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ABSTRACT

For the first time, two Dynamic Energy Budget (DEB) models were developed for a chemosymbiotic deep-sea vesicomyid clam.
A classical DEB model was applied and then an innovative DEB model was developed (named “farming”). The models were
parameterized using data on host and symbionts, including original unpublished data. In the farming model the digestion of the
sulfur-oxidizing bacterial symbionts for host nutrition was explicitly modeled. Unexpected results were obtained regarding the
dynamics of host and symbionts with this mode!: the host appears to forgo a maximal ingestion for a lower and stable ingestion,
revealing a new kind of homeostasis. Moreovar, when the clam is adult, most of the oxygen consumed by the chemosynthetic
symbiosis was predicted to be by the symbionis. A high host energy maintenance flux was predicted and consistent with the

likely high energy demand of host ion hcmeostasis mechanisms to cope with symbiont protons and sulfates release.

Introduction

Deep-sea chemosynthesis-based ecosystems (> 200 m depth) derive their energy from chemical compounds and not from
sunlight. Examples are hydrothermal vents, cold seeps, and organic falls, in which dense communities of specialized symbiotic
animals occur, including typical specialized clams, tubeworms and mussels. These species are nutritionally dependent on
symbiotic relationships with chemosynthetic bacteria that use available reduced chemical compounds, such as hydrogen sulfide
and/or methane, as energy sources to fix inorganic carbon and synthesize organic molecules'.

Vesicomyidae (Mollusca, Bivalvia) are typical bivalves inhabiting various reduced habitats from the continental shelf to
hadal depths worldwide? 3. These clams have several unique features to thrive in extreme and nutrient-poor environments, in
particular their enlarged gills (compared to other bivalves of a similar size) hosting high density of sulfur-oxidizing autotrophic
bacteria>* and providing an important surface area for extracting oxygen and exchanging compounds with surrounding waters.
In most symbiotic vesicomyid species, a single bacterial strain belonging to the Gammaproteobacteria class is highly dominant
and is host-species specific'. Symbionts have reduced genomes compared to free-living relatives®~. Bacterial symbionts were
also observed in vesicomyid fully-grown oocytes> %! and around primary oocytes'> suggesting vertical, mother-to-offspring
transmission. Nonetheless, some lateral transmission of symbionts from nearby hosts may occur®> 1314 The previous elements
indicate a coevolution between symbiotic vesicomyid and their major symbionts that even leads to co-speciation events between
hosts and their symbionts’-%13.

The species Christineconcha regab (Vesicomyidae, Pliocardiinae) was discovered at the Regab pockmark, a cold seep
located in the Gulf of Guinea (southeast Atlantic) that has been extensively explored by oil and gas companies, geologists and
biologists from 1964 to 2011'%-!8, Methane was the major chemical component of the emitted fluids in this reducing deep-sea



habitat'”- 121 In the Gulf of Guinea, C. regab was observed from -2820 m depth near cold seeps to -5070 m depth at the
Lobes of the Congo deep-sea fan, that are the ends of the channel-levee enriched in buried organic matter'®2%2!, This clam
was also encountered on the Bonjardim mud volcano in the Gulf of Cadiz (-3060 m depth)?**?* and in reduced sediments
in the Bay of Biscay in the Northeast Atlantic (-4125 m depth)®*. C. regab lives in aggregates and about two-third of its
anterior part shell is burried in sediments. It uses its highly vascularized foot to move and dig into the sediment for sulfide
to sustain its sulfur-oxidizing (SOX) symbionts (Taxonomy ID: NCBI:txid1365817) and overall contribute to bioturbation??,
that favors oxygen and sulfate supply in surface sediments enhancing sulfate reduction and anaerobic oxidation of methane
(AOM)?%?7_ Symbionts may acquire carbon dioxide, nitrate and dioxygen at the clam gill/seawater interface, where two-thirds
of C. regab gill volume was shown to be occupied with these SOX bacteria>>?®, The clam mantle and gills had depleted carbon
isotopic signatures (8'3C approximately -38.9 and -38.2 %o for mantle and gills, respectively), which were congruent with clam
symbiotic nutrition?’.

The “farming” feeding strategy - where the host provides its symbionts with inorganic carbon, reduced compounds, and
oxygen and then digests them to get organic matter - seems to exist in most of chemosymbioses>’. Symbiotic vesicomyids
are very likely using this farming strategy, as was suggested by the observation of lysosomes in vesicomyid bacteriocytes
by transmission electron microscopy and further supported by a high expression of lysozyme genes in vesicomyid species
gills’%3!, Degradation stages of symbionts were also observed in vesicomyid bacteriocytes®>. A fractionation of nitrogen
stable isotopic values between host gills (symbiotic bacteria) and mantle tissues of vesicomyid bivalve (e.g., C. regab) may
also indicate the preferential use of the farming feeding strategy®’. Vesicomyids may use an additional feeding strategy called
“milking” where transfer of organic carbon from the symbionts to the host occurs via organic molecules and/or via the symbiont
production of outer membrane vesicles*>. High transcription of substrate-specific transporters by symbionts and expanded
transport genes in vesicomyid species indicated that milking may occur®32. We cannot completely exclude that the milking
strategy do not exist in vesicomyid and it should be explored in further bioenergetic model in the future but we have made the
choice here to concentrate on the development of the farming strategy for this model.

Two studies have modeled the metabolic rate of the symbiotic mixotrophic decep-sea bivalve Bathymodiolus azoricus
(Bathymodiolinae) from hydrothermal vents. This deep-sea mussel is able to filter feed and relies on its methane- and
sulfur-oxidizing symbionts as food sources. In the first two models developed on B. azoricus, carbon consumption flux of
its endosymbionts and host filtration of the particle organic matter were included®*3>. The first model did not include the
effect of temperature on metabolic rates and did not use experimental data®. In this model, the endosymbiont scale functional
response (i.e., the term “functional response” (f) refers to the ingestion rate as a function of the food density),3°) was defined
as a Michaelis—Menten function using the concentration of either methane and sulfide as the food level. The mass of the
symbionts, which represented 4% of the gill wet weight, was used but fixed®>. The second model was an improvement of the
previous model with the addition of paramcters controlling the input and uptake flows, the inclusion of the symbiont biomass,
and the mussel assimilation with temperature correction for metabolic rates.

