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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.7 Cnidaria, marine invertebrates that include reef-building stony corals, often rely on photosynthetic endosym-

699157 bionts to obtain the energy they need for growth. Increased temperatures and/or nutrient pollution can disrupt
Keywords: mutualistic properties of the symbiosis, leading to host mortality. However, the precise mechanism by which
DEB model this dysbiosis occurs is still unclear. Sea anemones, other cnidarians that may host algal endosymbionts, are
Mutualism used as a model organism for the coral holobiont to understand the costs and benefits of symbionts, but
Parasitism the exact nature of the costs of symbionts on the hosts is still unclear. Here we developed a Dynamic Energy
Anemone Budget (DEB) model and fit the model to data from the anemone Exaiptasia pallida and its endosymbiotic algae,
Cnidaria Breviolum minutum, in order to identify the most likely mechanism of symbiont costs. In order to match the
Symbiodiniaceae

laboratory dataset, our model needed an explicit symbiont demand term, in which the symbiont can “consume”
host tissue to forcibly extract nitrogen. The model demonstrates the role of the symbiont as an amplifier of the
host’s state: a growing anemone grows better with symbionts, while a malnourished anemone looses biomass
faster with a symbiont than without. This model allows us to project Cnidaria holobiont growth as a function
of environmental conditions and adds a new framework for which to capture the direct cost a symbiont has

Endosymbiosis

on Cnidaria hosts.

1. Introduction

Coral reefs are among the most productive ecosystems on the
planet (Crossland et al., 1991; Fisher et al., 2015). This biodiversity
is supported by a symbiotic relationship that stony corals (and some
other Cnidaria) share with photosynthetic dinoflagellates in the family
Symbiodiniaceae. Cnidarian hosts obtain photosynthate from their
algal endosymbionts in exchange for nitrogen. This increases nutrient
recycling efficacy and supports coral growth in nutrient-poor environ-
ments (Muscatine and Porter, 1977). However, the close relationship
between Cnidaria and their algal symbionts can break down under ther-
mal stress resulting in the symbionts being expelled from the Cnidaria
tissue, a phenomenon referred to as coral bleaching (Van Oppen and
Lough, 2018). As climate change increases the frequency and severity of
coral bleaching, it is important to understand this mutualism between
Cnidarians and their symbionts, especially conditions in which this
mutualism degrades and potentially becomes parasitic (Hughes et al.,
2018).

To understand the balance of mutualism and parasitism in Cnidar-
ian-dinoflagellate symbioses, we need to understand the translocation
of nutrients between the host and symbiont. It is well known that
Cnidarian hosts share nitrogen and other nutrients with their sym-
bionts, while symbionts share carbohydrates with their hosts (Clayton
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and Lasker, 1984; Farrant et al., 1987; Muscatine and Cernichiari,
1969). The exact mechanism of translocation of nutrient between host
and symbiont is still not fully understood. One supported mechanism
for the translocation of nutrients from symbiont to host is that the host
releases a “host release factor” (HRF) that encourages the symbiont to
share photosynthate with the host rather than storing the photosynthate
for its own use (Davy and Cook, 2001; Grant et al., 2006; Davy et al.,
2012). A potential way to approximate this dynamic is by assuming that
the symbiont uses some photosynthetically acquired carbon for growth,
and shares the remaining carbon with the host. The host only receives
leftover carbon from photosynthesis.

Reverse translocation of nutrients from the host to the symbiont
is significantly less well understood (Davy et al., 2012). The sym-
biont receives phosphate and nitrogen in the form of ammonium
(N H;r) (Davy et al., 2012). The symbiont may also receive carbon from
the host, (Cook, 1972; Davy et al., 2012) though reverse translocation
of carbon is thought to be minor in comparison to the products
of photosynthesis, especially in well-lit environments (Falkowski and
Raven, 2013; Davy et al., 2012; Cornwall, 2017). Though symbionts
hosted by Acropora corals may acquire and use carbon from the host,
it is suggested that symbionts in the anemone Exaiptasia pallida do
not (Jinkerson et al., 2022). Furthermore, some isolated Symbiodinium
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have been shown to be capable of feeding (Jeong et al., 2012), and
there are many examples of Symbiodinium heterotrophically acquiring
nutrients from a host (Baker et al., 2018; Steen, 1987; Tremblay et al.,
2016; Steen, 1988). Indeed, some Symbiodinium have been shown
to impose significant and potentially fatal heterotrophic burdens on
the host (Siegel, 1960; Steen, 1986; Peng et al., 2020). The shift
from mutualism to parasitism of Symbiodinium under different envi-
ronments has been reported in excavating sponges (Fang et al., 2017),
in jellyfish (Sachs and Wilcox, 2006), and in the gastropod Strombus
gigas (Banaszak et al., 2013).

