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Abstract

Marine fish play important functional roles within the carbon cycle, including
the production and excretion of intestinal carbonates. With fish accounting for
at least 3-15% of total marine carbonate production, the global significance of
this process is clear. A comprehensive assessment of the drivers of fish carbonate
excretion rate and mineralogy is however lacking. Closing this gap is imperative
to fully understand the role of fish in the inorganic carbon cycle and to predict
how it may change in future. Focusing on tropical and subtropical reefs, this thesis
assessed the drivers of fish contributions to the inorganic carbon cycle at different
ecological levels and spatial scales. At the individual level, this project compiled
intestinal traits for 142 species and carbonate excretion rates and mineralogy for 85
species. A comprehensive modelling approach then identified the species traits and
environmental factors that influence individual excretion rates and mineralogy. At
the community level and at the global scale, a novel analysis of >1,400 reefs mapped
distribution patterns in fish carbonate excretion and mineralogy. A causal inference
analysis identified the major ecological, environmental, and socio-economic factors
driving these community-level patterns. At the regional scale (i.e., in the Australian
coral reefs context), structural equation models disentangled the indirect effects
of human gravity (i.e., a proxy for human pressure) and fisheries management
on fish contributions to inorganic carbon cycling. Findings at the individual
level confirmed the long-assumed direct link between fish carbonate excretion and
metabolic rate and showed that diet strongly influences intestinal morphology.
Relative intestinal length was uncovered as a strong driver of carbonate excretion
rates and mineralogy, as were taxonomic identity and temperature. Current global
patterns of fish contribution to the inorganic carbon cycle are primarily driven by
fish community structure, sea surface temperature, and human gravity. Carbonate
excretion rates peaked in highly productive areas supporting high fish biomass, es-
pecially within the upper trophic levels, and where human gravity is low. Globally,
fish communities predominantly excrete the more soluble carbonates and their pro-
portion increases with increasing temperature. On Australian reefs, fish carbonate
excretion was strongly affected by human impact through reduced fish biomass
despite the region’s relatively low fishing pressure. In this particular geographic

context, current fisheries management is not sufficient to maintain fish carbonate
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excretion, despite positive effects on fish biodiversity. This thesis advances our
understanding of the role of fish in inorganic carbon cycling from the physiological,
ecological, biogeographic, chemical, mineralogical, and conservation perspectives.
It unravels the complex variability of this function across ecological levels and
spatial scales. Coupled with predictive models, this information could yield solid
predictions of the future levels of this function in light of anthropogenic impacts
and climate-driven range shifts. While fish carbonate excretion may increase with
climate change, excreted carbonates will dissolve faster and/or at shallower water
depths, thereby changing their influence on seawater chemistry and reducing their
sedimentation potential. Protecting large predators would promote inorganic car-
bonate production and other fish roles within the carbon cycle. However, fisheries
management has in places limited capacity to sustain fish inorganic carbon cycling.
The need for effective, context-tailored management approaches that address socio-
economic factors beyond fishing pressure is strongly emphasised.



Zusammentassung

Meeresfische spielen im Kohlenstoftkreislauf eine wichtige Rolle, unter anderem bei
der Produktion und Ausscheidung von Darmkarbonaten. Da Fische fiir mindestens
3-15 % der gesamten marinen Karbonatproduktion verantwortlich sind, ist die
globale Bedeutung dieses Prozesses offensichtlich. Eine umfassende Bewertung der
Faktoren, die fiir die Ausscheidungsrate von Fischkarbonat und die Mineralogie
verantwortlich sind, steht jedoch noch aus. Diese Liicke muss unbedingt geschlossen
werden, um die Rolle der Fische im anorganischen Kohlenstoftkreislauf vollstandig
zu verstehen und um vorauszusagen, wie sie sich in Zukunft verandern konnte. Im
Rahmen dieser Arbeit, die sich auf tropische und subtropische Riffe konzentriert,
wurden die Einflussfaktoren fiir den Beitrag der Fische zum anorganischen Kohlen-
stoffkreislauf auf verschiedenen okologischen Ebenen und rdumlichen Mafistaben
untersucht. Auf der organismischen Ebene wurden im Rahmen dieser Arbeit
Merkmale fir 142 Arten sowie Karbonatausscheidungsraten und Mineralogie fiir
85 Arten zusammengestellt. Mit Hilfe eines umfassenden Modellierungsansatzes
wurden dann die Arteneigenschaften und Umweltfaktoren ermittelt, die die in-
dividuellen Ausscheidungsraten und die Mineralogie beeinflussen. Auf Gemein-
schaftsebene und auf globaler Ebene wurden in einer neuartigen Analyse von mehr
als 1 400 Riffen Verteilungsmuster der Karbonatausscheidung und Mineralogie
von Fischen kartiert. Durch eine Kausalanalyse wurden die wichtigsten okologis-
chen, Okologischen und soziookonomischen Faktoren ermittelt, die diese Muster
auf Gemeinschaftsebene beeinflussen. Auf regionaler Ebene (d. h. im Kontext der
australischen Korallenriffe) wurden mit Hilfe von Strukturgleichungsmodellen die
indirekten Auswirkungen des menschlichen Drucks und des Fischereimanagements
auf den Beitrag der Fische zum anorganischen Kohlenstoffkreislauf aufgeschliis-
selt. Die Ergebnisse auf der orgnismischen Ebene bestatigten die seit langem
angenommene direkte Verbindung zwischen der Karbonatausscheidung der Fische
und ihrer Stoffwechselrate und zeigten, dass die Erndhrung die Darmmorphologie
stark beeinflusst. Die relative Darmlinge erwies sich als starker Einflussfaktor auf
die Karbonatausscheidungsrate und die Mineralogie, ebenso wie die taxonomische
Identitat und die Temperatur. Die derzeitigen globalen Muster des Beitrags der
Fische zum anorganischen Kohlenstoftkreislauf in erster Linie von der Struktur der

Fischgemeinschaft, der Meeresoberflichentemperatur und des menschlichen Drucks
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bestimmt werden. Die Karbonatausscheidungsraten erreichten ihren Hohepunkt in
hochproduktiven Gebieten, die eine hohe Fischbiomasse aufweisen, insbesondere
in den oberen trophischen Ebenen, und wo der menschliche Druck gering war.
Weltweit scheiden Fischgemeinschaften tiberwiegend die 16slicheren Karbonate aus,
und ihr Anteil nimmt mit steigender Temperatur zu. In den australischen Rif-
fen wurde die Karbonatausscheidung der Fische trotz des relativ geringen Fis-
chereidrucks in der Region durch den menschlichen Einfluss stark beeintrachtigt,
da die Fischbiomasse abnahm. In diesem besonderen geografischen Kontext re-
icht das derzeitige Fischereimanagement nicht aus, um die Karbonatausscheidung
von Fischen aufrechtzuerhalten, trotz der positiven Auswirkungen auf die biolo-
gische Vielfalt der Fische. Diese Arbeit verbessert unser Verstindnis der Rolle
von Fischen im anorganischen Kohlenstoffkreislauf aus physiologischer, 6kologis-
cher, biogeografischer, chemischer, mineralogischer und naturschutzfachlicher Sicht.
Sie entschliisselt die komplexe Variabilitat dieser Funktion iiber 6kologische Ebe-
nen und raumliche Mafstdbe hinweg. In Verbindung mit Vorhersagemodellen
konnten diese Informationen solide Vorhersagen tiber das kiinftige Ausmafldieser
Funktion angesichts der anthropogenen Einfliisse und der klimabedingten Arealver-
schiebung liefern. Wahrend die Karbonatausscheidung von Fischen mit dem Kli-
mawandel zunehmen koénnte, werden sich die ausgeschiedenen Karbonate schneller
und/oder in geringerer Wassertiefe auflosen, wodurch sich ihr Einfluss auf die Meer-
wasserchemie verdndert und ihr Sedimentationspotenzial verringert. Der Schutz
grofler Raubfische wiirde die anorganische Karbonatproduktion und andere Funk-
tionen der Fische im Kohlenstoffkreislauf fordern. Das Fischereimanagement ist
jedoch nur begrenzt in der Lage, den anorganischen Kohlenstoftkreislauf der Fis-
che zu unterstiitzen. Es wird nachdriicklich auf die Notwendigkeit wirksamer,
kontextbezogener Managementansitze hingewiesen, die neben dem Fischereidruck
auch soziookonomische Faktoren beriicksichtigen.

Tl
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Introduction

Ecosystem functions, services, and conservation

Ecosystem functioning describes the collective activities of all life forms and their
effects on the physical conditions of their environment. Biodiversity is thus an
integral part of ecosystem functioning and vice versa. A myriad of species and
their interactions enable ecosystems to function, but it is also true that functioning
ecosystems are needed for biodiversity to thrive. The functioning of ecosystems is
based on an efficient flow of energy and resources through the biosphere, which
defines the structure and dynamics of ecosystems. Within an ecosystem, the
movement and storage of energy and material is what defines ecosystem functions
(also referred to as ecosystem processes) (Bellwood et al. 2019b), such as primary
and secondary production, decomposition of dead matter, and nutrient recycling.

These functions provide humanity with a variety of services, such as food
provision, oxygen production and buffering against extreme climate events, that
directly or indirectly contribute to human well-being (Costanza et al. 1997). These
ecosystem services can be classified into four broad categories as proposed by the

Millennium Ecosystem Assessment (2005):

e Provisioning services provide humans with material benefits such as food,
water, wood and other raw materials.

o Regulating services help maintain the quality of air, soil and water, and
include climate regulation, carbon sequestration, pest control and pollination.

o Supporting services, such as habitat provision, primary productivity and
nutrient cycling, are the basic ecosystem processes that contribute indirectly

to human well-being by supporting biodiversity and the other ecosystem



Introduction

services. This category is sometimes replaced by Habitat services (TEEB
2010).
o Cultural services provide non-material benefits such as aesthetic inspiration,

cultural identity, recreational and spiritual experiences.

Certain ecosystem services, especially provisioning services, are easily under-
stood and quantified. Others operate beyond peoples’ perception (e.g., many
supporting services) and thus are unnoticed or undervalued. Cultural services such
as aesthetic appreciation and inspiration for culture, art and innovation are less
tangible and inherently difficult to quantify. Valuing ecosystems is however useful
for incentivising industry and governments towards more sustainable policies and
improved management (Costanza et al. 2017). In 1997, ecosystems were estimated
to provide an average of US$33 trillion per year in services, about twice as much
as the global gross national product at the time (Costanza et al. 1997). Since this
seminal publication, a great amount of research has increased our understanding of
ecosystem services and nature’s worth (Costanza et al. 2017). However, ecosystems

globally are degrading rapidly, thus jeopardizing ecosystem services.

Virtually every ecosystem on land and in the ocean is facing profound changes
in response to climate change and increasing disturbance activity (Keith et al. 2022;
Stuart-Smith et al. 2022; Lapola et al. 2023). The oceans are however experiencing
faster rates of species turnover and biodiversity reorganisation (Blowes et al. 2019;
Eriksson and Hillebrand 2019). Ecosystems are rapidly transforming into novel
configurations (Hughes et al. 2017a; Hughes et al. 2018a; Stuart-Smith et al. 2018;
Benedetti et al. 2021; Seidl and Turner 2022). This has wide-reaching implications
for ecosystem functioning, the ecosystem service supply, and ultimately human
well-being (Williams and Graham 2019; Woodhead et al. 2019; Bianchi et al. 2021;
Cavan and Hill 2021; Eddy et al. 2021; Hicks et al. 2021). Climate-related erosion of
ecosystem services in the Amazon may cost US$ 7.7 trillion to the regional economy
in a period of 30 years (Lapola et al. 2018), while economic losses from mangroves

deforestation are estimated to be up to US$42 billion annually (UNEP 2014).



Sustaining ecosystem services requires knowledge regarding the mechanisms
that drive changes in ecosystem functioning (Keith et al. 2015). Identifying the
drivers of ecosystem functions at multiple scales is not only a central task in ecology,
but also critical to predict the functioning and service supply of future ecosystems.
Coupled with modelling approaches that integrate the plausible socio-economic
and climate change scenarios (Shared Socioeconomic Pathway-Representative Con-
centration Pathway, SSP-RCP, van Vuuren et al. 2014), this knowledge provide

convincing evidence to influence policy responses.

Of the many processes that occur within and across ecosystems, the carbon
cycle is particularly important for maintaining a stable climate and sustaining life
on Earth. This cycle underpins the vast majority of services provided by nature.
Comprehensive accounts of how carbon cycles through ecosystems marking its sinks
and sources, are thus crucial to guide actions aimed at climate change mitigation

and safeguarding ecosystem services supply.

The global and marine carbon cycles

As one of the primary building blocks of all organic molecules, carbon is essential
to life. In the atmosphere, it plays a key role in setting Earth’s temperature. As an
energy source, it has fuelled technological innovation and economic growth. The
carbon cycle is the biogeochemical cycle that describes the flow of carbon between
the biotic (biosphere) and abiotic (atmosphere, hydrosphere and geosphere) sys-
tems of Earth. Many biological, chemical, geological and physical processes are
involved in the exchange of carbon between these compartments. These include

long-term processes of carbon sequestration to, and release from, carbon sinks.

The carbon cycle can be seen as two interconnected subcycles, one where
carbon moves rapidly through the biosphere (‘fast’ carbon cycle) and the other
involving medium to long-term geological processes (‘slow’ carbon cycle). The
fast carbon cycle is characterised by the uptake of carbon by autothrophs, which

enters the biosphere and is recycled through the food web. This organic carbon
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is then released back to the atmosphere through respiration and decomposition
on annual and decadal timescales. The slow carbon cycle includes the formation
and weathering of sedimentary rock over millions of years. The subduction (i.e.,
the movement of a tectonic plate under another) of ocean’s carbon sediments
into the Earth’s mantle generates carbon dioxide (COs) that can be released into
the atmosphere through volcanic eruptions (Burton et al. 2013). Medium-term
processes include the exchange of carbon between the ocean and atmosphere which

can take centuries (Heinze and Maier-Reimer 1991).

The ocean plays a central role in the global carbon cycle and exerts a ma-
jor control on climate through the absorption and sequestration of atmospheric
CO,. In the last decade, 2.9 billion metric tons of carbon, equivalent to 26% of
the global anthropogenic COs emissions, were absorbed by the ocean each year
(Friedlingstein et al. 2022). The marine carbon cycle can regulate the partial
pressure of atmospheric COs (pCOs3) through three well established mechanisms:
the solubility pump, the organic carbon pump (also known as biological pump) and
the inorganic carbonate pump (Figure 1) (Heinze and Maier-Reimer 1991). The
solubility pump is a physico-chemical process by which dissolved inorganic carbon
(DIC) is transported from the ocean’s surface to depth and favours the CO5 uptake
of the ocean. This mostly occurs at high latitudes where deep waters are formed and
COs is more soluble, due to higher solubility in seawater at low temperature and
salinity (Weiss 1974). Conversely, the reduced solubility in warmer waters causes
CO; to be released into the atmosphere where cold deep water upwells at low
latitudes (Feely et al. 1999). The organic carbon pump and inorganic carbonate
pump are driven by biological processes and export particulate organic carbon

(POC) and particulate inorganic carbon (PIC), respectively, from surface waters.

The organic carbon pump is characterised by the fixation of dissolved CO,
into organic carbon by photosynthetic organisms, such as phytoplankton, in the
euphotic zone. The process is thus limited by availability of light and nutrients.
This organic carbon is then transported to the deeper ocean through passive sinking

of particles, active vertical migration of metazoans (zooplankton and fish), or
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Figure 1: Schematic diagram of the three ocean carbon pumps that regulate the partial
pressure of atmospheric COz. Redrawn from Heinze and Maier-Reimer (1991).

physical mechanisms (Boyd et al. 2019). This process drives carbon sequestration in
the deep ocean and increases CO5 uptake at the surface. A small proportion of the
organic matter reaches the seafloor where it can be incorporated within sediments
or used by benthic organisms. However, most is remineralised back to CO, as
particles sink below the euphotic zone and are fragmented into smaller, slower-
sinking particles and consumed by microbes, zooplankton, and fishes (Giering
et al. 2014; Guidi et al. 2015; Briggs et al. 2020). Upwelling and ocean mixing
bring the released DIC and nutrients back to the surface leading to CO4 release
into the atmosphere and promoting new primary production. The depth at which

organic carbon is remineralised directly impacts atmospheric CO, concentrations
(Kwon et al. 2009).

The inorganic carbonate pump is characterised by the production of calcium car-
bonate (CaCOg3) by marine calcifying organisms in surface waters. Marine calcifiers

include planktonic (e.g., coccolithophores, foraminifera, pteropods) and benthic
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or sessile (e.g., corals, coralline algae, molluscs, crustaceans) organisms which
precipitate CaCOj3 with different crystalline forms, mostly aragonite and calcite, to
construct their skeletons and shells. They produce CaCO3 by actively promoting

the reaction of calcium (Ca?") and bicarbonate (HCOjz") ions from seawater:

Ca’™ + 2HCO; = CaCO; + CO, + H,0, (1)

thereby consuming alkalinity and producing CO,. This process contrasts with
the other two carbon pumps in that it acts as a source of CO4 in surface waters,

enhancing ocean acidification.

Biogenic CaCOg3 production is also a sink of carbon. The CaCOj3 skeletons
and shells produced by marine calcifiers may have two different fates when these
organisms die. Those of benthic and sessile organisms likely become part of the
local sediments as they already live in contact with the sea-bottom and in conditions
favourable to calcification. Carbonates derived from pelagic organisms sink rapidly
into deeper waters due to their high density. Here, they can contribute to the forma-
tion of sediments (Morse et al. 2007) or dissolve (due to higher pressure and lower
temperature, Millero 2007) thus releasing alkalinity and decreasing CO, (Equation
(1) from right to left). The depth at which carbonates dissolve depends on their
mineralogy and local water chemistry (Millero 2007; Sulpis et al. 2021). Some,
such as high-magnesium calcite (HMC), dissolve at relatively shallow depth where
they can contribute to increase alkalinity and pH (Sulpis et al. 2021). Aragonite
and low-magnesium calcite (LMC) dissolve at greater depth where they act as a
negative feedback on the CO, brought in the deep ocean by the solubility pump.
Recent evidence suggests that a large portion of pelagic CaCO3 may dissolve within
the euphotic zone, potentially caused by dissolution within the guts of grazers or by
microbial respiration of organic carbon within aggregates containing CaCOs (Ziveri
et al. 2023). Upwelling and vertical mixing (a slow process taking 500-1000 years,
Millero 2007) bring the HCOj™ ions released by carbonate dissolution to surface

waters, favouring COy uptake of the ocean.



Fish contribution to the marine carbon cycle

Fish are the most abundant vertebrates in the ocean and contribute to the carbon
cycle through multiple mechanisms. They directly and indirectly affect the organic
carbon pump, but they also have a significant role in the inorganic carbonate
pump (Wilson et al. 2009). Based on the high abundance and biomass of fish
in epipelagic and mesopelagic ecosystems, these vertebrates provide a substantial
downward flux of (organic and inorganic) carbon. This has been estimated at ~16%
of total carbon flux out of the euphotic zone, with sequestration time of 10 years
to >50 years (Saba et al. 2021). Yet, this estimate exhibits high uncertainty due

to limited data availability (Saba et al. 2021).

Marine fish directly and indirectly influence the organic carbon pump by con-
suming and recycling primary or secondary producers (Figure 2). The ingested
carbon is recycled in four ways (Schiettekatte et al. 2020): 1) used for metabolic pro-
cess and respired COs is released through the gills, 2) used to build new body mass
in which carbon is stored, 3) egested into faecal material (POC), 4) excreted as dis-
solved organic carbon (DOC). Through their diet, fish also recycle other elements,
such as nitrogen and phosphorous, thereby contributing to their biogeochemical
cycles (Allgeier et al. 2017; Schiettekatte et al. 2020). Excreted dissolved organic
and inorganic nitrogen and phosphorous, together with respired COs, sustain the

organic carbon pump by promoting primary production (Allgeier et al. 2017).

Carbon and nutrients stored in fish bodies can be recycled through the food web
or sink towards the sea bottom when fish die. Carcasses of fish can be consumed
while sinking or when they reach the benthos, and some can be buried within sed-
iments. This process could thus provide an important but yet unquantified export
of carbon to the deep ocean, particularly through sinking of large-bodied fishes
(Mariani et al. 2020). Carbon sequestration through carcasses deadfall is however
hampered by ocean fisheries which have prevented the export of 21.8 million metric

tons of carbon through sinking of fish bodies since 1950 (Mariani et al. 2020).
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Sediments Fish fall

Figure 2: Conceptual diagram showing the mechanisms by which fish contribute to
carbon and nutrient cycling. A diel vertically migrating midwater myctophid fish is used
as a model organism. Arrows between different types of organisms infer predation from
a prey item to a predator (arrow pointing to the predator; e.g., zooplankton feeding on
phytoplankton in the upper water column, myctophids feeding on zooplankton in the
upper water column, myctophid feeding on zooplankton and small fishes in mid-water).
From Saba et al. (2021).



In addition to carcasses deadfall, fish contribute to the passive organic carbon
flux through egestion of fast-sinking faecal material (Staresinic et al. 1983; Saba and
Steinberg 2012). Faecal pellets produced by epipelagic fish reach the benthos in <1
day in most coastal habitats (Saba and Steinberg 2012), or sink to the mesopelagic
zone where they are remineralised. Carbon sequestration time is <100 years for
an export to <400 m (Saba et al. 2021). Faecal pellets produced by mesopelagic
fish, the most abundant fish and vertebrates on Earth (Irigoien et al. 2014), can
reach a depth of thousands of metres thus sequestering carbon for hundreds of

years (Huffard et al. 2020; Saba et al. 2021).

Mesopelagic fish also contribute to the ocean carbon pump by performing
diel vertical migrations to feed near the surface at night (Davison et al. 2013).
Here, they excrete respired CO, and are fed upon by predators. Returning to
deeper waters at night they actively transport organic carbon which is released
through egestion of POC and excretion of DOC and CO, (Davison et al. 2013).
Fish not only transport carbon vertically, they can also transport it horizontally.
Many species, for instance, undergo seasonal migrations related to spawning and
ontogenetic cycles. Fish also perform daily movements cycles between foraging
and resting areas, transporting carbon between these areas (e.g., Currey et al.
2015; Papastamatiou et al. 2018). Fish larvae are transported by currents and
upwelling filaments, moving carbon from coastal environments into offshore waters
(Santana-Falcon et al. 2020). Through their movements fish also contribute to
small- to regional-scale turbulent mixing which could drive new primary production

by bringing nutrients into shallow depths (Ferndndez Castro et al. 2022).

Further, all marine bony fishes contribute to the inorganic carbonate pump
through the continuous excretion of intestinal carbonates (PIC) as a byproduct of
osmoregulation (Walsh et al. 1991; Wilson et al. 2002; Wilson et al. 2009). This
process has been identified as a significant source of CaCO3 in surface oceans and
plays an important role in seawater acid-base chemistry (Wilson et al. 2009). As
fish carbonates are generally more soluble than most biogenic carbonates (Wilson

et al. 2009; Woosley et al. 2012; Foran et al. 2013; Salter et al. 2017), they are
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hypothesised to dissolve at shallower depths (<1 km), replenishing surface ocean
alkalinity and decreasing COy (Wilson et al. 2009). This would partially explain the
widespread increase in seawater alkalinity over the upper kilometre (Wilson et al.
2009; Sulpis et al. 2021). However, the fate of fish carbonates once excreted remains
unresolved, preventing the estimation of their net impact on seawater chemistry. In
shallow areas they can rapidly reach the benthos and accumulate within sediments
(Perry et al. 2011; Salter et al. 2014). This results in both carbon sink and net
acidification of seawater due to CO, release during calcification (Equation (1)).
The relatively high solubility of fish-generated carbonate sediments also suggests
that they would be the first to dissolve as carbonate saturation state decreases due
to ocean acidification (Morse et al. 2006; Roberts et al. 2017). This could partially

buffer the impact of acidification on benthic calcifiers.

