006).
Coral-dwelling fishes may have particularly large impacts on the
availability of nutrients for individual coral colonies, as they are
often site-attached (Booth, 2016) and inhabit colony interstices,
where nutrient levels may differ from those of the surrounding
water column due to colony uptake rates and flow patterns
(Chamberlain and Graus, 1975). While the nutrients excreted by
coral-dwelling fish have been shown to increase the growth rates
of their host corals under ambient conditions (Holbrook et al.,
2008), our goal with this study was to investigate how these excre-
tions then modulate the host’s response to stressors capable of
triggering bleaching.

A mechanistic understanding of the effects of fish-derived nitro-
gen on host corals requires explicit consideration of the bioener-
getics of the coral-algal symbiosis. Dynamic energy budget (DEB)
models, which essentially model an organism’s physiology by
tracking the fluxes of elements within it (Kooijman, 2009), provide
a theoretical framework to explore the effects of fish excretions.
Here, we modified a DEB-based model of the coral-algal symbiosis
2

(Cunning et al., 2017) to include nutrient excretion by coral-
dwelling fish. Our goal was to investigate how fish excretions
may affect host corals during periods of low and elevated stress,
as well as the environmental factors that mediate these effects.
We first used the model to explore how fish affected nitrogen
availability and host growth under various ambient (low stress)
environmental conditions. We then simulated acute stress events
to investigate the sensitivity of host bleaching to nitrogen avail-
ability and the underlying mechanisms. Finally, we looked at
effects of fish excretion on host bleaching thresholds and post-
bleaching recovery dynamics and how these depended on environ-
mental conditions. This study is an important step towards a more
mechanistic understanding of how coral-dwelling fishes may influ-
ence the growth and stress tolerance of host corals on reefs that are
increasingly impacted by the effects of global climate change.
2. Model description

Our model is based on a dynamic bioenergetic model of the
coral-algal symbiosis built by Cunning et al. (2017). In this section,
we provide a brief overview of this model before describing how
we modified it to incorporate nitrogen excretion by coral-
dwelling fish. A detailed description of the original model and its
equations is given in AppendixA.
2.1. The coral-algal DEB model

The Cunning et al. model describes the bioenergetics of the
symbiosis between a coral host and its algal symbionts. It consists
of two state variables (host and symbiont biomass) and 14 mass-
specific fluxes that describe the flows of nitrogen, carbon and light
energy within the system, as well as the formation and turnover of
host and symbiont biomass (Table 1, ‘‘Host” and ‘‘Symbiont” boxes
in Fig. 1). Equations describing the production of fixed carbon and
biomass from substrates are referred to as synthesizing units (SUs).
The symbiosis is characterized by ‘‘sharing the surplus”, whereby
each partner provides the other with substrate (nitrogen from
the host and fixed carbon from the symbiont) in excess of that used
for its own growth.

Within the symbiont, a photosynthesis SU takes in light and CO2

and produces fixed carbon. This fixed carbon, together with surplus
nitrogen received from the host, is used by the symbiont biomass
SU to make symbiont biomass. The host takes up nitrogen and prey
(which consists of nitrogen and carbon) from the environment.
This nitrogen and carbon, along with surplus fixed carbon from
the symbiont, is input into the host biomass SU and used to pro-
duce host biomass. Additionally, organic carbon in excess of that
used for host growth fuels host carbon concentrating mechanisms
(CCMs), which supply the symbiont with CO2.

The symbiosis is functional when the production and supply of
fixed carbon is high enough that it is not limiting the growth of
either partner. Symbiont and host growth rates are both positive
and limited by the availability of nitrogen (or, if nitrogen levels
are high, by maximum biomass production rates). We refer to this
non-bleached, ‘‘healthy” state as the ‘‘nitrogen-limited state”
throughout the paper. Host bleaching is characterized by a flip to
a carbon-limited state in which the production of fixed carbon
and assimilation of carbon from prey are insufficient to support
positive growth of the host and symbiont (Wooldridge, 2009).
Bleaching is triggered by excess light energy, which produces reac-
tive oxygen species (ROS). These molecules inhibit photosynthesis
and increase symbiont turnover, reducing the production of fixed
carbon and potentially causing the system to become carbon
limited.



Table 1
Model fluxes, adapted from Cunning et al. (2017). Fluxes that were modified from the
original model are in bold.

Symbol Description Units Eq.
No.

jN Total nitrogen uptake rate mol N C-mol H�1

d�1
4

jNenv
Environmental (ambient)
nitrogen uptake rate

mol N C-mol H�1

d�1
4

jNi
Interstitial nitrogen uptake rate mol N C-mol H�1

d�1
4

jNw Waste nitrogen from symbiont mol N C-mol S�1

d�1
6

jX Prey assimilation (feeding) rate C-mol X C-mol H�1

d�1
A4

jHT Host biomass turnover rate C-mol H C-mol H�1

d�1
A5

rNH Recycled nitrogen from host
turnover

mol N C-mol H�1

d�1
A6

jHG Host biomass formation rate C-mol H C-mol H�1

d�1
A7

qN Nitrogen shared with the symbiont mol N C-mol H�1

d�1
A8

jeC Excess carbon used to activate host
CCMs

mol C C-mol H�1

d�1
A9

jCO2
CO2 input to photosynthesis mol CO2 C-mol H�1

d�1
A10

jL Light absorption rate mol photons C-mol
S�1 d�1

A11

rCH Recycled CO2 from host mol CO2 C-mol H�1

d�1
A13

rCS Recycled CO2 from symbiont mol CO2 C-mol S�1

d�1
A14

jCP Photosynthesis rate mol C C-mol S�1 d�1 A15
jeL Light energy in excess of

photochemistry
mol photons C-mol
S�1 d�1

A16

jNPQ Total capacity of NPQ mol photons C-mol
S�1 d�1

A17

cROS ROS production proportional to
baseline

– A18

jST Symbiont biomass turnover rate C-mol S C-mol S�1

d�1
A19

rNS Recycled nitrogen from symbiont
turnover

mol N C-mol S�1

d�1
A20

jSG Symbiont biomass formation rate C-mol S C-mol S�1

d�1
A21

qC Fixed carbon shared with host mol C C-mol S�1 d�1 A22
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In the Cunning et al. model, the host takes up nitrogen from the
external environment, which is assumed to be the surrounding
water column. To understand how the presence of fish affects
the amount of nitrogen available to the host, we chose to explicitly
account for the dynamics of the concentration of nitrogen within
the interstitial space of a coral colony. These modifications are
described below (also see Fig. 1).

2.2. Host colony morphology

In the dynamic energy budget model, the host is described in
terms of tissue biomass. In order to characterize the morphology
of a host colony, we distinguished between living tissue (the host
biomass) and skeleton volume (which determines the volume of
the interstitial space). We used empirical data on branching corals
to approximate simple allometric relationships between host tis-
sue biomass H and metrics of colony morphology (see ‘‘Fish excre-
tion model parameterization” supplement). For total colony volume
VH , we used the general relationship

VH ¼ kVH ð1Þ
where kV is colony volume per unit biomass (see Table 2 for a
description of model variables, parameters, and their units). Thus,
the DEB-based component of the model describes the biomass of
3

living host tissue, and we assume that when new tissue biomass
is formed, the coral simultaneously builds skeleton and VH

increases at a rate proportional to dH=dt. However, since it is mainly
the skeletal structure of a colony that determines its volume, the
above relationship no longer holds when a host loses tissue biomass
but its skeleton remains intact (such as may occur following bleach-
ing; Clark et al., 2000). To address this, the rate of change in host
volume was decoupled from that of host biomass:

dVH

dt
¼ 0; dH

dt < 0

kv dH
dt ;

dH
dt P 0

(
ð2Þ

When host tissue biomass is declining, VH remains constant. When
host biomass is increasing, VH increases proportionately to dH=dt as
given by the derivative of eqn. 1 with respect to time. Note this for-
mulation assumes that, following a period of negative host growth
(e.g., a bleaching event), a host that returns to positive growth will
begin growing new tissue and new skeleton. In reality, re-growth of
tissue over old skeleton may also occur (Henry and Hart, 2005), but
for simplicity was not considered here.