To understand the shift from mutualism to parasitism in corals,
scientists often use the sea anemone E. pallida as a model system. E.
pallida shares many characteristics with corals, but it is easy to maintain
in the laboratory and can survive with or without symbionts. This
allows for studies that vary conditions for inoculated and aposymbi-
otic anemones to understand the impacts the symbionts have on the
anemone. Peng et al. (2020) studied the impact that food deprivation
stress has on the mutualism—parasitism balance found in E. pallida.
They grew anemones inoculated with the endosymbiotic alga Brevolium
minutum and aposymbiotic anemones under fed and starved conditions,
and measured the changes in the symbiotic and anemone population
over 8 weeks. This study showed a surprising amplification effect of
symbionts on anemone performance: While well-fed anemones grew
faster with symbionts than without them, starved anemones shrank
and died much faster when they were inoculated with symbionts.
This amplifying effect shows the important role the environmental
conditions have on the balance between mutualism and parasitism.

There are a few existing models that describe the transfer of nu-
trients between the host and the symbiont in Cnidarian-dinoflagellate
systems (Muller et al., 2009; Cunning et al., 2017; Xu et al., 2022).
These models do not directly capture the significant cost a symbiont
can incur on a host which is evident in the starved anemone in
the experiments by Peng et al. (2020) and other examples of sym-
biont parasitism in cnidarian-dinoflagellate systems (Stat et al., 2008;
Wooldridge, 2010). To close this gap, we constructed a Dynamic Energy
Budget (DEB) model of the interactions between an anemone host and
its symbiotic algae, including mechanisms through which the symbiont
not only shares carbon with the host but also inflicts a metabolic
burden. DEB models describe the rate of nutrient assimilation and
utilization of organisms as a function of their environments (van der
Meer, 2006; Nisbet et al., 2000; Kooijman, 2001). Simplified DEB
models and theory have previously been used to describe nutrients
exchange between a tree’s roots and a tree’s shoots (Russo et al., 2022).
Similarly, our DEB model describes the nutrient exchange between E.
pallida and B. minutumas seen in the experiments of Peng et al. (2020).
We built this model based on the assumption that the host only receives
leftover carbon, and we approximated reverse translocation and the
metabolic cost of the symbiont on the host as the symbiont consumes
the host. We tested the ability of this approximation to capture the
amplification effect found by Peng et al. (2020). We parameterized the
model with the 6 data sets provided by Peng et al. (2020) to validate the
model. Once validated, we perturbed the model to simulate variations
in environmental conditions and original parameters to extend the
model predictions.

2. Methods
2.1. Model description

To understand how resource translocation explains the symbiont
amplification effect seen in Peng et al. (2020), we developed a bio-
energetic model that focuses on the nitrogen and carbon dynamics of
the system. To describe this system, we considered two state variables:
host biomass (H) and symbiont biomass (S). We focused on nitrogen
and carbohydrates as the nutrients that mediate the relationship be-
tween the host and its symbionts. A diagram of this system is shown in
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Fig. 1. The parameters used to describe this system are listed in Table 2
and state variables and fluxes are in Table 1 . We used two Ordinary
Differential Equations (ODEs) to describe the rate of change of the host
biomass (H) and the symbiont biomass (S) over time:

ds _ . .
E =Jsg T st @
dH . .
ar = he " m (2)

Here j,, is the symbiont growth rate, j, is the symbiont turnover
rate, j,, is the host growth rate and j,, is the host turnover rate.
Turnover rate is the rate at which biomass is lost, including natural
mortality. The change in symbiont biomass over time is described as the
difference between total symbiont growth rate and symbiont turnover
rate. Similarly, the rate of change of the host biomass is described as
the difference between total host growth rate and total host turnover
rate.

The growth of the symbiont is dependent on how much nitrogen and
carbon the symbiont has at any given time. The total symbiont growth
rate is described as

Jsg = minQse. 3 o) 3

where j,. is the total flux of carbon to the symbiont and j, is the total
flux of nitrogen to the symbiont. The parameter ng, is the nitrogen to
carbon ratio of the symbiont. We used ng, to adjust moles nitrogen
to moles carbon needed for symbiont growth. The symbiont follows
Liebig’s law of the minimum, and grows at a rate determined by the
stoichiometrically limiting nutrient (von Liebig, 1841).