Mesopelagic fish are a source of CaCOj3 in deeper waters, but they could also
produce carbonates at depth during the day and excrete them near the surface
at night. Their dissolution would result in a net removal of COy from surface
waters and corresponding increase in alkalinity. Therefore, it has been hypothesised
that they may drive an upward alkalinity pump which can buffer surface ocean
acidification (Roberts et al. 2017). Fish carbonates are excreted as mucus-coated
pellets or incorporated within faeces when fish are feeding (Walsh et al. 1991;
Wilson et al. 2002). They indirectly affect organic carbon by adding a dense
ballast to faecal pellets or other sinking organic particles. The PIC/POC ratio
of particles thus determines their sinking rate and the depth to which organic

carbon is exported.

Fish carbonate excretion and composition
Carbonate precipitation and excretion

Marine bony fish precipitate carbonate crystals within their intestines as a result of

their need to continuously drink seawater (Figure 3) (Wilson et al. 2002). Indeed,
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they live in a hyperosmotic environment as their internal osmotic pressure (~310-
350 mOsm) is approximately one-third that of ambient seawater (~1000 mOsm)
(Shehadeh and Gordon 1969). This causes substantial osmotic loss of water through
the gills and other permeable surfaces, which is replaced by the ingestion of rela-
tively large volumes of seawater (Smith 1930; Shehadeh and Gordon 1969; Wilson
et al. 1996; Grosell et al. 2004). However, ensuring intestinal water absorption to
maintain body hydration requires lowering the luminal osmotic pressure to or below
that of the blood (Genz et al. 2011). Fish achieve this primarily through absorption
of sodium (Na™) and chloride (CI") ions through the water-impermeable esophagous
and the anterior intestine (Hirano and Mayer-Gostan 1976; Parmelee and Renfro
1983; Nagashima and Ando 1994; Grosell et al. 2007; Whittamore 2012). These are
then actively excreted via the gills (Larsen et al. 2014). Further, the alkaline (pH
up to 9.2) and HCOj3™-rich (50-100 mM) intestinal fluid promotes the precipitation
of seawater calcium (Ca*") and magnesium (Mg?") ions as Ca(Mg)COj crystals,
which are then excreted at high rates either within mucus-coated pellets or faeces
(Shehadeh and Gordon 1969; Walsh et al. 1991; Wilson et al. 1996; Wilson et al.
2002). The HCOj3™ ions that react with Ca®" and Mg*" derive from metabolic
COy and are secreted into the intestinal lumen (Grosell et al. 2005; Grosell et al.
2009). The calcification process is governed by a proteinaceous matrix (Schauer
et al. 2016) and reduces the luminal osmotic pressure by 70-100 mOsm (Wilson et al.
2002; Grosell et al. 2009). This reduction in osmotic pressure is critical to promote
intestinal water absorption and thus a successful osmoregulation (Genz et al. 2011).
Intestinal calcification also plays an important role in the sh’s calcium homeostasis
(Whittamore 2012) and prevents intestinal calcium being absorbed into the blood
reducing the risk of renal stone formation (Wilson and Grosell 2003).

The mechanisms of carbonate precipitation in fishes and their physiological
importance are now well understood. Further, we know relatively little about the
drivers of carbonate excretion rate, even though this knowledge is critical for a
more complete understanding of the role fish play in the inorganic carbon cycle.

Carbonate precipitation depends on the amount of calcium and magnesium imbibed

11



Introduction

~1000 mOsm kg™

Osmotic
water loss « ~330 mOsm kg'1

Na* Na' -
Pcr m" ‘ AR g
Ingestion of
seawater rich in )
Ca?*and Mg** Ca(Mg)COs

Figure 3: Schematic presentation of carbonate precipitation in the intestine of a marine
bony fish and its excretion. Ca?* and Mg?* imbibed with seawater combine with HCO3"
secreted by the intestine in a precipitation reaction governed by a proteinaceous matrix
(not shown) to form precipitates in the intestinal lumen.

with seawater, thus higher drinking rates lead to higher carbonate precipitation and
excretion rates (Genz et al. 2008). As drinking rate is directly related to metabolic
rate (Takei and Tsukada 2001), it is assumed that carbonate excretion rate increases
proportionally with metabolic rate (Jennings and Wilson 2009; Wilson et al. 2009).
This assumption was adopted within a global modelling study that estimated fish to
account for 3 to 15% (0.04-0.11 x 10'® g of CaCO;3-C year™) of the total global new
carbonate production in the surface oceans (Wilson et al. 2009). Less conservative
estimates suggest that their contribution can reach up to 45% (Wilson et al. 2009).
However, the assumption remains untested. Carbonate excretion rate per unit of
body mass was later found to decrease with increasing body mass in reef fishes
(Perry et al. 2011; Salter et al. 2018), and to increase with increasing temperature
in the sheepshead minnow (Cyprinodon variegatus) (Wilson et al. 2009) and Gulf
toadfish (Opsanus beta) (Heuer et al. 2016). These results are consistent with
metabolic theory (Brown et al. 2004), but a rigorous investigation to confirm a
direct relationship between carbonate excretion rate and metabolic rate across

species is lacking.
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Fish contribution to total oceanic carbonate production is predicted to increase
in response to climate change (Wilson et al. 2009). The formation of carbonate
precipitates increases with temperature due to an increase in metabolic rate and
metabolic CO, production (Wilson et al. 2009). Temperature also affects drinking
rate indirectly, as fish respond to seawater warming by increasing gill ventilation,
resulting in an increased osmotic loss of water. Furthermore, unlike other marine
calcifiers which decrease carbonate production rates as dissolved CO, increases
(Feely et al. 2004; Orr et al. 2005), fish are predicted to increase carbonate excretion
rates. Indeed, increases in pCOs within fish blood, driven by rising levels of
ambient COy (Portner et al. 2004), will stimulate further production of HCOj
by the intestinal cells (Grosell et al. 2005; Gregério et al. 2019). This suggests that
an increase in carbonate precipitation can be expected with increasing seawater
pCO; (Grosell 2019). Although these predictions have been tested on a few species
(Perry et al. 2010; Heuer et al. 2012; Rogers 2015; Heuer et al. 2016; Gregdrio
et al. 2019), evidence of rising carbonate excretion rates at COs levels expected

through climate change is limited (Grosell 2019).

In addition to metabolism, carbonate excretion rate may be influenced by other
factors that determine calcium and magnesium ingestion rates. Drinking rates
increase with salinity due to higher osmotic water loss (Maetz and Skadhauge
1968; Shehadeh and Gordon 1969; Tytler and Ireland 1994; Genz et al. 2008).
Indeed, a positive relationship between salinity and carbonate excretion rate has
been demonstrated in several fish species (Genz et al. 2008; Mekuchi et al. 2010;
Schauer et al. 2018). The Japanese eel (Anguilla japonica), for instance, did not
precipitate carbonates in freshwater but it did after acclimation to seawater in a
salinity-dependent manner (Mekuchi et al. 2010). The efficiency of intestinal water
absorption may indirectly affect drinking rate and thus carbonate excretion rate. To
replace lost water, fish should require lower drinking rates if they absorb water more
efficiently. Water absorption efficiency has been measured in several species and
ranges between 38.5 and 85% (Smith 1930; Hickman 1968; Shehadeh and Gordon
1969; Fletcher 1978; Sleet and Weber 1982; Wilson et al. 1996; Wilson et al. 2002;

13



Introduction

Genz et al. 2008; Whittamore et al. 2010; Whittamore 2012). This high variability
may be related to variability in intestinal morphology, and its potential influence
on carbonate excretion has yet to be investigated. Fish also ingest large amounts of
calcium (and in minor measure magnesium) with food. This leads to high luminal

concentrations of these ions which directly affect carbonate precipitation (Wilson

and Grosell 2003; Mekuchi et al. 2010).

Carbonate excretion rates have been estimated for a range of tropical and
subtropical species (Perry et al. 2011; Salter et al. 2017; Salter et al. 2018). The
carbonate excretion rate-body mass relationship obtained from this data was used
to produce regional-level estimates of fish-mediated carbonate production in The
Bahamas and Australia (Perry et al. 2011; Salter et al. 2017; Salter et al. 2018).
However, the range of families, body sizes, trophic levels and environmental con-
ditions considered should be broadened through new data collection. This would
allow to investigate the drivers of interspecific variation in carbonate excretion rate,
to produce more robust estimates of community-level carbonate production and to

better predict how this would change in response to increasing disturbances.

Carbonate morphology and mineralogy

Fish account for a significant proportion of the carbonate in surface oceans, but the
significance of this function within the carbon cycle lies not only in the quantity
but also in the mineralogical composition of the excreted carbonates (Wilson et al.
2009). Initially fish were assumed to excrete only high-Mg calcite (HMC) (Walsh et
al. 1991; Wilson et al. 2009), which is more soluble than both aragonite and low-Mg
calcite (LMC), and has a shallower saturation horizon (Woosley et al. 2012; Sulpis
et al. 2021). This led to the hypothesis that fish can strongly influence alkalinity
depth profiles in the ocean (Wilson et al. 2009). However, several studies have now
demonstrated that fish produce a remarkable variety of crystalline morphologies
and carbonate polymorphs (Figure 4) (Perry et al. 2011; Salter et al. 2012; Foran et
al. 2013; Salter et al. 2017; Salter et al. 2018; Salter et al. 2019). These include LMC,

HMC, aragonite, monohydrocalcite (MHC), and amorphous calcium magnesium
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Figure 4: Scanning electron microscope images showing representative morphologies
for the main carbonate polymorphs produced by fish. a: aragonite (ARA) needles.
b: amorphous calcium magnesium carbonate (ACMC) nanospheres. ¢: low-magnesium
calcite (LMC) rhombohedra. d: high-magnesium calcite (HMC) ellipsoids. e,f: monohy-
drocalcite (MHC) dumbbells and spheres.

carbonate (ACMC). The known solubility rates of these carbonate polymorphs in
seawater (i.e., in order of increasing solubility: LMC < aragonite < HMC < MHC
< ACMC, Plummer and Busenberg 1982; Breevi and Nielsen 1989; Fukushi et al.
2011; Woosley et al. 2012) span several orders of magnitude. This suggests that
they will undergo different fates post-excretion, with highly unstable ACMC and
metastable MHC likely dissolving rapidly (Foran et al. 2013). The role of fish
carbonates in the inorganic carbon cycle and their influence on seawater chemistry
will thus depend on the type of polymorphs produced and their relative proportions.

The mineralogical composition of fish carbonates has now been characterised
for a wide range of tropical, subtropical, and temperate species (Salter et al. 2012;
Salter et al. 2017; Salter et al. 2018; Salter et al. 2019). These studies have
found that species within the same family typically produce the same carbonate
polymorphs (Salter et al. 2017; Salter et al. 2018; Salter et al. 2019). This family-
level consistency was also confirmed across biogeographic regions and large thermal
gradients, with a few exceptions (Salter et al. 2018; Salter et al. 2019). These

findings are particularly important as they facilitate quantification of polymorph-
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specific production rates at the community-level. However, a comprehensive anal-
ysis of the drivers of the mineralogical composition of fish carbonates is lacking,
yet essential to understand the contribution of fish to carbonate sediment cycling

and inorganic carbon cycling.

Taking advantage of the strong family-level consistency, the first community-
level estimates of carbonate mineralogy were produced for coral reef systems in
The Bahamas and Australia (Salter et al. 2017; Salter et al. 2018). Carbonates
excreted in The Bahamas were dominated by HMC, whereas ACMC was the
dominant polymorph in Australia (Salter et al. 2018). These differences were
driven by variation in fish community composition and highlighted important
regional variations in the preservation potential of fish carbonates. Incorporating
carbonate mineralogy within production models is therefore important for assessing
the current role of fish in the inorganic carbon cycle. Furthermore, a better
understanding of the environmental and socio-economic factors influencing spatial
patterns in the excretion rate and mineralogical composition of fish carbonates is

critical to predict how these will change under different global change scenarios.

Objectives and outline of the thesis

The goal of this dissertation is to advance our understanding of the role fish
play in the marine inorganic carbon cycle. The physiological aspects underlying
the precipitation and excretion of carbonates by marine fish are reasonably well
understood. Intense empirical data collection efforts have expanded the database
of carbonate excretion rates and mineralogical composition over the last decade,
particularly for tropical and subtropical species (Perry et al. 2011; Salter et al. 2012;
Salter et al. 2017; Salter et al. 2018; Salter et al. 2019). As of 2019 (the starting
year of this project), we have excretion rate data from 270 fishes encompassing
39 species across 21 families collected in The Bahamas and Australia (Perry et al.
2011; Salter et al. 2017; Salter et al. 2018). Mineralogical data have also been

collected in temperate settings and include >70 species (Salter et al. 2012; Salter
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et al. 2017; Salter et al. 2018; Salter et al. 2019). These data have increased our
understanding of the mineralogical diversity of fish carbonates and the importance
of incorporating it within production models. We lack, however, a detailed and
comprehensive assessment of the drivers of fish carbonate excretion rate and min-
eralogical composition at multiple levels, from the individual to the community.
This is essential to: 1) refine current regional and global estimates of carbonate
excretion and composition, 2) anticipate the impacts of anthropogenic disturbances
and climate change on this ecosystem function, 3) predict future changes in the
contribution of fish to the marine carbon cycle, and 4) inform appropriate policy

responses to these changes.
In light of this important knowledge gap, the overarching scientific question
addressed in this thesis was:

What are the drivers of fish contribution to the marine inorganic carbon
cycle?

To address this question, three specific research questions (RQs) were asked:

o RQ1) Which fish traits and environmental variables determine carbonate
excretion rate and mineralogical composition in individual fishes? (Chapters
1 and 2)

o RQ2) What are the ecological, environmental and socio-economic factors
shaping global spatial patterns in carbonate excretion and mineralogy? (Chap-
ter 3)

« RQ3) How do human pressure and fisheries management affect fish inorganic

carbon cycling? (Chapter 4)

This thesis focused on tropical and subtropical reef fish as they make up almost
entirely the carbonate excretion rate database available for this project. Although
they occupy a small fraction of the ocean, they represent most of marine vertebrate
biodiversity (Kulbicki et al. 2013). Further, the huge amount of standardised

and detailed data on reef fish communities (e.g., Edgar and Stuart-Smith 2014;
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Barneche et al. 2019; Edgar et al. 2020) and associated ecological, environmental,
and socio-economic data (e.g., Mora et al. 2011; Duffy et al. 2016; Cinner et al.
2016; Cinner et al. 2018) makes them the best subject to address the above

mentioned questions.

The three research questions were addressed through the compilation of large
databases and the application of a variety of statistical approaches (predictive
models, causal inference, and structural equation models). A two-step approach
was applied to answer RQ1 (Figure 5). First, a large database of fish intestinal
traits (i.e., intestinal length, diameter and surface area) was compiled and Bayesian
phylogenetic models were built to predict these traits. These models identified
the key factors shaping fish intestinal morphology (Chapter 1). Second, field
research was carried out in Palau to expand the existing carbonate database.
Species-level relative intestinal length was predicted from Chapter 1 and input
into predictive models to identify the fish traits and environmental variables that
determine the excretion rate and mineralogical composition of fish carbonates
(Chapter 2). To address RQ2, refined community-level estimates of carbonate
excretion and mineralogy at the global scale (>1,400 tropical and subtropical
reef sites) were obtained combining the newly created predictive models with a
standardised reef fish survey database (Reef Life Survey, www.reeflifesurvey.com).
Bayesian causal inference was then applied to identify the underlying ecological,
environmental and socio-economic drivers (Chapter 3). While causal inference is a
great tool to quantify total causal effects, it fails to identify underlying mechanisms
when multiple potential mediators are present. Therefore, to answer RQ3 structural
equation models were used to investigate the indirect effects of human pressure
and fisheries management on fish carbonate excretion through changes in fish
community structure and composition. To this aim Australian reefs were used
as a case study (Chapter 4). The findings of all chapters are finally summarised
in a general discussion and future research opportunities towards a more complete

understanding of the role of fish in the carbon cycle are discussed.
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Figure 5: Thesis structure divided by research questions (RQs), which are synthesised at the top of each panel. The ecological level (i.e.,
individual or community) and spatial scale (i.e., regional or global) of the analyses within each chapter (Ch) is displayed. To address RQ1,
large databases of fish intestinal morphology and carbonate excretion rates and mineralogy were compiled through field research and lab
analyses (Chl and Ch2, respectively). To address RQ2, predictive models built in Ch2 were combined with an existing fish survey database
of >1,400 tropical and subtropical reef sites (top map) to obtain refined estimates of carbonate excretion and mineralogy (bottom map)
(Ch3). To address RQ3, Australian reefs were used as a case study (Ch4).
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Chapter 1

Abstract

1. Trait-based approaches are increasingly used to study species assemblages
and understand ecosystem functioning. The strength of these approaches
lies in the appropriate choice of functional traits that relate to the functions
of interest. However, trait-function relationships are often supported by weak
empirical evidence.

2. Processes related to digestion and nutrient assimilation are particularly chal-
lenging to integrate into trait-based approaches. In fishes, intestinal length
is commonly used to describe these functions. Although there is broad
consensus concerning the relationship between fish intestinal length and diet,
evolutionary and environmental forces have shaped a diversity of intestinal
morphologies that is not captured by length alone.

3. Focusing on coral reef fishes, we investigate how evolutionary history and
ecology shape intestinal morphology. Using a large dataset encompassing
142 species across 31 families collected in French Polynesia, we test how
phylogeny, body morphology, and diet relate to three intestinal morphological
traits: intestinal length, diameter, and surface area.

4. We demonstrate that phylogeny, body morphology, and trophic level explain
most of the interspecific variability in fish intestinal morphology. Despite the
high degree of phylogenetic conservatism, taxonomically unrelated herbivo-
rous fishes exhibit similar intestinal morphology due to adaptive convergent
evolution. Furthermore, we show that stomachless, durophagous species have
the widest intestines to compensate for the lack of a stomach and allow
passage of relatively large undigested food particles.

5. Rather than traditionally applied metrics of intestinal length, intestinal sur-
face area may be the most appropriate trait to characterise intestinal mor-

phology in functional studies.
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1.1 Introduction

Characterising the relationship between form and function provides information on
the evolutionary history of species, their potential to adapt to new environmental
conditions, and their role within ecosystems. Form and function are often closely
related (Wainwright 1988), as is evident across a wide variety of taxonomic groups,
such as invertebrates (Griffen and Mosblack 2011; Wang et al. 1997) and large
mammals (Ekdale 2016; Hutchinson et al. 2011). However, determining whether
the relationship between form and function is driven by evolutionary processes
(Banavar et al. 2014; Westneat 1995) or environmental conditions (Herrel et al.

2008; Naya et al. 2014) remains difficult to pinpoint.

Intestinal morphology is central to one of the most important organismal processes—
the digestion of prey sourced from the environment—-and as such likely to have
tight links to functional roles. Indeed, characteristics of the intestine and other
digestive organs are associated with energy assimilation (Battley and Piersma
2005; Cleveland and Montgomery 2003) and thus the persistence of populations
(Brewster et al. 2020). Further, intestinal morphology is strongly related to diet
in both vertebrate and invertebrate groups (Griffen and Mosblack 2011; Steinberg
2018). For instance, intestinal length is negatively correlated with trophic level
in mammals (Korn 1992; Wang De-Hua et al. 2003), birds (Al-Dabbagh et al.
1987; Battley and Piersma 2005; Ricklefs 1996), reptiles (O’Grady et al. 2005),
amphibians (Naya et al. 2009) and fishes (Elliott and Bellwood 2003; Kramer and
Bryant 1995b; reviewed in Steinberg 2018). Primary consumers generally require
long intestines because they need to acquire energy and nutrients from plants with
low nutritional value and high fibre content (Horn 1989). However, building and
maintaining a long intestine has high evolutionary and physiological costs (Cant
et al. 1996). Intestinal morphology therefore represents a trade-off between the

benefits of nutrient acquisition and the costs of maintaining a large organ.

Beyond diet, evolutionary processes also play a role in shaping intestinal mor-

phology (Lauder 1981). Phylogenetic conservatism has been identified across sev-
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eral taxa (Davis et al. 2013; German et al. 2010; Hunt et al. 2019), suggesting
that evolution can constrain intestinal morphological variation within certain size
ranges. However, species can overcome phylogenetic conservatism through pheno-
typic flexibility, which allows organisms to adapt to local environmental conditions
(Piersma and Lindstrom 1997). For example, some vertebrates can respond to
changing environmental conditions by adjusting the structure and physiology of
their gastro-intestinal tracts (Battley and Piersma 2005; Dala-Corte et al. 2017;
Herrel et al. 2008; Starck 2003). Intestinal structural flexibility has been observed in
response to fasting (Starck and Beese 2002; Zaldia and Naya 2014), increased food
intake (Dykstra and Karasov 1992; Starck and Beese 2001), changes in diet (Naya
et al. 2007; Olsson et al. 2007), and through ontogenetic development (Kramer
and Bryant 1995a).

Coral reefs host an extraordinary diversity of species. Among these species,
fishes are the most diverse and prominent vertebrates, exhibiting a wide array of
morphologies and trophic strategies (Alfaro et al. 2007; Cowman et al. 2009; Floeter
et al. 2018; Parravicini et al. 2020; Price et al. 2011; Price et al. 2013; Siqueira et al.
2020) (Alfaro et al., 2007; Cowman et al. , 2009; Price et al., 2011, 2013; Floeter
et al., 2018; Parravicini et al. 2020; Siqueira et al., 2020). Given this multitude of
feeding behaviours, reef fishes represent an ideal group to study how evolutionary

and ecological mechanisms influence intestinal morphology.

Reef fish intestinal morphology has been related to the quality of their diet
(Al-Hussaini 1947; Elliott and Bellwood 2003; Emery 1973). However, several
limitations have hampered a full understanding of the nature and strength of this
relationship. First, previous studies are often limited to single taxonomic families
(Berumen et al. 2011; Wagner et al. 2009). Second, most studies focus on intestinal
length, which, alone, does not fully describe intestinal morphology (Elliott and
Bellwood 2003). Third, evolutionary constraints on intestinal morphology have
only been considered across a limited number of taxonomic groups (Davis et al.
2013; Wagner et al. 2009). Fourth, while intestinal traits have always been corrected

for allometry, no study has accounted for body shape. Lastly, other digestive
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organs, such as the stomach, may impact this relationship, but this has never been
investigated. Thus, a better understanding of the digestive traits and trophic roles
of reef fishes may come from a broader, more diverse, and multifaceted assessment
of digestive traits in reef fishes.

Here, we assess the main drivers of variability in the intestinal morphology
of coral reef fishes. We investigate differences in intestinal length, diameter, and
surface area of 1,208 individuals belonging to 142 species and 31 families collected in
Mo’orea, French Polynesia. Specifically, we use Bayesian phylogenetic hierarchical
analysis to disentangle the relationship among intestinal morphological traits and
phylogeny, body size, body shape, diet, and the presence of the stomach. Further,

we investigate the body size relationship at both the inter and intraspecific level.

1.2 Methods

1.2.1 Data collection

A total of 1,208 individuals from 142 species were collected from reefs around
Mo’orea, French Polynesia, in the lagoon, pass, and outer reef slope (Supplementary
Table 1.1), between 2018 and 2019. We primarily targeted adult fishes, but a
wider size range was collected for a subset of species. The selection of species
cover all the major trophic guilds of coral reef fishes (i.e. corallivores, herbivores,
invertivores, piscivores, planktivores). All individuals were collected by spearfishing
between 10:00 and 15:00 and transferred to the laboratory on ice. In the laboratory,
each individual was measured and weighed, and the intestine was unravelled and
photographed on a tray, using a ruler for a size reference. A minimum of three
individuals per species were examined. The collection of fishes for this project
was approved by the Ministry of the Environment of French Polynesia (permit
#681/MCE/ENV).