The volume of the interstitial space in a colony VHi is then given
by

VHi ¼ v iVH ð3Þ
where v i is the fraction of the colony volume that is filled with
water.

2.3. Host nitrogen uptake

As in the Cunning et al. (2017) model, the rate of nitrogen
uptake by the host is described by Michaelis-Menten kinetics.
However, there are now two pools of nitrogen available to the
host: nitrogen in the external environment Nenv (equivalent to N
in the original model) and nitrogen in the interstitial space Ni.
We assumed that a fraction a of host tissue is in direct contact with
the external environment and exclusively takes up environmental
nitrogen. The remaining 1� að Þ fraction of host tissue lines the
interstitial space and only has access to interstitial nitrogen.
Assuming the same maximum uptake rate jNm and half-
saturation constant KN for both nitrogen pools, the total mass-
specific (per unit host biomass) rate of nitrogen uptake jN is there-
fore given by

jN ¼ ajNenv þ 1� að ÞjNi
¼ a

jNmNenv

Nenv þ KN
þ 1� að Þ jNmNi

Ni þ KN
ð4Þ
2.4. Fish growth

Fish P grow logistically at an intrinsic growth rate rP to a carry-
ing capacity that scales with the constant kP to the amount of living
host tissue in the interstitial space, 1� að ÞH:
dP
Pdt

¼ rP
kP 1� að ÞH � P
kP 1� að ÞH

� �
ð5Þ

We assume that fish carrying capacity is mainly determined by
interstitial space, as studies suggest competition for shelter space
underlies density-dependence in coral-dwelling damselfishes
(Holbrook and Schmitt, 2002). The decision to scale fish carrying
capacity to the biomass of interstitial tissue (rather than interstitial
volume) implies that a bleached coral that has experienced tissue
mortality will not support as many fish as an undamaged coral
with an equivalent interstitial volume. This formulation was based
on the assumption that coral-dwelling fish prefer live coral as hosts
(Wilson et al., 2008; Coker et al., 2014) and will therefore leave
dying hosts in the weeks following the onset of bleaching. How-
ever, we also explored how making fish carrying capacity a func-



Fig. 1. Conceptual diagram of the model (modified from Fig. 1 of Cunning et al., 2017). As in Cunning et al., j’s represent mass-specific fluxes, and large circles represent
synthesizing units (SUs). q’s signify fluxes that are shared between partners. In the fish excretion model, the host takes up nitrogen from both the external environment (Nenv )
and the interstitial space (Ni) at rates proportional to the fraction of host tissue in contact with each of these environments (a and 1� a, respectively). The concentration of
nitrogen in the interstitial space is influenced by uptake by the host, exchange with the external environment, waste released by the symbionts, and excretions from fish
within the interstitial space.
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tion of interstitial volume (meaning that fish remain on bleached
hosts; Coker et al., 2012) altered their effects on post-bleaching
dynamics.

2.5. Interstitial nitrogen dynamics

The concentration of nitrogen in the interstitial space Ni is a
state variable whose dynamics are influenced by 1) exchange of
water (and dissolved nitrogen) between the interstitial space and
external environment, 2) excretions from fish, 3) waste nitrogen
released by the symbiont, and 4) uptake by the host. Note that
many forms of nitrogen including nitrate, ammonium, and urea
may be found on coral reefs, and their origins and effects on the
coral holobiont may vary (Shantz and Burkepile, 2014). However,
for the purposes of our present work, we adopt the simplifying
assumption that all nitrogen available to the coral is of the same
chemical form, which allows us to focus our analysis on the effects
of absolute changes in nitrogen supply. We consider the probable
consequences of alternate formulations in the Discussion.

1) We assumed that the rate of nitrogen exchange between the
interstitial space and external environment depends on the differ-
ence between interstitial and ambient nitrogen concentrations and
a flushing rate d:

d Nenv � Nið Þ
where d represents the rate of turnover of the water in the intersti-
tial space. Its value may be influenced by colony morphology (e.g.,
colonies with more open branching structures would be expected
to have higher flushing rates) as well as the rate of water flow
around a colony (Reidenbach et al., 2006).

2) Fish excrete nitrogen into the interstitial space at a per bio-
mass rate eP . The total rate of nitrogen excretion is assumed to
4

scale linearly with fish biomass (Holbrook et al., 2008), and is thus
given by ePP.

3) Recall that the host shares nitrogen in excess of that used for
its own growth with the symbiont. Any nitrogen that is still left
over after the symbiont has used all it can for growth makes up
a rejection flux of nitrogen from the symbiont biomass SU, jNw. This
flux is the difference between the input of nitrogen to the SU (i.e.,
surplus nitrogen from the host, qNH=S, and recycled nitrogen from
symbiont turnover, rNS) and the amount of nitrogen used for sym-
biont biomass formation, gNSjSG:

jNw ¼ qN
H
S
þ rNS � nNSjSG

� �
þ

ð6Þ

Note that xðÞþ means max x;0ð Þ and ensures that jNw never goes
negative. In the original Cunning et al. (2017) model, this waste
nitrogen was assumed to be lost to the environment. Here, in the
absence of empirical data on the fate of this nitrogen, we assumed
that waste nitrogen released by the symbionts in host tissue lining
the interstitial space can enter this space. We further assumed that
a fraction f of this nitrogen is in a form that is bioavailable to the
host. If symbionts are evenly distributed in host tissue, such that
a fraction 1� að Þ of symbionts are within tissue lining the intersti-
tial space, then the total amount of waste nitrogen that enters the
interstitial space and is available to the host is

f 1� að ÞjNwS
4) As described in the section ‘‘Host nitrogen uptake”, the mass-

specific rate of nitrogen uptake from the interstitial space by the
host is 1� að ÞjNi

(eqn. 4). Thus, the total rate of host interstitial
nitrogen uptake is given by

1� að ÞjNi
H



Table 2
Model state variables and parameters, adapted from Cunning et al. (2017). Additions to the original model are shown in bold. Details on model parameterization are provided in
the supplement. For parameters whose values were varied in simulations, the default values are given.

Symbol Description Units Value

State variables
H Host tissue biomass C-mol –
S Symbiont biomass C-mol –
P Fish biomass g –
VH Volume of host colony L –
VHi Volume of the interstitial space of host colony L –
Ni Concentration of nitrogen in the interstitial space mol L�1 –
t Time d –

Parameters
Nenv Concentration of nitrogen in the external environment mol L�1

1*10�7

X Concentration of prey C-mol X L�1
1*10�7

I Ambient irradiance mol photons m�2 d�1 15
kV Host colony volume per unit biomass L C-mol H�1 16.9
v i Fraction of host colony volume that is interstitial space – 0.7
a Fraction of host tissue in contact with external environment – 0.23
rP Fish growth rate d�1 0.05
kP Scalar relating fish carrying capacity to interstitial host tissue biomass g fish C-mol H�1 210
d Flushing rate d�1 1660
f Fraction of symbiont waste N bioavailable to host – 1
eP Fish excretion rate mol N g fish�1 d�1

1.5*10�5

nNH N:C molar ratio in host biomass – 0.18
nNS N:C molar ratio in symbiont biomass – 0.13
nNX N:C molar ratio in prey biomass – 0.2

j0HT Maintenance rate of host biomass C-mol H C-mol H�1 d�1 0.03

j0ST Maintenance rate of symbiont biomass C-mol S C-mol S�1 d�1 0.03

rNH Proportion N turnover recycled in host – 0.9
rCH Proportion host metabolic CO2 recycled to photosynthesis – 0.1
rNS Proportion N turnover recycled in symbiont – 0.9
rCS Proportion symbiont metabolic CO2 recycled to photosynthesis – 0.9
jXm Maximum prey assimilation rate from host feeding C-mol X C-mol H�1 d�1 0.13
KX Half-saturation constant for prey assimilation C-mol X L�1

