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ARTICLE INFO ABSTRACT

Editor: Kuishuang Feng Marine bony fish are important participants in Earth's carbon cycle through their contributions to the biological
pump and the marine inorganic carbon cycle. However, uncertainties in the composition and magnitude of fish

Keywords: contributions preclude their integration into fully coupled carbon-climate models. Here, we consider recent

Global Cf":r}tl’on cycle upwards revisions to global fish biomass estimates (2.7-9.5 x ) and provide new stable carbon isotope mea-

Marine fis

surements that show marine fish are prodigious producers of carbonate with unique composition. Assuming the
Biological pump median increase (4.17 x ) in fish biomass estimates is linearly reflected in fish carbonatel(ichthyocarbonate)
Carbonate pump production rate, marine fish are estimated to produce between 1.43 and 3.99 Pg CaCO3 yr™ *, but potentially as
Stable carbon isotope ratios much as 9.03 Pg CaCOj3 yr~ . Thus, marine fish carbonate production is equivalent to or potentially higher than
contributions by coccolithophores or pelagic foraminifera. New stable carbon isotope analyses indicate that a
significant proportion of ichthyocarbonate is derived from dietary carbon, rather than seawater dissolved
inorganic carbon. Using a statistical mixing model to derive source contributions, we estimate ichthyocarbonate
contains up to 81 % dietary carbon, with average compositions of 28-56 %, standing in contrast to contents <10
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% in other biogenic carbonate minerals. Results also indicate ichthyocarbonate contains 5.5-40.4 % total organic
carbon. When scaled to the median revised global production of ichthyocarbonate, an additional 0.08 to 1.61 Pg
C yr~! can potentially be added to estimates of fish contributions to the biological pump, significantly increasing
marine fish contributions to total surface carbon export. Our integration of geochemical and physiological an-
alyses identifies an overlooked link between carbonate production and the biological pump. Since ichthyocar-
bonate production is anticipated to increase with climate change scenarios, due to ocean warming and
acidification, these results emphasize the importance of quantitative understanding of the multifaceted role of
marine fish in the global carbon cycle.

1. Introduction

Dynamics of the ocean's biological and carbonate pumps determine
the concentration of atmospheric COy over time periods less than a
millennium (Buesseler et al., 2020; Elderfield, 2002; Frankignoulle
et al., 1995; Honjo et al., 2014; Turner, 2015), making the production,
composition, and export of organic matter and carbonate minerals a
fundamental control on Earth's carbon cycle. The biological pump de-
scribes the export flux of photosynthetically fixed carbon and is
responsible for the removal of dissolved CO; from the surface oceans
(Buesseler et al., 2020; Nowicki et al., 2022) via gravitational sinking of
phytoplankton aggregates, fecal pellets, and particle injection pumps
(Boyd et al., 2019; Honjo et al., 2014; Nowicki et al., 2022; Pinti et al.,
2023; Turner, 2015). The carbonate pump, on the other hand, refers to
marine biogenic calcification which produces a sinking flux of carbonate
minerals derived from dissolved inorganic carbon (DIC) in seawater that
result in a net flux of CO5 back to the atmosphere on time scales <1000
years (Elderfield, 2002; Frankignoulle et al., 1995). The balanced re-
action for marine calcification indicates that every mole of carbonate
precipitated should result in the release of one mole of CO; to sur-
rounding seawater, however, in situ experiments showed that COy
release is moderated to ~0.6 mol by the buffering capacity of the oceans
and concurrent photosynthetic uptake (Ware et al., 1991; Frankignoulle
et al., 1994, 1995; Gattuso et al., 1993). Thus, through their concurrent
impacts on DIC and alkalinity inventories in the ocean, the production of
marine organic matter and carbonate minerals play a fundamental role
in determining pCOy (Elderfield, 2002; DeVries, 2022; Nowicki et al.,
2022).