Dynamic energy budget (DEB) theory®® is a bioenergetic model already in use for applications with multiple species.
DEB theory is an individual-based framework encompassing the whole life cycle of an organism. Processes, such as
ingestion, assimilation, growth, reproduction and respiration, are quantified in terms of energy or mass fluxes forced by
environmental parameters (e.g., food level and temperature). Currently, only two DEB models have been developed on
deep-sea benthic invertebrate species: one for the obligate wood-feeder bivalve Xylonora atlantica® and one for the symbiotic
mussel Bathymodiolus azoricus®®. In the latter model, thiotrophic symbionts have been included as a flux of hydrogen sulfide
assimilated by the mussel. Attempts to model host-symbionts inter relationships using DEB by explicitly incorporating the
symbionts were only done on shallow marine organisms, coral-Symbiodinium*® and anemone-Symbiodinium™ .

Symbiotic interactions and the part host and symbionts play respectively in the chemosymbiosis are still little known
and hard to disentangle. In deep-sea chemosymbiosis, symbionts are the main and often the only food source of their host.
Unravelling the dynamic and impact of symbionts on their host at the individual level is a first step to understand the population
dynamic of such deep-sea species. This paper is the first attempt to model both symbionts and their bivalve host separately in a
single framework using the DEB theory. Therefore the dynamics between the host deep-sea clam C. regab and its obligate
sulfur-oxidizing symbionts were modelled given the preliminary hypothesis that the host feeds using only a farming strategy.
SOX symbionts have been explicitly defined and incorporated within the developed farming DEB model for C. regab. The
objectives of this paper were resumed as follows:

1. To develop an original two-species DEB model for a deep-sea symbiotic bivalve species and its SOX symbionts under
the farming strategy framework;

2. To compare the bivalve host life traits and energy allocation obtained both from a classical DEB model and the new
farming model;



3. To describe the dynamics of symbionts energy allocation for different sizes of host and food level at a typical cold-seep
temperature;

4. To estimate and predict the chemical fluxes of carbon, oxygen and nitrogen of the vesicomyid clam host and its SOX
symbionts separately at different food level and at a typical cold seep temperature.

Results

Models’ calibration

Parameters of the classical and of the farming models were estimated (Supplementary Table 1). The comparison between the
data inputed for the parameter estimation and the model predictions (Supplementary Figures 1 and 2, Supplementary Table 2)
resulted, respectively for the classical and the farming models, in a MRE (mean relative error) of 0.094 and 0.195, a SMAE
(standardized mean absolute error) of 0.053 and 0.088, and a SMSE (symmetric mean squared error) of 0.029 and 0.049
(Supplementary Table 1).

The length at hatching, birth, metamorphosis and puberty, and the lifespan were better predicted with the farming model
(relative error (RE) < 0.005), whereas the clam maximum reproduction rate and ultimate length were better predicted with
the classical model (RE < 0.007) (Supplementary Table 2). With the farming model, the relative errors of the carbon flux
predictions were lower than with the classical model whereas with for nitrogen fluxes the classical model gave better predictions
(Supplementary Table 2). For oxygen fluxes, no important differences in predictions between the two models could be assessed
(Supplementary Table 2).

The symbiont-related data could only be predicted with the farming model. The ratio of the bacteria-to-gill volume was
well predicted (RE < 0.005; Supplementary Table 2). Symbiont yields for hydrogen sulfide assimilation were well predicted for
sulfate and dioxygen (RE = 0.01 and RE = 0.33 respectively; Supplementary Table 2) whereas the yield for nitrogen was not
(RE » 17; Supplementary Table 2). The yield of HS™ mol per C-mol of symbiont biomass was relatively well predicted (RE
= 0.80, Supplementary Table 2) compared to the yield of symbiont biomass in g per mol of H>S (RE = 2.79, Supplementary
Table 2).

Both the classical and the farming models predicted well: the relationships between shell length and wet weight (L-Ww,
Supplementary Figs. 1a (RE = 0.08-0.21) and 2a (RE = 0.09-0.28) for the classical and the farming models, respectively),
between shell length and dry weight (L-Wd, Supplementary Figs. 1b (RE = 0.14-0.35) and 2b (RE = 0.13-0.41)), between
reproduction rate and shell length (R-L, Supplementary Figs. 1c (RE = 0.60-7.50) and 2c (RE = 0.58-7.57)) and between
reproduction rate and wet weight (R-Ww, Supplementary Figs. 1d (RE = 0.62-6.46) and 2d (RE = 0.58-5.63)). With both
model, univariate data sets related to the reproduction rate were less well predicted, with data sets R-L. and R-Ww from site
Regab Southwest (RE > 1). RE for time-lengthi predictions with the classical and the farming models were RE = 0.01 and
RE = 0.03-0.02, respectively. The main ditference between the two models lies in the estimated growth rate of the host
(time-length curves, Supplementary Figs. le and 2e for the classical and farming models, respectively).

With the classical model, the von Bertalanffy growth coefficient (75) was estimated at 8.3 x 10~* d~! while it was predicted
4-fold slower at 2.3 x 10~* d~! with the farming model. Using the estimated Bertalanffy growth coefficient, the C. regab
growth rates for Regab sites were estimated to be, respectively with the classical and the farming model, 2.27 cmyr~! and 1
cmyr~!, 1 day after metamorphosis (Lj);0.67 cmyr~! and 0.72 cmyr~!, 5 years after L;; 0.08 cmyr~!and 0.4 cmyr~!, 12
years after L;.

Estimated functional responses and sensitivity analysis
With the classical model, the estimated functional responses (f) were 0.68 and 0.65 for the Regab Center and Southwest sites,
respectively, and 2.2, 0.8 and 5.90 for the Lobe A, B, and C sites respectively.

With the farming model, as symbionts within gills of C. regab were provided experimentally with a reasonable concentration
of sulfide, the symbiont functional response for sulfide consumption (fs;) was set at 0.8. This value corresponds to a high
functional response for in-situ conditions (close to the theoretical highest 1), leaving room for a higher symbiont functional
response in other environmental conditions. For the Regab Center and Southwest sites, symbiont functional responses f; were
estimated at 0.57 and 0.54, respectively, at 0.5 for Lobes A and B, and at 0.64 for Lobe C.