We measured the length and the external diameter of the intestine using the
software Fiji/ImageJ (Schindelin et al. 2012). The length was measured from the

pyloric outlet to the anus in the presence of a stomach, and from the oesophagus to
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the anus in stomachless fishes (Elliott and Bellwood 2003; Karachle and Stergiou
2010a; Kramer and Bryant 1995a; Kramer and Bryant 1995b). The average
diameter was calculated with measurements taken at ten equal intervals along the
entire length of the intestine (Elliott and Bellwood 2003). The external intestinal
surface area (IS) was used as a proxy for mucosal surface area (Cleveland and
Montgomery 2003; Lassuy 1984; Montgomery 1977), and it was estimated using

the following formula:
IS = 27r - IL, (1.1)

where 7 is the mean outer radius of the intestine and IL is the intestinal length.
Notably, scraping and excavating species of parrotfishes (genera Chlorurus and
Scarus, n = 10 species) have ileal sacculations (Clements and Choat 2018), leading
to a potential underestimation of their intestinal surface area by this formula;
yet, all other species examined in this study have a smooth external intestinal
surface, suggesting accurate quantifications via the applied formula. Thus, while
our calculation is a coarse estimation of mucosal surface area that does not account
for mucosal folding, it can be considered a valid indicator of general intestinal
surface area across most species (Cleveland and Montgomery 2003; Lassuy 1984;

Montgomery 1977).

Each species was classified based on the presence or absence of a functional
stomach. We considered both gastric and muscular (gizzard-like, n = 5) stomachs
to be functional stomachs because they contribute to food digestion. In contrast,
sac-like stomachs (e.g. Tetraodontidae) were considered non-functional stomachs.
Furthermore, species were classified as either durophagous or not durophagous
depending on whether their diet consisted of hard-shelled prey items (e.g. corals,
crabs, molluscs, sea urchins). We compiled this dataset according to the literature
(Fagundes et al. 2016; Koide and Sakai 2021; Ray and Ringg 2014; Sorenson et al.
2013; Wilson and Castro 2010), authors’ knowledge, and direct observation of
the dissected fishes.
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We used trophic level as a continuous measure of diet. Data were retrieved
from FishBase using the R package rfishbase version 3.0.4 (Boettiger et al. 2012).
In FishBase, a species’ trophic level is calculated by adding one to the mean trophic
level of all food items consumed, weighted by their contribution (Froese and Pauly
2000). Two estimates of trophic level are available: one based on diet composition
and the other based on food items. The diet-based index is only available for a few
of our species, so the food item-based index was used as a measure of trophic
level and, when unavailable, the mean value of the genus (n = 14) or family

level (n = 1) was used.

Since food item-based trophic levels reflect temporal snapshots of gut contents,
they may not represent a species’ entire dietary breath. To assess whether trophic
levels of our species were indicative of their diet in Mo’orea, we investigated the
relationship between trophic level and nitrogen stable isotope ratio (6'°N), which
represents diet over longer periods of time (Hesslein et al. 1993). Using 6'°N
values available for a subset of species (n = 83) from Mo’orea we found a strong
positive relationship between §'°N and trophic level after accounting for body size
and phylogenetic relationships (see Supplementary Methods). These results are
consistent with previous observations (Kline and Pauly 1998) and suggest that
food item-based trophic level is a reasonable indicator of diet, thus supporting

its use in our analysis.

FishBase was also used to retrieve species-level data on body elongation (i.e. stan-
dard length divided by maximum body depth). Similar to trophic level, when
elongation was unavailable, the mean value of the genus (n = 1) was used. We
used body elongation to account for body shape as it is the major axis of body
shape variation among reef fishes (Claverie and Wainwright 2014). Moreover, body
elongation is strongly related to abdominal cavity depth and the space available to

accommodate the intestine and other organs (Burns 2021).
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1.2.2 Data analysis

To investigate the relative contribution of phylogeny, body morphology, and diet
in determining intestinal traits, we fitted Bayesian phylogenetic hierarchical linear
models. We extracted the phylogeny for the 142 species sampled in Mo’orea from
the Fish Tree of Life (Rabosky et al. 2018) using the R package fishtree version
0.3.2 (Chang et al. 2019). For species without verified phylogenetic information (n
= 3), we used the fishtree complete_phylogeny() function to retrieve the pseudo-
posterior distribution of 100 synthetic stochastically-resolved phylogenies, with

missing species placed using stochastic polytomy resolution.

Using this phylogenetic information, we constructed a phylogenetic relatedness
matrix (Hadfield and Nakagawa 2010) and we tested whether phylogeny, body
size, trophic level, body elongation, the presence/absence of the stomach, and a
durophagous diet explain intestinal traits using Bayesian phylogenetic hierarchical
linear models. To account for both inter and intraspecific scaling, we included a
fixed slope on the average measured standard length (SL) per species (i.e., the in-
terspecific variance of SL) and a random slope on the species-mean-centred SL (i.e.,
the individual SL minus the average SL of the species; the intraspecific variance
of SL). We also included an interaction term between stomach and durophagy to
obtain an estimate for each of the four possible combinations. Thus, the intestinal

trait of the " individual of the j species is estimated as follows:

ln(y)ij = 50]' + ﬂlln(SL)] + ﬁQTLj + ng(ln(SL)U — ID(SL)])

(1.2)
"‘54 ID(EL)] + B5ST]' + BGDU]‘ + 57ST X DUj,
with [y; and f3; defined as:
Boj = Yoo + Uophy + Uoj, (1.3)
B35 = 30 + usj, (1.4)

where vy is the estimated average intercept, wuopn, and ug; represent deviations
from the model intercept attributable to species-level variation related and unre-

lated to the phylogeny, respectively, 5; and (5 are the slopes of the species-mean
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SL and trophic level (TL), respectively, 730 is the average slope for the species-
mean-centered SL, ug; represents deviations from sy attributable to species-level
variation, By , f5 , and [ are the slopes for the body elongation (EL), stomach
presence (ST), and durophagous diet (DU), respectively, and f; is the slope of
the interaction between stomach and durophagy. All intestinal traits , fish SL,
and elongation were natural-log-transformed prior to the analyses. All continuous
predictors were centred and scaled to provide a meaningful interpretation of the
intercept (i.e., it represents the intestinal trait at the mean body size, trophic level,
and elongation for stomachless, non-durophagous species) and allow comparison
between the slopes.

For each intestinal trait, we mapped the predicted mean values onto a phyloge-
netic tree, including the 139 species with verified phylogenetic positions, using the
R package ggtree version 2.2.4 (Yu et al. 2017). We further visualised the predicted
intestinal traits in two-dimensional morphospace to characterise the length and
diameter of fish intestines and observe the partitioning of intestinal morphology
among reef fish families and trophic guilds, which were determined using an un-
biased, reproducible trophic categorisation scheme (Parravicini et al. 2020). In
both the phylogenetic tree and morphospace, parrotfishes (Labridae: tribe Scarini)
are depicted separately from other Labridae species since they occupy distinct
trophic niches.

To assess the phylogenetic signal (i.e., the tendency of traits in related species to
resemble each other more than in species drawn at random from the same tree), we
calculated the phylogenetic heritability index, H?, which is defined as the ratio of
the phylogenetic component to the total variance (Lynch 1991) and is equivalent to
Pagel’s A (Pagel 1999). As such, values can vary between zero, for traits that have
no phylogenetic component, and one, for traits evolving according to a Brownian
motion (random walk) process (Nakagawa and Santos 2012).

To investigate the intraspecific scaling of intestinal traits, we extracted the
random effects on the slopes from our models, which describe their relationship with

body size for each species. From the 142 species-specific slopes for each intestinal
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trait, we retained those with a 95% credible interval (CI) above zero that belong
to species with a minimum of ten sampled individuals whose size range covered
at least 25% of the reported maximum body size (retrieved from FishBase). This
threshold is necessary to provide reliable estimates of scaling parameters. Isometric
scaling (i.e., a proportional relationship with body size during growth) for intestinal
length and diameter is defined by a slope of g = 1 and for intestinal surface area the
slope is § = 2. Conversely, slopes that deviate from isometry represent allometric
relationships. Thus, slopes below these defined values have negative allometry and

slopes above them have positive allometry.

To assess the robustness of the results despite intraspecific variability in mor-
phological traits, we used a sensitivity procedure. All analyses were repeated
using two subsets of the complete dataset: (1) 122 species with a minimum of
five sampled individuals per species and (2) 69 species with a minimum of eight

sampled individuals per species.

1.2.3 Model specifications

We fitted equation (1.2) using the R package brms version 2.14.4 (Biirkner 2017) to
derive posterior distributions and associated 95% ClIs for the fitted parameters. We
used a Student-t error distribution and weakly informative, normally distributed
priors with means of zero: N(0, 10) for the intercept and N(0, 5) for fixed effects
and species-level deviations from model intercept and species-mean-centred SL
mean slope. The posterior distributions of model parameters were estimated using
Markov chain Monte Carlo (MCMC) methods by constructing four chains of 8,000
steps with a warm-up of 2,000 steps. For all models we inspected the MCMC
chains for convergence and model fit (Supplementary Fig. 1.6). We used Bayesian
R? to estimate the amount of explained variation from each model (Gelman et al.

2019). All analyses were performed in the software program R (version 4.0.2;

R Core Team (2020)).
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1.3 Results

1.3.1 Phylogenetic conservatism

We detected evidence for phylogenetic signal for all intestinal traits. However,
phylogeny accounted for a higher variability in intestinal length and surface area
(H? = 0.90 [0.80, 0.94] and H* = 0.76 [0.50, 0.90], respectively, mean and 95%
CI) than intestinal diameter (H* = 0.34 [0.12, 0.59]). Intestinal morphology varies
markedly across the phylogenetic tree, with increases in intestinal length and/or
diameter, and, consequently, in surface area, occurring across different lineages
(Fig. 1.1). For example, long intestines evolved independently in Acanthuridae,

Chaetodontidae, Pomacanthidae, and the tribe Scarini in the Labridae.

1.3.2 Partitioning of intestinal morphology

The distribution of species based on intestinal morphology (Fig. 1.2) marks a con-
tinuum that ranges from short and narrow intestines (piscivores; e.g., Cephalopholis
argus, Serranidae: 14.26 cm and 0.25 cm, mean estimates of intestinal length and
diameter at SL = 15 cm) to long and wide intestines (herbivores; e.g., Acanthurus
guttatus, Acanthuridae: 95.55 cm and 0.72 cm, mean estimates of intestinal length
and diameter at SL = 15 cm). Some species also have short and wide intestines (e.g.,
invertivorous wrasses, Labridae) or long and narrow intestines (e.g., corallivorous

butterflyfishes, Chaetodontidae).

Fish families vary in their distribution across the intestine morphospace and
the clearest separation occurs between Acanthuridae, Chaetodontidae, Serranidae,
and Labridae (non-Scarini) which have four distinct intestinal morphologies (i.e.,
each of these families occupy one of the four quadrants of morphospace; Fig. 1.2a).
However, within-family variation drives overlaps among certain families. Labridae
is the most extreme example and presents a clear distinction in intestinal morphol-
ogy between parrotfishes (Labridae: tribe Scarini) and other wrasses. Conversely,
other families with a comparable sample size (e.g., Acanthuridae) have lower within-

family variation in intestinal morphology.
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Figure 1.1: Phylogenetic reconstruction of the 139 reef fish species collected in Mo’orea
(generated from the Fish Tree of Life, Chang et al. 2019) with each surrounding ring
indicating mean fitted intestinal traits at a standardized fish standard length (SL = 15
cm). Intestinal trait predictions were obtained from Bayesian phylogenetic hierarchical
linear models. Coloured tip points represent species’ trophic level. Each external arc
represents a reef fish family, with silhouettes included for the most speciose families
(sourced from Schiettekatte et al. 2021).
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Figure 1.2: Partitioning of intestinal morphology among (a) reef fish families and (b)
trophic guilds (as predicted by Parravicini et al. 2020). Dots (i.e., species) (n = 142) are
ordered in a morphospace based on intestinal length and diameter and are size-coded to
represent variation in intestinal surface area. Intestinal traits are mean fitted values at a
standardised fish standard length (SL = 15 cm), estimated through Bayesian phylogenetic
hierarchical linear models. Dashed lines represent the estimated average intestinal length
and diameter of non-durophagous fishes with a stomach (model intercept at SL = 15 cm).
Coloured polygons show the minimum convex hull plotted per (a) family and (b) trophic
guild. Dots are coloured according to (a) families represented by at least three species
and for which a convex hull could be drawn (for clarity of presentation) and (b) trophic
guilds. Grey dots depict (a) species (n = 22) belonging to families represented by less
than three species and (b) species (n = 3) for which Parravicini et al. (2020) did not
predict a trophic guild. Fish silhouettes were sourced from Schiettekatte et al. (2021).
HMD, herbivores, microvores, and detritivores.
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Overlaps are also visible among trophic guilds, despite notable differences in
intestinal length (Fig. 1.2b). Herbivores, corallivores, and sessile invertivores
have longer intestines than crustacivores and piscivores, while the other trophic
guilds have an intermediate intestinal length. Moreover, piscivores generally have

a narrower intestine than fishes belonging to other trophic guilds.

1.3.3 Interspecific scaling and relationships with body shape
and trophic level

Our model (Eq. (1.2)) explained 92% of the variation in intestinal length and
surface area and 85% of the variation in intestinal diameter. Species mean SL
consistently had the highest absolute effect size across all intestinal traits (Supple-
mentary Table 1.2) and all traits scaled isometrically across species, with a tendency
toward negative allometry for intestinal diameter and surface area (intestinal length:
S = 0.97 [0.82, 1.13]; intestinal diameter: 5 = 0.93 [0.83, 1.03]; intestinal surface:
f = 1.87 [1.65, 2.09], mean and 95% CI). After accounting for the other fixed and
random effects, all traits decreased with body elongation (intestinal length: § =
-0.78 [-1.05, -0.52]; intestinal diameter: 5 = -0.42 [-0.56, -0.28]; intestinal surface:
f =-1.20 [-1.54, -0.85]; Fig. 1.3a,c,e). Additionally, all intestinal traits decreased
with trophic level (intestinal length: § = -0.38 [-0.53, -0.24]; intestinal diameter: /3
= -0.17 [-0.25, -0.07]; intestinal surface: § = -0.55 [-0.81, -0.31]; Fig. 1.3b,d,f),
showing a decrease of 59.5% in intestinal length, 32.5% in intestinal diameter
and 72.9% in intestinal surface area over the observed trophic levels (from 2.00
to 4.38). The sensitivity analysis confirmed the robustness of the results, even
when models were fitted with <50% of the species (Supplementary Tables 1.3-1.4
and Supplementary Fig. 1.7).

1.3.4 Influence of stomach presence and durophagy

The presence of a functional stomach and a durophagous diet did not show any
interactive effect on intestinal morphology (Fig. 1.4). However, durophagous fishes

had a slightly shorter and wider intestine than non-durophagous fishes, irrespective
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Figure 1.3: Relationship between three intestinal traits and body elongation (a, c,
e) and trophic level (b, d, f) for 142 species of coral reef fishes. Thick, darkened lines
represent the mean predicted fits of Bayesian phylogenetic hierarchical linear models after
controlling for the remaining fixed and random effects. Categorical variables were set to
their most common value (stomach = present, durophagy = non-durophagous). Thin
lines represent 1,000 draws randomly chosen from the posterior fits and show model fit
uncertainty. Model predictions are for natural-log intestinal traits, but are transformed
here to show the fitted function on the original scale of the data. Raw data are displayed
as marks along the x-axis.
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Figure 1.4: Effects of a stomach and durophagous diet on (a) intestinal length, (b)
diameter, and (c) surface area for the 142 species of coral reef fishes. Estimates are
posterior medians (circles), 50% credible intervals (CIs; thick lines) and 95% CIs (thin
lines) from Bayesian phylogenetic hierarchical linear models after controlling for the
remaining fixed and random effects. Posterior densities are also displayed (shaded
regions).

of stomach presence, which resulted in no difference in intestinal surface area.
Conversely, fishes with a stomach had a slightly shorter and narrower intestine than
stomachless fishes, irrespective of diet. Thus, stomachless fishes had, on average a
larger intestinal surface area. The most noticeable difference was observed between
stomachless, durophagous species and fishes with a stomach and a non-durophagous
diet, with the former having a larger intestinal diameter. These results remained

consistent under our sensitivity analysis (Supplementary Fig. 1.8).

1.3.5 Intraspecific scaling

From the 142 species-specific scaling parameters obtained for each intestinal trait
(Supplementary Table 1.5), our selection resulted in 19 reliable estimates for in-
testinal length, 18 for intestinal diameter, and 20 for intestinal surface area (Fig.
1.5). Considering the 80% ClIs, three species (16%) showed allometric scaling of
intestinal length, including two negative (Balistapus undulatus: [ = 0.51 (0.26,
0.75); Chromis xzanthura: = 0.61 (0.31, 0.91); median and 80% CI) and one

positive allometric relationships (Chaetodon ornatissimus: = 1.40 (1.21, 1.57);
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Figure 1.5: Species-specific scaling parameters of three natural-log intestinal traits
against natural-log fish standard length for 21 species of coral reef fishes. Estimates
are posterior medians (circles), 80% credible intervals (CIs; thick lines) and 95% CIs
(thin lines) from Bayesian phylogenetic hierarchical linear models. Vertical dashed lines
represent isometric scaling (6 = 1 for intestinal length and diameter; 8 = 2 for intestinal
surface area). Coloured intervals indicate allometric scaling, indicating that more than
90% (if 80% CIs) or 97.5% (if 95% CIs) of the posterior density was either above (blue;
positive allometry) or below (red; negative allometry) the isometric scaling parameter,
whereas grey intervals indicate that they overlap the parameter. For each trait, species
were selected based on a minimum sample size of ten individuals whose size range covered
at least 25% of the reported maximum body size (retrieved from FishBase) and a posterior
95% CI above zero to provide reliable estimates of scaling parameters. This selection
resulted in missing estimates for one or two traits in five species.

median and 80% CI). Although no species had positive allometry for intestinal
diameter, a negative allometry was found for eight out of 18 species (44%). Lastly,
intestinal surface area exhibited allometry in nine species, including one positive
scaling (Aulostomus chinensis: [ = 2.72 (2.13, 3.32); median and 80% CI). The

remaining 11 species did not deviate from an isometric relationship (8 = 2).
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1.4 Discussion

We investigated the relationship between reef fish intestinal morphology and phy-
logeny, body morphology, and diet using a large dataset of 142 species and 1,208
individuals. Our results indicate that, although intestinal traits in coral reef
fishes are phylogenetically conserved, they are strongly related to body size, body
elongation, and trophic level. Among species, intestinal length, diameter, and
surface area are negatively correlated with trophic level and body elongation, and
they generally scale isometrically with body size. Similarly, within species they
predominantly scale isometrically. Furthermore, our analysis shows that intestinal

diameter is related to stomach presence and a durophagous diet.

1.4.1 Phylogenetic conservatism

Reef fish intestinal morphology exhibits a high degree of phylogenetic conservatism.
The strong phylogenetic signal observed for intestinal length is consistent with
previous studies on fishes of the family Cichlidae and Terapontidae (Davis et al.
2013; Wagner et al. 2009), but our analysis revealed less conservatism for intestinal
diameter. Further, we confirm that convergent evolution of long and/or wide
intestines occurred several times across different lineages (Davis et al. 2013; Davis
and Betancur-R 2017; Wagner et al. 2009). Chaetodontidae, Pomacanthidae,
and herbivorous taxa evolved long intestines with large surface area to exploit
trophic niches with nutritionally poor food resources. Conversely, Labridae and
Tetraodontiformes, which generally lack a true stomach (Fagundes et al. 2016; Ray
and Ringp 2014; Wilson and Castro 2010), evolved wide intestines to overcome
limitations arising from the lack of food storage and processing inside the stom-
ach. Furthermore, these species have a durophagous diet and well-developed teeth
and/or pharyngeal jaws that grind food into smaller fragments, partly replacing
the function of the stomach (Gromova and Maktotin 2019; Wainwright et al. 2012).
The size of these particles remains, however, too large to be funnelled through a

thin intestine and may require a thicker intestinal wall to protect from mechanical
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damage (Fagundes et al. 2016). Although we cannot discern whether the large
external intestinal diameter in Labridae and Tetraodontiformes is the result of
a wider intestinal lumen, thicker intestinal wall, or a combination of the two, it
appears that wide intestines have evolved multiple times, along with specialisations
of the feeding apparatus (Wainwright et al. 2012), to exploit trophic resources

otherwise unattainable.

Additionally, phylogenetic conservatism can be clearly observed within the
Labridae. Within this family, parrotfishes (Labridae: tribe Scarini) have a larger
intestine than other species. Evolutionary history has mainly led to an increase
in the intestinal length and surface area in parrotfishes; however, intestinal di-
ameter is conserved at the family level (see Supplementary Fig. 1.9). The large
intestine, together with cranial specialisations (Gobalet 2018), could have played
a substantial role in the initial divergence of the Scarini clade (Streelman et al.
2002), allowing them to adapt to an herbivorous diet and diversify rapidly (Siqueira
et al. 2020), whereas other wrasses remained carnivores (Cowman et al. 2009;

Floeter et al. 2018).

1.4.2 Interspecific scaling and relationships with body shape
and trophic level

Among coral reef fishes, intestinal traits scale isometrically with body size after
accounting for variation in body shape. Correction for body shape, in addition to
allometry, is important because larger fishes have long body plans (Friedman et al.
2019), which in turn have relatively small abdominal cavities (Burns 2021) that
may not accommodate large intestines. For instance, the two most distinctively
elongated species in our dataset, Aulostomus chinensis and Fistularia commersonii,
both of which are strict piscivores, had the lowest values across all intestinal traits.
Regardless of taxonomic identity, body size, and elongation, trophic level strongly
influences intestinal morphology. The negative relationship between intestinal

length and trophic level is consistent with previous work on marine and freshwater

fishes (Elliott and Bellwood 2003; Kramer and Bryant 1995b; Wagner et al. 2009).
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Furthermore, we found that the same negative relationship holds true for other
intestinal traits, providing the first quantitative evidence that intestinal diameter,
as well as length, varies as a function of trophic level. However, while carnivores
and herbivores have the widest intestine and corallivores the narrowest across three
reef fish families (Elliott and Bellwood 2003), a clear relationship between intestinal
diameter and diet has not yet been established. We observed a significant decrease
in diameter with increasing trophic level. Fishes with the highest trophic level
(4.38) had a 32.5% narrower intestine than herbivorous fishes. Beyond the larger
number of families sampled here, using a continuous variable to delineate reef fish
diet (i.e., trophic level) helped uncover this relationship as opposed to the use
of categorical trophic groups (Elliott and Bellwood 2003). These results suggest
that intestinal diameter is useful to further delineate fish diet partitioning, and
intestinal surface area, which incorporates variability in both length and diameter,
may be a better descriptor of interspecific differences in intestinal morphology than

intestinal length alone.

On average, the predicted intestinal surface area of herbivorous fishes in Mo’orea
was four times that of fishes that occupy the highest trophic level. While this
difference is determined by the increase in both intestinal length and diameter,
the different rate of variation in these traits leads to intestinal elongation with
decreasing trophic level. This increases the intestinal surface available for the
absorption of nutrients, but it also increases food retention time, which is known to

favour the digestion of food with low nutritional quality (Lassuy 1984; Sibly 1981).