The total symbiont turnover rate j, is described as

Js=4ds S 4

where d; is the per-symbiont death rate.

In this model, the symbiont only acquires nitrogen through con-
suming the host, so j,, is the total symbiont consumption of the host
f(S, H),

jsn = Vn Phn f(SvH) (5)

adjusted by the conversion efficiency of host nitrogen to symbiont
nitrogen, y,. Furthermore, the function f(S,H) describes the total
consumption of the host by the symbionts in units of carbon moles.
Therefore, the nitrogen to carbon ratio of the host, n,,, is used to adjust
moles of host carbon to moles of host nitrogen.

The symbiont can acquire carbon from photosynthesis at rate p and
from consuming the host,

Jse=pS (6)

In E. pallida the symbionts do not receive carbon or cannot grow only
using host carbon (Jinkerson et al., 2022).

The host growth (j,,) also follows Liebig’s law of the minimum,
and grows at a rate determined by the stoichiometrically limiting
nutrient (von Liebig, 1841). The total host growth rate is described as

jhg = min(jhc’ n;,;jhn) @
where j,,. is the flux of carbon to the host and j,,, is the flux of nitrogen
to the host. Since the host biomass is measured in carbon moles, the flux
of nitrogen, j,,, is converted to carbon moles with the parameter n,,.
The parameter n,, is the nitrogen to carbon ratio of the host.

The turnover of the host is dependent on the base mortality of the

host, d;,, and the mortality caused by the symbiont consuming the host,
F(S, H):

Ju=f(S,H)+d, H (€))]

The host can only acquire nitrogen through feeding, which we assume
is proportional to the hosts surface. The nitrogen uptake rate of the host
is thus

jhrl =Ty H2/3 (9)
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Fig. 1. Model diagram of anemone biomass (H) and symbiont biomass (.5). All solid lines are fixed rates, while dotted lines are rates that depend on other aspects of the model.
The anemone have a nitrogen uptake rate r, and a carbon uptake rate r.. The host can also acquire carbon from the symbiont at rate b, where b is the leftover carbon from the
symbiont. The host’s growth rate (j,,) is dependent on the amount of carbon and nitrogen available to the host at any given time. The host also has a mortality rate of d,. The
symbiont can acquire carbon through photosynthesis at rate p. The symbiont also consumes the host as described by f(.S, H), providing the symbiont with nitrogen. The symbiont
also has a growth rate (j,,) which is dependent on the amount of carbon and nitrogen available to the symbiont at any given time. Lastly, the symbiont also has its own mortality

rate, d,. Illustrations by Elise Cypher.

where H?/3 is proportional to the surface of the host and r, is the
surface specific nitrogen uptake rate of the host.

The host can acquire carbon both through leftover carbon from the
symbiont at rate b and from surface specific uptake at rate r:

pe =b+r, HP? (10)

where H?/? is proportional to the surface of the host. Furthermore,
we assumed that the host only receive the leftover photosynthate that
the symbiont would otherwise be allocating to long term storage (Davy
and Cook, 2001; Grant et al., 2006; Davy et al., 2012). Therefore, the
translocation of carbon from the symbiont to the host b is defined as:

b=jsc_jsg an

The function b is the total amount of carbon fixed by the symbiont
minus the amount of carbon the symbiont uses for its own growth.
We will use a Holling Type II functional response of the per sym-
biont consumption of the host (%) to approximate the total metabolic
cost of the symbiont on the host, and the translocation of nutrients
from the host to the symbiont. The Holling Type II functional response
is characterized as a decelerating rate of consumption of prey by
the predator as prey density increases, eventually reaching an asymp-
tote (Holling, 1959). Here we classify the symbiont as the predator
consuming the host, which is interpreted as the prey. The function

H
[(S.H)=s—>— (12)
1+aw
S
aH
=S— 1
S +awH as

describes the total consumption of the host by the symbiont in the
system. The parameter a is the attack rate of the symbiont on the host,
which is the initial slope of the functional response. The parameter w
is the symbiont handling time, the average time for a unit of symbiont
to handle a unit of host.