The estimated host functional responses for the different data sets were close to a constant, with f;, =0.176 4 0.002 (mean +
standard deviation). As f;, values were predicted similar by the model, a sensitivity analysis was carried out on nine parameters
used in the fj, estimation procedure to assess their impact on the value of f;, (Supplementary Fig. 3). The range of values tested
of parameters were chosen according to existing range of species parameters from the DEB Add-my-Pet database, except for
the new parameter vg,. Seven out of the nine parameters did not affect f;, value (Supplementary Fig. 3); only two parameters
did, pxmn and vs. pxmn is the maximum host specific feeding power (Jm~3) and v, (-) is the food density where ingestion is
half of its maximum (half-saturation coefficient). Therefore new parameter vg; was fixed to 0.005 (Supplementary Table 1) as



its value was pulled down by the model during the estimation procedure and as a low vk, value close to zero gave a fj, value
close to f;, value obtained for other tested parameters in the sensitivity analysis (Supplementary Fig. 3). For the host to reach its
maximum observed shell length (L;, Supplementary Table 2), the host functional response value must be set to 0.18 rather than
the conventional value of 0.8 (i.e., a high functional response value observed in the field) for consistency with the previous
finding.

Symbiont dynamics with the farming model

Modeled host shell length L;, symbiont structure V; and reserve E,, and host and symbiont biomasses increased with time
(Figs. 1a, b, c, d and e, respectively). The symbiont state variables were computed with a fast dynamics simplification, assuming
they go instantaneously to equilibrium. When the symbiont functional response f; was low, the symbiont structure (V) and
biomass were predicted to be high while the reserve energy (E;) was not impacted (Figs. 1b, ¢ and e). Hence, the symbiont
reserve density ([E;]) decreased with a lower f; ([Es] = E;/V;) (Fig. 1f). [E;] remained constant for a same f; (Fig. 1f). The
predicted symbiont structure increased dramatically when symbiont functional response was too low (f; < 0.5) and reached
unreasonable sizes for symbionts, becoming too large compared to observed gill sizes from the field. This indicated that the
simplification of fast dynamics was no longer valid for such low values of functional responses. At the Regab Center site, the
host to symbiont ratio of biomass was 8.40, predicted at 8.345 with the farming model for a symbiont functional response of
0.5653 (Supplementary Table 2). At 5 years after metamorphosis, for f; of 1 and 0.5, symbiont dry biomass was predicted at
0.1 gand 0.2 g, respectively (Fig. 1d), and host dry biomass was estimated at 2 g for both symbiont food levels (Fig. 1b). This
result falls into the range of values given by the farming model, with a final ratio of biomass Host/Symbiont of 10 for f; = 0.5
and 20 for a f; = 1.

Energy fluxes with the farming model

In both, the farming and the classical models, a fraction of the ingested energy by the clam host was used to increase its
biomass (structure plus reserve plus reproduction buffer), another fraction was spent to cover somatic and maturity maintenance
costs, yet another fraction was lost because processes are thermodynamically consistent and have intrinsic losses (assimilation,
growth and reproduction overheads). Symbionts had similar use for energy, with the difference that they did not use energy for
maturation or reproduction processes.

The classical model predicted a higher clam ingestion for larger specimen shell size and for higher functional responses (f)
(Supplementary Fig. 4). With the farming model, the predicted symbiont and host ingestions were both higher with larger hosts,
as with the classical model. However the symbiont and host ingestions remained more or less constant for different values of
symbiont functional responses (f) (Fig. 2a, b). Comparing the ingestion values of the host in the classical model for f=1 and a
maximum host size, the clam ingestion value was 1000 Jd~! compared to 2500 Jd~! for symbionts and 80 Jd~! for the host
with the farming model (Fig. 2a, b; Supplementary Fig. 4).

Using the farming model, the variation in biomass and dissipated energy as maintenance and overheads were compared
between an adult host and its symbionts for two symbiont functional responses (f; = 1 and f; = 0.5) and two sizes of adult clam
hosts (0.8 times the maximum estimated shell length (= 10.5 cm) and 0.5 times the maximal estimated shell length (= 6.6 cm))
(Fig. 3). The variation in time of symbiont biomass (i.e., variation in the symbionts’ reserve plus variation in the symbionts’
structure) could not be computed with the farming model, since a fast dynamic of symbionts was assumed. Symbiont state
variables were immediately adjusted to equilibrium when conditions changed such as a modification in symbiont functional
response. For a different symbiont functional response (f;), the host did not change the proportion of energy partitioned between
biomass and dissipation (Figs. 3a, c, d, f, g and i). The energy dissipated by the symbionts was negligible compared to that
of the host (Figs. 3a, b and c¢). A small host (Fig. 3b) allocated a higher fraction of its energy budget to increase its biomass
compared to a larger host (Figs. 3a and c). The fraction of energy used for the reproduction buffer was substantially higher for a
largest host (Fig. 3d,e) compared to smallest host size, while the smallest host used a larger fraction of energy to increase its
reserve and structure (i.e., growth) (Fig. 3e). The larger the host was, the higher the percentage of mobilized energy for somatic
maintenance (Figs. 3g and h). Only a small proportion of energy was lost in reproduction overheads and maturity maintenance
(Figs. 3g, h and i). A low functional response did not increase the proportion of energy used for maintenance for a same host
size (Figs. 3g and 1).

The size of the host did not impact the way symbionts allocated their energy (Figs. 3j and k): 3/4 of the symbionts dissipated
energy as growth overhead, 1/4 as assimilation overhead and a small amount for somatic maintenance. Compared to the
classical model, the increase in biomass due to the reproduction buffer was significantly higher in the farming model (classical
model Supplementary Fig. 5). For a same host size, a lower f; increased symbiont energy proportion allocated to somatic
maintenance (Figs. 3j and ).



Chemical element fluxes with the farming model
The farming model allowed analyzing the fluxes of carbon, oxygen and nitrogen of the host and its symbionts separately (for
chemical fluxes predicted with the classical model see available information on Supplementary Fig. 6).

The host carbon, oxygen and nitrogen fluxes for assimilation (Jéh, Jéh, Jf\‘,h, Figs. 4a, b, c, respectively) and for dissipation
(Jgh, Jgh, Jﬁh, Figs. 44, e, f, respectively) increased in tandem with the host size (i.e., shell length). As expected, for smaller
clam, host chemical elements used for growth increased with host size and then decreased for larger clams. This pattern was
consistent with a first acceleration phase of growth and then a slowing of growth when the host approached its maximum size.
Most of the assimilated chemical elements by the host (carbon, oxygen and nitrogen, Figs. 4a, b, c, respectively) were lost
for dissipation processes (order of magnitude 10~* mold~—! ) (carbon, oxygen and nitrogen, Figs. 4d, e, f, respectively) and
a smaller fraction (order of magnitude 10~7 mold~!) was mobilized for growth (carbon, oxygen and nitrogen, Figs. 4g, h, i,
respectively). Host fluxes of carbon, oxygen and nitrogen for assimilation, dissipation and growth processes were independent
of symbiont functional response (f;) (Fig. 4).