Marine bony fish (teleosts) are important participants in the global
carbon cycle, producing contributions to both the biological and car-
bonate pumps (Bianchi et al., 2021; Mariani et al., 2020; Pinti et al.,
2023; Saba et al., 2021; Wilson et al., 2009; Woosley et al., 2012).
Through prey consumption, fecal pellet production, diel vertical
migration, and deadfall, marine fish contribute significantly to the
biological pump (Bianchi et al., 2021; Mariani et al., 2020; Pinti et al.,
2023; Saba et al., 2021). Marine bony fishes are also perpetual producers
of carbonate precipitates (ichthyocarbonate) which form in their in-
testines as a result of their osmoregulatory strategy (Grosell et al., 2001),
and are continuously excreted to the environment (Walsh et al., 1991;
Wilson et al., 2009). Original production magnitude estimates based on
global fish biomass between 0.81 and 2.05 Gt showed that ichthyocar-
bonate constituted 3-15 %, but plausibly up to 45 %, of global new
carbonate production each year (Wilson et al., 2009), thus making
ichthyocarbonate an important driver in the cycling of inorganic carbon
in the world's oceans. Ichthyocarbonates are typically Mg?* rich and
composed of soluble minerals like high-magnesium calcite (HMC) and
amorphous carbonate polymorphs (ACMC; Foran et al., 2013; Perry
et al., 2011; Salter et al., 2019; Salter et al., 2018; Salter et al., 2012).
The role of ichthyocarbonate in the carbonate pump is expected to be
driven by production rate, composition, and characteristics like mineral
solubility and sinking rate (Wilson et al., 2009; Woosley et al., 2012;
Foran et al., 2013). While marine bony fishes have been intrinsically
linked to multiple aspects of the global carbon cycle, uncertainty
regarding the production magnitude and composition of their organic
carbon and carbonate contributions currently limits their incorporation

into fully coupled climate-carbon earth system models (Bianchi et al.,
2021; Mariani et al., 2020; Saba et al., 2021).

Ichthyocarbonate production and excretion is ubiquitous and central
to physiological processes in all marine teleost fish studied thus far
(Ghilardi et al., 2023; Grosell et al., 2001; Grosell and Oehlert, 2023;
Perry et al., 2011; Perry et al., 2022; Salter et al., 2019; Salter et al.,
2012; Wilson et al., 2009). Intestinal base secretion leading to the pre-
cipitation of ichthyocarbonate is essential for water balance in marine
fish that drink seawater to stay hydrated (Grosell et al., 2001; Wilson
et al., 2002; Grosell and Oehlert, 2023). Physiologists have long recog-
nized that osmoregulation by marine fish requires an endogenous, and
thus dietary, source of carbon to explain the high observed rates of total
rectal base excretion (Shehadeh and Gordon, 1969; Walsh et al., 1991;
Grosell and Genz, 2006). Drinking rates in marine fish are typically 2-5
mL kg~ h™1, which equates to ingestion of 5-12 p-eqv HCO3 kg ' h~!
(Grosell, 2010). By contrast, total rectal base excretions, including both
HCO3 ions and solid ichthyocarbonate precipitates, exceed 80 p-eqv
kg™! h™! (Grosell, 2010), indicating assimilated dietary carbon is
required for at least 85 % of total rectal base excretions. Consequently,
the predominant source of carbon for rectal base excretion originates
from dietary carbon produced in the marine food-web, the base of which
is supplied by photosynthetically-fixed carbon. However, a critical
knowledge gap is whether assimilated dietary carbon is evenly parti-
tioned between dissolved bicarbonate ions in intestinal fluid and the
sinking flux of solid-phase ichthyocarbonates excreted by marine fish. If
ichthyocarbonate is comprised of high concentrations of carbon derived
from diet rather than seawater DIC, ichthyocarbonate precipitation may
exert unexpected impacts on total alkalinity and DIC concentrations in
the surface waters of the ocean when compared to other styles of marine
calcification.