Putting together all parts of the model, the full equations are:

aHny,Sy,

——1-4d,S 14
Sns,,+aHnMw] y a9

% = Min[pS,

H2/3
4H _ __aHS d,H + M,'n[_r”, Hr,
dt S+aHw Rpp
aHny, S
+pS — Min[pS, w2 In ) 15)

Sng, + aHng,w

We parameterized this model with the data from Peng et al. (2020).
In order to use the data provided by Peng et al. (2020), we first
converted from units of anemone base area mm? and number of sym-
biont cells to mol C of host (H) and mol C of symbiont (S). Our
method for biomass conversion is shown in Appendix A. We used a
log-likelihood approach to optimize the model fit for the Peng et al.
(2020) data. Our parameter fitting method is described in Appendix B.
To quantify the uncertainty of the parameter values, we used the
Bias-Corrected and Accelerated (BC,) bootstrapping method, which is
shown in Appendix C. All model fitting and model analysis was doen
in Mathematica 13.2 (Wolfram Research, Inc., 2021).

3. Results
3.1. The model reproduces observed anemone-symbiont dynamics

Our model both qualitatively and quantitatively captures anemone
and algal dynamics observed by Peng et al. (2020) (Fig. 2). The model
captures the increase in anemone biomass under fed conditions and
the decrease in the anemone biomass under starved conditions. The
model also captures the two different symbiont dynamics found in the
inoculated treatments.

While the model fits the data well, there are some small differences
between the model predictions and the data. Particularly, the symbiont
biomass in the starved treatment did not peak at the same magnitude as
the data (Fig. 2E). Furthermore, the model predicts a constant decline
of the host biomass in the starved inoculated treatment, rather than a
period of no change in the first four weeks followed by a quick decline
as seen in the data (Fig. 2C). It is unclear why starved anemones, with
symbionts, do not lose biomass immediately in the Peng et al. (2020)
study. It may be that the host is still digesting food that was eaten
before the start of the experiment, and using carbon from the symbiont,
to maintain the same biomass before the host runs out of undigested
food and begins to lose biomass. Despite some differences in the data,
and the model predictions, the model captures the key dynamics of the
system. We also explored the equilibrium dynamics of the model and
found that a fed host with symbiont has a much higher equilibrium
biomass than a fed host without symbiont (Figure S1). Furthermore,
the symbiont is predominantly nitrogen limited regardless of initial
biomass of the host and symbiont at the fitted parameter values, while
the host shifts from carbon limited to nitrogen limited as the symbiont
biomass increases (Figure S2).
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Fig. 2. Model predictions and data from Peng et al. (2020) for anemone and symbiont biomass of fed and starved anemone when inoculated and aposymbiotic. Each row represents
a separate treatment. The model parameter values were fitted to the all 6 data sets from the Peng et al. (2020) study. All parameters remain the same through all four treatments,
except initial symbiont biomass was set to zero in aposymbiotic treatments, and the host carbon and nitrogen uptake rates were set to zero in the starved treatments. Fitted
parameter values are shown in Table 2. For each treatment, we calculated an R value to compare the model fit to the experimental data.

Table 1
Model state variables and fluxes.
Variable Description Unit Equation number
S Symbiont biomass mol C -
H Host biomass mol C -
Jse Symbiont growth rate mol C week™! 3)
Jst Symbiont turnover rate mol C week™! @
Jng Host growth rate mol C week™! (¢2)
Jne Host turnover rate mol C week™! ®)
Jhe Flux of carbon to Host mol C week™! (10)
Jse Flux of carbon to Symbiont mol C week —1 6)
Jn Flux of nitrogen to Host mol N week™! (&)
Jsn Flux of nitrogen to Symbiont mol N week™! (5)
b Leftover carbon shared with host mol C week™! an
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Table 2
Model variables and parameters.
Variable Description Unit Parameter estimate®
a Symbiont attack rate week! 0.0724
(0.0409, 0.108)
w Symbiont handling time week 0.00261
(0.00165, 0.00446)
P Photosynthesis rate week ™! 27.7
(11.7, 50.2)
r, Host carbon uptake rate week ™! 0.00999
(Fed Treatments) (0.00904, 0.0109)
, Host nitrogen uptake rate mol N mol C'week™! 0.0146
(Fed Treatments) (0.00265, 0.00446)
r. Host carbon uptake rate week™! 0
(Starved Treatments)
r, Host nitrogen uptake rate mol N mol C-week™! 0
(Starved Treatments)
Y Host nitrogen to symbiont mol N mol N~! 0.0602

nitrogen conversion
efficiency of nitrogen

Ny, Nitrogen to carbon ratio of
Host

ng, Nitrogen to carbon ratio of
Symbiont

d Symbiont mortality rate

d, Host mortality rate

Sy Initial Symbiont biomass

H, Initial Host biomass

(0.0295, 0.101)

mol N mol C! 0.18"
mol N mol C! 0.13*
week ! 0.771
(0.514, 1.25)
week™! 0.126
(0.105, 0.156)
mol C 1.02- 10710
(1.00- 10719, 1.03 - 107'%)
mol C 6.50-10°¢

(5.86-107%, 7.41-107%)

A0ptimal parameter; (95% CI).
bparameter values from Cunning et al. (2017).