10�6

jNm Maximum host DIN uptake rate mol N C-mol H�1 d�1 0.035
KN Half-saturation constant for host DIN uptake mol N L�1

1:5 � 10�6

kCO2
Efficacy of CO2 delivery to photosynthesis by host CCMs mol CO2 mol C�1 10

jHGm Maximum specific growth rate of host C-mol H C-mol H�1 d�1 1
yCL Quantum yield of photosynthesis mol C mol photons�1 0.1
yC Yield of biomass formation from carbon C-mol mol C�1 0.8
�a� Effective light-absorbing cross-section of symbiont m2 C-mol S�1 1.34
kNPQ NPQ capacity of symbiont mol photons C-mol S�1 d�1 112
kROS Excess photon energy that doubles ROS production, relative to baseline levels mol photons C-mol S�1 d�1 80
jCPm Maximum specific photosynthesis rate of symbiont mol C C-mol S�1 d�1 2.8
jSGm Maximum specific growth rate of symbiont C-mol S C-mol S�1 d�1 0.25
b Scaling parameter for bleaching response – 5
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Putting the above components together, the full equation for
the interstitial nitrogen dynamics is

dNi

dt
¼ d Nenv � Nið Þ þ ePP þ f 1� að ÞjNwS� 1� að ÞjNi

H
� �

V�1
Hi ð7Þ

where components 2–4 are divided by the volume of the interstitial
space VHi to express these rates of nitrogen transfer in terms of
nitrogen concentrations.

2.6. Model initialization

In this model, the dynamics of the fluxes occur on faster time
scales than the dynamics of the state variables. While the fluxes
are assumed to equilibrate virtually immediately, the flux equa-
tions can be satisfied by multiple sets of solutions. To simulate
the system, we set up auxiliary state variables for some of the
fluxes (qC ; jCP and jNi) and calculated the equilibria of the remain-
ing fluxes from these. The numerical method and the procedure for
finding a low dimensional representation of the fast network are
described by Pfab et al. (in review). Using this method, the system
can be fully defined by specifying initial values for qC , jCP , and jNi in
addition to the state variables H; VH; S; Ni, and P. In all simula-
tions, the initial values used were H0 ¼ 1; VH0 ¼ kVH0;
5

S0 ¼ 0:3; Ni0 ¼ Nenv ; jNi0 ¼ jNmNi0
Ni0 þ KN

; jCP0 ¼ 1, and qC0 ¼ 1. If fish

were present, fish biomass was initialized at carrying capacity
(P0 ¼ kP 1� að ÞH0), otherwise P0 ¼ 0. For a given set of environ-
mental conditions, the steady state behavior of the system is deter-
mined by the initial values of a few key fluxes (Pfab et al., in
review). By choosing jCP0 ¼ 1 and qC0 ¼ 1, we ensured that the sys-
tem was initially in the nitrogen-limited (non-bleached) state: the
symbiont is both producing carbon and sharing it with the host a
high rate.

3. Model analysis and results

3.1. Fish effects on interstitial nitrogen and host growth under varying
environmental conditions

3.1.1. Description of analyses
To explore the conditions under which fish-derived nitrogen

benefits host corals, we first focused on constant environments
with intermediate light levels (I = 15 mol photons m�2 d�1). We
ran simulations with varying levels of host prey (X), ambient levels
of nitrogen in the environment (Nenv), flushing rates (d), and rela-
tionships between host biomass and fish carrying capacity (kP),
all with and without fish. For each simulation, we recorded the
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steady state concentration of interstitial nitrogen Ni and mass-
specific host growth rate dH=Hdt. We considered the system to
have reached a steady state when interstitial nitrogen and specific
growth rates changed by less than 0.01% over the last 50 days of
the simulation.

We estimated reasonable ranges for each of the varied parame-
ters from empirical data. Nitrogen concentrations on coral reefs
can vary widely, with nitrate and ammonium levels typically rang-
ing from 0.05–5lM (O’Neil and Capone, 2008). Since we expect fish
excretions to have the largest effects on corals in low nitrogen
environments, we chose a range for Nenv of 0.01–1lM, which is
at the lower end of reported values. Like nitrogen, zooplankton
concentrations on coral reefs can be extremely variable
(Nakajima et al., 2014). For instance, a study on the Great Barrier
Reef reported zooplankton concentrations that ranged from <4
*10�8 C-mol L�1 on the back reef lagoon to 2 *10�7 C-mol L�1 on
the fore reef (Roman et al., 1990), although these values are at
the lower end of those reported by other studies (Nakajima et al.,
2014). However, in addition to zooplankton abundance, there are
other factors that must be considered when estimating rates of
host feeding. Corals may only consume specific taxa and sizes of
zooplankton, and they may also feed on particulate organic matter
and bacteria if zooplankton are not available (Palardy et al., 2006).
Importantly, the degree of heterotrophy can vary widely among
individual corals (Fox et al., 2018). Given these many uncertainties,
we chose to vary X from 0–2 *10�7 C-mol L�1, but note that our
estimates of rates of host heterotrophy are uncertain. Furthermore,
X ¼ 0 may be unrealistic, since most corals likely have some het-
erotrophic feeding, but we included this case for comparison and
ran simulations with and without prey.

The range of values for the flushing rate d that we used was
based on dye retention trials with Pocillopora colonies (Holbrook
et al., 2008). However, this experiment was performed in a low-
flow environment, and differences in flushing rates were largely
due to colony morphology. Since flow regimes can vary at different
locations on a reef (Sebens et al., 2003), we expanded this range to
include larger values that represent higher flow environments and
thus varied d from 450 to 4050 d�1 (but note we do not have
empirical data on an upper limit). For the parameter kP , which
scales fish carrying capacity to host biomass, we estimated a base-
line value of 210 g C-mol H�1 using survey data on damselfish
abundance and host colony size collected as part of the Holbrook
et al. (2008) study. Details on parameter estimation are provided
in the ‘‘Fish excretion model parameterization” supplement.
3.1.2. Results
The degree to which fish benefit corals is determined by the

magnitude by which they increase the concentration of nitrogen
in the interstitial space. In intermediate light (low stress) environ-
ments, when the system is in the non-bleached state, host and
symbiont growth are generally limited by nitrogen. Higher concen-
trations of nitrogen in the external environment increase the
amount of nitrogen available to the host, both by increasing direct
uptake from the environment and by increasing nitrogen in the
interstitial space (Fig. 2a). Thus, host growth rate increases with
increasing ambient nitrogen (Fig. 2b). Similarly, prey provides an
additional source of nitrogen as well as carbon, and host growth
is always higher with prey than without (Fig. 2). Note that when
prey is available, host growth does not directly reflect interstitial
nitrogen concentrations (Fig. 2c, d). Prey indirectly increase inter-
stitial nitrogen levels by increasing the amount of surplus nitrogen
in the system and thus the amount of waste nitrogen released by
the symbiont (Fig. S1). However, when fish are present, increasing
prey availability results in fish excretions being diluted due to
increased host growth rates (Fig. S1; also see below), and thus
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results in lower interstitial nitrogen concentrations relative to
non-feeding, slower-growing hosts (Fig. 2c).