In this study, we aimed to update global estimates of ichthyocar-
bonate production using recent and substantial upwards revisions to
estimates of global fish biomass (Bar-On et al., 2018; Bianchi et al.,
2021; Irigoien et al., 2014; Jennings and Collingridge, 2015; Proud
et al., 2017; Proud et al., 2018; Proud et al., 2019) and to evaluate the
proportion of dietary carbon incorporated into solid-phase ichthyocar-
bonates. To test the hypothesis that significant proportions of carbon in
ichthyocarbonate originate from fish diet, we conducted the first mea-
surements of the stable carbon isotope values of the carbonate
(613Cichthyo) and organic fraction (Slgcorg) of ichthyocarbonate pro-
duced by four species of marine bony fish, including Opsanus beta,
Paralichthys olivaceus, Ocyurus chrysurus, and Rachycentron canadum. We
also assessed the total organic carbon content (TOC) of ichthyocar-
bonate, filling a key knowledge gap in the characterization of fish con-
tributions to the biological and carbonate pumps (Saba et al., 2021). Our
results suggest that the osmoregulation strategy of bony marine fish
converts organic matter originating from primary production in the
marine food web into a carbonate precipitate anticipated to sink rapidly
through the water column. Thus, the production of ichthyocarbonate
transforms carbon fixed by phytoplankton into a fast-sinking flux of
carbonate minerals that can evade shallow remineralization, which hold
overlooked implications for the role of marine fish in the global carbon
cycle.



A.M. Oehlert et al.

2. Materials and methods
2.1. Experimental animals

To study ichthyocarbonate produced by fish with varying metabolic
rates, we selected four marine bony fish species that are locally conve-
nient to obtain and maintain for these sampling efforts: Yellowtail
snapper (Lutjanidae), Olive flounder (Paralichthyidae), Cobia (Rachy-
centridae), and Gulf toadfish (Batrachoidinae). Both the Gulf toadfish
and Olive flounder exhibit benthic lifestyles, but live in tropical/sub-
tropical and temperate settings respectively. Yellowtail snapper is a
tropical to subtropical free swimming and active fish. Finally, Cobia is a
fast-growing (Benetti et al., 2010, 2021), fast-swimming species inhab-
iting offshore and coastal tropical-temperate environments (Schaffer
and Nakamura, 1989).

Yellowtail snapper, Olive flounder, and Cobia were reared at the
University of Miami Experimental Hatchery (UMEH) facility on Virginia
Key, Florida. The Yellowtail snapper utilized in the study were first
generation (F1) progeny originating from wild broodstock fish collected
in the coastal waters of the Atlantic Ocean off of Miami, Florida. The
Olive flounder were progeny originating from a broodstock population
of this species maintained at the UMEH facility where they spawn
frequently, and juveniles are produced regularly (Geng et al., 2017;
Stieglitz et al., 2021). Cobia were also reared at UMEH, where a
breeding and research program encompassing all their life stages has
been in place for over a decade (Benetti et al., 2008a, 2008b, 2010;
Stieglitz et al., 2012). All individuals of these three fish species were
reared and maintained in accordance with UM Institutional Animal Care
and Use Committee (IACUC) approved practices (Protocols #20-138;
#21-090), including feeding of a diet comprised of thawed and chopped
natural prey items (squid and sardines) or a pelletized commercial
marine grower diet (Skretting Europa). The fish rearing tanks used for
maintaining the aforementioned species are flow-through Biscayne Bay
seawater tanks at the UMEH facility. The tanks were supplied with
filtered (1 pm) and UV-sterilized seawater (salinity 34-36) under
ambient temperature conditions (22-29 °C) for Yellowtail snapper and
Cobia or chilled seawater conditions (18-24 °C) for Olive flounder.

Gulf toadfish were collected as bycatch from commercial bait shrimp
trawlers operating out of Dinner Key, Miami, FL. Toadfish were treated
with malachite green (0.05 mg/L malachite green and 15 mg/L
formalin) weekly upon arrival at the Rosenstiel School of Marine, At-
mospheric, and Earth Science and before experiments began to remove
ectoparasites. Between 3 and 10 toadfish were kept in 60 L aerated
aquaria supplied with flow-through Biscayne Bay seawater that was
filtered (1 pm) and UV-sterilized seawater (salinity 34-36) under
ambient temperature conditions (22-29 °C). Toadfish were fed squid to
satiation weekly. All experimental protocols conducted in aquaria at the
Rosenstiel School were completed in accordance with the UM IACUC
approved practices (Protocol #16-225).