1.4.3 Intraspecific scaling

In the present study, we provide estimates of scaling parameters for at least one
intestinal trait of 21 reef fish species. Our results show that two thirds of these
species exhibit allometric scaling in one or more traits, with several taxa decreasing
the relative size of their intestinal diameter or surface area with increasing body
size. For the remaining species, our data do not show any significant deviation

from isometry. Widespread allometric elongation of the intestine has been observed
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in both marine and freshwater fishes (Karachle and Stergiou 2010a; Kramer and
Bryant 1995a; Ribble and Smith 1983). In contrast, we found positive allometry in
intestinal length only for C. ornatissimus, while most species showed isometry. Our
results highlight a tendency toward negative allometry in intestinal diameter and
surface area. Thus, while the relative length of the intestine may remain constant
or increase throughout an individual’s lifetime, it generally becomes narrower and
decreases in surface area. These results are consistent with the decrease in relative
intestinal surface area observed in some herbivorous fishes (Al-Hussaini 1949; Gohar
and Latif 1959; Horn 1989; Montgomery 1977) and the negative allometry in
intestinal mass and metabolic capacity reported for two species of Cyprinidae
(Goolish and Adelman 1988), and are potentially related to decreases in growth

with increased size.

1.4.4 Intestinal morphology and function

Our results highlight the tight link between intestinal morphology and the digestive
and assimilating functions in reef fishes. Intestinal traits are clear indicators of fish
trophic roles and thus suitable for trait-based ecological research (Villéger et al.
2017). While intestinal length is commonly used in fish functional studies (Mouchet
et al. 2013; Villéger et al. 2010; Zhao et al. 2019), we show that intestinal diameter
provides an important addition to better segregate fish dietary habits and should
therefore be considered. The intestine also play an important role in other fish
functions, such as the absorption of nutrients (Crossman et al. 2005) and carbonate
excretion (Wilson et al. 2002), which are key contributors to nutrient cycling and
inorganic carbon cycling. Therefore, the intestinal traits presented herein could be
used to explore relationship with these functions in future studies.

In the present study, we mainly focused on interspecific variability in intestinal
morphology. However, in Mo’orea, the fishes were collected around the entire
island, including a great span of habitats (lagoon and slope; coral-dominated and
algae-dominated reefs), and across multiple seasons. While these variables were

not explicitly accounted for in our analysis due to limited replication, our models
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explained 85% to 92% of the variation in the data, demonstrating that intraspecific
variability, independent of body size, was minor compared to interspecific variabil-
ity in our dataset. Nevertheless, spatial and temporal variation in food availability
and/or nutritional quality may lead to intraspecific variability (Olsson et al. 2007;
Wagner et al. 2009). Therefore, these factors should be considered in future studies
to fully understand the relationship between intestinal morphology and diet and

assess the extent of intraspecific variability.

1.5 Conclusion

Our findings show that intestinal traits are highly conserved across reef fish phy-
logeny. We also demonstrate that via adaptive convergent evolution, intestinal
flexibility permitted the occupation of trophic niches characterised by the uptake
of food resources with low nutritional quality across diverse phylogenetic groups.
Further, trophic level is strongly related to intestinal diameter, as well as length,
in coral reef fishes. Species that occupy low trophic levels surmount the low
nutritional value of food items by increasing intestinal absorptive surface and
maximising nutrient intake. This is achieved with a differential increase in the
length and diameter of the intestine, which results in an elongate alimentary tract
that prolongs food retention. Thus, for trait-based ecological studies, intestinal
length and diameter should be used together. Alternatively, if using a single
trait, intestinal surface area may be a better descriptor of inter and intraspecific

differences in diet than intestinal length.
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Supplementary Methods

Relationship between trophic level and §'°N

To test whether food-item based trophic levels in FishBase are representative
of fish diet in Mo’orea we built a dataset of nitrogen stable isotope ratios (6'°N)
for 83 of the 142 species present in our dataset of intestinal traits. A total of
700 individuals (n = 3 per species minimum) collected from reefs around Mo’orea,
in French Polynesia, including 319 in 2016 and 381 in 2018, were examined. All
individuals were collected by spearfishing between 10:00 and 15:00 and transferred
to the laboratory in a cooler. In the laboratory, each individual was measured
and weighed, and a small piece of dorsal muscle was sampled and immediately

frozen at -20 °C.

Nitrogen stable isotope data (*N) were determined in all samples that were
freeze-dried and ground to fine powder. Measurements were done by continuous-
flow isotope-ratio mass spectrometry with a NC2500 elemental analyzer (CE In-
struments, Wigan, UK), coupled with a Delta V isotope ratio mass spectrometer
(Thermo Scientific, Bremen, Germany) at the Cornell University Stable Isotope
Laboratory (COIL). Isotope compositions were expressed in the § notation as parts

per mil (%o) as deviations from atmospheric Ny following the formula:
5X = [(Rsample/Rstandard) - 1] X 10007 (Sll)

where X is N, R is the corresponding »N/“N ratio. Calibration was done
using two in-house standards (CBT and KCRN). The analytical precision of the
measurements was 0.24%o based on analyses of an in-house animal standard (Deer).

To assess the relationship between trophic level and 6N we fitted a Bayesian
phylogenetic hierarchical linear model. We extracted the phylogeny for the 83
species in the dataset from the Fish Tree of Life (Rabosky et al. 2018) using the
R package fishtree version 0.3.2 (Chang et al. 2019). Using this phylogenetic infor-

mation, we constructed a phylogenetic relatedness matrix (Hadfield and Nakagawa
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2010) and we tested whether body size, trophic level and phylogeny explain the
variation in N values using a Bayesian phylogenetic hierarchical linear model.

The 6N value of the " individual of the j* species is estimated as follows:
6"Ny; = Boj + B1;In(SL);; + B TL;, (S1.2)
with fBy; and [i; defined as:
Boj = Yoo + Uophy + Uoj, (S1.3)

Bij = 710 + wj, (S1.4)

where 7 is the estimated average intercept, uopny and ug; represent deviations from
the model intercept attributable to species-level variation related and unrelated to
the phylogeny, respectively, ;¢ is the average slope for the natural-log transformed
standard length (SL), u;; represents deviations from -, attributable to species-level
variation, and (3, is the slope for trophic level (TL). All predictors were centred
and scaled. We fitted the model with the R package brms version 2.14.4 (Burkner
2017) using a student-¢ error distribution. We used normally distributed priors
with a mean of zero for intercept, fixed and random effects, and ran the model for

four chains, each with 4,000 steps and a warm-up of 1,000 steps.

Our model explained 82.2% of the variation in 6N values across species.
Nitrogen isotope ratios were influenced by phylogeny (H* = 0.74 [0.40, 0.94], mean
and 95% credible interval). After controlling for the phylogenetic relationships,
§15N was positively related to body size (8 = 0.79 [0.45, 1.14]) and trophic level
(8 = 0.97 [0.42, 1.51]), and the latter explained the highest proportion of variance
in 6N (highest standardised effect; Supplementary Table 1.6). Nitrogen isotope
ratios increased linearly with trophic level (one unit increase in 6'5N for every one
unit increase in trophic level on average), implying a 27.6% increase in §'°N over
the observed range of trophic level (from 2.00 to 4.38; Supplementary Fig. 1.10).
Although on average §'°N was positively related to body size, this relationship
varied greatly among species (Supplementary Table 1.6).
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Posterior predictive draws (thin lines) vs observed data (thick line)

a n b c

215 510 775 16.0 0 1 2 3 4 6 8 10 12
In intestinal length (mm) In intestinal diameter (mm) In intestinal surface (mm?)

Figure 1.6: Posterior predictive checks based on 100 posterior samples for Bayesian
phylogenetic hierarchical linear models of (a) intestinal length, (b) diameter, and (c)
surface area of coral reef fishes.
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Figure 1.7: Relationship between three intestinal traits and trophic level for: 142 species
of coral reef fishes with a minimum sample size of three individuals per species (a, d,
g); 122 species of coral reef fishes with a minimum sample size of three individuals per
species (b, e, h); and 69 species of coral reef fishes with a minimum sample size of eight
individuals per species (c, f, i). Thick, darkened lines represent the mean predicted fits of
Bayesian phylogenetic hierarchical linear models after controlling for the remaining fixed
and random effects. Categorical variables were set to their most common value (stomach
= present, durophagy = non-durophagous). Thin lines represent 1,000 draws randomly
chosen from the posterior fits and show model fit uncertainty. Model predictions are for
natural-log intestinal traits, but are transformed here to show the fitted function on the
original scale of the data. Raw data are displayed as marks along the x-axis.
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Figure 1.8: Effects of stomach presence and durophagous diet on three intestinal traits
for: 142 species of coral reef fishes with a minimum sample size of three individuals per
species (a, b, ¢); 122 species of coral reef fishes with a minimum sample size of three
individuals per species (d, e, f); and 69 species of coral reef fishes with a minimum
sample size of eight individuals per species (g, h, i). Estimates are posterior medians
(circles), 50% credible intervals (ClIs; thick lines) and 95% ClIs (thin lines) from Bayesian
phylogenetic hierarchical linear models after controlling for the remaining fixed and
random effects. Posterior densities are also displayed (shaded regions).
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and 95% CIs (thin lines) from Bayesian phylogenetic hierarchical linear models, and
represent deviations from the global intercept on natural-log scale.
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represent 1,000 draws randomly chosen from the posterior fits and show model fit
uncertainty. Dots represent the raw values.
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Supplementary Tables

Table 1.1: Number of individuals per species collected from three different habitats.

Family Species Slope Lagoon Pass Total
Acanthuridae Acanthurus achilles 12 0 0 12
Acanthuridae Acanthurus guttatus 8 1 0 9
Acanthuridae Acanthurus lineatus 7 0 2 9
Acanthuridae Acanthurus nigricans 12 1 0 13
Acanthuridae Acanthurus nigrofuscus 2 3 1 6
Acanthuridae Acanthurus nigros 3 0 1 4
Acanthuridae Acanthurus olivaceus 5 0 1 6
Acanthuridae Acanthurus pyroferus 2 2 1 5
Acanthuridae Acanthurus thompsoni 3 0 1 4
Acanthuridae Acanthurus triostegus 5 8 2 15
Acanthuridae Ctenochaetus flavicauda 4 0 2 6
Acanthuridae Ctenochaetus striatus 2 3 0 5
Acanthuridae Naso brevirostris 6 0 0 6
Acanthuridae Naso lituratus 17 0 0 17
Acanthuridae Naso unicornis 1 0 4 5
Acanthuridae Naso vlamingii 3 0 2 5
Acanthuridae Zebrasoma scopas 26 16 0 42
Acanthuridae Zebrasoma velifer 4 0 5 9
Aulostomidae Aulostomus chinensis 3 7 1 11
Balistidae Balistapus undulatus 8 4 0 12
Balistidae Melichthys niger 14 0 0 14
Balistidae Melichthys vidua 10 2 0 12
Balistidae Odonus niger 11 3 0 14
Balistidae Rhinecanthus aculeatus 0 7 2 9
Balistidae Rhinecanthus lunula 2 0 1 3
Balistidae Rhinecanthus rectangulus 6 0 3 9
Balistidae Sufflamen bursa 6 6 0 12
Blenniidae Exzallias brevis 3 0 2 5
Bothidae Bothus mancus 0 1 2 3
Carangidae Caranz melampygus 4 0 1 5
Carangidae Scomberoides lysan 2 0 1 3
Chaetodontidae  Chaetodon auriga 2 2 5 9
Chaetodontidae  Chaetodon bennetti 0 0 3 3
Chaetodontidae  Chaetodon citrinellus 3 2 2 7
Chaetodontidae  Chaetodon ephippium 3 4 1 8
Chaetodontidae  Chaetodon lunula 1 4 4 9
Chaetodontidae  Chaetodon lunulatus 0 8 0 8
Chaetodontidae  Chaetodon mertensii 0 1 4 5
Chaetodontidae  Chaetodon ornatissimus 29 0 0 29
Chaetodontidae  Chaetodon pelewensis 6 0 0 6
Chaetodontidae  Chaetodon quadrimaculatus 6 0 2 8
Chaetodontidae  Chaetodon reticulatus 32 0 0 32
Chaetodontidae  Chaetodon trichrous 2 1 3 6
Chaetodontidae  Chaetodon trifascialis 2 1 3 6
Chaetodontidae  Chaetodon ulietensis 2 1 5 8
Chaetodontidae  Chaetodon unimaculatus 5 3 1 9
Chaetodontidae  Chaetodon vagabundus 4 9 0 13
Chaetodontidae  Forcipiger flavissimus 2 6 0 8
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Table 1.1: (continued)

Family Species Slope Lagoon Pass Total
Chaetodontidae  Forcipiger longirostris 7 0 0 7
Chaetodontidae  Hemitaurichthys polylepis 5 0 2 7
Chaetodontidae  Hengochus chrysostomus 1 7 0 8
Cirrhitidae Cirrhitus pinnulatus 6 0 4 10
Cirrhitidae Paracirrhites forsteri 6 1 2 9
Cirrhitidae Paracirrhites hemistictus 17 0 1 18
Diodontidae Diodon hystriz 1 2 2 5
Fistulariidae Fistularia commersonii 1 4 5 10
Gobiidae Valenciennea strigata 0 5 1 6
Hemiramphidae Hemiramphus depauperatus 1 2 0 3
Holocentridae Myripristis berndti 1 15 0 16
Holocentridae Myripristis kuntee 0 6 1 7
Holocentridae Myripristis violacea 0 2 7 9
Holocentridae Neoniphon sammara 0 12 0 12
Holocentridae Sargocentron caudimaculatum 0 7 0 7
Holocentridae Sargocentron spiniferum 5 4 1 10
Holocentridae Sargocentron tiere 5 5 1 11
Kuhliidae Kuhlia mugil 2 0 1 3
Kyphosidae Kyphosus cinerascens 0 0 3 3
Kyphosidae Kyphosus vaigiensis 2 0 2 4
Labridae Calotomus carolinus 3 2 4 9
Labridae Cheilinus chlorourus 0 9 0 9
Labridae Cheilinus trilobatus 1 6 0 7
Labridae Cheilio inermis 0 0 4 4
Labridae Chlorurus microrhinos 4 0 0 4
Labridae Chlorurus spilurus ) 1 0 6
Labridae Coris aygula 3 4 2 9
Labridae Coris gaimard 5 0 2 7
Labridae Epibulus insidiator 12 4 0 16
Labridae Gomphosus varius 4 3 0 7
Labridae Halichoeres hortulanus 0 8 1 9
Labridae Halichoeres trimaculatus 0 5 0 5
Labridae Hemigymnus fasciatus 8 0 1 9
Labridae Novaculichthys taeniourus 2 1 3 6
Labridae Ozycheilinus unifasciatus 3 0 1 4
Labridae Scarus altipinnis 6 0 0 6
Labridae Scarus forsteni 8 1 0 9
Labridae Scarus frenatus 2 2 0 4
Labridae Scarus globiceps 1 2 4 7
Labridae Scarus oviceps 6 1 0 7
Labridae Scarus psittacus 0 6 3 9
Labridae Scarus rubroviolaceus 2 0 3 5
Labridae Scarus schlegeli 3 0 4 7
Labridae Thalassoma hardwicke 0 7 0 7
Labridae Thalassoma purpureum 4 1 0 5
Labridae Thalassoma trilobatum 6 1 3 10
Lethrinidae Gnathodentex aureolineatus 1 4 2 7
Lethrinidae Monotaxis grandoculis 4 2 1 7
Lutjanidae Aphareus furca 7 0 2 9
Lutjanidae Lutjanus fulvus 3 6 2 11
Lutjanidae Lutjanus kasmira 6 0 3 9
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Table 1.1: (continued)

Family Species Slope Lagoon Pass Total
Lutjanidae Lutjanus monostigma 2 0 3 5
Monacanthidae  Aluterus scriptus 0 0 4 4
Monacanthidae ~ Amanses scopas 8 0 1 9
Monacanthidae  Cantherhines sandwichiensis 9 0 1 10
Mugilidae Ellochelon vaigiensis 0 2 2 4
Mullidae Mulloidichthys flavolineatus 0 8 1 9
Mullidae Mulloidichthys vanicolensis 1 1 3 5
Mullidae Parupeneus barberinus 0 3 1 4
Mullidae Parupeneus insularis 7 2 2 11
Mullidae Parupeneus multifasciatus 3 8 0 11
Ostraciidae Ostracion cubicus 0 1 2 3
Ostraciidae Ostracion meleagris 0 5 2 7
Pempheridae Pempheris oualensis 6 0 1 7
Pinguipedidae Parapercis millepunctata 0 7 0 7
Pomacanthidae  Centropyge flavissima 4 2 2 8
Pomacanthidae  Centropyge loriculus 3 0 0 3
Pomacanthidae =~ Pomacanthus imperator 7 0 0 7
Pomacanthidae  Pygoplites diacanthus 3 3 4 10
Pomacentridae  Abudefduf septemfasciatus 1 8 2 11
Pomacentridae  Abudefduf sexfasciatus 0 8 1 9
Pomacentridae  Abudefduf sordidus 2 1 3 6
Pomacentridae Chromis atripectoralis 0 3 2 5
Pomacentridae ~ Chromis zanthura 22 0 2 24
Pomacentridae  Dascyllus aruanus 0 3 4 7
Pomacentridae  Dascyllus flavicaudus 9 5 0 14
Pomacentridae  Dascyllus trimaculatus 1 5 2 8
Pomacentridae  Plectroglyphidodon johnstonianus 6 0 0 6
Pomacentridae  Plectroglyphidodon lacrymatus 6 0 0 6
Pomacentridae  Stegastes fasciolatus 6 0 3 9
Pomacentridae  Stegastes nigricans 0 7 3 10
Scorpaenidae Pterois radiata 3 5 1 9
Serranidae Cephalopholis argus 15 1 1 17
Serranidae Cephalopholis urodeta 13 0 1 14
Serranidae Epinephelus fasciatus 5 0 1 6
Serranidae Epinephelus hexagonatus 5 0 2 7
Serranidae Epinephelus merra 0 8 1 9
Serranidae Pseudanthias pascalus b) 0 2 7
Serranidae Variola lout: 6 0 1 7
Siganidae Siganus spinus 2 3 0 5
Tetraodontidae  Arothron meleagris 4 5 0 9
Tetraodontidae  Canthigaster bennetti 0 3 0 3
Tetraodontidae  Canthigaster solandri 0 5 1 6
Zanclidae Zanclus cornutus 8 3 0 11
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Table 1.2: Posterior mean and 95% credible interval for each parameter of Bayesian
phylogenetic hierarchical linear models of intestinal length, diameter, and surface area for
142 species of coral reef fishes with a minimum sample size of three individuals per species.
« = model intercept; Bsr,_inter = scaled species mean standard length slope; S, = scaled
trophic level slope; Bsr,_intra = scaled species-mean-centred standard length slope; Bgr,
= scaled elongation slope; Bgr = stomach slope; Spy = durophagy slope; Bsr.py =
stomach X durophagy slope; oy, = random intercept standard deviation, phylogenetic
relationship; o4, = random intercept standard deviation, species; 035, = random slope
standard deviation, species; o, = residual standard deviation; v = degrees of freedom of
student-t distribution.

Length Diameter Surface

parameter mean 2.5% 97.5% mean 2.5% 97.5% mean 2.5% 97.5%

o 5.69 5.13 6.25 1.54 1.31 1.76 8.34 7.64 9.01
BSL—inter 0.42 0.35 0.49 0.40 0.36 0.45 0.81 0.71 0.90
BrL -0.26  -0.36 -0.16 -0.11  -0.17 -0.05 -0.38  -0.55 -0.21
BsL—intra 0.13 0.11 0.15 0.11 0.10 0.13 0.24 0.21 0.27
BEL -0.32  -0.43 -0.21 -0.17  -0.23 -0.11 -0.49  -0.63 -0.35
Bst -0.19  -0.68 0.30 -0.28  -0.49 -0.07 -0.45 -1.07 0.17
Bpu -0.17  -0.57 0.23 0.19 -0.01 0.40 0.07 -0.43 0.59
BsT:pU -0.05 -0.81 0.70 0.04 -0.29 0.37 -0.06  -0.99 0.84
Ophy 0.54 0.44 0.64 0.18 0.10 0.27 0.64 0.42 0.83
Osp 0.07 0.00 0.16 0.15 0.11 0.19 0.19 0.02 0.33
0Bsp 0.06 0.04 0.08 0.04 0.02 0.07 0.10 0.07 0.13
o 0.16 0.14 0.17 0.19 0.18 0.21 0.28 0.26 0.30
v 4.52 3.34 6.25 15.96 7.27 37.44 12.51 6.63 26.09
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Table 1.3: Posterior mean and 95% credible interval for each parameter of Bayesian
phylogenetic hierarchical linear models of intestinal length, diameter, and surface area for
122 species of coral reef fishes with a minimum sample size of five individuals per species.
« = model intercept; Bsr,_inter = scaled species mean standard length slope; S, = scaled
trophic level slope; Bsr,_intra = scaled species-mean-centred standard length slope; Bgr,
= scaled elongation slope; Bgr = stomach slope; Spy = durophagy slope; Bsr.py =
stomach X durophagy slope; o,,, = random intercept standard deviation, phylogenetic
relationship; o4, = random intercept standard deviation, species; 035, = random slope
standard deviation, species; o, = residual standard deviation; v = degrees of freedom of
student-t distribution.

Length Diameter Surface

parameter mean 2.5% 97.5% mean 2.5% 97.5% mean 2.5% 97.5%

o 5.77 5.17 6.37 1.56 1.31 1.81 8.44 7.65 9.22
BSL—inter 0.40 0.32 0.47 0.40 0.34 0.45 0.77 0.67 0.88
BrL -0.18  -0.30 -0.08 -0.11  -0.18 -0.03 -0.27  -0.49 -0.09
BsL—intra 0.13 0.12 0.15 0.11 0.10 0.13 0.25 0.22 0.28
BEL -0.33  -0.45 -0.21 -0.17  -0.24 -0.11 -0.50  -0.67 -0.34
Bst -0.33  -0.87 0.22 -0.30  -0.55 -0.06 -0.62  -1.36 0.11
Bpu -0.26  -0.68 0.17 0.16  -0.06 0.39 -0.04 -0.61 0.52
BsT:pU 0.05 -0.72 0.82 0.03 -0.32 0.38 0.02 -0.97 1.03
Ophy 0.54 0.46 0.63 0.18 0.09 0.29 0.68 0.46 0.86
Osp 0.05 0.00 0.13 0.16 0.11 0.20 0.14 0.01 0.31
0Bsp 0.05 0.04 0.07 0.05 0.02 0.07 0.10 0.06 0.13
o 0.16 0.14 0.17 0.19 0.18 0.21 0.28 0.26 0.30
v 4.54 3.35 6.21 15.58 7.18 36.07 12.15 6.39 25.13
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Table 1.4: Posterior mean and 95% credible interval for each parameter of Bayesian
phylogenetic hierarchical linear models of intestinal length, diameter, and surface area for
69 species of coral reef fishes with a minimum sample size of eight individuals per species.
« = model intercept; Bsr,_inter = scaled species mean standard length slope; S, = scaled
trophic level slope; Bsr,_intra = scaled species-mean-centred standard length slope; Bgr,
= scaled elongation slope; Sgr = stomach slope; Spy = durophagy slope; Bsr.py =
stomach X durophagy slope; oy, = random intercept standard deviation, phylogenetic
relationship; o, = random intercept standard deviation, species; 035, = random slope
standard deviation, species; o, = residual standard deviation; v = degrees of freedom of
student-t distribution.