For the range of parameter values considered here, fish have
either positive or neutral effects on host growth rate. Fish are more
beneficial (i.e., the difference in the growth of hosts with and with-
out fish is greater) when ambient nitrogen and prey levels are low
(Fig. 2a-d, a-d, Fig. S2a). As ambient nitrogen and/or prey availabil-
ity increase, host growth rate is high regardless of fish presence
and the magnitude of fish benefits are diminished. Although it
makes sense that hosts that have access to sufficient nitrogen from
the environment and food would not be as reliant on fish, mathe-
matically these results are due to our model formulation: the host
grows exponentially, while fish grow logistically to a carrying
capacity set by host biomass. As the specific growth rate of the host
increases, fish start to lag behind their rapidly increasing carrying
capacity. Consequently, there are less fish per unit host biomass
(and per unit volume of interstitial space), and the fish’s excretions
are diluted. If host growth rate surpasses that of the fish, the ratio
of fish to host biomass is effectively zero, and fish have no effect on
the system (Fig.S3). On natural reefs, such a phenomenon could
possibly occur if fish growth is limited by factors unrelated to host
coral size (e.g., prey availability; Jones, 1986).

The effects of fish are also influenced by the flushing rate and,
unsurprisingly, fish carrying capacity. In the absence of fish, higher
flushing rates increase the concentration of nitrogen in the intersti-
tial space, as interstitial nitrogen that is taken up by the host is
more rapidly replaced with nitrogen from the external environ-
ment (Fig. 2e). When fish are present, however, higher rates of
exchange with the external environment mean that fish excretions
get flushed out, and the positive effects of fish on interstitial nitro-
gen and host growth therefore decline with increasing flushing
rates (Fig. 2e, f, Fig. S2b). Finally, as the scalar kP modulating the
relationship between host biomass and fish carrying capacity
increases and there are more fish per unit host biomass, there is
a larger increase in interstitial nitrogen and host growth in the
presence of fish (Fig. 2g, h, Fig. S2b). Variation in kP could reflect
host morphology (e.g., branch spacing, Chase et al., 2014) as well
as interspecific differences in fish social behavior. For instance,
schooling damselfish might have a higher carrying capacity than
territorial species such as hawkfish, which are often solitary
(Kane et al., 2009).
3.2. Non-linear effects of nitrogen on coral bleaching

3.2.1. Description of analyses
Our model predicted that under certain ranges of environmen-

tal conditions fish may increase the amount of nitrogen available
to their host coral. While the above analyses showed that this
can be beneficial in constant environments, we were also inter-
ested in how fish excretions affected host performance during
acute stress events. Fish affect the host by increasing nitrogen
availability; thus, to answer this question, we first explored the
effects of nitrogen on the host’s response to stress. Empirical stud-
ies have demonstrated that nitrogen can exacerbate bleaching
(Thurber et al., 2014; Donovan et al., 2020), and theoretical work
suggests this may occur due to enhanced carbon limitation of the
host under conditions of elevated nitrogen (Cunning et al., 2017).
Here, we wanted to better understand the mechanisms by which
nitrogen impacts the symbiosis under stress, as this provides a
foundation for interpreting fish effects on host bleaching dynamics.

In this model, light is used as a proxy for stress. Light was mod-
eled as a step function in order to analyze the effects of stress mag-
nitude and duration independently and avoid confounding effects
of rates of environmental change. At time t ¼ tStartStress, light jumps
from I (ambient) to I þ IHigh and remains at this value for tHigh days



Fig. 2. Effects of fish and prey on steady state interstitial nitrogen concentration (Ni) and host specific growth rate (dH/Hdt) under varying levels of nitrogen in the external
environment (a, b), levels of prey (c, d), flushing rates (e, f), and fish biomass per unit interstitial host biomass (g, h). Results are shown for simulations without fish (blue
lines), with fish (orange lines), with prey (solid lines), and without prey (dashed lines). For each plot, the default values for parameters that were held constant were: flushing
rate = 1660 d�1, scalar specifying relationship between interstitial host biomass and fish carrying capacity = 210 g C-mol H�1, ambient N = 1*10�7 mol L�1, and prey = 1*10�7

C-mol L�1 (if present) or 0 C-mol L�1 (if absent). For the interstitial nitrogen plots, the grey line indicates the ambient concentration of nitrogen in the external environment
(Nenv ). Note the difference in y-axis scales between column 1 and columns 2–4.
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before dropping back to I. Although we used light pulses to simu-
late acute stress events, these pulses could also represent high
temperature or any other stressor that disrupts the symbiont’s
photochemistry and drives bleaching by the production of ROS
(Cunning et al., 2017).

To explore the system’s sensitivity to nitrogen levels when
stressed, we ran simulations in environments with low, intermedi-
ate, and high ambient concentrations of nitrogen (Nenv = 0.1, 1, and
10 lM, respectively). Note that the highest value used is within the
range of nitrogen levels reported for reefs that are heavily
impacted by anthropogenic activities (Cruz-Pinon et al., 2003). In
each simulation, the system was shocked with a light pulse with
a total magnitude of 40 mol photons m�2 d�1 (IHigh = 25 mol pho-
tons m�2 d�1) that started on day 600 and lasted for 30 days. These
simulations were run without fish or prey.

As discussed previously, bleaching occurs when the system flips
to a carbon-limited state. One useful metric for determining
whether the system is in this bleached state is the degree to which
the production of each synthesizing unit is limited by the input of
carbon (Cunning et al., 2017). Therefore, for each simulation, we
calculated the relative limitations of the host and symbiont bio-
mass SUs during and after the light pulse. This was done using
eqn. 23 of Cunning et al. (2017):

log
min jS1; jPmð Þ
min jS2; jPmð Þ

� �

where jS1 and jS2 are the input fluxes of carbon and nitrogen, respec-
tively, and jPm is the maximum rate of biomass production. Positive
values indicate production is more limited by nitrogen, while neg-
ative values indicate carbon is more limiting. If this expression is
equal to zero, production is limited by its maximum rate (i.e., nei-
ther substrate is limiting).
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3.2.2. Results
We found that nitrogen availability can produce a ‘‘Goldilocks

effect”, in which too-low or too–high levels of nitrogen could
increase the risk of host bleaching under light stress (Fig. 3,
Fig. 4). Furthermore, the mechanisms underlying the effects of
low vs. high nitrogen differed (Fig. 3).

In the low nitrogen environment (Fig. 3a; Fig. 4, yellow lines),
hosts grew slowly prior to light stress and had little surplus nitro-
gen to share with the symbionts, which consequently also had a
low growth rate (Fig. 4a-c). Therefore, symbiont density was ini-
tially low (Fig. 4d). Low self-shading by the sparse symbionts
meant that when the light pulse occurred, symbiont photosystems
were saturated, and excess light drove high levels of ROS produc-
tion (Fig. 4e). These damaged the photosystems and drove declines
in symbiont biomass, both of which reduced the amount of fixed
carbon being produced and shared with the host (Fig. 4c, f). The
host became carbon-limited and, with no surplus carbon to acti-
vate the CCMs, carbon limitation of the symbionts soon followed
(Fig. 4g, h).

In the high nitrogen environment (Fig. 3b; Fig. 4, blue lines),
higher host growth rate, surplus nitrogen, and symbiont growth
rate meant that symbiont densities at the start of the light pulse
were high (Fig. 4a-d). Because dense symbionts shaded one
another, the increase in ROS production at the start of the light
pulse was low (Fig. 4e). Although carbon production was reduced,
symbionts were initially able to maintain positive growth (Fig. 4c).
The combination of a large, growing symbiont population and
lower carbon production meant that the amount of surplus carbon
shared with the host declined (Fig. 4f). The host, which also
required high levels of carbon to support its high growth rate,
rapidly became carbon limited, and the system subsequently
flipped to the bleached state (Fig. 4g, h).



Fig. 3. Diagram of the different mechanisms underlying the ‘‘Goldilocks” effects of nitrogen.