3.2. Mutualism and Parasitism Balance in varied environmental conditions
and parameter values

A vital component of this system, as described by, Peng et al. (2020)
is the switch from mutualism in fed anemone to parasitism in starved
anemone. To quantify the effect of the symbiont on the host, we define
5 as a measure of the magnitude of mutualism or parasitism in the
system at a given set of parameters. We calculate 6 as the difference
between the model predictions of inoculated host biomass (H;) and the
model prediction of aposymbiotic host biomass (H,) at a given set of
parameter values:

§=H,-H, e

We compute § after 8 weeks of simulation, following the 8 week exper-
iment duration used by Peng et al. (2020). For 6 < 0 the relationship
is parasitic, as the symbiont decreases the host’s biomass over time
(starved anemone; Fig. 3A). For § > 0 the relationship is mutualistic,
as the symbiont increases the host’s biomass over time (fed anemone;
Fig. 3B).

We plotted 6 as a function of one parameter at a time, while holding
all other parameter values constant at their fitted parameter values
(Fig. 4). The most dominant trend shown throughout these figures is
that when the host is carbon limited, and the symbiont provides more
carbon to the host than the cost of hosting a symbiont, then § > 0
and the system is mutualistic. When the host is nitrogen limited or the
carbon cost of hosting a symbiont outbalances the carbon shared from
the symbiont, then § < 0, and the system is parasitic. (See Figure S3 for
exploration of how nutrient limitation produces the dynamics observed
in Fig. 4.) Particularly:

« varying attack rate, g, initially increases 6 as the symbiont has
more access to nitrogen, but once the cost of a hight attack rate
begins to outweigh the benefit, § decreases below zero.

increasing handling time, w, decreases 6 as the symbiont gains
less nitrogen from the host

varying photosynthesis rate, p, initially decreases 6 as the sym-
biont can survive and are costly to the host, but do not share
carbon. Further increasing p results in more carbon shared to the
host and § increases.

varying host to symbion nitrogen conversion efficiency, y,, ini-
tially decreases 6 as the symbiont can survive, but does not share
significant carbon. Further, increasing y, results in more carbon
shared with the host and § increases.

increasing symbiont mortality rate, d,, decreases § as this pa-
rameter makes the symbiont lose biomass and thus becomes less
beneficial

increasing host mortality rate, d;, decreases 6 as the host dies
quickly regardless of the symbiont

increasing host carbon uptake rate, r,, initially increases & as
the symbiont supplements the host’s carbon, but once the host
becomes nitrogen-limited, and acquires all the needed carbon on
its own, the symbiont is just a cost.

initial increases in the host nitrogen uptake rate, r, decreases &.
Extra nitrogen helps the host maintain biomass at the beginning
of the experiment but also allows significant symbiont population
growth, leading to an overshoot of symbiont where the host
biomass collapses rapidly. Further, increasing r, inverts the trend
leading to an increase in & as the extra nitrogen allows the
host to sustain a beneficial symbiont population. Simulations of
this mechanism are shown in figure S7 in the Supplementary
Materials.

We further investigated the effect of two environmental factors
known to strongly impact Cnidarian systems: nutrient availability and
light conditions (Falkowski et al., 1984; Morris et al., 2019) (Fig. 5).
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Fig. 3. Model prediction at fitted parameter values for fed and starved anemones when inoculated and aposymbiotic. The amplification effect of the symbiont, as described by Peng
et al. (2020) is captured by this model with the fitted parameter values. The metric § is the difference between the biomass of an inoculated anemone and an aposymbiotic anemone

after 8 weeks. The symbiont is deemed mutualistic when 6 > 0 and parasitic when 6 < 0.