Symbionts assimilated carbon, oxygen and nitrogen (Figs. 5a, b and c, respectively) and carbon, oxygen and nitrogen used
for symbionts growth (Figs. 5g, h and i, respectively) increased in tandem with host size and were constant for a given host size,
independently of symbiont functional response (f;). Dissipated carbon, oxygen and nitrogen (Figs. 5d, e and f respectively)
also increased in tandem with the increase of host size, but decreased with a higher symbiont functional response (f;). Unlike
the host, symbionts used more chemicals for growth (Figs. 5g, h and i) than the amount they dissipated (Figs. 5d, e and f).

At Regab Center site, the farming model estimated a symbiont food level of 0.57 for a total oxygen consumption (i.e., host
+ symbionts) of 0.0012 mold~! (Supplementary Table 2). Regarding separate oxygen consumption of host and symbiont using
the farming model, host total oxygen consumption was estimated at about 6.51 x 107> mold~! (assimilation 1.5 x 10~ mold~!
+ dissipation 0.5 x 10~ mold~! + growth 0.9 x 10~7 mold~'; Figs. 4b, e and h for host oxygen assimilation, dissipation
and growth respectively) whereas total symbiont oxygen consumption was estimated about 1.93 x 1073 mold~! (assimilation
1.2 x 107 mold ™! + dissipation 1.2 x 10°~> mold~! + growth 1.8 x 10~ mold "'; Figs. 5b, e and h for symbiont oxygen
assimilation, dissipation and growth respectively). The farming model predicted that 99% of the total oxygen consumed was
from the symbionts. The symbiont sulfur assimilation increased with host size but did not depend on the symbiont functional
response (f;) (Fig. 5j).

Discussion

Symbiotic associations rely on some kind of equilibrium between costs and benefits for the host and its symbionts. Symbionts
can limit the fitness of the host but also can act as a buifer to stressors*!. Symbionts can shift from beneficial to costly to
the host because of external stressors making symbiotic association quite vulnerable*'. The farming model novelty was to
include within a DEB framework the bacterial sulfur-oxidizing symbionts as a dynamic system which depends on external
food source (hydrogen sulfide) and iemperature, and on the host clam farming feeding strategy described in the literature for
deep-sea species’®. The idea was that the host vesicomyid clam might be impacted by its symbiont dynamic as symbionts are
its only food source at the adult stage. The farming model, unlike the classical model, is able to give insight into host-symbiont
dynamics.

Usually, the ingestion of an organism varies proportionally to food availability and with environmental variations, as it is the
case in DEB theory>. In the farming model, host functional response f;, was surprisingly estimated at a low and constant value.
A low and constant fj, resulted in a low and stable host ingestion (pyx;,). While fj, was constant accross sites, estimated symbiont
functional responses (f;) varied between sampling sites. This suggests that the clam ensures itself a constant functional response
(fn) that is independent of its sulfur-oxidizing symbiont functional response (f;). Noteworthy is that both symbiont structure
and symbiont biomass were larger for a lower symbiont functional response, and therefore a lower symbiont food density.
When less substrate was available for the symbionts (i.e., low sulfide availability), the amount of bacterial symbionts increased
so that their total ingestion of substrate remained stable and thus providing for the host constant ingestion. The symbiont has to
provide food for itself, for its growth while being digested, providing also food for the host. This suggests that the amount
of bacterial symbiont harbored by the host varies with its environment. Symbionts might act as a buffer to environmental
food availability while host maintains a low but stable ingestion. This kind of homeostasis might be a survival strategy and a
great adaptation to prosper in a fluctuating environment such as cold seeps, where the flow of sulfide can decrease for some
time. This homeostasis is a novel concept compared to what has been suggested so far in the literature regarding deep-sea
symbiotic species, where often the increase of symbionts within the gills of bivalves was linked to the increase level of reduced
compounds such as sulfide. In Bathymodiolus azoricus deep-sea symbiotic mytilids, a pulse of sulfide induced an increase in
sulfur-oxidizing bacteria densities**. The host might control its symbiont density. Symbionts have a reduced genome, where,
for example, certain genes needed for bacterial division are absent or controlled by the host’.

Bacterial symbionts are contained inside gill bacteriocytes where digestion occurs®>. Estimated symbiont size cannot be
physically above gill size. The fact that symbiont size was estimated above gill size when symbiont functional response was too



low (f;<0.5) was interpreted as a state not consistent with a viable state of the host and was treated as a death condition for the
host. Also, the fast symbiont dynamic assumption of the farming model is only valid if the symbiont can really have a fast
dynamic. For lower values of f; there may not be enough food available in the environment for the symbiont to rapidely adjust
to the equilibrium given by the model’s assumption. This means that only above a certain level of food this assumption can be
seen as reasonable.

Adding the symbiont in the novel farming DEB model increased the complexity of C.regab classical DEB model by adding
two state variables that define the symbiont (symbiont structure V; and reserve E;). Resolving the symbiont state variable
equations at the same time scale of the host leads to more than a solution and increases the dimensionality and complexity of
the model. Division of bacteria is quite fast in general and we assumed that symbiont dynamics were quicker than host. This
time-scale separation was assumed in the construction of the farming model to enable mathematical resolution of the equations
governing the symbiont state variables. Time scale separation as a mathematical solution has been applied, for example, in
root-shoot and coral-symbodinium symbiose dynamic energy budget models to reduce their dimensionality, thereby simplifying
these complex models*3. At this time, only one symbiotic bacteria from a shipworm bivalve was successfully cultured**.
However, there was no indication on time of their development. According to the review of*, this is the only case reported for
thiotrophic endosymbiont cultured. We considered symbiont fast dynamic compared to its host as a reasonable assumption
given the actual knowledge on both.