Fig. 4. Model simulations of environments with low (10�7 mol L�1), medium (10�6 mol L�1) and high (10�5 mol L�1) values of Nenv (the concentration of nitrogen in the
external environment) are shown in orange, green, and blue, respectively. All simulations were run without fish or prey, and with a flushing rate of d = 1660 d�1. A light pulse
with a total magnitude of 40 mol photons m�2 d�1 began at day 600 and lasted 30 days (gray shaded region). For g) and h), positive values indicate biomass production is
more limited by nitrogen, while negative values indicate carbon is more limiting.
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Nitrogen levels were ‘‘just right” if the balance between the pro-
tective benefits of dense symbionts and the costs of reduced car-
bon sharing by these rapidly growing symbionts was sufficient to
prevent the system from becoming carbon limited (Fig. 4, green
lines). This range of ‘‘just right” nitrogen levels depended on the
level of stress, and if stress was high enough, it did not exist (the
host bleached regardless of nitrogen availability; Fig. S4). Similarly,
prey availability also had a large effect on these Goldilocks dynam-
ics; notably, if prey was sufficiently high, the ‘‘too low” range either
did not exist or occurred at unrealistically low levels of nitrogen
(Fig. S5). It is also important to note that once a host had bleached,
nitrogen always slowed or inhibited the system’s return to the
nitrogen-limited state. Thus, even if nitrogen levels were within
the ‘‘too low” range, increasing nitrogen had a negative effect on
the host’s bleaching response (Fig. S6). It was only when nitrogen
jumped from a value in the ‘‘too low” range to one in the ‘‘just
right” range (in which the host does not bleach at all) that an
increase in nitrogen availability benefited hosts under stress.

3.3. Fish and environmental conditions affect host bleaching and
recovery thresholds

3.3.1. Description of analyses
In our model, bleaching occurs when the system transitions

from a nitrogen- to a carbon-limited state (Fig. 4), as in the original
Cunning et al. (2017) model. Thus, whether or not stress events
cause the host to bleach will depend on the relative availability
of nitrogen and carbon in the system. The above results suggested
that when hosts are stressed, nitrogen can be harmful if ‘‘too low”
or ‘‘too high”, but beneficial if ‘‘just right”. Relative nitrogen avail-
ability is affected by fish presence as well as environmental condi-
tions (e.g., ambient nitrogen, flushing rates and prey levels; Fig. 2).
Thus, we next explored how these factors influenced thresholds in
host responses to varying levels of stress.

We ran simulations in which the system was shocked with a
light pulse of varying magnitude and duration. In each simulation,
the light pulse began on day 600. Pulse duration (tHigh) ranged from
7–35d, and pulse magnitude (IHigh þ I) ranged from 35–50 mol pho-
tons m�2 d�1. We categorized the system’s response to each stress
event as follows: 1) ‘‘Not stressed” (host growth remained positive
and neither the host nor symbiont biomass SU became carbon-
limited), 2) ‘‘Mildly stressed” (host growth went negative during
the pulse, but both biomass SUs did not become C-limited), 3)
‘‘Bleached and recovered” (the system flipped to the bleached state
with negative host growth and C-limited SUs, but returned to pos-
itive growth and nitrogen limitation within 100 days following the
end of the light pulse), and 4) ‘‘Bleached with mortality” (the sys-
tem flipped to the bleached state and remained in this state for
more than 100 days after the end of the light pulse). The recovery
cut-off of 100 days was chosen because we assumed that a host
that still had a negative growth rate after this long would likely
be dead.

We first ran these simulations in a low nitrogen, low flushing
rate environment (Nenv ¼ 1 � 10�7 mol L�1, d ¼ 1660 d�1) with
and without fish and prey (with X ¼ 1 � 10�7 C-mol L�1 for the
with-prey case). We repeated this with a higher flushing rate
(d ¼ 3000 d�1) and then again with higher ambient nitrogen
(Nenv ¼ 1 � 10�6mol L�1).

3.3.2. Results
Fig. 5a-d show the results of simulations in a low nitrogen, low

flushing rate environment. In the absence of prey, fish were bene-
ficial under moderate levels of light stress, as hosts without fish
were strongly nitrogen limited and unable to maintain positive
growth when carbon production was reduced. At higher light
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levels, hosts generally bleached regardless of the presence or
absence of fish (Fig. 5a, b). However, fish did slightly alter host
bleaching thresholds, and these differences were consistent with
the finding that ‘‘just right” levels of nitrogen depend on the level
of stress experienced by the host (Fig. S4). In these simulations, we
observed one case in which the presence of fish prevented the host
from bleaching (when pulse magnitude was 39 mol photons m�2

d�1 and pulse duration was 25d). Exploring this further, we found
that slightly increasing environmental nitrogen and decreasing the
flushing rate (such that overall nitrogen availability was higher and
fish excretions were lost at a slower rate) expanded the range of
stress levels for which fish increased nitrogen into the ‘‘just right”
ranges and prevented bleaching (Fig. S7). However, in the simula-
tions shown in Fig. 5, there were also several cases in which hosts
bleached with but not without fish (e.g., at a pulse magnitude of
50 mol photons m�2 d�1 and a pulse duration of 7d). At these levels
of stress, fish instead increased nitrogen from the ‘‘just right” to the
‘‘too high” range. Thus, the effects of fish on host bleaching thresh-
olds depended on nitrogen availability in both the presence and
absence of fish as well as the severity of the stress event.

Prey increased the host’s tolerance to stress and, for stress levels
that exceeded this tolerance, enabled bleached hosts to recover
(Fig. 5c). However, recovery required sufficiently low levels of
nitrogen: fish reduced the range of stress levels over which recov-
ery was possible (Fig. 5d), while increasing the flushing rate d ame-
liorated these negative effects (Fig. 5e, f). Increasing the ambient
concentration of nitrogen in the external environment (Nenv) inhib-
ited recovery, with minimal effects of fish (Fig. 5g, h).

3.4. Fish and environmental conditions affect post-bleaching recovery

3.4.1. Description of model analyses
While the above analyses indicated whether or not bleached

hosts recovered (i.e., returned to the nitrogen-limited state within
100 days after a stress event), we also looked more closely at how
these post-bleaching dynamics were affected by fish presence and
environmental conditions. To do this, we ran simulations with a
light pulse that was stressful enough to induce bleaching across a
range of environmental conditions (duration = 30d, magnitude =
50 mol photons m�2 d�1). We recorded the time the system took
to return to the nitrogen-limited state (positive host growth, no car-
bon limitation) following the end of the pulse. We repeated this
with and without fish for varying levels of prey, flushing rates,
and ambient nitrogen concentrations. We also varied the relation-
ship between host biomass and fish carrying capacity to explore
the effects of fish abundance in addition to presence/absence.

3.4.2. Results
Consistent with Fig. 5, the time the system took to return to the

nitrogen-limited state was dependent on the levels of carbon and
nitrogen in the holobiont and its environment. Furthermore, the
relationship between relative nitrogen availability and return time
was nonlinear, with abrupt increases in return times when nitro-
gen exceeded threshold values (Fig. 6).

Decreasing prey and increasing ambient nitrogen increased the
availability of nitrogen relative to that of carbon, slowing the sys-
tem’s return to the nitrogen-limited state (Fig. 6a, b). Return times
were also longer for lower flushing rates (Fig. 6c), highlighting the
large effects of interstitial nitrogen dynamics on the system’s
response to stress. When the system bleached and the host and
symbiont became carbon limited, interstitial nitrogen concentra-
tions spiked due to an increase in surplus nitrogen in the holobiont,
which was ultimately released into the interstitial space as waste
from the symbionts (Fig. S8). At lower flushing rates, this spike
was larger and more prolonged, and there was therefore more
nitrogen in the system during the initial post-stress period.