We jointly varied nutrient availability and light condition to explore the
combined impacts on the symbiont-host symbiosis. We approximated
nutrient availability with a combined host uptake rate R, which de-
termines host carbon uptake rate as r, = R and host nitrogen uptake
as r, = yR. Hereby y is the ratio of nitrogen uptake rate to carbon
uptake rate of the fitted parameter values, y = :—" = 1.466. Further,
we approximated changes in the light availability by directly altering
the photosynthetic rate p. The system is predominant parasitic at low
photosynthesis rates, and predominantly mutualistic at higher photo-
synthesis rate (Fig. 5A). Changes in photosynthesis have similar impacts
on § regardless of combined uptake rate, though the effect of increasing
p is amplified at higher uptake rates (Fig. 5B). At low photosynthesis
rates, there is little to no carbon shared from the symbiont to the
host, so the cost of hosting a symbiont is greater than the benefit and
6 < 0 (Fig. 5C). At a high photosynthesis rate, the symbiont has leftover
carbohydrates, and shares a lot with the host, increasing the benefit to
the host. Conversely, increases in uptake rate increase parasitism at low
photosynthesis rates but increase mutualism at higher photosynthesis
rates. Figures S4, S5, and S6 in the supplementary material further
explore the nutrient limitations leading to the dynamics seen in Fig. 5.

4. Discussion

Though Cnidarian-Dinoflagellate symbioses are often considered
mutualisms, the role of endosymbiotic algae exists on a continuum
between mutualism and parasitism (Stat et al., 2008; Wooldridge,
2010). Changes in environmental conditions can shift the role of sym-
bionts from mutualism to parasitism (Baker et al., 2018). Our simple

bioenergetics model highlights how symbionts can be environmental
amplifiers, increasing the magnitude of host responses to the environ-
ment. Our findings recapitulate Peng et al. (2020). Our validated model
demonstrates the importance of nutrient limitations to the balance of
parasitism and mutualism. It is clear that symbionts are only beneficial
to the anemone host in this model when the anemone is both carbon
limited, and receives more carbon than it looses to the added metabolic
cost of hosting a symbiont. Conversely, the symbionts are predomi-
nantly controlled by the availability of nitrogen both in this model, and
experimentally (Xiang et al., 2020). Improving one characteristic of the
system may not result in higher magnitude of mutualism. As feeding
rates of the host, or food availability, increase, the symbionts are only
beneficial to the host if there is a sufficiently high photosynthesis rate.

Though the costs of symbionts on Cnidarian hosts are well re-
ported (Lesser et al., 2013; Peng et al., 2020; Steen, 1986), the exact
mechanisms are still unclear. Similarly, the apparent importance of the
reverse translocation of nitrogen in this system is still unclear (Réadecker
et al.,, 2018; Davy et al.,, 2012). The model presented here approxi-
mates these uncertainties through one combined approximation of the
symbiont consuming the host. This allows the symbiont to impose a
metabolic cost on the host, and to acquire nitrogen (and potentially
carbon) from the interaction. Further, this approximation recapitulates
the balance between mutualism and parasitism found in the Peng et al.
(2020) study.

There are a few limitations of this approximation. This model
simplifies the ability for symbionts to get nitrogen and simplifies the ex-
pulsion of symbionts from an anemone host. In our model, the symbiont
can only acquire nitrogen directly from consuming the host. In reality,
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Fig. 4. The parameter values’ impact on the § value of the system. The metric § is the difference between the biomass of an inoculated anemone and an aposymbiotic anemone
after 8 weeks. The symbiont is deemed mutualistic when § > 0 and parasitic when § < 0. Each parameter is varied individually, while the other values are kept constant at the

fitted values for symbiotic fed anemones. Note that the y-axis is scaled by 107*.

the symbiont might get nitrogen partially from waste products from the
host (Cui et al., 2019; Rahav et al., 1989) or directly from the water
column (Cook and D’elia, 1987; Smith and Muscatine, 1999; Davy
et al., 2006, 2012) or from particulate organic nitrogen (Davy et al.,
2006, 2012). Increased nitrogen availability increases the symbionts’
growth eventually leading to significant cost of symbionts on the host
and in coral systems, coral bleaching (Wooldridge, 2009). Relaxing the

N

assumption that symbionts can only acquire nitrogen from the host
may improve the model’s ability to capture the costs of significantly
increased growth of the symbiont in higher nitrogen conditions. Sim-
ilarly, the death rate of the symbiont is a simplification of the death
rate of the symbiont and expulsion rate of the symbiont. Though this
simplification appears to be appropriate here, it may be less appropriate
when the symbionts are limited by light (Jinkerson et al., 2022) or
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Fig. 5. Plot A: § as a function of photosynthesis rate of the symbiont (p) and combined uptake rate of the anemone host (R). The metric § is the difference between the biomass
of an inoculated anemone and an aposymbiotic anemone after 8 weeks. The symbiont is deemed mutualistic when 6 > 0 and parasitic when 6 < 0. The white line represents § = 0.
The black and red lines correspond with those in plots B and C. Plot B: § as a function of photosynthesis rate (p) at two fixed combined uptake rates (R = 0.003 and R = 0.001).
Plot C: § as a function of combined uptake rate (R) at two fixed photosynthesis rates (p =5 and p = 25).