The recent DEB model developed on the Atlantic deep-sea mussel B. azoricus*® included its symbionts as feeding fluxes:
a particulate organic matter flux from filter-feeding, a methane flux and an hydrogen sulfide flux from its endosymbionts.
The methane and sulfide were considered as assimilated directly by the host, bypassing the symbionts, and were considered
proportional to the surface area of the mussel gills. In this paper, symbiont assimilated fluxes from available sulfide were
proportional to the symbiont volume, as they are bacteria*®. B. azoricus model was simplified and focused on the bivalve growth,
and did not include energy invested into maturity/reproduction of the host as do C. regab DEB models in this paper. Two DEB
models have been developed to describe symbiotic relationships between endosymbiotic photosynthetic Symbiodinium algae
with cnidarian, a shallow coral species®” 4’ and an anemone*’. Symbiotic anemories and corals (Cnidarians) can obtain nutrients
from their environment and from their symbionts. In both symbiotic anemone aind coral models, translocation of carbon from
symbionts to the host was modeled as a surplus flux, with symbionts using first the fixed photosynthetically carbon they needed
while the remaining became available for the host. In both model, pricrity access to nitrogen was given to the host; however,
symbiont access was modeled differently between the two inodels. In the anemone - Symbiodinium model, symbionts received
nitrogen from host surplus flux while in the coral - Symbiodinium, they received nitrogen by "consuming" the host, as in a
predator-prey relationship. Such translocation fluxes of nutrients from host to symbionts were not implemented in the C. regab
farming model although they could occur. These exchanges of nutrients remain poorly understood in deep-sea chemosymbiotic
bivalves. In the farming model, symbionts access to carbon and nitrogen first, and then the host can obtain carbon and nitrogen
by feeding on the symbionts. Countless symbiotic states happen in life*®, and these three models show different degrees of food
dependency and equilibrium between host and symbionts. The C. regab farming model with explicit symbionts is complex.
The model could be simplified, as in anemone - Symbiodinium (2 state variables, symbionts and host biomasses)*® and coral
- Symbiodinium (3 state variables, symbionts and host biomasses and photooxidative synthesizing unit)*” models to answer
specific scientific questions (i.e., symbiont cost and coral response photooxidative stress, respectively) and to prevent excessive
model complexity. As there were fewer state variables (no reserve, no maturity, and no reproduction buffer) in these models,
the number of parameters was reduced. The first published coral - Symbiodinium model*® was much more complex than the
second one*” which focused on the question of coral response to photooxidative stress. Complexifying the farming model to
add additional reserves (e.g., stored sulfur granules by sulfur-oxidizing symbionts) and/or adding additional food sources for
the host and its symbionts (e.g., nutrient translocation) might require some model simplification to keep the model usable*3.

Despite the use of DEB standard compositions for structure and reserve, both classical and farming model predicted well
elemental fluxes. A noteworthy result was that modeled symbiont and host dioxygen fluxes with farming model support the
idea that most of oxygen consumed by the whole symbiotic association is by the symbionts. In some symbioses, the oxygen
consumption rates may be so high that oxygen could be a limiting factor for the host and symbiont metabolisms*3. The high
oxygen demand of chemosynthetic symbionts places a cost on their hosts that have evolved a range of adaptations to meet the
aerobic demands of their symbionts>>.

The mean sulfide consumption by symbionts in C. regab gills used in this study to calibrate the farming model was much
lower than that in the vesicomyid species Calyptogena kilmeri and C. pacifica from cold seep sites in Monterey Bay, U.S. state
of California**. The mean gill consumption values were 0.13 and 0.96 umol gill Ww g~ ' min~"! for C. kilmeri and C. pacifica,
respectively, while the C. regab gill consumption were 0.021, 0.036 and 0.052 umol gill Ww g~ " min~" for the Regab Center,
Regab Southwest and Lobe C sites, respectively. However, the farming model predicted a consumption of sulfide around 2-fold
higher for C. regab than the on-site measured values used to calibrate the model, getting closer to the values measured in situ in
Monterey Bay on the other vesicomyid species.



C. regab sulfur-oxidizing symbiont yields of sulfate and oxygen for hydrogen sulfide assimilation were predicted similar
to those of Thiobacillus denitrificans yields®’. On the contrary, the yield of moles of ammonium for sulfide assimilation
was predicted to be much higher than the one of Thiobacillus denitrificans. The yield was predicted by the model to be 1.8
mol NH;r per mol of H,S (NH:/ H,S) instead of 0.1 mol NH4+/H2S (RE = 17.08). This yield of 0.1 NH4+/ H>S, as well as
other symbionts yields implemented in the farming model (SO?[/HZS, 0,/H»S, biomass/H»S, HS™ /biomass), were used as
indicators to help calibrating the model. Those calibrating yields were obtained from batch cultures of the sulfur-oxidizing
bacteria Thiobacillus denitrificans™. At this time, it was not yet possible to cultivate symbionts from deep-sea symbiotic
species in order to determine the stoichiometry of hydrogen sulfide oxidation by deep-sea sulfur-oxidizing bacteria. Only
recently symbiotic strains from a symbiotic shipworm bivalve was successfully cultured**. What the critical error meant on
nitrogen yield prediction in our study, was that this yield of 0.1 mol of NH, /H,S (which was for Thiobacillus denitrificans) did
not fit well the actual data of the symbionts of C. regab, and that a yield of 1.8 was a better fit for the macrochemical equations
of our study, solved by the farming model.

The hypothesis of an important energy fraction allocated to maintenance, as observed in our results, was made in a static
bioenergetic model developed for the vesicomyid species C. kilmeri and C. magnifica from cold seeps, up to 30-50% of the
total energy budget’!. Symbiont sulfide oxidation produces proton and sulfate ions which could result in acidic conditions if
they accumulate. To maintain ion homeostasis, the authors hypothesized that the clams needed energy to eliminate protons>!.
The results of this latter paper suggested that the fraction of energy allocated to maintenance could be near 75% of the total
energy budget for the largest specimens.

In this study, the classical and the farming models provided good results as small errors were calculated (MRE, SMAE,
SMSE) for predictions from the estimated set of parameters and data, collected from the field and laboratory experiments. The
farming model is more complex than the classical model, since it has more state-variables, fluxes, and ten more parameters,
but it allows for extra predictions that are bound to increase the error. More than half of the data (8 out of the 13 different
data used in both models) were better predicted with the farming model (e.g., growth rate of the host) than with the classical
model. In addition, parameters related to the symbiont bioenergetics could be deciphered with this novel farming model,
highlighting the importance of integrating symbionts within the dynamic of the cnergy budget of a symbiotic model species to
study host-symbiont relationship.