Fig. 5. Effects of fish and prey on bleaching thresholds and recovery in different environments. Simulations were run with light pulses of varying magnitudes (x-axis) and
durations (y-axis). Pulse magnitude ranged from 35–50 mol photons m�2 d�1, and pulse duration ranged from 7–35 days. For each simulation, the colors indicate whether the
host was not stressed, mildly stressed, bleached but recovered, or bleached and died (see ‘‘Description of analyses” for the criteria for these categories). For simulations with
prey, X = 1*10�7 C-mol L�1. a-d) Nenv = 10�7 mol L�1 and d (flushing rate) = 1660 d�1. e-f), Nenv = 10�7 mol L�1 and d =3000 d�1, g-h) Nenv = 10�6 mol L�1 and d = 1660 d�1.
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Fig. 6. Effects of fish on recovery from bleaching at varying a) levels of prey, b) ambient nitrogen, c) flushing rates, and d) fish abundance. The results of simulations with and
without fish are shown in orange and blue, respectively. In all simulations, bleaching was induced with an intense light pulse (magnitude = 50 mol photons m�2 d�1,
duration = 30 days) on day 600. The time that it took the system to return to the nitrogen-limited state (i.e., positive host growth, neither partner is C-limited) following the
end of the pulse was recorded. In all plots, the dashed horizontal line marks a return time of 100 days. Times less than 100 d correspond to the ‘‘Bleached and recovered”
scenario in Fig. 5, while longer times correspond to the ‘‘Bleached with mortality” scenario. For each plot, the default values for parameters that were held constant were:
flushing rate = 1660 d�1, scalar specifying relationship between interstitial host biomass and fish carrying capacity = 210 g C-mol H�1, ambient N = 1*10�7 mol L�1, and
prey = 1.1*10�7 C-mol L�1.
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Notably, this effect of flushing rate was apparent both with and
without fish, despite lower flushing rates reducing the steady state
concentration of nitrogen in the interstitial space in the absence of
fish (Fig. 2e).

Fish increased the concentration of nitrogen in the interstitial
space, resulting in a larger spike in nitrogen levels during bleaching
(Fig. S8). This had either neutral or negative effects on host recovery,
depending on environmental conditions and fish abundance (Fig. 6).
When prey was low and/or ambient nitrogen levels were high,
nitrogen availability was well above the system’s tipping point,
and return times were on the order of several hundred days (note
these are not biologicallymeaningful- the host would likely be dead
after this long). Fish declinedwith host biomass, and the concentra-
tion of nitrogen in the interstitial space approached that of the
external environment regardless of whether theywere initially pre-
sent (Fig. S9). Fish also had minimal effects on return times when
relative nitrogen availability was very low (e.g., when prey was
high, environmental nitrogen levels were low, or flushing rate was
high). In these cases, nitrogen levels in the presence of fishwere still
below the threshold value at which an abrupt increase in return
time occurred, and the system quickly recovered with or without
fish. However, if conditions were such that fish caused nitrogen
levels to exceed the system’s tipping point, they could greatly
increase return times (Fig. 6, Fig. S10). The magnitude of these fish
effects was also sensitive to assumptions about fish behavior: if fish
carrying capacity scaled to interstitial volume rather than intersti-
tial biomass (i.e., fish did not leave bleached hosts), there were lar-
ger increases in return times in their presence (Fig. S11).

4. Discussion

As mass bleaching events threaten coral reef ecosystems around
the world (Hughes et al., 2018), it is critically important to under-
stand the factors– both abiotic and biotic– that mediate coral
11
bleaching. Here, we modified a published DEB model of the
coral-algal symbiosis to include the excretions of coral-dwelling
fish as a source of nitrogen for host corals. Our model predicted
that fish presence can accelerate coral growth rates, but also
potentially make host corals more prone to bleaching. The magni-
tude of fish effects depended on the degree to which they increased
nitrogen availability, which was influenced by numerous factors
(e.g., ambient nitrogen concentrations, the rate of exchange
between the interstitial space and external environment, availabil-
ity of prey for the host). In low-stress (light) environments, growth
was generally nitrogen limited and higher levels of nitrogen were
always beneficial. However, during periods of light stress, nitrogen
was found to be a ‘‘double-edged sword”, potentially increasing a
host’s tolerance of stress (when not too low or high) but also exac-
erbating bleaching once the system had entered the carbon-limited
state. Thus, while there were certain conditions under which fish
could reduce host bleaching susceptibility, when hosts did bleach
the presence of fish hindered recovery. Model dynamics under
stress were also highly non-linear, and the magnitudes of fish
effects on bleaching thresholds and post-bleaching dynamics were
sensitive to the degree to which fish altered the relative availability
of nitrogen and carbon (i.e., whether fish excretions pushed the
system past its tipping points).

In the absence of light stress, fish produced the largest benefits
when ambient nitrogen, prey, and flushing rates were low, and
when fish biomass per host colony was high (Fig. 2). These results
make intuitive sense and are supported by empirical work: in envi-
ronments where nitrogen is limiting and conditions are such that
the interstitial space is not rapidly flushed out, the nitrogen
excreted by coral-dwelling fish can enhance the growth of host
corals (Holbrook et al., 2008). Coral reefs, particularly those on
remote islands less impacted by anthropogenic activities, are gen-
erally oligotrophic (Szmant, 2002), and the positive effects of fish
excretions may therefore play a significant role in the functioning
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of these ecosystems (Allgeier et al., 2016). However, for fish that
shelter within individual corals, the degree to which their excre-
tions increase nitrogen availability is influenced by colony flushing
rate (Fig. 2e). The flushing rate can be affected by both the flow
regime and colony morphology (Reidenbach et al., 2006). Thus,
host colonies in low flow environments (e.g., some lagoons; Lowe
et al., 2010) would be expected to better retain and utilize fish
excretions, as would colonies with more closed branching mor-
phologies (Holbrook et al., 2008). Studies suggest that coral-
dwelling fish prefer to shelter in colonies with open morphologies
(Chase et al., 2014), leading to a potential trade-off between
attracting fish and retaining their excretions (Holbrook et al.,
2008). This is predicted by our model, whereby increasing flushing
rate (colony openness) and decreasing fish carrying capacity have
opposing effects on host growth (Fig. S2b).

When corals were exposed to increased light (a proxy for any
stressor that may induce bleaching; e.g., elevated temperature),
the effects of fish were more complex. While we found some cases
in which fish increased host bleaching tolerance (Fig. 5, Fig.S7), our
model also predicted that the presence of fish could put corals at a
greater risk of bleaching and mortality. These harmful effects
occurred because fish excretions increased the availability of nitro-
gen relative to that of carbon, which not only made the holobiont
more likely to tip into the carbon-limited state when carbon pro-
duction was disrupted, but also caused it to remain in this state
for longer periods of time. Our model predicts that such scenarios
are more likely when prey availability is low, flushing rates are
low, and ambient nitrogen is high (Fig. 6). Such conditions may
occur in lagoon systems, particularly those subject to nitrogen
pulses from agricultural or wastewater runoff (Fabricius, 2005);
thus, corals in these environments may be more prone to fish-
exacerbated bleaching. Especially as bleaching events become
more frequent and intense, future field studies could seek to quan-
tify populations of coral-dwelling fishes and link presence and
abundance to coral bleaching and recovery in a variety of abiotic
settings (Chase et al., 2014 provides one example of such a study,
although it is focused on coral growth rather than bleaching). Such
data would provide invaluable tests of our model.

Although few empirical studies have explicitly tested the effects
of fish presence on host bleaching, recent work suggests fish can
reduce bleaching severity and promote post-bleaching recovery
(Chase et al., 2018; Pryor et al., 2020). Specifically, experiments
with Pocillopora corals showed that in the presence of damselfish,
corals retained higher symbiont densities and greater photosyn-
thetic capacities during and after a heat shock (Chase et al.,
2018). Similar findings have also been reported for photosynthetic
anemones hosting anemonefish (Pryor et al., 2020). In part, these
empirical results may correspond to regions in model parameter
space under which fish excretions provide protective benefits
(Fig. S7); however, strictly beneficial effects of fish stand in con-
trast to our model’s predictions. These discrepancies may arise
due to differences in physiological responses to light and thermal
stress not captured by our model (Tolleter et al., 2013). Addition-
ally, it may be that experimental conditions corresponded to those
in which our model predicted minimal effects of fish excretions
(e.g., high levels of prey; Fig. 6a). In this case, it may be that other
effects of fish underlie their positive effects.