2.2. Ichthyocarbonate collection and preparation

Samples of excreted ichthyocarbonate were collected from 60 L
aquaria at the Rosenstiel School using disposable pipettes as previously
(Perry et al., 2011; Woosley et al., 2012; Salter et al., 2012, 2014).
Ichthyocarbonates collected from the UMEH rearing tanks were first
collected using gentle siphoning of bottom water, and transfer of tank
debris into a 15 L collection vessel (bucket). Following collection, the
water in the vessel was swirled using a gentle stirring motion to
concentrate ichthyocarbonate in a central location in the bottom, which
was pipetted using transfer pipettes into centrifuge tubes. Centrifuge
tubes containing ichthyocarbonates were transferred to an ISO Level 7
Clean room and processed in a Class 100 trace metal workstation. Ich-
thyocarbonates were rinsed briefly 3 times in ultrapure (18 MQ) MilliQ
water and dried in an oven at 35 °C overnight, and then stored in a
desiccator prior to analysis. To test the impact of days since last meal on

Science of the Total Environment 916 (2024) 169895

613Cichthy0 values and mol%MgCOs, samples of excreted ichthyocar-
bonate were collected in sequential days since prior feeding and pre-
pared as described above. After collection, subsamples destined for
stable carbon isotope analysis of the carbonate were transferred to 50
mL centrifuge tubes rinsed 3 times with MilliQ water, leached in 5 %
H20;, for 30 min, centrifuged, rinsed again with MilliQ water, and
allowed to dry in an exhausted fume hood in the clean room. Two tailed
t-tests assuming unequal variance were conducted on measurements of
513C values of H50, treated (n = 11) and untreated (n = 8) samples of
ichthyocarbonate produced by the Gulf toadfish. Results indicated no
statistical difference in sample pre-treatment for 5'3C values (p =
0.269). Subsamples collected for stable carbon isotope analysis of the
organic matter and TOC content associated with the ichthyocarbonate
were left untreated and dried in an oven at 40 °C overnight.

2.3. Carbonate 5'3C values and mol%MgCO3

The §'3C values of the ichthyocarbonate (613Cicthhyo) produced by
four fish species (Gulf toadfish (n = 19), Yellowtail snapper (n = 3), and
Olive Flounder (n = 2), and Cobia (n = 3)) were analyzed using previ-
ously described methods employing 100 % phosphoric acid digestion
(Rosenheim et al., 2005) analyzed on an automated Kiel III attached to a
Finnigan Delta Plus mass spectrometer housed in the Stable Isotope
Laboratory at the University of Miami. Data are reported in the con-
ventional notation and reported relative to Vienna Pee Dee Belemnite
(V-PDB) and standardized relative to an internal standard calibrated to
NBS-19 (National Bureau of Standards). Errors on these analyses were <
0.03 %o based on replicate analysis of laboratory standards.

Ichthyocarbonate produced by the Gulf toadfish was collected each
day (n = 4) for a period of four days to evaluate whether days past last
meal impacts 813Cicthhy0 values and the mol%MgCO3 content of ich-
thyocarbonate. After drying, samples were manually homogenized using
an agate mortar and pestle. Corundum (Al,03) was baked at 105 °C for
2-4 h to remove absorbed H20 and then was added to each subsample
analyzed for mol%MgCOj3 as an internal standard to allow for correction
of d-spacing and 26 values. Analyses were conducted on a PANalytical X-
Pert Pro (PANalytical Inc., Almelo, the Netherlands) X-ray Diffractom-
eter (XRD). Sample scans were conducted between 23° and 72° 26, using
a step interval of 0.01° and a count time of 1 s for each step. Following
the example of a prior study calculating mol%Mg of ichthyocarbonate
using XRD (Salter et al., 2019), we used the curve presented by Gold-
smith et al. (1961) and assume all magnesium is present as MgCOs.

Two-tailed t-tests assuming unequal variance of datasets were con-
ducted in Microsoft Excel to determine whether 513Cichthyo values and
mol%MgCO3 were statistically distinguishable between days past
feeding, and p values were assessed at thresholds of 0.05 for significance.