Length Diameter Surface

parameter mean 2.5% 97.5% mean 2.5% 97.5% mean 2.5% 97.5%

o 5.49 4.73 6.26 1.63 1.30 1.99 8.34 7.39 9.29
BSL—inter 0.30 0.18 0.42 0.36 0.27 0.45 0.64 0.47 0.81
BrL -0.22  -0.37 -0.09 -0.14  -0.22 -0.03 -0.33  -0.58 -0.11
BsL—intra 0.14 0.11 0.16 0.11 0.09 0.13 0.25 0.21 0.28
BEL -0.35  -0.52 -0.19 -0.18  -0.28 -0.08 -0.63  -0.77 -0.31
Bst 0.12  -0.64 0.89 -0.32 -0.69 0.02 -0.27  -1.23 0.67
Bpu -0.02  -0.57 0.54 0.09 -0.23 0.39 0.02  -0.70 0.75
BsT:pU -0.48 -1.54 0.61 0.03 -0.46 0.53 -0.38  -1.72 0.99
Ophy 0.53 0.42 0.66 0.17 0.03 0.35 0.66 0.40 0.86
Osp 0.06 0.00 0.17 0.16 0.07 0.23 0.14 0.01 0.33
0Bsp 0.06 0.04 0.09 0.05 0.02 0.08 0.10 0.06 0.14
o 0.16 0.15 0.18 0.18 0.17 0.20 0.28 0.25 0.30
v 5.34 3.61 8.15 13.21 5.86 31.94 14.43 6.23 35.68

71



Supplementary Information

Table 1.5:

Species-specific scaling parameters of three natural-log intestinal traits

(intestinal length, diameter, and surface area) against natural-log fish standard length
for 142 species of coral reef fishes. Estimates are posterior medians and 95% credible
intervals (CIs) from Bayesian phylogenetic hierarchical linear models. Values in bold
were selected based on a minimum number of ten sampled individuals, covering a length
range of at least a quarter of the reported maximum length (retrieved from FishBase),
and a posterior 95% CI above zero to provide reliable estimates of scaling parameters
within the observed size range (see Fig. 5 in the main manuscript). The remaining
estimates cannot be considered reliable. n = number of sampled individuals; TL = total

length.
Family Species Length Diameter Surface n TL range
slope slope slope (mm)

Acanthuridae Acanthurus 1.17 (0.61, 1.68) 1.06 (0.57, 1.69) 2.50 (1.52, 3.43) 12  122-222
achilles

Acanthuridae Acanthurus 0.83 (0.17, 1.52) 0.67 (0.08, 1.20) 1.46 (0.34, 2.54) 9 161-198
guttatus

Acanthuridae Acanthurus 0.68 (0.11, 1.24) 0.69 (0.15, 1.18) 1.34 (0.38, 2.29) 9  160-252
lineatus

Acanthuridae Acanthurus 0.93 (0.65, 1.24) 0.77 (0.47, 1.08) 1.74 (1.23, 2.26) 13 82-184
nigricans

Acanthuridae Acanthurus 0.71 (0.15, 1.28) 0.70 (0.21, 1.19) 1.39 (0.45, 2.33) 6  109-176
nigrofuscus

Acanthuridae Acanthurus 0.75 (0.03, 1.45) 0.59 (-0.02, 1.10) 1.14 (-0.01, 2.22) 4 119-156
nigros

Acanthuridae Acanthurus 0.80 (0.07, 1.54) 0.71 (0.11, 1.29) 1.49 (0.25, 2.70) 6  220-271
olivaceus

Acanthuridae Acanthurus 0.60 (-0.22, 1.33) 0.73 (0.13, 1.35) 1.30 (0.03, 2.53) 5  130-155
pyroferus

Acanthuridae Acanthurus 0.73 (-0.03, 1.46) 0.69 (0.08, 1.27) 1.32 (0.02, 2.55) 4 192-209
thompsoni

Acanthuridae Acanthurus 0.76 (0.09, 1.43) 0.70 (0.13, 1.25) 1.47 (0.34, 2.59) 15 140-166
triostegus

Acanthuridae Ctenochaetus 0.75 (0.02, 1.46) 0.67 (0.05, 1.23) 1.34 (0.12, 2.53) 6  108-139
flavicauda

Acanthuridae Ctenochaetus 0.91 (0.31, 1.53) 0.54 (-0.07, 1.02) 1.32 (0.31, 2.32) 5 120-215
striatus

Acanthuridae Naso brevirostris ~ 0.94 (0.38, 1.49) 0.74 (0.25, 1.24) 1.71 (0.77, 2.63) 6 224-343

Acanthuridae Naso lituratus 0.90 (0.33, 1.47)  0.53 (-0.02, 0.98) 1.22 (0.32, 2.09) 17 181-356

Acanthuridae Naso unicornis 1.07 (0.53, 1.65) 0.93 (0.48, 1.51) 2.16 (1.25, 3.14) 5  341-670

Acanthuridae Naso vlamingii 0.46 (-0.04, 0.97) 0.54 (0.00, 0.97) 0.85 (-0.01, 1.69) 5  276-549

Acanthuridae Zebrasoma 1.13 (0.91, 1.29) 0.84 (0.66, 1.02) 1.98 (1.69, 2.24) 42  29-177
scopas

Acanthuridae Zebrasoma 0.89 (0.26, 1.54) 0.58 (-0.07, 1.08) 1.31 (0.23, 2.37) 9  196-259
velifer

Aulostomidae Aulostomus 1.24 (0.69, 1.78)  1.18 (0.69, 1.78)  2.71 (1.82, 3.62) 11  365-623
chinensis

Balistidae Balistapus 0.51 (0.11, 0.89) 0.79 (0.44, 1.16) 1.27 (0.63, 1.89) 12  125-267
undulatus

Balistidae Melichthys niger  1.12 (0.70, 1.57)  0.81 (0.44, 1.23)  1.88 (1.20, 2.61) 14  125-258

Balistidae Melichthys vidua 0.71 (0.08, 1.32) 0.79 (0.31, 1.34) 1.47 (0.52, 2.44) 12 176-225

Balistidae Odonus niger 0.47 (-0.13, 1.04)  0.59 (0.06, 1.06) 0.94 (-0.04, 1.87) 14  158-277

Balistidae Rhinecanthus 0.46 (-0.15, 1.05)  0.71 (0.22, 1.20) 1.12 (0.20, 2.01) 9 145-222
aculeatus

Balistidae Rhinecanthus 0.79 (0.02, 1.54) 0.72 (0.12, 1.32) 1.51 (0.26, 2.78) 3 251-258
lunula

Balistidae Rhinecanthus 0.55 (0.04, 1.06) 0.71 (0.28, 1.15) 1.21 (0.42, 2.01) 9 117-195
rectangulus

Balistidae Sufflamen bursa 0.53 (-0.05, 1.11) 0.61 (0.09, 1.07)  0.93 (-0.03, 1.85) 12 118-182

Blenniidae Ezxallias brevis 0.95 (0.25, 1.69) 0.77 (0.21, 1.40) 1.81 (0.62, 3.05) 5 99-120

Bothidae Bothus mancus 0.77 (0.02, 1.49) 0.68 (0.04, 1.26) 1.39 (0.12, 2.61) 3 366-405

Carangidae Caranz 0.66 (0.11, 1.23) 0.65 (0.13, 1.13) 1.25 (0.33, 2.17) 5  349-545
melampygus

Carangidae Scomberoides 0.78 (0.07, 1.47) 0.57 (-0.15, 1.11) 1.11 (-0.18, 2.31) 3 356-409
lysan

Chaetodontidae  Chaetodon 0.70 (-0.10, 1.44)  0.62 (-0.01, 1.18)  1.21 (-0.10, 2.43) 9 145-205
auriga
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Table 1.5: (continued)

. . Length Diameter Surface TL range
Family Species n
slope slope slope (mm)

Chaetodontidae  Chaetodon 0.77 (-0.01, 1.53)  0.71 (0.12, 1.31) 1.45 (0.15, 2.74) 3 151-168
bennetti

Chaetodontidae ~ Chaetodon 0.77 (0.02, 1.47) 0.77 (0.21, 1.39) 1.52 (0.32, 2.70) 7 96-113
citrinellus

Chaetodontidae ~ Chaetodon 0.91 (0.21, 1.62) 0.62 (-0.03, 1.15) 1.35 (0.11, 2.54) 8 157-194
ephippium

Chaetodontidae  Chaetodon lunula  0.98 (0.40, 1.55) 0.57 (-0.02, 1.03) 1.24 (0.25, 2.19) 9  130-175

Chaetodontidae ~ Chaetodon 1.14 (0.39, 1.89) 0.60 (0.08, 1.06) 1.84 (0.88, 2.79) 8 85-135
lunulatus

Chaetodontidae ~ Chaetodon 0.56 (-0.21, 1.28) 0.68 (0.08, 1.24) 1.08 (-0.23, 2.26) 5 103-129
mertensii

Chaetodontidae ~ Chaetodon 1.39 (1.11, 1.67) 0.56 (0.25, 0.85) 1.92 (1.45, 2.39) 29 70-149
ornatissimus

Chaetodontidae ~ Chaetodon 0.81 (0.12, 1.49) 0.76 (0.19, 1.38) 1.61 (0.42, 2.82) 6  75-92
pelewensis

Chaetodontidae ~ Chaetodon 0.76 (0.08, 1.43) 0.68 (0.11, 1.21) 1.40 (0.32, 2.45) 8 97-129
quadrimaculatus

Chaetodontidae  Chaetodon 1.04 (0.60, 1.49) 0.79 (0.37, 1.24) 1.87 (1.14, 2.62) 32 86-130
reticulatus

Chaetodontidae ~ Chaetodon 0.95 (0.25, 1.69) 0.74 (0.16, 1.34) 1.72 (0.54, 2.94) 6  102-120
trichrous

Chaetodontidae ~ Chaetodon 0.97 (0.21, 1.77) 0.77 (0.20, 1.39) 1.91 (0.72, 3.17) 6  111-147
trifascialis

Chaetodontidae  Chaetodon 0.68 (-0.08, 1.39) 0.67 (0.05, 1.22) 1.27 (0.02, 2.44) 8  134-158
ulietensis

Chaetodontidae  Chaetodon 0.42 (-0.22, 1.01)  0.58 (0.02, 1.06) 0.88 (-0.19, 1.86) 9 18143
unimaculatus

Chaetodontidae ~ Chaetodon 0.53 (-0.25, 1.23) 0.69 (0.11, 1.25) 1.11 (-0.13, 2.21) 13 125-151
vagabundus

Chaetodontidae  Forcipiger 0.80 (0.06, 1.50) 0.73 (0.14, 1.33) 1.52 (0.32, 2.70) 8  142-176
flavissimus

Chaetodontidae  Forcipiger 0.79 (0.08, 1.49) 0.74 (0.17, 1.33) 1.57 (0.38, 2.74) 7 170-222
longirostris

Chaetodontidae  Hemitaurichthys 1.15 (0.56, 1.76) 0.88 (0.40, 1.50) 2.24 (1.23, 3.30) 7 97-140
polylepis

Chaetodontidae  Heniochus 1.24 (0.53, 2.05) 0.70 (0.13, 1.25) 2.08 (1.00, 3.26) 8  110-142
chrysostomus

Cirrhitidae Clirrhitus 0.93 (0.39, 1.44) 0.72 (0.23, 1.20) 1.66 (0.74, 2.58) 10 126-190
pinnulatus

Cirrhitidae Paracirrhites 0.64 (0.06, 1.25) 0.67 (0.15, 1.16) 1.24 (0.27, 2.21) 9 124-183
forsteri

Cirrhitidae Paracirrhites 0.86 (0.30, 1.43) 0.63 (0.09, 1.12) 1.45 (0.48, 2.40) 18 162-221
hemistictus

Diodontidae Diodon hystriz 0.74 (0.06, 1.39) 0.81 (0.29, 1.44) 1.69 (0.59, 2.82) 5  300-404

Fistulariidae Fistularia 1.07 (0.60, 1.56) 0.95 (0.54, 1.45) 2.20 (1.41, 3.00) 10 558-985
commersonii

Gobiidae Valenciennea 1.14 (0.48, 1.81) 0.61 (0.04, 1.09) 1.67 (0.67, 2.66) 6  120-167
strigata

Hemiramphidae = Hemiramphus 0.87 (0.11, 1.64) 0.70 (0.07, 1.29) 1.55 (0.23, 2.82) 3 230-271
depauperatus

Holocentridae Myripristis 0.87 (0.39, 1.33)  0.40 (-0.07, 0.79)  0.96 (0.20, 1.72) 16  120-260
berndti

Holocentridae Myripristis 1.00 (0.35, 1.67) 0.49 (-0.20, 0.99) 1.10 (-0.01, 2.14) 7 139-178
kuntee

Holocentridae Myripristis 0.99 (0.29, 1.71) 0.79 (0.25, 1.39) 1.85 (0.75, 3.01) 9 170-213
violacea

Holocentridae Neoniphon 0.71 (0.07, 1.35) 0.58 (0.05, 1.03) 1.75 (0.91, 2.58) 12  141-222
sammara

Holocentridae Sargocentron 0.95 (0.34, 1.56) 0.82 (0.32, 1.42) 1.93 (0.89, 3.01) 7 142-192
caudimaculatum

Holocentridae Sargocentron 0.91 (0.28, 1.55) 0.89 (0.39, 1.53) 1.94 (0.92, 3.00) 10  212-285
spiniferum

Holocentridae Sargocentron 0.86 (0.17, 1.56)  0.67 (0.07, 1.22)  1.54 (0.37, 2.70) 11  190-312
tiere

Kuhliidae Kuhlia mugil 0.90 (0.15, 1.68) 0.70 (0.08, 1.31) 1.60 (0.36, 2.86) 3 251-282

Kyphosidae Kyphosus 0.84 (0.08, 1.60) 0.73 (0.13, 1.35) 1.59 (0.36, 2.87) 3 365-395

cinerascens
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Table 1.5: (continued)
Family Species Length Diameter Surface n TL range
slope slope slope (mm)

Kyphosidae Kyphosus 0.83 (0.26, 1.39) 0.71 (0.20, 1.24) 1.54 (0.58, 2.51) 4 266-425
vaigiensis

Labridae Calotomus 0.67 (0.16, 1.17) 0.52 (-0.02, 0.95)  1.04 (0.17, 1.89) 9 261-410
carolinus

Labridae Cheilinus 0.51 (-0.08, 1.08) 0.69 (0.18, 1.19) 1.15 (0.19, 2.09) 9 150-241
chlorourus

Labridae Cheilinus 1.18 (0.65, 1.70) 1.00 (0.54, 1.59) 2.39 (1.48, 3.29) 7 131-247
trilobatus

Labridae Cheilio inermis 0.89 (0.17, 1.62) 0.81 (0.26, 1.47) 1.85 (0.65, 3.15) 4 322.391

Labridae Chlorurus 0.80 (0.06, 1.53) 0.69 (0.07, 1.28) 1.45 (0.20, 2.68) 4 360-390
microrhinos

Labridae Chlorurus 0.58 (-0.12, 1.23)  0.90 (0.40, 1.56) 1.61 (0.51, 2.71) 6  187-475
spilurus

Labridae Coris aygula 1.00 (0.59, 1.40) 0.62 (0.22, 0.99) 1.59 (0.93, 2.23) 9 197-435

Labridae Coris gaimard 1.01 (0.44, 1.52) 0.76 (0.31, 1.22) 1.76 (0.94, 2.58) 7 149-287

Labridae Epibulus 0.56 (-0.08, 1.18)  0.66 (0.18, 1.11) 1.20 (0.36, 2.04) 16 170-300
instdiator

Labridae Gomphosus 0.93 (0.36, 1.50) 0.56 (-0.03, 1.05)  1.31 (0.33, 2.26) 7 183-280
varius

Labridae Halichoeres 0.91 (0.40, 1.42) 0.91 (0.46, 1.48) 2.02 (1.14, 2.94) 9 164-261
hortulanus

Labridae Halichoeres 0.78 (0.17, 1.39) 0.82 (0.31, 1.42) 1.75 (0.68, 2.84) 5 117-166
trimaculatus

Labridae Hemigymnus 0.90 (0.39, 1.39) 0.70 (0.22, 1.17) 1.55 (0.73, 2.38) 9  145-229
fasciatus

Labridae Novaculichthys 0.72 (0.10, 1.32) 0.65 (0.08, 1.16) 1.28 (0.24, 2.30) 6  235-299
taeniourus

Labridae Owycheilinus 0.66 (-0.02, 1.33)  0.78 (0.25, 1.37) 1.53 (0.44, 2.63) 4 190-250
unifasciatus

Labridae Scarus altipinnis 0.70 (0.06, 1.34) 0.68 (0.11, 1.22) 1.36 (0.22, 2.45) 6  297-399

Labridae Scarus forsteni 0.74 (0.16, 1.32) 0.66 (0.13, 1.13) 1.39 (0.40, 2.36) 9  235-382

Labridae Scarus frenatus 0.05 (-0.53, 0.73) 0.66 (0.22, 1.07) 0.51 (-0.28, 1.29) 4 222-390

Labridae Scarus globiceps ~ 0.60 (-0.14, 1.27)  0.71 (0.19, 1.22) 0.87 (-0.16, 1.88) 7 196-261

Labridae Scarus oviceps 0.85 (0.26, 1.43) 0.66 (0.12, 1.15) 1.47 (0.49, 2.44) 7 215-298

Labridae Scarus psittacus 0.62 (0.04, 1.23) 0.46 (-0.10, 0.90) 1.10 (0.16, 2.00) 9  187-315

Labridae Scarus 0.87 (0.20, 1.56) 0.96 (0.45, 1.64) 1.94 (0.82, 3.19) 5 255-454
rubroviolaceus

Labridae Scarus schlegeli 0.98 (0.40, 1.55) 0.83 (0.35, 1.39) 1.97 (1.02, 2.95) 7 193-301

Labridae Thalassoma 0.81 (0.29, 1.35) 0.65 (0.12, 1.11) 1.41 (0.49, 2.31) 7 119-202
hardwicke

Labridae Thalassoma 0.91 (0.23, 1.58) 0.56 (-0.11, 1.08) 1.21 (0.05, 2.32) 5 230-287
purpureum

Labridae Thalassoma 0.67 (0.10, 1.22)  0.60 (0.07, 1.05) 1.11 (0.26, 1.92) 10 166-284
trilobatum

Lethrinidae Gnathodentex 0.77 (0.06, 1.46) 0.58 (-0.11, 1.11)  1.15 (-0.13, 2.33) 7 214-311
aureolineatus

Lethrinidae Monotaxis 0.94 (0.31, 1.65) 0.55 (0.12, 0.92) 1.79 (0.92, 2.60) 7 158-365
grandoculis

Lutjanidae Aphareus furca 0.84 (0.32, 1.36) 0.90 (0.46, 1.44) 1.81 (0.96, 2.67) 9  239-366

Lutjanidae Lutjanus fulvus 1.31 (0.80, 1.80) 0.81 (0.39, 1.29) 2.19 (1.38, 3.02) 11 173-265

Lutjanidae Lutjanus kasmira  0.89 (0.19, 1.60) 0.69 (0.09, 1.24) 1.54 (0.38, 2.68) 209-265

Lutjanidae Lutjanus 0.88 (0.34, 1.39) 0.82 (0.35, 1.34) 1.77 (0.80, 2.69) 5  263-572
monostigma

Monacanthidae Aluterus scriptus  0.68 (0.17, 1.18) 0.81 (0.35, 1.31) 1.60 (0.74, 2.46) 4 328-616

Monacanthidae Amanses scopas 0.47 (-0.08, 1.04) 0.67 (0.16, 1.14) 1.08 (0.18, 1.95) 9  104-168

Monacanthidae Cantherhines 0.45 (-0.21, 1.11) 0.98 (0.50, 1.62) 1.60 (0.65, 2.55) 10 115-172
sandwichiensis

Mugilidae Ellochelon 0.72 (-0.02, 1.44)  0.67 (0.04, 1.24) 1.32 (0.06, 2.52) 4 340-398
vaigiensis

Mullidae Mulloidichthys 1.16 (0.63, 1.70) 0.69 (0.20, 1.18) 1.81 (0.93, 2.73) 9 194-319
flavolineatus

Mullidae Mulloidichthys 1.07 (0.49, 1.62) 0.92 (0.44, 1.51) 2.17 (1.19, 3.14) 5  187-297
vanicolensis

Mullidae Parupeneus 0.76 (0.35, 1.19) 0.81 (0.41, 1.22) 1.62 (0.93, 2.32) 4 200-440
barberinus

Mullidae Parupeneus 0.84 (0.46, 1.22) 0.69 (0.30, 1.07) 1.51 (0.86, 2.18) 11 161-365
insularis
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Table 1.5: (continued)

. . Length Diameter Surface TL range
Family Species n
slope slope slope (mm)

Mullidae Parupeneus 0.95 (0.52, 1.37)  0.93 (0.51, 1.42) 2.01 (1.23, 2.77) 11  139-298
multifasciatus

Ostraciidae Ostracion 0.98 (0.25, 1.74) 0.67 (0.04, 1.23) 1.61 (0.41, 2.82) 3 244-298
cubicus

Ostraciidae Ostracion 0.59 (-0.01, 1.22) 0.66 (0.12, 1.15) 1.17 (0.22, 2.15) 7 90-121
meleagris

Pempheridae Pempheris 0.65 (-0.09, 1.34) 0.73 (0.15, 1.32) 1.37 (0.16, 2.53) 7 192-216
oualensis

Pinguipedidae Parapercis 0.96 (0.31, 1.63) 0.80 (0.27, 1.42) 1.87 (0.76, 3.02) 7 114-145
millepunctata

Pomacanthidae  Centropyge 1.21 (0.76, 1.66) 0.76 (0.36, 1.19) 2.03 (1.31, 2.75) 8  55-101
flavissima

Pomacanthidae Centropyge 1.01 (0.28, 1.77) 0.80 (0.24, 1.44) 1.94 (0.80, 3.18) 3  50-64
loriculus

Pomacanthidae Pomacanthus 0.93 (0.30, 1.54) 0.94 (0.47, 1.56) 1.99 (0.97, 3.02) 7 197-281
imperator

Pomacanthidae Pygoplites 1.33 (0.70, 2.03) 0.86 (0.39, 1.42) 2.36 (1.37, 3.38) 10 103-221
diacanthus

Pomacentridae Abudefduf 0.87 (0.18, 1.56) 0.73 (0.16, 1.29) 1.58 (0.46, 2.73) 11 161-194
septemfasciatus

Pomacentridae Abudefduf 0.93 (0.31, 1.57) 0.88 (0.38, 1.53) 2.07 (1.03, 3.19) 9  129-168
sexfasciatus

Pomacentridae  Abudefduf 0.69 (0.04, 1.32) 0.56 (-0.05, 1.04)  1.15 (0.09, 2.13) 6  147-228
sordidus

Pomacentridae Chromis 0.94 (0.24, 1.66) 0.72 (0.13, 1.30) 1.66 (0.52, 2.83) 5 54-68
atripectoralis

Pomacentridae Chromis 0.61 (0.15, 1.08) 0.77 (0.36, 1.22) 1.46 (0.68, 2.24) 24  111-158
zanthura

Pomacentridae Dascyllus 1.40 (0.92, 1.88) 0.71 (0.30, 1.11) 2.17 (1.46, 2.90) 7 29-54
aruanus

Pomacentridae Dascyllus 0.71 (0.20, 1.23) 0.50 (-0.03, 0.92) 0.96 (0.10, 1.79) 14 75-110
flavicaudus

Pomacentridae Dascyllus 0.74 (-0.03, 1.47) 0.65 (0.01, 1.22) 1.27 (0.00, 2.46) 8  120-135
trimaculatus

Pomacentridae Plectroglyphidodon 0.86 (0.14, 1.59) 0.79 (0.23, 1.42) 1.74 (0.58, 2.95) 6  59-76
johnstonianus

Pomacentridae Plectroglyphidodon 1.19 (0.60, 1.80) 0.71 (0.22, 1.20) 1.98 (1.07, 2.94) 6  50-91
lacrymatus

Pomacentridae Stegastes 0.78 (0.06, 1.47) 0.57 (-0.09, 1.11) 1.19 (-0.05, 2.33) 9  79-96
fasciolatus

Pomacentridae Stegastes 0.76 (0.01, 1.48) 0.76 (0.16, 1.38) 1.59 (0.35, 2.84) 10  120-141
nigricans

Scorpaenidae Pterois radiata 0.62 (0.14, 1.10) 0.62 (0.20, 1.01) 1.14 (0.41, 1.85) 9  117-197