In our model, the only effect of fish presence was to increase
interstitial nitrogen levels. In reality, however, coral-dwelling fish
can impact their hosts in numerous ways, some of which may be
particularly beneficial during periods of stress. For instance, fish
movement increases water flow between colony branches, which
can reduce hypoxia in the interstitial space and may help to flush
out harmful substances that would otherwise accumulate when
corals are stressed (Goldshmid et al., 2004; Garcia-Herrera et al.,
2017; Nakamura et al., 2005; Chase et al., 2018). It is also possible
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that corals, which may feed on particulate organic matter (Palardy
et al., 2006), can utilize fish feces as a source of carbon (Bray et al.,
1981). Both our results and those of previous studies suggest het-
erotrophic feeding reduces bleaching severity (Fig. 6a, Cunning
et al., 2017; Conti-Jerpe et al., 2020), so this could be another
mechanism by which fish benefit corals experiencing photo-
oxidative stress. Thus, it is possible that even if fish-derived nitro-
gen exacerbates host bleaching, this is ameliorated by other posi-
tive effects of hosting fish.

Regarding heterotrophic feeding, we made the simplifying
assumption that coral prey (which supports heterotrophic growth
and nitrogen acquisition by the coral) has the same constant value
in the open environment and in the interstitial space. Relatedly, we
assumed that this prey is not shared by the coral-dwelling fish (i.e.
there is no competition for food between coral and fish; Leray et al.,
2019), and that fish are ultimately limited by the volume of inter-
stitial space, not food availability. The assumption of constant prey
allowed us to isolate the effects of fish-symbiont feedbacks on
coral growth and bleaching, but we note it implies that, unlike
nitrogen, the exchange of coral prey between the interstitial space
and external environment is rapid enough that coral feeding does
not deplete prey in the interstitial space. Although this is undoubt-
edly a simplification, we confirmed through test computations (not
shown) that making interstitial prey dynamic (such that it is
affected by exchange with the external environment and uptake
by the coral, analogous to nitrogen) has essentially the same effect
as reducing constant prey density and thus has no qualitative
effects on our results.

When comparing our model predictions to empirical work, it is
also necessary to consider the assumptions we made about nutri-
ent dynamics in the coral holobiont. In particular, we assumed
all nitrogen (environmental and fish-derived) was of identical
chemical form and accessibility. In reality, nitrogen excreted by
fishes and other reef animals is mainly in the form of ammonium
or urea, while nitrogen in the water column can also include
nitrate from natural and anthropogenic (e.g., agricultural runoff)
sources (Shantz and Burkepile, 2014). There is growing evidence
that nitrate can increase bleaching susceptibility in corals under
thermal stress, whereas ammonium may reduce it (Shantz and
Burkepile, 2014; Burkepile et al., 2020; Morris et al., 2019;
Fernandes de Barros et al., 2020). The mechanisms underlying
these differential effects likely involve impacts on photosynthesis
and levels of oxidative stress (Morris et al., 2019; Fernandes de
Barros et al., 2020). For instance, studies have shown that ammo-
nium enrichment can promote photosynthesis and carbon translo-
cation, while nitrate has the opposite effect (Béraud et al., 2013;
Ezzat et al., 2015). Consequently, nitrate enrichment may reduce
the stability of the coral-algal symbiosis by shifting it towards
symbiont parasitism (Baker et al., 2018; Allgeier et al., 2020).
Importantly, the effects of nitrogen enrichment (of any form) on
the stress tolerance of the holobiont also depend on phosphorous
availability, which is similarly influenced by both fish excretions
and anthropogenic activities (Ezzat et al., 2015; Morris et al.,
2019). Future iterations of this–and similar–models could there-
fore account for multiple forms of nitrogen and their associated
bioavailabilities and mechanisms of action. In the case of DEBmod-
els, this would require additional empirical data quantifying trans-
formation rates between nitrogen forms both within and external
to the coral-algal holobiont.

Other model assumptions we made regarding nutrient dynam-
ics related to feedbacks between the holobiont and interstitial
nitrogen availability. Specifically, we assumed that waste nitrogen
released by the symbiont enters the interstitial space and becomes
available to the host. While there is some evidence for such cou-
pling between corals and their symbionts (Tanaka et al., 2018),
we note it may be unrealistic for waste nitrogen to enter the inter-
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stitial space before it can be utilized (unless it requires processing
by interstitial microbes; Schiller and Herndl, 1989; Rädecker et al.,
2015). For the region of parameter space we explored, symbiont
waste nitrogen dominated interstitial nitrogen dynamics during
periods of stress (Fig. S8e, f), and model predictions were therefore
sensitive to its bioavailability (Fig. S12). These results highlight the
need for further research on nitrogen cycling within the holobiont
(Rädecker et al., 2015) and, in the context of coral-algal DEB mod-
els, for greater consideration of the holobiont’s effects on its imme-
diate environment (Cunning et al., 2017; Muller et al., 2009).
5. Conclusion

Corals may benefit from mutualistic interactions with a diverse
range of species, and these relationships play a fundamental role in
the ability of coral reefs to tolerate and recover from natural and
anthropogenic stressors (Gates and Ainsworth, 2011). However,
mutualisms can be context-dependent (Chamberlain et al., 2014),
as illustrated by the breakdown of the coral-algal symbiosis and
consequential bleaching of corals (Lesser, 2011). Our results sug-
gest that the effects of sheltering fish on host corals-specifically
those mediated by nutrient excretion-can shift from beneficial to
harmful when corals are exposed to high levels of light stress.
The contrast between these predictions and the results of empirical
studies highlights the need for future work that explores key
model assumptions about nutrient dynamics as well as other
potential mechanisms by which coral-dwelling fishes may mediate
the stress response of their hosts. Ultimately, such work should
improve our understanding of how interactions between corals
and closely associated fauna influence the capacity for these corals
to tolerate the range of stressors they experience.
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Appendix A

Here we provide details on the original Cunning et al. (2017)
DEB model of the coral-algal symbiosis. In this model, host and
symbiont biomass are both state variables. The flows of nitrogen,
carbon and light energy within the system, as well as the formation
and turnover of host and symbiont biomass, are described by 14
mass-specific (per unit host or symbiont biomass) fluxes. Biomass
formation and the production of fixed carbon by photosynthesis
are each described by a parallel complementary synthesizing unit
(Kooijman, 2009) of the general form:

F m; x; yð Þ ¼ 1
1
m þ 1

x þ 1
y � 1

xþy

where F m; x; yð Þ is the production flux (e.g., rate of biomass forma-
tion), x and y are the input fluxes of the two substrates used to make
the product, and m is the maximum production rate.

A.1. Host and symbiont biomass

The changes in host and symbiont biomass are described by
ordinary differential equations. For host biomass H, the mass-
specific change in biomass is the difference between the rate of
biomass formation jHG and the rate of biomass turnover jHT (see
Table 1 and 2 in the main text for descriptions of model fluxes,
parameters, and their units)

dH
Hdt

¼ jHG � jHT ðA:1Þ

The mass-specific change in symbiont biomass S is the differ-
ence between the rates of biomass formation jSG and turnover jST

dS
Sdt

¼ jSG � jST ðA:2Þ

The rates of biomass formation and turnover of each partner are
functions of the remaining model fluxes, as described in the follow-
ing sections.