space (Jones and Yellowlees, 1997). Indeed, there are a variety of ways
that Cnidarian hosts may regulate symbiont populations, including lim-
iting nutrient transport to the symbiont and limiting light availability
to the symbiont (Baird et al., 2009; Cunning et al., 2015), which are not
incorporated into this model. These simplifications limited the number
of parameters needed to capture the food dependent symbioses in this
system. As our understanding of the exact cost of symbiont on the host,
and the molecular pathways that are involved in reverse translocation
improves, the model can be adjusted to more accurately capture the
molecular dynamics.

Though the set of parameters explored here are specific to E. pallida
and B. minutum, this model has the potential to be applied to other
cnidarian-dinoflagellate symbioses. Different symbiont species have
varying ability to infect hosts (Dunn and Weis, 2009) and once infected,
can have significant varied impacts on the host (Sproles et al., 2020;
Cantin et al., 2009; Little et al., 2004; Starzak et al., 2014). Adjusting
parameters like the attack rate of the symbiont on the host and nitrogen
conversion efficiency (y,) allows the model to both adjust the cost of
the symbiont on the host, and the ability of the symbiont to benefit
from changes in the cost. Further, the symbiont does not receive carbon
from its host in our model. This has been demonstrated for our host
species E. pallida, but other species such as Acropora tenuis are known
to share carbon with their symbionts (Jinkerson et al., 2022). Further
adjustments of this model are necessary to capture these differences
between species.

This model has clearly demonstrated that the approximation of the
symbiont consuming the host can mechanistically describe the system.
This model adds to the existing DEB models that describe Cnidarian
symbiosis, and reveals the importance of including a direct cost of
hosting a symbiont. Furthermore, this work reinforces the need for
more experimental evidence to support the exact cellular mechanism
that results in reverse translocation and the costs symbionts have on
Cnidarian hosts.
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Appendix A. Anemone and symbiont biomass conversion

In the data from Peng et al. (2020), the anemone were measured in
foot base area (mm?) and the symbionts were measured as the number
of symbionts per host. In order to use the data provided by Peng et al.
(2020) to parameterize this model, we first need to convert from units
of mm? and number of symbiont cells to mol C host (H) and mol C
symbiont (.S). Using the total carbon per symbiont of B. minutum sp.
found by Wong et al. (2021) we can convert the number of symbiont
cells to total mol C of symbiont:

S = number of symbiont cells - 63 PEC g E g mollC a”
cell g g

Next, the anemones had two separate morphological forms through
the experiment. During the first three weeks all anemone maintained
the morphology of a typical anemone, but from the fourth week on
some anemones in the symbiotic starved treatments morphologically
changed into tissue balls. Due to the morphological differences between
an anemone and a tissue ball, we converted from base area to mol C in
two distinct ways.

We converted the anemones with typical morphology to C-moles by
first calculating base diameter (mm) assuming the base area (mm?) of
an anemone was circular:

base area = & (radius)2 (18)

radius = base area (19)
V n
diameter = 24 | base area (20)
b

We then converted diameter (mm) to dry weight (mg) using the con-
versation found in Leal et al. (2012):

1070-7013 e (diameter)>*1%* 21n

dry weight =
mm24124

Next, since anemone dry weight is approximately 55% carbon, we
converted from total mg dry weight to total mg carbon (Zamer, 1986).
Finally, we converted mg carbon to g carbon and then g carbon to
carbon moles using the molar mass of carbon.