Serranidae Cephalopholis 0.85 (0.35, 1.33) 0.75 (0.32, 1.21) 1.60 (0.80, 2.39) 17 180-310
argus

Serranidae Cephalopholis 0.74 (0.21, 1.38) 0.49 (0.01, 0.90) 1.03 (0.27, 1.85) 14  105-191
urodeta

Serranidae Epinephelus 0.62 (-0.03, 1.24) 0.65 (0.10, 1.16) 1.19 (0.16, 2.20) 6  190-288
fasciatus

Serranidae Epinephelus 0.97 (0.36, 1.58) 0.76 (0.24, 1.32) 1.88 (0.86, 2.91) 7 152-225
hexagonatus

Serranidae Epinephelus 0.85 (0.25, 1.44) 0.88 (0.39, 1.49) 1.89 (0.89, 2.94) 9 165-230
merra

Serranidae Pseudanthias 0.67 (0.13, 1.22) 0.80 (0.30, 1.34) 1.56 (0.61, 2.48) 7  89-152
pascalus

Serranidae Variola louti 0.76 (0.24, 1.33) 0.61 (0.06, 1.08) 1.26 (0.34, 2.20) 7 304-420

Siganidae Siganus spinus 0.67 (0.05, 1.26) 0.80 (0.28, 1.38) 1.56 (0.52, 2.59) 5 192-223

Tetraodontidae Arothron 0.63 (0.16, 1.15) 0.88 (0.47, 1.35) 1.60 (0.89, 2.34) 9 141-269
meleagris

Tetraodontidae Canthigaster 0.72 (-0.08, 1.47) 0.75 (0.16, 1.37) 1.41 (0.16, 2.62) 3 79-94
bennetti

Tetraodontidae Canthigaster 0.66 (-0.02, 1.32) 0.72 (0.16, 1.27) 1.33 (0.24, 2.40) 6  70-97
solandri

Zanclidae Zanclus cornutus  0.77 (0.13, 1.41) 0.77 (0.24, 1.36) 1.61 (0.52, 2.70) 11 131-171
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Supplementary Information

Table 1.6: Posterior mean and 95% credible interval for each parameter of a Bayesian
phylogenetic hierarchical linear model of §'°N for 83 species of coral reef fishes. a =
model intercept; Sg;, = scaled log standard length slope; S71, = scaled trophic level slope;
ophy = random intercept standard deviation, phylogenetic relationship; o, = random
intercept standard deviation, species; 05, = random slope standard deviation, species;
oe = residual standard deviation; v = degrees of freedom of student-t distribution.

parameter mean 2.5% 97.5%

a 951 844  10.53
Bs 040 022 057
Brr, 0.66 029  1.03
Tphy 133 079  1.90
Oap 053  0.06 091
Thsp 047 031  0.66
o 047 041  0.53
v 281 211  3.76
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2.1. Introduction

Abstract

Anthropogenic pressures are restructuring coral reefs globally. Sound predictions
of the expected changes in key reef functions require adequate knowledge of their
drivers. Here we investigate the determinants of a poorly-studied yet relevant
biogeochemical function sustained by marine bony fishes: the excretion of intestinal
carbonates. Compiling carbonate excretion rates and mineralogical composition
from 382 individual coral reef fishes (85 species and 35 families), we identify
the environmental factors and fish traits that predict them. We find that body
mass and relative intestinal length (RIL) are the strongest predictors of carbonate
excretion. Larger fishes and those with longer intestines excrete disproportionately
less carbonate per unit mass than smaller fishes and those with shorter intestines.
The mineralogical composition of excreted carbonates is highly conserved within
families, but also controlled by RIL and temperature. These results fundamentally
advance our understanding of the role of fishes in inorganic carbon cycling and how
this contribution will change as community composition shifts under increasing

anthropogenic pressures.

2.1 Introduction

Ecosystems globally are rapidly restructuring into novel configurations in response
to anthropogenic pressures (Keith et al. 2022; Stuart-Smith et al. 2022). These
profound changes have wide-reaching implications for ecosystem functioning, cli-
mate warming mitigation, the provision of ecosystem services, and human wellbeing
(Eddy et al. 2021; Hicks et al. 2021; Mariani et al. 2020; Williams and Graham
2019; Woodhead et al. 2019). To better understand, anticipate, and address the
impact of these changes on ecosystems, a detailed understanding of key ecosystem
functions and their drivers is critical.

In addition to being ecologically, nutritionally, and economically important,
fishes are major contributors to biogeochemical cycles in the global ocean (Allgeier

et al. 2014; Bianchi et al. 2021; Le Mézo et al. 2022; Martin et al. 2021; Saba et al.
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2021; Wilson et al. 2009). Beyond contributing to nutrient cycling (Allgeier et al.
2014; Allgeier et al. 2021; Le Mézo et al. 2022; Schiettekatte et al. 2020; Shantz et al.
2015), marine bony fishes (Teleostei) significantly influence the biological carbon
pump (Saba et al. 2021) and the cycling of inorganic carbon through the excretion
of fine-grained carbonates as a by-product of osmoregulation (Walsh et al. 1991;
Wilson et al. 2002; Wilson et al. 2009). Fish precipitate ingested calcium and
magnesium ions as carbonate crystals within their alkaline and bicarbonate-rich
intestinal fluid and excrete them at high rates either within mucus-coated pellets
or in faeces (Shehadeh and Gordon 1969; Walsh et al. 1991; Wilson et al. 1996;
Wilson et al. 2002). This process reduces the osmotic pressure in the intestinal
fluid, thus facilitating water absorption into the blood (Grosell et al. 2009; Wilson
et al. 2002). It also plays an important role in the fish’s calcium homeostasis
(Whittamore 2012), protecting them against renal stone formation by preventing
intestinal calcium being absorbed into the blood (Wilson and Grosell 2003). Fish
carbonate excretion is estimated to potentially represent ~15% (8.9 Tmol year™) of

the global carbonate production in surface oceans, with less conservative estimates

as high as 45% (Wilson et al. 2009).

The rate of carbonate excretion by fish is assumed to be proportional to metabolic
rate since it is directly related to drinking rate and thus to the amount of calcium
and magnesium ingested through seawater, which determines carbonate excretion
rate (Genz et al. 2008; Takei and Tsukada 2001; Wilson et al. 2002). Although
this assumption remains untested, fish contribution to global oceanic carbonate
production has been estimated by combining metabolic theory (Brown et al. 2004)
with observations of carbonate excretion rates for two benthic species (Wilson
et al. 2009). Consistent with metabolic theory, carbonate excretion rate was
later found to decrease disproportionately (i.e., to scale hypoallometrically) with
body mass across reef fishes (Perry et al. 2011; Salter et al. 2018), and to be
positively related to water temperature in the sheepshead minnow (Cyprinodon
variegatus, Wilson et al. 2009) and Gulf toadfish (Opsanus beta, Heuer et al. 2016).

Although these results suggest a direct link between carbonate excretion rate and
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metabolic rate, a rigorous investigation is needed to confirm the consistency of
this relationship because of its potential key influence on large-scale carbonate
production. Furthermore, several other environmental factors (e.g. salinity, CO,)
and fish traits (e.g. activity, diet, intestinal length) are known or expected to
influence carbonate excretion directly or indirectly (Genz et al. 2008; Grosell 2019;
Saba et al. 2021; Schauer et al. 2018). However, a comprehensive analysis of
the factors determining interspecific differences in fish carbonate excretion rate
is lacking, but needed to refine assessments of large-scale carbonate production.
Such analysis will be crucial to scale carbonate excretion up from the individual
to the community level, thereby increasing our understanding of the contribution
of fishes to global carbon cycling in the ocean.

Fish excrete carbonate at high rates (i.e., at least up to 105 g m™? yr! on coral
reefs, Salter et al. 2018). The global significance of this process lies in the typically
high Mg/Ca ratios and low degrees of crystallinity in the excreted carbonates
compared with most other biogenic marine carbonates (Foran et al. 2013; Perry
et al. 2011; Salter et al. 2012; Salter et al. 2018; Walsh et al. 1991; Wilson et al.
2009), which implies relatively high solubility (Woosley et al. 2012). Therefore, fish
carbonates are hypothesised to be an important source of upper ocean carbonate
dissolution, which is predicted to occur based on observed alkalinity—depth profiles,
but for which sources remain enigmatic (Sulpis et al. 2021; Wilson et al. 2009).
Mesopelagic fish, the largest biomass of fish (and vertebrates) on the planet, may
for instance drive an upward alkalinity pump by producing carbonates at depth and
excreting them at the peak of their vertical feeding migrations, where they dissolve
rapidly releasing new alkalinity to the surface ocean (Roberts et al. 2017). However,
fish are known to produce a wide variety of carbonate polymorphs, including low-
and high-magnesium calcite (LMC and HMC, respectively), aragonite, monohydro-
calcite (MHC), and amorphous calcium magnesium carbonate (ACMC)(Foran et al.
2013; Perry et al. 2011; Salter et al. 2012; Salter et al. 2017; Salter et al. 2018; Salter
et al. 2019), with respective solubilities spanning several orders of magnitude if

existing solubility data from mostly non-fish sources are applied (Breevi and Nielsen
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1989; Fukushi et al. 2011; Plummer and Busenberg 1982; Woosley et al. 2012).
The mineralogical composition of excreted carbonates has been characterised for a
wide range of tropical, subtropical, and temperate fishes, showing a high degree of
consistency within families, with a few exceptions (Salter et al. 2012; Salter et al.
2017; Salter et al. 2018; Salter et al. 2019). This strong taxonomic conservatism
allowed for the first estimates of polymorph-specific production rates by combining
individual carbonate excretion rates with family-average carbonate composition
(Salter et al. 2017; Salter et al. 2018). Important regional differences in the
preservation potential of fish carbonates, driven by variation in fish community
composition, were highlighted (Salter et al. 2018). However, despite the apparent
family-level consistency, further determinants of the mineralogical composition of
fish carbonates have yet to be investigated. Identifying the factors that govern
fish carbonate mineralogy and incorporating carbonate composition within pro-
duction models is essential for assessing (1) the current contribution of fishes to
both open ocean and shallow marine carbonate budgets and (2) the impacts of
ongoing fishing- and climate-induced changes in fish community composition on
ecosystem functioning.

Here, we aimed to identify the environmental factors and fish traits that best
explain variation in the excretion rates and mineralogical composition of excreted
carbonates. We focus on tropical and subtropical reef fishes as they represent most
of marine vertebrate biodiversity within a small fraction of the ocean (Kulbicki et al.
2013). We assembled the largest database available to date, including carbonate
excretion rates from 382 individuals across 85 fish species and 35 families, spanning
a wide range in body mass (<1 g to >10 kg) and trophic level (2.0-4.5). Data were
collected in three tropical and subtropical regions (180 individuals from 29 species
in Australia, 90 individuals from 10 species in the Bahamas, and 112 individuals
from 46 species in Palau) within three marine biogeographic realms (Spalding
et al. 2007). Retaining only families with at least three independent observations
(352 individuals from 71 species and 21 families), we tested whether fish traits

(body mass, caudal fin aspect ratio—AR [a proxy for general activity level; Pauly
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(1989)], relative intestinal length—RIL [intestinal length relative to body standard
length]), environmental variables (temperature, salinity), and taxonomic identity
(i.e., family) are significant predictors of carbonate excretion rate. Then, we
assessed whether the predictors identified in the previous step (i.e., all excluding
salinity and total sampling period) can accurately predict the excretion rate of
five major carbonate polymorphs produced by fishes (i.e., LMC, HMC, aragonite,
MHC, ACMC), and whether temperature, RIL, and taxonomic identity influence
carbonate mineralogy. We confirm that carbonate excretion rate scales proportion-
ally with metabolic rate through the effect of body mass, temperature, and AR,
and show that, per unit mass, it decreases disproportionately with body mass and
RIL. This implies major changes in community-level carbonate production with
ongoing human- and climate-induced shifts in fish size and trophic structure on
global reefs (Eddy et al. 2021; Parravicini et al. 2021). One step further, we show
that carbonate mineralogy is highly taxonomically conserved but also controlled
by RIL and water temperature, providing a fundamental advance in quantifying

fish contribution to carbonate budgets.

2.2 Methods

Animal collection and holding for this project was conducted under Marine Re-
search Permit RE-19-28 issued by the Ministry of Natural Resources, Environment,
and Tourism of the Republic of Palau (10.03.2019), Marine Research/Collection
Permit and Agreement 62 issued by the Koror State Government (08.10.2019),
Queensland Government GBRMPA Marine Parks Permit G14/36689.1, Queens-
land Government DNPRSR Marine Parks Permits S2014/MAN247 and QS2014/
MAN247a, Queensland Government General Fisheries Permit 168991, Queensland
Government DAFF Animal Ethics approval CA2013/11/733, approval by The
Bahamas Department of Marine Resources, approval by the Animal Care Officer of
both the University of Bremen and the Leibniz Centre for Tropical Marine Research

(ZMT), and in accordance with UK and Germany animal care guidelines.
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2.2.1 Sample collection

We collected fish carbonate samples at four study locations across three tropical and
subtropical regions: Eleuthera (24°50'N, 76°20'W'), The Bahamas, between 2009
and 2011 (Perry et al. 2011; Salter et al. 2017); Heron Reef (23°27'S, 151°55'F)
and Moreton Bay (27°29'S, 153°24'F) in Queensland, Australia, in 2014 and 2015
(Salter et al. 2018); and Koror (7°20'N, 134°28'E), Palau, during November and
December 2019. At each location fish were collected using barrier nets, dip nets,
clove oil or hook and line, and immediately transferred to aquaria facilities at the
Cape Eleuthera Institute, Heron Island and Moreton Bay Research Stations, and
the Palau International Coral Reef Center. Fish were held in a range of tanks
(60, 400, or 1400 L in the Bahamas, 10, 60, 100, 120, or 400 L in Heron Island
and Moreton Bay, and 8, 80, 280, or 400 L in Palau) of suitable dimensions for
different fish sizes (<1 g to 11 kg), either individually or, for particularly social
species, in small groups of similar sized individuals of the same species. All tanks
were supplied with flow-through locally-drawn filtered (1-54m) natural seawater,
except in Moreton Bay where we used locally-drawn filtered natural seawater in a
recirculation system, and maintained at ambient conditions. Food was withheld
throughout the sampling period (typically three days but sometimes shorter or
longer) and for at least 48 h prior to ensure that sample material comprised only
carbonate precipitated within the intestine from imbibed seawater calcium, rather
than from dietary sources. Additionally, each tank was fitted with false mesh
bottom to prevent further disturbance on excreted carbonate pellets or potential
ingestion by fish. Carbonate pellets were collected from the bottom of the tanks
using a siphon or disposable Pasteur pipette at 24 h intervals in The Bahamas and
Australia (except a few non-scarine Labridae that were sampled at 4 h intervals—
see Salter et al. (2018)), and at 8 h intervals in Palau. Samples were rinsed three
times with deionised water (centrifuging each time for 3 min at 2655 x g) to remove
saltwater and excess salts and soaked in sodium hypochlorite (commercial bleach;
<4% available chlorine) for 6-12 h to disaggregate organic material (Gaffey and

Bronnimann 1993). All traces of bleach were removed with further rinses with
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deionised water before drying the samples for 24 h at 50 °C. Full details of carbonate
collection in The Bahamas and Australia are described in Perry et al. (2011), Salter

et al. (2017), and Salter et al. (2018).

2.2.2 Sample analysis
Carbonate composition

Samples where characterised for their morphological and mineralogical com-
position using scanning electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDX), and Fourier transform infrared spectroscopy (FTIR). Detailed
procedures for samples collected in The Bahamas and Australia are described in
Salter et al. (2017) and Salter et al. (2018). The same methodology was applied to
samples collected in Palau. Morphological and chemical composition were analysed
using a Tescan Vega 3 XMU SEM with integrated Oxford Instruments X-MAX
EDX detector. Dry samples were mounted on adhesive carbon tape and covered
with a 20 nm conductive coating (Au). Morphological observations were made
on at least five pellets per sample and electron microscope images were acquired
at accelerating voltages between 5 and 15 kEV and working distances of 7-12
mm using either secondary electron or backscatter detectors. A minimum of 30
EDX scans were performed on each sample, incorporating all present particle
morphotypes, using an accelerating voltage of 20 kEV, a working distance of 15 mm,
and acquisition time of >40 s. Scans were only performed on particles surrounded
by others of similar morphology, or on particles of sufficient size to ensure that

data were representative of a particular morphology.

Mineralogical composition was assessed using Attenuated Total Reflection FTIR
(ATR-FTIR). Spectra were obtained by the co-addition of 32 repeated scans per-

1 using a Nicolet 380 FTIR spectometer coupled

formed at a resolution of 2 cm”
with a Thermo Scientific SMART iTR ATR sampler equipped with a diamond
reflecting cell. To ensure spectra were representative, analyses were performed

on at least three sub-samples (each comprising 2-3 pellets) per species. Spectra

85



Chapter 2

were then compared against an extensive spectral database for the identification

of carbonate phases (see Salter et al. (2017)).

Finally, each particle morphotype produced by a species was assigned to a
carbonate polymorph based on compositional and mineralogical data. The relative
abundances of different particle morphotypes were then estimated visually for every
sample observed using SEM. These were converted into relative abundances of

carbonate polymorphs, which were then averaged for each species.

Carbonate excretion rates

The amount of carbonate excreted by fish in The Bahamas and Australia
was quantified using a double-titration approach (Perry et al. 2011; Salter et al.
2018; Wilson et al. 2002). Samples were homogenised in 20 ml of distilled water,
titrated with HCI to below pH 4.0 and titrated back to the starting pH with
NaOH, while continuously aerating with COs-free air to remove all HCO3™ and
CO3* as gaseous CO,. Concentrations of 0.001-0.1 N were used for both HCI and
NaOH as appropriate for sample size. Titrations were performed using a Metrohm
Titrando autotitrator and Methrohm Aquatrode pH electrode (Australian samples),
or manually with combination pH electrodes (Radiometer PHC 2401) and handheld
pH meters (Hanna HI 8314 and Russell RL 200), with acid and base delivery
via 2-mL micrometer syringes (Gilmont Instruments, Barrington, USA) with a
precision of £1 pl. (Bahamian samples). The amount of HCI used minus the
amount of NaOH required to return to the starting pH corresponds to the amount
of bicarbonate equivalents (i.e., HCO3™ + 2C0O3?%) in the sample. Therefore, the

molar amount of (Ca,Mg)COj in the sample was calculated as:
n[(Ca,Mg)CO,] = 0.5 - n(HCO3 ) = 0.5 - (n(HCl) — n(NaOH)), (2.1)

assuming that each carbonate molecule yields two bicarbonate equivalents.

Due to laboratory constraints, a slightly different approach was applied to the
samples collected in Palau. Specifically, carbonate alkalinity was determined by

single end point titration using the mixed indicator Bromocresol Green-Methyl Red
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(Cooper 1941). Samples were suspended in 5 ml of distilled water and sonicated,
then 50 pl of mixed indicator was added to the solution which turned blue (pH>5).
Each sample was titrated with 0.01-0.5 N HCI (with continuous aeration with
COs-free air) until the end point (grey-lavender; pH~4.80) was reached and stable
for at least 10 min. If the sample was overtitrated (pink), 0.01-0.1 N NaOH was
added to titrate back to the end point and the amount of base used was subtracted
from the amount of acid. Acid and base were added using an electronic multi-
dispenser pipette (Eppendorf Repeater ®E3X, Eppendorf, Hamburg, Germany)
with a precision of +1 ul.. Additionally, the pH of several samples was monitored
using a pH microelectrode (Mettler Toledo InLab Micro) to ascertain the correct-
ness of the colorimetric end point. The amount of carbonate in the sample was
then calculate using Eq. (2.1). The method was validated using certified reference
material (Alkalinity Standard Solution, 25,000 mg/L as CaCO3, HACH) and the
accuracy in the determination of solid samples was verified using certified CaCOg
powder (Suprapur, > 99.95% purity, Merck) samples (60 to 500 ug) and resulted
in 96.53% =+ 1.94% accuracy (mean + SE; n = 8).

To compare values obtained with the two titration methods we further analysed
12 samples collected at Lizard Island, Australia, in February 2016. Samples were
collected at 24h intervals from one individual of Lethrinus atkinsoni (f. Lethrinidae,
body mass: 245 g), a group of five Lutjanus fulvus (f. Lutjanidae, mean body
mass: 21 g), and an individual of Cephalopholis cyanostigma (f. Serranidae, body
mass: 295 g), following the procedures described above. During sample collection
water temperature ranged from 29.1 °C during the night to 32.6 °C during the
day, with an average of ~31 °C, mean salinity was 35.4, and pHypg ranged from
8.13 to 8.21. To compare the amount of carbonate measured by the two methods
we added carbonate samples to 20 ml ultrapure water and disaggregated crystals
via sonication. We then used a Metrohm Titrando autotitrator and Metrohm
Aquatrode pH electrode to measure initial pH of the suspension of carbonates,
then titrated each sample of carbonate in two stages. Firstly they were titrated

down to pH 4.80 using 0.1 N HCI, adding 20 ul increments of acid until this was
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sufficient to keep pH below 4.80 for 10 minutes whilst bubbling with COs-free air.
This first stage was comparable to the single end point titration used for samples
collected in Palau. Secondly, whilst continuing to bubble with COs-free air, further
acid was added to the sample until it reached pH 3.89 and was stable for 1 minute.
Then 0.1 N NaOH was added to the samples to return them to the initial pH. For
all samples the first end point titration (to pH 4.80) yielded slightly higher values
for carbonate content than the second double titration. The ratio between the two
methods (single end point/double titration) was 1.08 + 0.01 (mean + SE; range:
1.04-1.14; Supplementary Table 2.2). As we found a small but consistent difference
between the two methods, all following analyses were initially performed on the
actual data obtained with the double titration for samples from Australia and The
Bahamas, and the single end point titration for samples from Palau. Then, to assess
the robustness of the results, we repeated the analyses after applying a correction
factor of 1.08 to the excretion rates of Palauan fishes (that used the single end
point titration method). All results were consistent and robust to the measured

difference between the titration methods (Supplementary Figs. 2.13 and 2.14).

Finally, measurements of multiple samples from each individual collected over
periods of 18-169 h (median: 64 h) were combined to produce an average individual
excretion rate in pmol h''. For fish held in groups, carbonate excretion rates per
individual (of average biomass) were obtained by averaging the total excretion
rate of the group across the sampling period and dividing it by the number of
individuals in the tank. Excretion rates obtained from fish groups thus evened
the intraspecific variability within tanks, and are therefore more robust than those
directly obtained from fish held individually. This aspect was considered in our
models by fitting weighted regressions (see the Statistical modelling section). In
total, we measured the carbonate excretion rates of 382 individual fishes arranged
in 192 groups (i.e., independent observations), representing 85 species from 35
families across three tropical regions (180 individuals from 29 species in Australia,
90 individuals from 10 species in the Bahamas, and 112 individuals from 46 species

in Palau; Supplementary Table 2.1).

88



2.2. Methods

We assume that during the sampling of carbonates fishes were close to their
resting metabolic rate and that their carbonate excretion rates are representative
of fish at rest. Although the ratio of tank volume to fish volume in our study (me-
dian ~660; inter-quartile range ~180-1700) typically greatly exceeds the guideline
ideal range for measuring resting metabolic rate (20-50) (Svendsen et al. 2016),
fishes were fasted prior to and throughout sampling, and in most instances their
movement was somewhat constrained by tank volume. Fasting reduces metabolic
rate in all animals, including fish, as they do not undergo energy-intensive digestive
processes and use energy reserves to support vital processes, triggering metabolic
changes in many tissues and reducing activity levels (Gingerich et al. 2010; Van
Dijk et al. 2002). Additionally, other than the carbonate syphoning (<2 min),
no stressors were present. Fishes were not engaged in foraging activity, they
experienced no predator-prey interactions, many were held individually so did not
engage in social interactions, and social species were held in groups to minimise
stress. Therefore, although spontaneous activity likely occurred, fishes were placid
throughout the sampling period and the constrained space, minimal disturbance,

and fasting suggest that they had very low activity levels.