For the classical model there was a need to use an anchor data point for the growth rate to have the estimation, set at
1 cmyr~!. Without this anchor data point, the classical model growth was predicted too fast compared to the literature values.
A growth rate was estimated at 0.8 cmyr~! for botli Regab center and south-west sites using a cohort analysis on adult
specimens?®>. The anchor data point for the growth rate was not needed for the farming model to obtain realistic growth rate
values. Both classical and farming models presented in this paper predicted growth rates for small Christineconcha regab
specimens at Regab sites southwest and center of the same order of magnitude as the vesicomyid Calyptogena kilmeri®”. The
growth rate of C. kilmeri from a cold seep oft central California was estimated by in situ experiment at 1 to 2 cmyr~! for small
specimens>2. With radionuclide dating techniques on shells, the vesicomyid species growth rate from the Galdpagos Spreading
Center hydrothermal field and 21°N East Pacific Rise hydrothermal area was estimated at 4 cmyr~!>3 and an average growth
rate along the axis of maximum growth (10 cm) of 0.27 cmyr~ %%, respectively.

Modeled functional responses were directly linked to food density. Comparing all sites, the functional response was
estimated to be the highest at the Lobe C site by both the farming (for symbionts) and classical models (whole symbiotic
association). With the farming model, the functional response (for symbionts) was estimated the lowest at Lobe A and B sites
while with the classical model, the lowest estimated functional response was at the southwest and center sites of the Regab
pockmark.

Among the three Lobe sites, the Lobe C site biogeochemical context seemed to provide the best conditions for sulfide
production and thus a higher functional response for C. regab symbionts, which is consistent with the Lobe C site having
the highest estimated functional response. In the Lobes, cold seep-like ecosystems are formed thanks to important deposits
of organic material coming from the Congo River. At Lobe C, sedimentation rates were high compared to Lobes A and B,
and dense and alive vesicomyid aggregates were dominated by C. regab with few dead shells only>>>°. Additionally, it was
supposed that this site was the most recent deposition zone>>>%. At Lobe A, vesicomyids also formed dense beds dominated
by C. regab. The Lobe B site had only small patches of reduced sediments, and few scattered vesicomyid patches mainly
consisting of dead shells; moreover, C. regab was not the main vesicomyid species“.

With both classical and farming models, the functional response was estimated higher for the center of Regab pockmark
than for the southwestern site, which agrees with what was observed in the field. At the Regab site, a gradient of methane
emission occurs along the pockmark radius from the center to the periphery®’. The highest sulfur content was measured in the
sediment located in the center of the pockmark!”. Furthermore, a higher biomass and condition index on site was measured for
specimens collected from the center than from the southwestern site>.

Predictions of C. regab symbiont sulfur consumption rates were estimated higher for the Regab southwest and center



specimens than for the Lobe C specimens. The farming model suggested that a higher symbiont consumption was linked
to a lower symbiont functional response. Experimental data showed that the C. regab sulfur consumption rate of the gills
from C. regab was higher for Regab’s southwestern site, then Lobe C, and finally the Regab center. One explanation of these
differences could be that for the sulfide experiment, the same functional response was set to be estimated for the specimens at
the three different sites, as during the experiment, they were exposed to the same food density, since they were likely not in the
field. Symbiont functional responses are complex to explain, as symbionts’ access to sulfide may be related not only to the
concentration of sulfide in the near environment but also to how much/and how the host provides sulfide to its symbionts (host
sulfide binding capacity and foraging capacity) and to sulfur storage by symbionts as granules and circulating sulfide inside the
host’. The total elemental sulfur of C. regab specimens was analyzed, and a difference between Lobe C site specimens and
Regab center site specimens was observed, with a mean percentage of elemental sulfur of 12.7% at the Lobe C site compared
16% at the Regab center site’’. Elemental sulfur granules were also found in other vesicomyid species gills, produced by
sulfur-oxidizing symbionts and could constitute a “reserve” to buffer environmental fluctuations in sulfide availability’. Adding
an additional reserve for sulfur would be interesting to try to understand the dynamics of those granules, their formation and
their use by the sulfur-oxidizing symbionts.

Methods

Model description

The classical model

DEB theory has been widely applied to bivalve species (> 140 species). The classical DEB model used is this paper is the abj
model (abj: metabolic acceleration (a) between “birth” (b) and “metamorphosis” (j)) which is the most applied to bivalves®.
The abj model includes four state variables: reserve E (J), structure V (cm?), maturity level Ey (J) and reproduction buffer
Eg (J) (Fig. 6a, Table 1). This abj model has four life stages: embryo, juvenile I, juvenile II and adult with three transitions
between life stages (birth EZ,, metamorphosis E}, and puberty E7) which occur whei that level of maturity Ep is reached
(Fig. 7). During the embryo stage, the organism does not feed and relies on its egg ieserves. After birth, the juvenile organism
can feed on external food sources but cannot reproduce yet. When puberty E},; is reached, the organism no longer needs to
allocate energy to increase its maturity and instead starts allocating encrgy to the reproduction buffer (Fig. 7).

The main difference from the standard DEB model is the existence of metamorphosis. For bivalves, metamorphosis
corresponds to a metabolic switch resulting in the transition from planktonic to benthic life with morphological changes (loss
of the velum of the umbo-veliger larva and developraent of the foot of the pediveliger larva) (Fig. 7). Metabolically, during
the juvenile I phase, an acceleration occurs until it reaches metamorphosis. This acceleration is modeled by the increase of
food assimilation into reserve p4 and energy reserve mobilization pc. Two parameters, the maximum specific assimilation
rate {pam } and the energy conductance v, increase in tandem to model these effects (See assimilation and mobilization fluxes
formulae Table 1 and acceleration coefficient Table 2). This leads to an exponential growth for juvenile I. In subsequent life
stages, the growth follows von Berialanffy curve for constant food availability.

The classical model parameters were listed in Table 3.

The farming model

The novel farming model was built from the Christineconcha regab abj model by considering that the symbiont has a different
dynamic than the host. This model was based on the “farming” feeding strategy of the host and named farming to distinguish
from the classical abj model. The model was built by integrating the sulfur-oxidizing bacteria into an abj model of the clam
host (Figs. 6b and c¢). Symbionts macrochemical equations for assimilation, dissipation and growth transformations were
explicitly taken into account using a standard composition for reserve and structure CH; g 00.5No. 15°° (Supplementary Methods
1.5). As bacteria divide, they do not need to invest energy into a reproduction buffer as the clam host does. Therefore, the
state variables were reduced to only two: reserve E; and structure V (Table 4). Also, the bacterial symbionts were modeled
with a single juvenile stage (Fig. 7). The symbiont population is modeled with the same dynamics as a single bacterium.
Unicellular organisms that divide into two daughter cells are well modeled as V1-morphs (changing its shape as it grows)>°.
Symbiont population has an ingestion rate proportional to its structure V (py;, Table 4)>°. Symbiont fluxes describing ingestion,
assimilation, mobilization, maintenance and growth were added (Fig. 6b, Table 4). The clam ingestion flux came from the
symbiont reserve and structure they harbor in their gills (Figs. 6b and c, Table 4). This model has ten extra parameters related to
the symbionts (Table 4).