3 8

mg C 1mol C

H = dry weight - 0.55 - 107 -12.017 (22)

total mg
The final equation to convert an anemone with an anemone morphol-
ogy is

c
H = 10707013 (3, [ basearea paing 55 _MEE 43 & yp -1 MOLC
T total mg mg g

(23)

For the anemone that were described as tissue balls, we assumed the
tissue balls were approximately hemispheres as they were still attached
to the base of the tank and therefore not full spheres. We assumed the
base area of a tissue ball were circular, and calculated the radius (mm)
from the base area (mm?) measurements provided by Peng et al. (2020):

base area =1 (radius)2 (24)
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radius = 4/ base area (25)
7

We then used the radius to calculate the volume (mm?) of tissue balls:
volume = §7z(radius)3 (26)

We assumed that the wet weight (mg) of an anemone tissue ball was
approximately the weight of an equivalent volume of water. Using the
results of, Leal et al. (2012) (Fig. 1.A) we found that anemone dry
weight (mg) is approximately 0.16 of the wet weight (mg).
T8 . 0.1622

. 27)
mm?3 mg

1
dry weight = volume - 1

Next, anemone dry weight is approximately 55% carbon and we con-
verted mg carbon to g carbon and use the molar mass of carbon to
convert to mol C (Zamer, 1986). The final equation to convert base
area of tissue balls is

mg

c
H:%ﬁ(radius)3»0.16 055185 193 L 100171 MOLC (9g)
g

mg " total mg mg

Peng et al. (2020) provided the number of anemones that had
become tissue balls each week for each treatment, but did not specify
exactly which anemone changed to tissue balls. For weeks with tissue
balls, we transformed the smallest base area measurements to tissue
balls. For example, on week 4 of the starved symbiotic anemone
treatment there was only one anemone that had become a tissue ball,
so we transformed the smallest base area as a tissue ball, and all the
others as anemone with anemone morphology.

Appendix B. Parameter fitting

This model was built to understand the dynamics of the anemone
and symbiont system under four separate treatments and six distinct
data sets provided by Peng et al. (2020). There are four anemone
data sets of the base area of the anemone corresponding to all four
treatments. There are two symbiont data sets of the number of sym-
bionts per anemone corresponding to the two inoculated treatments.
All parameters except S, r, and r. are fit to one value throughout
all treatments. The parameter y, is set to be zero assuming that the
symbiont gains no carbohydrates from the host. The parameters S, r,
and r, correspond to presence or absence of feeding and the presence
or absences of the symbiont, and are therefore not the same in all
treatments. The parameters are either set to zero or adopt each their
own fitted value. Note that these parameters are only fitted to one
value, not to separate values for each non-zero treatment. For example,
the parameter S, is set to zero for all aposymbiotic treatments, but is
fit to one value for both the inoculated treatments.

To parameterize this model, we used the method outlined in Jager
and Ashauer (2018). We calculate the minimum log-likelihood, #;, for
each data set, i as:

A
ti=c— 3 log(s;) (29)

where 4; is the number of data points in the data set i and c is
a constant. The constant only depends on the data and not on the
dimensions, and therefore can be dropped in the optimization. s; is the
sum of squared error of variables x (x = H for anemone data sets and
x = .S for symbiont data sets):

5= 20 = x)) (30)
J

where %(#;) is the model prediction at time ¢; and x; is the actual value
at time #;. The joint log likelihood for all data sets is the sum of each
individual ¢;:

6
ftatal = z fi (31)
i=1

This follows from the assumption that the standard deviations are
different between data-sets. Minimizing #,,,,, for some set of parameters
provided us with parameter values that maximized the fit for all
treatments. The fitted parameter values can be found in Table 2.
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Fig. 6. Distribution of bootstrapped parameter values for all fitted parameters. These distributions are used to find the 95% confidence intervals of the parameter values using
the Bias-Corrected and Accelerated (BC,) method outlined by Efron and Tibshirani (1994). The parameter values and 95% confidence intervals can be found in Table 2.

Appendix C. Bootstrapping distributions and confidence intervals

Since we had 420 distinct data points to fit this model to, we found
bootstrapping, as described in Efron and Tibshirani (1994), to be an
appropriate method to estimate 95% confidence intervals for the fitted
parameter values. We sampled each of the six data sets 4; times with

replacement where 4; represents the number of data points in the data
set i. After sampling all six of the data sets, we refitted the model.
We completed this process 1000 times, re-sampling the data and fitting
the model each time. This process providing us with a distribution of
parameter values for each parameter as shown in Appendix Fig. 6. Most
of the distributions were non-normal, so simple methods, like reverse
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percentile interval, could not be used to extract the 95% confidence
intervals from the distribution. Instead, to account for the non-normal
distributions, we used the Bias-Corrected and Accelerated (BC,) method
as described in Efron and Tibshirani (1994) Chapter 14 to extract the
95% confidence intervals, which are shown in Table 2.

Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ecolmodel.2023.110325. The Supplemen-
tary Materials contain further analysis of the dynamics of nutrient
limitations in this model.
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