A.2. Host coral fluxes

Host biomass is produced from nitrogen and organic carbon,
which the host receives from several sources. The host takes up
dissolved inorganic nitrogen and prey from the environment
according to Michaelis–Menten kinetics. The rate of nitrogen
uptake jN therefore depends on the concentration of nitrogen in
the environment N, the maximum uptake rate jNm, and the half-
saturation constant KN:

jN ¼ jNmN
N þ KN

ðA:3Þ

As described in the main text, we modified this equation to dis-
tinguish between uptake from the external environment and inter-
stitial space (see eqn. 4 in main text).

Similarly, the rate of prey assimilation jX is given by

https://github.com/raine-detmer/Fish-Excretion-Model
https://github.com/raine-detmer/Fish-Excretion-Model
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jX ¼ jXmX
X þ KX

ðA:4Þ

where X is the concentration of prey in the environment (assumed
to be constant), jXm is the maximum uptake rate, and KX is the half-
saturation constant (note that in our model, we assumed there was
no difference in the feeding rate of tissue in the interstitial space).
Prey contains both carbon and nitrogen; the nitrogen obtained from
prey is nNXjX , where nNX is the N:C molar ratio of the prey.

In addition to these external sources, the host also acquires
nitrogen from the turnover of its own biomass. Turnover jHT occurs

at a constant maintenance rate j0HT

jHT ¼ j0HT ðA:5Þ
The amount of nitrogen produced by this turnover depends on

the N:C molar ratio of host biomass, nNH . Assuming a proportion
rNH of this nitrogen is recycled, the flux of recycled nitrogen rNH
is therefore given by

rNH ¼ rNHnNHjHT ðA:6Þ
Finally, the host obtains carbon from the symbiont at a rate

dependent on the rejection flux of carbon from the symbiont bio-
mass SU qC (see eqn. A.22). This rate is per unit symbiont biomass,
so it is multiplied by S/H to convert it to per unit host biomass. Put-
ting all of the above together, the rate of host biomass formation
jHG is given by the following synthesizing unit:

jHG ¼ F m; x; yð Þ

¼ F jHGm; yC qC
S
H
þ jX

� �
; jN þ nNXjX þ rNHð Þn�1

NH

� �
ðA:7Þ

wherem ¼ jHGm is the maximum rate of host biomass formation and
x and y are the input fluxes of carbon and nitrogen, respectively.
The parameter yC is included to specify the amount of biomass that
can be produced from organic carbon.

Parallel synthesizing units are not completely efficient. Even
when production is below its maximum rate, not all of the sub-
strates in the input fluxes are able to be used and are instead
rejected. The rejection flux of each substrate is equal to the differ-
ence between its input flux (the rate at which it enters the SU) and
the rate at which it gets incorporated into the SU’s product. For the
host biomass SU, nitrogen that is in excess of that used for biomass
formation makes up a rejection flux qN:

qN ¼ jN þ nNXjX þ rNH � nNHjHGð Þþ ðA:8Þ
This nitrogen is then available to the symbiont. Note that xð Þþ

means max x;0ð Þ, which ensures that the rejection flux is always
positive.

The rejection flux of carbon from the host biomass SU, jeC , is
given by

jeC ¼ jX þ qC
S
H
� jHGy

�1
C

� �
þ

ðA:9Þ

This excess carbon is assumed to provide energy for host carbon
concentrating mechanisms (CCMs), which concentrate CO2 for
symbiont photosynthesis. jCO2

, the flux of CO2 that is supplied to
the symbiont photosynthesis SU via the host CCMs, is

jCO2
¼ kCO2 jeC ðA:10Þ

where that parameter kCO2 controls how efficient the CCMs are at
supplying CO2.

A.3. Symbiont fluxes

Like the host, symbiont biomass is produced from nitrogen and
organic carbon. Organic carbon is produced from light and CO2 by a
14
photosynthesis SU. The rate at which light is absorbed, jL, depends
on the external irradiance I, the effective light absorbing cross sec-
tion of the symbiont a�, and an amplification factor A:

jL ¼ AI�a� ðA:11Þ
The amplification factor describes how internal irradiance (the

light available for symbionts to absorb) is modified relative to
the external downwelling irradiance by scattering by the coral
skeleton as well as by self-shading of the symbionts. It is therefore
a function of symbiont density:

A ¼ 1:26þ 1:39e�6:48S
H ðA:12Þ

CO2 is actively supplied by the host CCMs (jCO2
Þ. In addition, the

CO2 produced by the formation and turnover of host and symbiont
biomass can also be used by the photosynthesis SU. For both the
host and symbiont, the flux of recycled CO2 (rCH and rCS for the host
and symbiont, respectively) is equal to the sum of the rate of bio-
mass turnover and the flux of CO2 from biomass formation, all mul-
tiplied by proportion rC of this CO2 that is recycled:

rCH ¼ rCH jHT þ 1� yCð ÞjHGy�1
C

� � ðA:13Þ

rCS ¼ rCS j0ST þ 1� yCð ÞjSGy�1
C

� �
ðA:14Þ

From these inputs, the rate of photosynthesis is given by the
photosynthesis SU:

jCP ¼ F m; x; yð Þ ¼ F jCPm; yCLjL; jCO2
þ rCH

� �H
S
þ rCS

� �
c�1
ROS ðA:15Þ

where m ¼ jCPm is the maximum rate of photosynthesis and x and y
are the input fluxes of light and CO2, respectively. The flux cROS, the
relative rate of ROS production (eqn. A.18), results in photoinhibi-
tion at high levels of light stress (see below). The rejection flux of
light from the photosynthesizing unit, jeL, is given by

jeL ¼ jL � jCPy
�1
CL

� �
þ ðA:16Þ

The symbiont is able to quench some of this excess light energy
and thus prevent it from damaging the photosystems. Nonphoto-
chemical quenching jNPQ is described by a single substrate SU,
where the substrate is excess light and the maximumNPQ capacity
is kNPQ

jNPQ ¼ k�1
NPQ þ j�1

eL

� ��1
ðA:17Þ

Any excess light energy that is not quenched drives the produc-
tion of reactive oxygen species (ROS). The relative production of
ROS (cROS) therefore depends on the rejection flux from the above
SU:

cROS ¼ 1þ jeL � jNPQ
� �

þ
kROS

ðA:18Þ

where the parameter kROS is the amount of excess light energy that
doubles ROS production relative to baseline levels. ROS inhibit pho-
tosynthesis (eqn. A.15) and also increase the rate of symbiont bio-
mass turnover (due to photodamage and/or expulsion by the
host). Therefore, the rate of symbiont biomass turnover jST depends

not only on the constant maintenance rate j0ST , but also on cROS, as
specified by the scaling parameter b:

jST ¼ j0ST 1þ b cROS � 1ð Þð Þ ðA:19Þ
In addition to the organic carbon produced by photosynthesis,

the formation of symbiont biomass also requires nitrogen. The
symbiont receives surplus nitrogen from the host (qN; eqn. A.8)
as well as nitrogen that is recycled from maintenance turnover of
symbiont biomass. This flux of recycled nitrogen, rNS, is the product
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of the rate of maintenance symbiont turnover j0ST , the N:C molar
ratio of symbiont biomass nNS, and the proportion rNH of this nitro-
gen that is recycled:

rNS ¼ rNSnNSj
0
ST ðA:20Þ

The rate of symbiont biomass formation jHG is then given by the
following synthesizing unit:

jSG ¼ F m; x; yð Þ ¼ F jSGm; yCjCP; qN
H
S
þ rNS

� �
n�1
NS

� �
ðA:21Þ

where m ¼ jSGm is the maximum rate of host biomass formation and
x and y are the input fluxes of carbon and nitrogen, respectively.

The surplus carbon that is shared with the host (qC) is given by
the rejection flux of carbon from this synthesizing unit:

qC ¼ jCP � jSGy
�1
C ðA:22Þ

The rejection flux of nitrogen from the symbiont biomass SU,
jNw, was not explicitly defined in the original model (as it was
assumed to be lost to the environment) but is described in eqn. 6
in the main text.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jtbi.2022.111087.
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