2.2.3 Selection of families

To assess the main determinants of variability in fish carbonate excretion and com-
position we considered only families with at least three independent observations
(i.e., three individuals or groups of fish). This removed 14 families characterised
by only one or two observations, thus reducing our dataset to 175 independent
observations from 352 individuals representing 21 families. In our analyses, we
considered parrotfishes (f. Labridae: tribe Scarini) separatately from other labrids
following Salter et al. (2018), as preliminary data showed that they produce distinct
carbonate products, possibly due to their distinct trophic ecology and unique gut

chemistry (Smith and Paulson 1975).
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2.2.4 Explanatory variables

Fish carbonate production is the result of both extrinsic environmental conditions
and intrinsic species traits. To analyse the major factors determining carbonate
excretion rate and composition we considered a suite of potential variables, while
accounting for taxonomic relationships. Some are known to influence fish carbonate
excretion rates, such as salinity, body mass, and temperature (Genz et al. 2008;
Mekuchi et al. 2010; Perry et al. 2011; Wilson et al. 2009). Others, such as CO,
and AR, are likely to indirectly affect carbonate excretion by influencing acid—base
regulation (Grosell 2019) and activity level (Killen et al. 2016), respectively. We
did not have data for seawater pCO, during the sampling period, however, due to
good aeration of tanks, we assumed that it was close to atmospheric equilibrium
(~400 patm) at all locations, and thus would not have been a relevant factor

in our analysis.

Furthermore, diet is expected to strongly influence carbonate excretion rate and
composition, as fish obtain large amounts of calcium and magnesium from their
food, which are then likely largely precipitated and excreted as carbonates (Wilson
and Grosell 2003). However, our data have been collected on fasting fishes, thus we
cannot account for the direct effect of diet on carbonate excretion and composition
in our analyses. Nevertheless, we accounted for the indirect effect of diet (i.e. the
adaptation of the gut morphology to the typical diets each species has evolved
to consume) by including RIL as an additional potential variable in our analyses.
Indeed, RIL is strictly related to diet in reef fishes (Ghilardi et al. 2021b). As
we did not have direct measurements of intestinal length of fishes used to collect
carbonate samples, we predicted species-level RIL using a Bayesian phylogenetic
model trained with the largest available dataset of intestinal length of reef fishes

(Ghilardi et al. 2021a) (see Supplementary Methods).
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2.2.5 Statistical modelling

Predictors of total carbonate excretion

Before modelling carbonate excretion rates, we used bivariate correlations to
identify potential multicollinearity among all explanatory variables, including two
covariates related to our methodologies (total sampling period and titration method).
The titration method was strongly correlated with all environmental variables as
one protocol was applied to all samples from Palau and the other to all samples from
Australia and The Bahamas. Titration method was therefore initially excluded
from our models. Conversely, salinity was relatively strongly correlated with RIL
(r = -0.60) in our dataset. Therefore, these variables were alternatively included
in our models (i.e., the same models were fitted twice including either RIL or
salinity as a covariate).

We fitted a series of Bayesian regression models to predict carbonate excre-
tion rates based on the selected traits and environmental variables. Let i be
the carbonate excretion rate of the " individual of the j species, belonging to
the ™ family. We assumed that each observation of the response variable (y;)
was t-distributed:

Yiji ~ t(V, liji, 0)
o ~1(3,0,2.5) (2.2)
v ~T1(2,0.1)
with degrees of freedom v, scale o, and observation specific locations pijx defined as
In(pije) = Bok + Bax
Bok = Yo + uk

(2.3)
Up ~ N(O, Tuk>

Y0, /Bx7 Tuy, ™~ N(Oa 5)

where g is the average model intercept, uy is the random variation in v, based on

taxonomic family, and Sy is a vector of regression coefficients of the fixed effects .

We fitted a series of 36 linear and multilevel models starting from an intercept-

only model and increasing in complexity. All models were fitted by weighting
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the response variable based on whether fish were kept individually or in groups.
Although some fish were kept in relatively large groups (up to 13 individuals),
most were kept individually (61% of tanks). Therefore, to avoid overweighting
observations from groups larger than two individuals, we gave a weight of two
to all observations derived from fish kept in groups of two or more individuals.
We built linear models by first including body mass which was the known major
predictor. We then added either RIL or salinity, which in our exploratory data
analysis showed the strongest correlation with the response after accounting for
body mass. Lastly we included temperature, AR, and total sampling period, either
alone or in combination. This procedure resulted in 18 linear models which were
then refitted including taxonomic family as a group-level effect. Model selection
was performed through leave-one-out cross-validation (LOO-CV) (Supplementary
Table 2.3). All multilevel models had a better fit than the corresponding linear
models highlighting the importance of including the fish family as a group-level
effect. Similarly, all models including RIL performed better than the same models
where RIL was replaced by salinity. The selected model included the following

set of covariates:

Bex = [1 1H<M>z]k + 5o IH(RIL>]k + 63\/ARjk + 54Tijk (24)

where M is the body mass (in kg), RIL and AR are the species-level relative
intestinal length and caudal fin aspect ratio (the latter obtained from FishBase,
Froese and Pauly 2021), respectively, and 7' is the average water temperature (in
°C) during the sampling period.

To investigate whether there was some unexplained variance in the response that
could be attributed to the excluded explanatory variables, we tested for correlations
between model residuals and average salinity during the sampling period, titration
method, and total sampling period. No residual correlation was observed. However,
residual variance was related to the titration method used to quantify carbonate
excretion rate (Levene’s test, Fjq73 = 22.82, p < 0.001), with a larger residual

variance in samples analysed through single end point titration. Therefore, to
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account for this, we refitted the selected model as a distributional regression where
we allowed the scale parameter o of the t-distribution to vary with respect to
the titration method used:
In(oi) = 7o + Brmethod,

Yo ~ t(3,0,2.5) (2.5)

B ~ N(0,5)
where 7, is the intercept and (3, is the regression coefficient for the titration method.
Thus, 0 = exp(r,) for observations obtained through the reference method (i.e.,
double titration), while o = exp(y, + ,) for observations obtained through single

end point titration.

Model comparison through LOO-CV showed that modelling o as a function of
the titration method improved model fit (Supplementary Table 2.4). Moreover, the
distributional model showed that the parameter o was actually different between
methods (mean and 95% CI: 0.39 [0.31, 0.47] and 0.80[0.63, 0.98], for double and
single end point titration, respectively). This model was therefore selected to
draw conclusions on the relationship between carbonate excretion rate and the

explanatory variables.

Predictors of carbonate composition

Five major carbonate polymorphs are produced by fish: LMC, aragonite, HMC,
MHC, and ACMC, in order of increasing expected solubility. To investigate the
factors determining the excretion of the different carbonate minerals by fish we
modelled the excretion rates of individual polymorphs. This approach has two ma-
jor strengths: (1) it facilitates investigation of both what drives the probability of a
polymorph being excreted, and the predictors of the polymorph-specific excretion
rates, and (2) it allows direct predictions of polymorph-specific excretion rates.

To obtain the excretion rate of individual polymorphs, the carbonate excretion
rate of each fish was multiplied by the species-level relative carbonate composition.
Then, we modelled these excretion rates using a Bayesian multivariate hurdle-

lognormal model. We used a multivariate model (i.e., a model with multiple
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response variables) because it accounts for the correlation among polymorphs
within taxonomic group, while allowing the use of different sets of predictors
for each response. As all response variables contained zeros (14% to 83% of the
observations), we opted for a hurdle-lognormal model, which is a two-part model
that combines a logistic regression for the probability that the outcome is zero or
not, with a lognormal model for the non-zero responses:

0 if y =0, and

log N(y|u,0) .
(1= 0) g Nope Oy Y >0,

Pr(y [ 0,p,0) = { (2.6)

where 6 is the probability of zero outcome (i.e., no excretion), (1 — @) is the
probability of positive outcome (i.e., excretion), and logN¢pp is the cumulative

distribution function for the lognormal distribution of the non-hurdle part.

The hurdle probability of each carbonate polymorph ( Z’;k), i.e. the probability
that the " individual of the 7" species, belonging to the & family, did not excrete

the mt polymorph, was estimated using a multilevel logistic regression as:
Bok = 0" + v
7o' ~ logistic(0, 1)

Pty ~ N(0,5)

where " is the average intercept for the m polymorph, v is the random variation
in 7{" based on taxonomic family, and 3% are the regression coefficients of RIL and
T, respectively. While, for each response, we modelled the mean of the lognormal
distribution (u77;,) according to Eqs. (2.3) and (2.4) and the standard deviation
(073%) according to Eq. (2.5). Body mass and AR were only included as predictors of
the excretion rates, but not as predictors of the probability of excretion of different
carbonate polymorphs because no mechanistic link is described or expected for
these variables. Conversely, we used fish family, temperature, and RIL to predict
the probability of excretion of the polymorphs because fish carbonate mineralogy
is generally consistent within families (Salter et al. 2018; Salter et al. 2019), a

potential thermal effect has been suggested (Salter et al. 2019), and fish with long
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intestines have long gut residence times (Lassuy 1984; Benavides et al. 1994) likely
affecting the precipitation of different polymorphs.

To account for both the between-family variance (72) and covariance (p) we
modelled the group-level effects as correlated. Therefore, we assumed the family-
specific intercepts of both the hurdle (v}") and non-hurdle part (u}") of the model to
follow a multivariate normal distribution with zero means and covariance matrix

> with 2m(2m+1)/2 components:

1
ug 0
uy, 0
m
(I 0
o | N =] (2.8)
5
(3 0
v 0
- 9 -
Tui ,07'”]16 Tui I07-ul,1C T pTui Tvi PTyl Ty2 pTui Tym
2
pTuzTul Tui pTuiTU}j PTuiTv; PTyu2 T2 pTuiTv{f
2
T PTup Tl PTupTu2 = Tym pTugTvi PTup T2 “*+ PTupTop (2.9)
pTU’i Tu}c pTvi Tui e pTvi TUZI Tvi pTvi Tvi U pTU’i TUL"
2
pT'Ul,%Tu,lc pTv% Tui T pTvg Ty pTvavi Tvi T pTvavL"
2
_pTv}TTui ,OTULnTui s /OTUZ‘TUZ‘ pTv,TTv}c pTanTvi e Tvlrcn
with
TuL" ~ N(O, 5)
Tup ~ N(0,5) (2.10)

p ~ LKJCorr(1)

Finally, we fitted a second model specifying a different formula for the mean
of the lognormal distribution of each polymorph (u7}). This was achieved by
removing the fixed effects with relatively large errors (i.e., those with an estimated
error greater than the mean estimate). Specifically, we removed the effects of

RIL, AR, and temperature on LMC and the effect of temperature on MHC. Model
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comparison through LOO-CV showed no difference in model fit between the two
models, therefore, we selected the more parsimonious model to create figures and

interpret results.

All analyses were performed with the software program R (version 4.1.3, R
Core Team 2021) and all models were fitted with the R package brms (version
2.15.0, Biirkner 2017). Linear and multilevel models were run for four chains,
each with 4,000 iterations and a warm-up of 1,000 iterations, whereas hurdle
models were run for three chains, each with 4,000 iterations and a warm-up of
2,000 iterations. All models were examined for evidence of convergence using trace
plots and Gelman—Rubin statistics and we used posterior predictive distributions

to check for models’ fit.

2.3 Results

2.3.1 Predictors of total carbonate excretion

A Bayesian multilevel distributional regression model exploring the relationship
between total carbonate excretion rate and body mass, AR, RIL, temperature, and
family explained 85.5% (95% credible interval (CI): 83.7%, 86.8%) of the variation
in the response and showed a strong relationship between observed and predicted
excretion rate (Supplementary Fig. 2.7), with 96% of the observed values falling
within the 95% CIs of the predictions.

Fish body mass was the strongest predictor of carbonate excretion rate. RIL
had a stronger influence on carbonate excretion rates compared to temperature
and AR, which had the weakest effects (Fig. 2.1a). Further, taxonomic identity
explained a minor proportion of variance in the dataset (~5%), with a few families
(Labridae excluding Scarini, Lutjanidae, Pomacentridae, and Terapontidae) clearly
deviating from the average estimate (Fig. 2.1b).

There was a positive relationship between excretion rate and all three factors
related to metabolic rate: body mass, temperature, and AR (Figs. 2.1a and 2.2a-c).

Small fishes excreted more carbonate per unit mass than large ones, as indicated
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Figure 2.1: Predictors of reef fish carbonate excretion rate. a Effects of
fish traits and temperature on carbonate excretion rate. b Family-specific effects
on carbonate excretion rate. Estimates are medians (circles), 50% credible intervals
(CIs; thick lines; some are too narrow to be seen) and 95% ClIs (thin lines) derived
from 12,000 posterior draws of a Bayesian multilevel distributional regression model.
All predictors were standardised (mean-centred and scaled by one standard deviation)
prior to fitting the model to allow for the comparison of effect sizes (non-standardised
effects are reported in the text). Labridae-S scarine Labridae, Labridae-NS non-scarine
Labridae. Data underlying the figures are available in the Zenodo repository (https:
//doi.org/10.5281/zenodo.7530455) (Ghilardi et al. 2023a).

by the hypoallometric relationship between excretion rate and body mass (both
natural-log transformed; mean and 95% CI: g = 0.78 [0.72, 0.83]) (Fig. 2.2a). On
average, excretion rates increased 48% across the observed range of temperature
(23.0-30.2 °C) (mean and 95% CIL: 5 = 0.05 [0.01, 0.10]) (Fig. 2.2b) and 100%
across the observed range of AR (0.76-3.30) (square-root transformed; mean and
95% CI: p = 0.71 [0.25, 1.17]) (Fig. 2.2c). Moreover, the average temperature
coefficient (Qqo; i.e., the relative change in carbonate excretion rate for every 10
°C rise in temperature) across the observed temperature range was 1.74 (95% CI:
1.06, 2.73). Carbonate excretion rate was negatively related to RIL (natural-log
transformed) (Fig. 2.1a). This relationship was described by a power function with

an exponent of -0.59 (95% CI: -0.92, -0.27), which translates into an average 82%
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Figure 2.2: Relationships between reef fish carbonate excretion rates, fish
traits, and temperature. Marginal effect of (a) body mass, (b) water temperature,
(c) caudal fin aspect ratio (AR), and (d) relative intestinal length (RIL) after controlling
for the remaining fixed and group-level effects of a Bayesian multilevel distributional
regression model by standardising the other predictors at their mean values. Thick,
black lines represent the mean predicted fits, whereas thin, grey lines represent 1,000
draws randomly chosen from the posterior fits and show model fit uncertainty. Model
predictions are for natural-log transformed excretion rates, but here show the fitted
functions on the original scale of the data. Raw data are displayed as marks along the
x-axis. In (a), the red dashed line represents isometric scaling (f = 1). In each panel,
silhouettes show the number of fish required to excrete the same amount of carbonate
at two levels of the predictor variable, which are also shown as matching symbols on the
mean predicted fits. All silhouettes were drawn by MG and based on photographs taken
by J.E. Randall and sourced from FishBase (Froese and Pauly 2021). Data underlying
the figures are available in the Zenodo repository (https://doi.org/10.5281/zenodo
.7530455) (Ghilardi et al. 2023a).

98



2.8. Results

decrease in excretion rate across the observed RIL range (0.33-7.56) (Fig. 2.2d).

2.3.2 Predictors of carbonate composition

The identified predictors of carbonate excretion rate (i.e., body mass, AR, RIL,
temperature, and family) were used to predict the excretion rate of five major
carbonate polymorphs produced by fishes (i.e., LMC, HMC, aragonite, MHC,
ACMC) using a Bayesian multivariate hurdle-lognormal model. The hurdle model
allowed us to account for the large zero-inflation in the responses (14-83% of zeros)
by modelling the probability of excretion of each polymorph as a function of RIL,
temperature, and taxonomic identity, i.e., the variables known or expected to
inuence the mineralogical composition of excreted carbonates (Salter et al. 2018;
Salter et al. 2019) (see the Statistical modelling section). The model predicted the
correct proportion of zeros for all carbonate polymorphs (Supplementary Fig. 2.8)
and showed a high predictive performance for positive observations, with a strong
relationship between observed and predicted excretion rate for each polymorph
(Supplementary Fig. 2.9). Further, over 96% of the observed values of each
polymorph fell within the 90% CIs of the predictions (64-93% when consider-
ing the 50% CIs).

Fish body mass was consistently the strongest predictor of excretion rate for
all carbonate polymorphs (Fig. 2.3a). The excretion rate of HMC scaled hypoal-
lometrically with body mass (mean and 95% CI: 8 = 0.74 [0.68, 0.80]), whereas
the excretion rate of MHC scaled hyperallometrically (mean and 95% CI: § =
1.40 [1.04, 1.78]), and that of other polymorphs did not differ from isometry
as the wide uncertainty around the estimate overlapped with 1 (mean and 95%
CL: = 0.89 [0.56, 1.19], p = 1.14 [0.84, 1.39], = 0.89 [0.64, 1.14], for LMC,
aragonite, and ACMC, respectively). A positive effect of temperature and AR
on excretion rate was consistent among polymorphs. Conversely, RIL negatively
affected the excretion rate of ACMC and HMC (in agreement with the effect on
total carbonate excretion rate), but had the opposite effect on the excretion rate

of MHC and aragonite.
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Figure 2.3: Predictors of reef fish carbonate composition. a Effects of fish traits
and temperature on the excretion rate of five different carbonate polymorphs. b Effects
of species relative intestinal length (RIL) and water temperature on the probability of
excreting five different carbonate polymorphs. Estimates are medians (circles), 50% cred-
ible intervals (CIs; thick lines; some are too narrow to be seen) and 95% Cls (thin lines)
derived from 6,000 posterior draws of a Bayesian multivariate hurdle-lognormal model.
All predictors were standardised (mean-centred and scaled by one standard deviation)
prior to fitting the model to allow for the comparison of effect sizes. Missing estimates
correspond to effects excluded from the final model (see the Statistical modelling section).
LMC Low-magnesium calcite, HMC High-magnesium calcite, MHC Monohydrocalcite,
ACMC Amorphous calcium magnesium carbonate. Data underlying the figures are
available in the Zenodo repository (https://doi.org/10.5281/zenodo.7530455)
(Ghilardi et al. 2023a).

Temperature and RIL had relevant effects on the probability of excreting certain
carbonate polymorphs (Fig. 2.3b). Temperature, for instance, positively influenced
the probability of excreting ACMC, and to a lesser extent MHC and aragonite,
and negatively affected the likelihood of fish excreting HMC. RIL was positively
associated with the probability of excreting HMC and negatively associated with

the likelihood of excreting aragonite and LMC.

For both aragonite and HMC, RIL had a contrasting effect on the excretion
rate and probability of excretion (i.e., on the two parts of the hurdle model), with

opposite patterns. Fish with longer intestines were less likely to excrete aragonite
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but excreted it at a higher rate than fish with shorter intestines. Conversely,
fish with longer intestines were more likely to excrete HMC but excreted it at
a lower rate compared to fish with shorter intestines. These contrasting effects
resulted in right-skewed unimodal relationships between the excretion rate of the
two polymorphs and RIL (Fig. 2.4), with the highest average excretion rates for
aragonite and HMC in fish with RIL of about 1 and 1.4, respectively.

Although RIL and temperature increased the probability of excreting HMC
and ACMC, respectively, carbonate composition was strongly conserved at the
family level (Supplementary Figs. 2.10, 2.11). Indeed, most families showed large
effect sizes on the probability of excreting certain polymorphs (Supplementary Fig.
2.10a). Nevertheless, a few families showed smaller effect sizes (e.g., Acanthuridae,
Gobiidae) indicating higher intra-familial variability in carbonate composition. A
weaker effect of family was observed on the excretion rates of a given polymorph
(Supplementary Fig. 2.10b).

Furthermore, the multivariate model allowed us to estimate the correlations
among the probabilities of excretion of different polymorphs after accounting for the
effects of RIL and temperature (i.e., the group-level effect correlation). Specifically,
we estimated correlations among polymorphs at the family level (Fig. 2.5). We
found that families that were most likely to excrete HMC were less likely to excrete
MHC, aragonite, or LMC. Conversely, the probabilities of excreting aragonite,
LMC, and MHC were all positively correlated, highlighting that these polymorphs
are generally co-produced by fishes. ACMC may be excreted alongside all other
polymorphs, although the probability was highest when LMC was also excreted.

2.4 Discussion

Accurately assessing the role of fishes in the carbon cycle of the ocean requires a
comprehensive understanding of the drivers of fish carbonate excretion rate and
composition. Initial models of carbonate production in marine fishes primarily

assumed a direct link to metabolic rate (Wilson et al. 2009). We demonstrate
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Figure 2.4: Relative intestinal length affects reef fish carbonate composition.
Marginal effect of species relative intestinal length (RIL) on the excretion rate of five
different carbonate polymorphs after controlling for the remaining fixed and group-level
effects of a Bayesian multivariate hurdle-lognormal model by standardising the other
predictors at their mean values. Coloured lines represent the median predicted fits and
the ribbons show the 50%, 80%, and 95% credible intervals (CI) around the estimate.
Note the different scales on the y-axis. Scanning electron microscope images showing
representative crystalline morphologies for each carbonate polymorphs are displayed on
the right of each plot. LMC Low-magnesium calcite, HMC High-magnesium calcite, MHC
Monohydrocalcite, ACMC Amorphous calcium magnesium carbonate. Data underlying
the figures are available in the Zenodo repository (https://doi.org/10.5281/zenodo
.7530455) (Ghilardi et al. 2023a).
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Figure 2.5: Family-level correlations among the probabilities of excretion of
five carbonate polymorphs by reef fishes. Estimates are posterior medians and
95% credible intervals of correlation coefficients derived from 6,000 posterior draws of
a Bayesian multivariate hurdle-lognormal model after controlling for temperature and
relative intestinal length (Equation (2.9)). LMC Low-magnesium calcite, HMC High-
magnesium calcite, MHC Monohydrocalcite, ACMC Amorphous calcium magnesium
carbonate. Data underlying the figures are available in the Zenodo repository (https:
//doi.org/10.5281/zenodo.7530455) (Ghilardi et al. 2023a).

the relationships between fish carbonate excretion rate and three key drivers of
metabolic rate (i.e., body mass, temperature, and AR), which show that the
metabolism-carbonate excretion rate link is consistent across 71 reef fish species
from 21 families. Furthermore, we show that this link is also mediated by RIL.
These insights have important implications for quantifying community-level es-
timates of carbonate excretion rates and the indirect impacts of anthropogenic
factors (mainly fishing and warming) on the contribution of fishes to the marine
carbon cycle. Additionally, we provide evidence that carbonate excretion rate is
related to body mass, temperature, and AR, and thus likely to fish metabolism,
regardless of the carbonate polymorph excreted. However, intriguingly, polymorph-

specific excretion rates differ in their relationship with RIL. Finally, we show that
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the mineralogical composition of fish carbonates is highly conserved within families
and to a lesser extent controlled by RIL and temperature. These findings allow
refined estimates of carbonate excretion and composition at the regional and global
scales to be generated. These estimates can be integrated into ocean carbonate and
sediment production budgets and used in management and decision-making pro-

cesses oriented towards the conservation of ecosystem functions (Cinner et al. 2020).

Our multi-species analysis reveals that carbonate excretion rate scales hypoallo-
metrically with body mass, as does metabolic rate. The estimated average scaling
exponent of (.78 is in agreement with the value of 0.80 found for resting metabolic
rate across fishes (Clarke and Johnston 1999) and ectotherms (Gillooly et al. 2017).
This suggests that carbonate excretion is directly proportional to metabolic rate
through the effect of body mass. Furthermore, due to the scaling exponent <
1, size-selective fishing and warming (Robinson et al. 2017; Tu et al. 2018) will
increase carbonate excretion rate per unit biomass by reducing fish size, thus
averting immediate functional collapse as biomass is depleted (Jennings and Wilson

2009; Morais et al. 2020b) and large fish are extirpated (Mellin et al. 2016a).