Biological data for model parameterization

Several cruises were undertaken to explore the Congo submarine channel and cold seep ecosystems in the Gulf of Guinea
(South—East Atlantic, Supplementary Fig. 7). Samples and experimental data acquired during these different cruises provided
the data used to parameterize the models (Supplementary Table 4). Specimens came from two major areas: the end of the
Congo submarine channel named the Lobe complex (Lobes A, B and C), and the Regab pockmark (Center and Southwest)2.



Forcing variables for parameter estimation: functional response and temperature
In the classical abj model, the functional response (f) follows the Michaelis—Menten function (Eq. 1). X is the food density, Xk
is the half saturation coefficient and x is the scaled food density.

P (1)

In the C. regab classical model, a functional response was estimated as a parameter for each sampling site, regardless of the
time/season of sampling: Regab Center, Regab Southwest, Lobe A, Lobe B and Lobe C (Supplementary Table 3). Regarding
the Regab pockmark, it has been suggested that biogeochemical conditions have been relatively stable throughout time, at
least between 2000 and 2008>’. However, the Lobes complex was characterized by high sediment accumulation and turbidity
currents and appeared to be a less stable environment than Regab®®®!. Nevertheless, for the parameter estimations, food (i.e.,
sulfide) was assumed to be more or less constant at each Lobe and Regab site throughout the years of sampling.

In the farming model, a functional response for symbionts (f;) was defined in the same fashion as the functionnal response
f in the classical model; one f; was set to be estimated as a parameter for each sampling site. The novelty was that the quantity
of food available for the host was considered dependent on the ratio between symbiont structure (Vi) and host structure (V);
this will take into account that for the same volume of symbionts, a larger host will have a lower functional response. A new
parameter was added, the half saturation coefficient vg,, where host ingestion is half of its maximum (Eq. 2).
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Host functional responses (f;) were computed assuming the dynamics of the symbiont was very fast compared to the
dynamics of the host, and that the available foods for the host were the structure and reserve of the symbiont (Supplementary
Methods 1.9). The connection of the functional response with the ingested fiux of the host is given by Eq. 3. px is the host
ingestion flux (J d=h, {Pxm} is the maximum host ingestion flux (Jd “Lem™2), s (-) is the host acceleration factor, V (cm?) is
the host structure.
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According to the above equations (Eq. 2 and 3), host functional responses (f;) were estimated by the farming model
for each data set using corresponding host stiuctural lengths (L;) and model’s parameters (Supplementary Methods 1.1,
predict_Christineconcha_regab.m file).

The impact of temperature was dealt with the standard temperature correction using the Arrhenius temperature (Supplemen-
tary Methods A.6)°.

Estimation of primary parameters

The Add-my-Pet (AmP) procedure (DEB-tool package, Matlab)>*%% was used to estimate C. regab farming and classical
parameters (Supplementary Table 1) from data (Supplementary Table 4) at a given temperature and functional responses.
Parameters were obtained using a minimization method of a loss function (function of data, predictions from parameters and
data weight coefficients)®®. The accuracy of the models fit was quantified with the mean relative error (MRE), the symmetric
mean squared error (SMSE) and the standardized mean absolute error (SMAE). Constraints were added as customized filters
for the symbionts to keep the estimation of parameters inside the biologically meaningful part of the parameter space during
the minimization procedure. Additional codes for predictions (Supplementary Methods 1.7, 1.8 and 1.9), compared to those
available on the Add-My-Pet database, were developed in this study for new data types in the farming model (Supplementary
Methods 1).

Data availability
The datasets generated and/or analysed during the current study are available in the Christineconcha_regab_dynamic_energy_budget
repository, https://github.com/mvdb26/Christineconcha_regab_dynamic_energy_budget.
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Figure 1. Modeled Christineconcha regab clam and its sulfur-oxidizing symbionts variables for 10 years since host clam
metamorphosis (L; = 0.1991 cm) using C. regab farming model (T = 2.55°C and host functional response f;, = 0.18). (c, d, e, f):
dashed line (- -), symbiont functional response f; = 1; dotted line (...), f; = 0.5. (2) host shell length (L;, cm); (b) host biomass
(structure+reserve) (in dry weight, g); (c) symbionts structure (Vj, cm?); (d) symbionts (Sb.) biomass (structure+reserve) (in dry
weight, g); (e) symbionts reserve (Ej, J); (f) symbionts reserve density (reserve/structure) ([E;], J cm ).



(b)

Figure 2. Modeled ingestion fluxes with Christineconcha regab farming dynamic energy budget model. (a) symbiont
ingestion (pyx,) and (b) host ingestion flux (px;) as a function of symbiont functional response (f;) and host shell length (Lwy,)
modeled with Christineconcha regab farming model (host functional response f;, =0.18 ; T = 2.55°C).
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Figure 4. Host Christineconcha regab modeled chemical element (carbon, oxygen and nitrogen) fluxes with the farming

dynamic energy budget model of assimilation, dissipation and growth transformations as a function of C. regab shell length
(Lwp,) and symbiont functional response (f;). (a,b,c), host assimilated fluxes of carbon, oxygen and nitrogen, respectively;
(d,e.f), host dissipated flux of carbon, oxygen and nitrogen, respectively; (g,h,i), host flux for growth of carbon, oxygen and
nitrogen, respectively. J, fluxes (mold_l); Ah, host assimilation; Dh, host dissipation; Gh, host growth; C, carbon; O, oxygen;
N, nitrogen. A color gradient was applied to interpolated values of chemical fluxes (J), from the lowest to the highest values.
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Figure 5. Christineconcha regab symbionts modeled chemical element (carbon, oxygen, nitrogen and sulfur) fluxes with the
farming dynamic energy budget model of assimilation, dissipation and growth transformations as a function of C. regab shell
length (Lwy,) and symbionts functional response (f5). (a,b,c), symbiont assimilated fluxes of carbon, oxygen and nitrogen,
respectively; (d,e,f), symbiont dissipated flux of carbon, oxygen and nitrogen, respectively; (g,h,i), symbiont flux for growth of
carbon, oxygen and nitrogen, respectively; (j) symbiont assimilated flux of sulfur. J, fluxes (mold~'); As, symbiont
assimilation; Ds, symbiont dissipation; Gs, symbiont growth; C, carbon; O, oxygen; N, nitrogen; S, sulfur. A color gradient

was applied to interpolated values of chemical fluxes (J), from the lowest to the highest values.
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Table 1. Classical dynamic energy budget model state variables and fluxes. sy was defined in Table 2 and model parameters
were defined in Table 3. E I’}, maturity level at puberty (J); E I’fl, maturity level at birth (J); f, functional response (-); k;, maturity
maintenance rate coefficient (-); { pxn }» max specific feeding power (J d~'em?).