The observed positive relationships of carbonate excretion rate with tempera-
ture and AR also support a direct link of carbonate excretion with metabolism. We
found a Qg of 1.74, which is lower than previously-observed species-specific values
(Heuer et al. 2016; Wilson et al. 2009). This is consistent with observations for
fish resting metabolic rate, where species-specific Q¢ values are highly variable
and >2 on average (Clarke and Johnston 1999), while observed values across
species are typically <2 (Clarke and Johnston 1999; Killen et al. 2010; Killen
et al. 2016). Clarke and Johnston (1999) found a Qo of 1.83, calculated over a 0-
30 °C temperature range and across 69 fish species. Recalculated over the range of
temperature observed in our study, that value is adjusted to 1.75, very close to our
estimated value. This suggests that resting metabolic rate would increase by 50%
over the same temperature range in which carbonate excretion rate is predicted
to increase by 48%. Similarly, the relationship between carbonate excretion and

AR is in agreement with results linking this morphological trait to metabolic rate
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(Killen et al. 2016). Indeed, if we were to extrapolate carbonate excretion rate
across the broader range of AR analysed by Killen et al. (2016) (i.e. 0.66-7.2),
which includes pelagic fishes, we would obtain a 314% increase in excretion, which
is roughly equivalent to the estimated 3.4-fold difference in resting metabolic rate.
While other morphological traits are related to metabolic rate (e.g., gill surface
area and muscle protein content, Killen et al. 2016; Bigman et al. 2021), they
are also directly related to AR and linked to fish lifestyle (Killen et al. 2016).
Therefore, although we did not directly incorporate these traits in our models,

they are accounted for by including AR.

Altogether, these results support the prior assumption that carbonate excretion
rate is directly proportional to metabolic rate and therefore support previous
global estimates (Wilson et al. 2009). Our findings also suggest that the observed
relationships could be extended outside the range of body mass and AR considered
here, including large and pelagic fishes for which data collection is constrained by
space availability in most research stations. However, we show that RIL has also a
strong negative effect on carbonate excretion rate, thus affecting its direct link with
metabolic rate. Consequently, the model used by Wilson et al. (2009) appears to
generally overestimate carbonate excretion rate for fishes with a RIL >1 (Fig. 2.6).
Their model was indeed parameterised using data from two benthic, predatory
fishes with RIL typically <1 (Braber and de Groot 1973; Mitparian et al. 2021),
which produced estimates comparable to those of our model for similar fishes (e.g.,
AR = 1.5 and RIL = 0.5), regardless of temperature (Fig. 2.6 and Supplementary
Fig. 2.12). Furthermore, a constant (i.e., p) was added to the earlier model to
account for the higher resting metabolic rate of most fishes living in the water
column and thus provide more realistic estimates (Wilson et al. 2009). According
to our model, this correction is comparable to a seven-fold difference in AR (e.g.,
from 0.5 to 3.5), and leads to overestimates of the excretion rate for the large
majority of fish species (Fig. 2.6). Therefore, carbonate production by marine
fishes (at least at rest) may be lower than previously estimated. Furthermore,

as RIL is negatively related to trophic level (Ghilardi et al. 2021b; Karachle and
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Figure 2.6: Comparison between the estimates of our model and those of
the model used by Wilson et al. (2009). Estimates of our model are average
predictions (and thus do not account for the effect of family) at different levels of caudal
fin aspect ratio (AR) and relative intestinal length (RIL). Estimates of “Wilson’s model”
are presented at two levels of the constant p (p = 1 corresponds to benthic, sedentary
fishes, whereas p = 2.4 is the value used to adjust model estimates for pelagic fishes with
faster resting metabolic rates), while the constant « was set to 1 to be comparable to
our estimates (see Wilson et al. 2009, for further details). All estimates are presented
for a fixed temperature of 25 °C as results are unchanged at different temperatures (see
Supplementary Fig. 2.12). Data underlying the figures are available in the Zenodo
repository (https://doi.org/10.5281/zenodo.7530455) (Ghilardi et al. 2023a).

Stergiou 2010b), the negative power relationship between excretion rate and RIL
suggests that fishing and climate-induced regime shifts may reduce fish carbonate
excretion by decreasing the mean trophic level of fish communities, thus potentially
counteracting the buffering effect triggered by size-selective fishing. The effect of
RIL on the individual carbonate polymorphs also suggests that these impacts may
lead to shifts in community-level carbonate composition.

The negative relationship between carbonate excretion rate and RIL is counter-
intuitive from a metabolic point of view. With the intestine being an energetically
expensive organ (Cant et al. 1996), metabolic and carbonate excretion rates should

increase with increasing RIL. However, the energetic investment in the intestine
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may be balanced by the size of other expensive organs (Tsuboi et al. 2015). Factors
unrelated to metabolism may thus explain this result. In our dataset, RIL was
negatively related to salinity (r = -0.60), suggesting that part of the RIL effect
may be confounded with the positive salinity effect on carbonate excretion (Genz
et al. 2008; Mekuchi et al. 2010; Schauer et al. 2018). However, the salinity range in
our study (33.8-36.6) is an order of magnitude lower than the range driving a ~2.5
fold change in carbonate excretion rate in the Gulf toadfish (Schauer et al. 2018).
Therefore, salinity should explain minimal, if any, variability in our carbonate

excretion rates.

Fishes with long intestines have a large intestinal surface area (Ghilardi et al.
2021b) and long gut residence time (Benavides et al. 1994; Lassuy 1984), which
may enhance water absorption efficiency. These fishes would presumably require
correspondingly lower drinking rates and excrete lower amounts of carbonate. Wa-
ter absorption efficiency has been measured in fishes with relatively short intestines
(Fletcher 1978; Genz et al. 2008; Hickman 1968; Shehadeh and Gordon 1969; Sleet
and Weber 1982; Smith 1930; Whittamore et al. 2010; Wilson et al. 1996; Wilson
et al. 2002). To the best of our knowledge, no values of water absorption efficiency
are currently available for fishes with RIL >2. Nevertheless, the known range
of water absorption efficiency (38.5-85%, Whittamore 2012) suggests that fishes
with the lowest absorption efficiency must drink more than twice as much seawater
as fishes with the highest absorption efficiency, with a direct effect on carbonate
excretion. We also hypothesise that long gut residence times directly reduce
carbonate excretion rates, while potentially leading to accumulation of carbonate
and irregular or delayed release of larger pellets, as previously reported for three
temperate species (Salter et al. 2019). Thus, we cannot discard that some of the
excretion rates measured here could be affected by the relatively short sampling
period considered (median: 64 h; range: 18-169 h). Simultaneous measurements
of RIL, water absorption efficiency, and gut residence times are needed to better

understand the mechanistic link underlying the observed relationships.
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Residence time may also prove a viable explanation of the observed effect of
RIL on carbonate composition. In this context, a longer residence time may allow
unstable ACMC to transform into more stable polymorphs, such as aragonite and
calcite, or into metastable MHC, which may then undergo further transformation
(Blue et al. 2017; Rodriguez-Blanco et al. 2014; Zhang et al. 2012). We show
that ACMC excretion rate is highest in fishes with very short intestines, while
aragonite and HMC excretion rates are highest in fishes with intermediate RIL, and
MHC is mostly excreted by fishes with long intestines. These results are consistent
with previous observations that synthetic ACMC requires much longer time to
transform into MHC than into aragonite and calcite (Blue et al. 2017). Available
compositional data from this and previous studies (Salter et al. 2017; Salter et al.
2018) for fish families not included in the analysis (due to low sample size) also
confirm the observed patterns, with ACMC being the major polymorph produced
by families with short intestines (e.g., Muraenidae) and MHC by families with long
intestines (e.g., Zanclidae). Such mechanisms deserve further investigation and an
analysis of carbonate development through the length of the intestine of species
producing different polymorphs would permit testing of this hypothesis.

Nevertheless, RIL is highly phylogenetically conserved (Ghilardi et al. 2021b;
Wagner et al. 2009), leading to strong conservatism in carbonate composition at
the family level. Our findings reiterate recent observations that the mineralogical
composition of fish carbonates is broadly consistent within families across regions
(Salter et al. 2018) and over large thermal gradients (Salter et al. 2019). The
family Labridae (excluding Scarini), however, has been highlighted as an exception
to this general pattern in that it produced mainly ACMC with minor calcite in
warm conditions (25-27 °C), but the opposite occurred at 10 °C (Salter et al.
2019). A potential thermal control on the excretion of ACMC over calcite widely
applicable across families has been recognised (Salter et al. 2019). Our results
provide evidence in support of this control given that we find a strong positive
association between temperature and the probability of fishes excreting ACMC

across families. Regardless of the underlying mechanism (increased gut residence
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times at lower temperature have been suggested, Knight et al. 2021; Salter et al.
2019), carbonates excreted by fish in warmer temperatures would contain more
ACMC and less HMC (Supplementary Fig. 2.13), suggesting higher solubility and
a reduced export of carbonate particles into the deep sea (Saba et al. 2021; Sulpis
et al. 2021). The associated reduced removal of alkalinity from surface waters
weakens ocean acidification and favours the CO, uptake of the ocean. However,
higher carbonate dissolution also lowers the CO, uptake by the biological carbon
pump. This pump increases the CO, uptake of the ocean via the fixation of COq
into biomass (photosynthesis) and its export from the oceanic surface towards the
deep sea, which is accelerated by carbonate minerals by increasing the density of
sinking particles (Klaas and Archer 2002; Rixen et al. 2019). Hence, our findings
have strong implications for understanding the role of fish carbonates in the marine

carbon cycle and sequestration.

Our models provide substantial improvements to previous carbonate production
models based on the parsimonious relationship with body mass and temperature
(Perry et al. 2011; Salter et al. 2017; Salter et al. 2018; Wilson et al. 2009) and
allow us to produce species-level estimates under given thermal conditions. A major
improvement lies in the ability to directly predict species-level excretion rates for
individual carbonate polymorphs. These advances come, however, with limitations
that have to be considered for any future application of our results and models.
While variation in carbonate excretion rates among families is relatively small,
carbonate composition is strongly conserved at the family level, hampering extrap-
olation to unsampled families. As the taxonomic scope of the existing carbonate
database remains limited (35 reef-associated fish families out of 158, Froese and
Pauly 2021, with 14 having <3 observations), a targeted data collection campaign
(preferably including small pelagic fishes) is needed to increase the proportion of
fish biomass for which carbonate excretion rate can be predicted. Nevertheless, our
models allow us to predict carbonate excretion rate and composition for several of
the most abundant and biomass-rich fish families on coral reefs. Furthermore, the

models were trained with data collected in shallow tropical and subtropical reefs,
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thereby limiting the potential geographic scope of their application. Additional
data are needed to broaden the applicability of our results to marginal, non-reef,
high-latitude, and pelagic environments. Progress has been made in expanding
existing compositional data to temperate regions (Salter et al. 2019). If associ-
ated production data becomes available, a potential extension of our models to

temperate regions is possible.

It should also be noted that our models predict carbonate excretion rates for
fishes that are most likely close to their resting metabolic rate, as data were
collected from fasting fishes held individually (or in small monospecific groups) in
relatively small tanks. However, as we found that carbonate excretion rate is likely
directly related to metabolic rate, excretion rates of free-living fishes should scale
proportionally to their metabolic rate. Previous studies have applied a common
scaling factor to all species to overcome this issue (Jennings and Wilson 2009; Perry
et al. 2011; Salter et al. 2017; Salter et al. 2018; Wilson et al. 2009). This value was
derived from a study which estimated the factorial activity scope (i.e., the ratio
of field metabolic rate to resting metabolic rate, White and Kearney 2014) for the
Atlantic cod (Kerr 1982). It is thus unlikely that this estimate is representative of
all species, particularly for tropical reef fishes. Current knowledge on the factorial
activity scope of reef fishes is limited and this parameter is likely highly variable
among taxa and across body size (Schiettekatte et al. 2022b; White and Kearney
2014). The use of a single value as scaling factor may thus potentially introduce
large errors in the estimated carbonate excretion rates. Instead, we suggest that
future studies provide estimates of carbonate excretion rate for fishes at rest and

discuss this limitation.

Improvements in the measurement of field metabolic rates in fishes (Chung et al.
2019; Schiettekatte et al. 2022b) may soon allow updates to our models to predict
carbonate excretion rates for fishes in their natural habitat. To do so, we must,
however, consider the role of fish diet in carbonate production. Fish diet is often
rich in calcium, leading to high luminal calcium concentration with a direct effect

on carbonate precipitation (Mekuchi et al. 2010; Wilson and Grosell 2003). It

110



REFERENCES

would therefore seem reasonable to expect carbonate excretion rates several times
higher in feeding compared to fasting fishes. It is thus likely that calcium (and in
minor measure magnesium) obtained from food accounts for a large proportion of
the carbonate excreted in wild feeding fishes. Diet may also alter intestinal fluid
composition, and thus the precipitated carbonate polymorphs. However, existing
data show no difference in the composition of carbonates excreted by fishes when
feeding or fasting (Salter et al. 2017). The calculation of calcium ingestion rates
and subsequent carbonate precipitation given food ingestion rates (Schiettekatte
et al. 2020) and food calcium content may be a feasible way to greatly improve

carbonate production models.
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Supplementary Methods

Predicting relative intestinal length

Using the largest available dataset of intestinal length of reef fishes (Ghilardi
et al. 2021a), we fitted a Bayesian phylogenetic multilevel linear model to predict
fish intestinal length according to individual standard length (SL) and species-
level trophic level (TL) and body elongation (EL), both obtained from FishBase
(Froese and Pauly 2021) using the R package rfishbase (Boettiger et al. 2012). We
extracted the phylogeny from the Fish Tree of Life (Rabosky et al. 2018) using the
R package fishtree (Chang et al. 2019) and converted into a phylogenetic relatedness
matrix (Hadfield and Nakagawa 2010). We modelled the intestinal length of the

" individual in the j species (y;;) following a Student-¢ distribution:
Yij ~ WV, paj, o)
o~ 1(3,0,2.5) (S2.1)
v ~T1(2,0.1)
with degrees of freedom v, scale o, and observation specific locations p;; defined as
In(pi;) = Poj + B1In(SL);; + B2(TL); + F3In(EL);
Boj = Yo + Yophy
Yophy ~ N(0, 7) (52.2)
7 ~ N(0, 10)
P13, 7 ~ N(0,5)
where 7 is the average model intercept, vyopny is the random variation in 7, based
on phylogenetic relatedness, and (.3 are the regression coefficients of the fixed

effects. We ran the model for 4 chains, each with 4,000 iterations and a warm-up

of 1,000 iterations using the R package brms Biirkner (2017).

Then, we performed a cross-validation to validate the extrapolation of intestinal
length to unobserved species (i.e., species not used to train the model). No direct

method to make predictions for unobserved taxa from a phylogenetic linear model
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(while accounting for phylogenetic relatedness) exists yet. Thus, in order to predict
intestinal length for these species we followed a recent approach used to predict
fish trophic guilds from a multinomial phylogenetic model (Parravicini et al. 2020).
We extracted posterior draws of the phylogenetic effect (ypny) of all species in the
model and used them to estimate the phylogenetic effect of unobserved species using
ancestral state reconstruction with the function phyEstimate() in the R package
picante (Kembel et al. 2010). This estimation was repeated 2,000 times, each time
using a different draw and randomly sampling one of 100 synthetic stochastically
resolved phylogenies retrieved from the Fish Tree of Life, where species without
genetic information are placed using stochastic polytomy resolution (Rabosky et al.
2018). Then, we computed the intestinal length by combining, for each draw, the
model intercept and slopes of the fixed effects with the predicted phylogenetic effect
according to Equation (S2.2). For the cross-validation we used the whole training
dataset (including 1,208 individuals representing 142 species and 31 families) and
repeated the extrapolation approach 142 times, each time leaving out 1 species
(thus simulating an unobserved species) and predicting the intestinal length for
all individuals of that species. Finally, the average predictions were compared to
the measured intestinal length to assess model accuracy. We observed a strong
relationship between observed and predicted intestinal length (R* = 0.81 for a

regression of slope 1 and intercept -0.16; Supplementary Fig. 2.16).

Therefore, using this model and the extrapolation procedure described above we
predicted the intestinal length of all species in the carbonate dataset. Predictions
were performed at the species level (not at the individual level) using a common
SL for all species. The relative intestinal length (RIL) was then computed by
dividing the average prediction of each species by the SL used. This procedure
was necessary in order to use both RIL and body mass as potential predictors of
carbonate excretion and composition, since intestinal length and body mass are
strongly correlated. Since our model (Equation (S2.2)) does not include species-
level variation on the coefficient of SL, the predicted RIL is not influenced by the

SL used in the computation.
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For one individual, which was identified at the genus level (Haemulon sp.), we
predicted a genus-average RIL. First, we retrieved the genus-average TL and EL
from FishBase (Froese and Pauly 2021). These were then used to predict, at a
fixed SL, the intestinal length of all species in the genus having genetic information
in the Fish Tree of Life. Thus, each of the 2,000 posterior draws was averaged
across species to obtain a full posterior distribution for the intestinal length of
our unidentified species. Finally, the mean RIL was computed. This procedure
was first validated using 200 randomly chosen observations of the training dataset.
For each observation the species name was modified to simulate individuals iden-
tified at the genus level (the sample included 51 different genera). The intestinal
lengths were then predicted and compared to the observed measurements, showing
a strong relationship (R? = 0.84 for a regression of slope 1.1 and intercept -0.44;

Supplementary Fig. 2.17).
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Supplementary Figures
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Figure 2.7: Observed vs predicted total carbonate excretion rates. The solid line and
ribbon show the mean estimate and 95% confidence interval, respectively, of a linear
regression, whose equation and goodness of fit (R?) are shown in the upper left of the
panel. Dots represent raw data (n = 175). The dashed, red line represents the identity
line (y = x).
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Figure 2.8: Posterior predictive check of the proportion of zeros in the excretion rate of
five carbonate polymorphs produced by reef fishes. Histograms represent the distribution
of the proportion of zeroes in 1000 random draws of a Bayesian multivariate hurdle-
lognormal model. Black lines depict the observed proportion of zeroes in the data. LMC,
low-magnesium calcite; HMC, high-magnesium calcite; MHC, monohydrocalcite; ACMC,
amorphous calcium magnesium carbonate.
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Figure 2.9: Observed vs predicted excretion rates for five carbonate polymorphs
produced by reef fishes. Solid lines and ribbons show the mean estimates and 95%
confidence intervals, respectively, of linear regressions, whose equations and goodness of
fit (R?) are shown in the upper left of the panels. Dots represent raw data (n = 175).
Dashed, red lines represent the identity lines (y = x). LMC, low-magnesium calcite;
HMC, high-magnesium calcite; MHC, monohydrocalcite; ACMC, amorphous calcium
magnesium carbonate.

12/



Tetrarogidae{ —=e— =y . . .-
Terapontidae | ——=e=— e T : S .=
Sphyraenidae 4 —— ——— | ———— i —t———

Sparidagq{ —=e=—! - e ! 1 o —em !

Sillaginidae | ——e—} —— b || —=! —
Siganidae o —— —— —, ——— '_-_‘u
Serranidae{ —e—1 —e— | ——— — - =
Scorpaenidag | —e—! ——! o || ——e! — ! g
Pseudochromidae | ~ —e1 — |——— —! Lo A
Pomacentridae - o o -or - B =
Lutjanidae 1 —=e— 1 —— |————— | | ——=e— —— | ‘:
Lethrinidae o — | —— At E— o =
Latidag{ —e—! —! e || —— e e
Labridae-S | ———— -+ - — S| §

Labridae-NS re— — T—— ——= —— &

Holocentridae 4 —e—1 et |——— ——1 —— | g
Haemulidag { —=e—' —+—: |—— —! —.JI-
Gobidae{ — — + <+ e
Chaetodontidae o |—— | —— — 1 T
Blenniidae | | ——— | —— | | —=—1 | ———— b ———
Apogonidae | —e—! —! T | -
Acanthuridae e e B 0 s L e
20 0 20 -30-20-10 0 10 20 20 0 20 20-10 0 10 20 10 0 10
b Tetrarogidae - —p— == —— —— —r
Terapontidae o 1 ——
Sphyraenidae | ——e1— —— -l —4— ~e-!
Sparidae - L v e - T
Sillaginidae 4 —— - | —— e e
Siganidae o —a— ! _— —t— ————
Serranidagq{ ——¢=—r -— |—— — —!
Scorpaenidae —— —— e —— —
Pseudochromidae4 ——o——— e ———— i e ——
Pomacentridae —— —— —— R le 5
Lutjanidae 1 ———=4—— — S —_—t || ——— &
Lethrinidae 4 ———¢=—— - | —— —_——————— ——, e
Latidae - s
Labridae-S { —=e=—" —l —— —— —do— =
Labridae-NS - B = —-— _— , ——| B
Holocentridae 4 ———=o+—— —— —— ———— —c— o
Haemulidae 4 ———=#——— —— | —— e !
Gobiidae - ' —— - | ——— | —e—
Chaetodontidae - -7 | —————— —— .y
Blenniidae - i———— —io— e e |——

Apogonidag 4 ———=d=——— —_—t | —o— _ ——!
Acanthuridae{  ——4—— —— —! = .

2 0 2 5 0 5 10 25 00 250 -5 0 5 10 25 0.0 25
Effect size

Figure 2.10: (a) Family-specific effects on the probability of fish excreting each of
five different carbonate polymorphs. (b) Family-specific effects on the excretion rate
of five different carbonate polymorphs. Estimates are medians (circles), 50% credible
intervals (CIs; thick lines) and 95% CIs (thin lines) derived from 6,000 posterior draws
of a Bayesian multivariate hurdle-lognormal model. Coloured intervals indicate positive
(blue) or negative (red) effects, indicating that more than 75% (if 50% CIs) or 97.5%
(if 95% ClIs) of the posterior density was either above or below the average model
estimate, whereas grey intervals indicate that they overlap the average estimate. LMC,
low-magnesium calcite; HMC, high-magnesium calcite; MHC, monohydrocalcite; ACMC,
amorphous calcium magnesium carbonate; Labridae-S, scarine Labridae; Labridae-NS,
non-scarine Labridae.
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Figure 2.11: Predicted average mineralogical composition of carbonates excreted by 22
fish families at two temperature levels from a Bayesian multivariate hurdle-lognormal
model. Predictions are based on average family-level traits for species with genetic
information in the Fish Tree of Life (Rabosky et al. 2018). For each family the average
biomass of an adult individual of all species was used (considering 1/2 of a species
maximum length as representative of an adult individual). LMC, low-magnesium calcite;
HMC, high-magnesium calcite; MHC, monohydrocalcite; ACMC, amorphous calcium
magnesium carbonate; Labridae-S, scarine Labridae; Labridae-NS, non-scarine Labridae.
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Figure 2.12: Comparison of fish carbonate excretion rate predicted by the model
presented in this study and that used by Wilson et al. (2009) at three levels of temperature
(T). Estimates of this study are average predictions, thus do not account for the effect of
family, for a caudal fin aspect ratio of 1.5 and relative intestinal length of 0.5. Estimates
of “Wilson’s model” are predictions obtained by setting the constants p and « to 1.
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Figure 2.13: Marginal effect of temperature on the excretion rate of five different
carbonate polymorphs after controlling for the remaining fixed and group-level effects of
a Bayesian multivariate hurdle-lognormal model by standardising the other predictors at
their mean values. Coloured lines represent the median predicted fits and the ribbons
show the 50% credible intervals around the estimate. LMC, low-magnesium calcite;

HMC, high-magnesium calcite; MHC, monohydrocalcite; ACMC, amorphous calcium
magnesium carbonate.
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