State variable Definition Unit Formula
E reserve J %Tf =Dpa—Pc
1% structure cm3 %/ = ﬁ
Eny maturity J % =priftEg < EII;
dd% = 0 otherwise
Eg reproduction buffer J % =0ifEy < E};
d% = KrPr otherwise
Flux Definition Unit Formula
Dx Jd~! ingestion {pxm} fV?3 = %, when Ey > E,
Pa Jd! assimilation {Pam}sufV33
Dp Jd—! faecation (1—xp)px
Dc Jd-! reserve mobilization E %
Ps Jda-! somatic maintenance [pm]V
PG Jda-! growth Kpc —ps
)24 Ja~! maturity maintenance kjEy
bR 7d-! maturation and (1= K)pc—ps

reproduction

Table 2. Acceleration coefficient (s3) to model metabolic acceleration in the classical and farming dynamic energy budget
models. Ey, level of maturity (J); E Z, level of maturity at birth (J); E ,’1, level of maturity at metamorphosis (J); E P level of

maturity at puberty (J); Ly, structural length at birth (cm); L; structural length at metamorphosis (cm

)36.

Maturity level (Eg)

Eyg < EZ (embryo)

EZ <Epg< E1{1 (early juvenile)

E 1{1 < Epy (late juvenile + adult)




Table 3. Parameters of Christineconcha regab classical and farming dynamic energy budget models. h., host; sb., symbionts.

Model | Notation Description Unit
b4 zoom factor -
Kx digestion efficiency of food to reserve -
Kp faecation efficiency of food to faeces -
v energy conductance cmd!
K allocation fraction to soma -
KR reproduction efficiency -
_ (pm] volume-specific somatic maintenance cost Jd~'em?
8 ky maturity maintenance rate coefficient d-!
2 [Eg] specific cost for structure Jem™3
@) Ey maturity at hatching J
E Z maturity at birth J
E IJ_I maturity at metamorphosis
El maturity at puberty J
ha Weibull aging acceleration d—2
G Gompertz stress coefficient -
oM shape coefficient -
OMe shape coefficient of larva -
Zn h. zoom factor ) -
Kxh h. digestion efficiency of food to reserve -
Kph h. faecation efficiency of food to feces -
v h. energy conductance cmd™!
K h. allocation fraction to soma -
Krh h. reproduction efficiency -
[Pan] h. volurne-specific somatic maintenance cost Jdtem?
k h. maturity maintenance rate coefficient d-!
[Egn] h. specific cost for structure Jem™3
Eh h h. maturity at hatching J
Eflh h. maturity at birth J
en ;;j; h. maturity at metamorphosis J
g Ep, h. maturity at puberty J
£ han h. Weibull aging acceleration d—2
SGh h. Gompertz stress coefficient -
S h. shape coefficient -
Sten h. shape coefficient of larva -
vks h. half saturation coefficient -
[Pams] sb. maximum assimilation rate Jd~'em™2
Kxs sb. digestion efficiency of food to reserve -
Kps sb. excretion efficiency of food to excretes -
kgs sb. specific-energy conductance d-!
[Pwms) sb. volume-specific somatic maintenance cost Jd~'em?
[EGs] sb. specific cost for structure Jem™3
Smvs sb. shape coefficient of structure -
YSAEX sb. H,S assimilation yield per C-mol of reserve ~ H,S mol C-mol~!
Y[’;“E' sb. H>O assimilation yield per C-mol of reserve  H,0 mol C-mol !




Table 4. Christineconcha regab farming model state variables and energy fluxes. h, host; sb, symbionts. s, was defined in
Table 2 and model parameters were defined in Table 3. EL, , host maturity level at puberty (J); E }f] 5> host maturity level at birth
(3); fn» host functional response (-); f;, symbiont functional response (-); k;;,, host maturity maintenance rate coefficient (-);
[Pxms)> symbiont max specific feeding power (Jd~!cm?).

State variable Description Unit Formula
Ej h. reserve J df,” = PAh — DCh
Vi h. structure cm? & = [ZZI;,]
Eup h. maturity J % = pruif Egp < EF,
% = 0 otherwise
Er, h. reproduction buffer J dg% =0if Eyy, <Ep,
dd% = Kgpr otherwise
E, sb. reserve J % = PAs— PCs — DXEh
7 sb. structure cm? / i% = [g?i] - [lg‘f]
Flux Description 'L*;i;; Y Formula
Dxh h. ingestion Jd='  pxgn+ pxvy when Egy, > EV,
DXEh h. ingestion of sb. reserve £, Jd~! YPxn = EE—;SPXWL
DXVh h. ingestion of sb. structure V;,  Jd~! (1—7)pxn = %‘ DXEh
Dan h. assirilation Ja-! {p'Amh}Sthth/3
Pph h. faecation Jd! (1= Kp) Pxn
pch h. reserve mobilization Jd~! %[‘g;w
Dsh h. somatic maintenance Jd! [Pmn Vi
PGh h. growth Jda-! KnPCh — Psh
Drn h. maturity maintenance Jd~! kinEmn
DRh h. maturation and reproduction  Jd~! (1 —=%3)pch — Psn
Pxs sb. ingestion Jd-! [Pxms] f5Vs
Pas sb. assimilation Jd~! [Pams] f5Vs
Pps sb. excretion Jd~! (1 = Kps) Pxs
Pes sb. mobilization 1d-! bl i
Pss sb. somatic maintenance Jd! [Pums) Vs
Pas sb. growth Jd! PCs = DSs
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