2.4. Organic 5'3C values, %carbonate, and total organic carbon content

Dietary carbon sources were analyzed in triplicate for organic carbon
isotope (613C0rg) values, including squid, sardines, and a commercial
pelletized diet (Skretting Europa). Triplicate samples of each diet were
dried in an oven for 72 h at 40 °C and powdered prior to preparation for
analysis. Dietary carbon samples and organic matter embedded within
ichthyocarbonate produced by Gulf toadfish (n = 6), Olive Flounder (n
= 6), and Yellowtail snapper (n = 3) were isolated for analysis via
dissolution in 10 % HCI acid following methods described previously
(Oehlert and Swart, 2014). Small sample sizes of ichthyocarbonate
collected from Cobia unfortunately precluded analysis of TOC. To
quantify the carbonate content of ichthyocarbonate, care was taken to
collect ichthyocarbonate excreted independently of fecal pellets. Weight
percent carbonate was calculated by mass loss after acid digestion
(Oehlert and Swart, 2014). Samples were combusted using a Costech
ECS 4010 (Costech Analytical Technologies, Inc., Valencia, CA, USA)
and the resulting CO, gas was transferred for isotopic measurement to a
continuous flow isotope-ratio mass spectrometer (Delta V Advantage,
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Thermo Fisher Scientific, Waltham, MA, USA). The reproducibility of
the measurements of stable carbon isotope values of the organic fraction
((‘Sl?’Corg values) was +0.1 %o as indicated by the standard deviation of
replicate analyses of internal standards of glycine (n = 8). All organic
513C values are reported relative to the Vienna Pee Dee Belemnite (V-
PDB) scale, defined for organic carbon as the 3'3C value of graphite
(USGS24) = —16.05 %o versus V-PDB (Coplen et al., 2006). Percentages
of insoluble residue and TOC were calculated as mass proportions of
total sample weight. The standard deviation of the TOC analyses was
0.4 % based upon repeated analyses of glycine (n = 8).

2.5. Stable carbon isotope mixing model

Proportional contributions of dietary carbon and seawater dissolved
inorganic carbon to ichthyocarbonate composition were calculated
using the mixing model IsoError (Phillips and Gregg, 2001) using single
isotope and two sources executed in Microsoft Excel (https://www.epa.
gov/eco-research/stable-isotope-mixing-models-estimating-source-pr
oportions) accessed on October 23, 2023. IsoError is applicable to sys-
tems in which the number of sources does not exceed n 4 1, where n is
the number of isotope systems (Phillips and Gregg, 2001). In the teleost
fish, two sources allow for the application of a single isotope systematic
and the calculation of deterministic solutions incorporating errors
associated with variation in the composition of the source materials, as
well as mixture process errors (Hopkins and Ferguson, 2012). Required
inputs to IsoError (Phillips and Gregg, 2001) include measurement
replicates (n), the average (+ 1 SD) source compositions, including
seawater DIC (8B, sdB) and dietary carbon (8A, sdA) measured in this
study, as well as the average (+ 1 SD) 8'3C value of the ichthyocarbonate
(8M, sdM).

We adapted a published two component mixing model previously
used to quantify dietary carbon incorporation into teleost fish otoliths
(Chung et al., 2019; Chung et al., 2020) to determine fractionation
associated with ichthyocarbonate precipitation (Eq. (1)):

8" Crenrivo = Cpipr % 513C(HC03—DIET) + Cpic X 8% Cpic + € (€9)

where Cpjgr is the fraction of carbon derived from dietary carbon, Cpc is
the fraction of carbon from seawater DIC, (equivalent to 1-Cpspr), and €
is the carbon isotope fractionation associated with carbonate formation
(Chung et al., 2019; Chung et al., 2020; Fig. 1, Fig. S1).

For seawater 613CDIC values, we considered three scenarios (Table
S1) based on available published data for seawater from Biscayne Bay
(—6 to +2 %o; Swart et al., 2013) and mineralogical fractionation factors
reported for HMC and dolomite (Jimenez-Lopez et al., 2006; Sheppard
and Schwarcz, 1970). In brief, to test the sensitivity of the mixing model
to 613CDIC values, we used minimum (—2.85 %o), average (—2.17 %o),
and maximum 613CD1C values (—1.5 %o) from Biscayne Bay (Swart et al.,
2013) representative of our sampling period. The 613Cdiet composition
for each species was measured in triplicate, with the ultimate 5'3Caet
value of the 50:50 mixture of squid and sardines fed to Cobia mathe-
matically calculated. We considered the fractionation of §'3C values of
dietary carbon induced by (1) assimilation and CO5 respiration (+1 %o
(DeNiro and Epstein, 1978; McConnaughey et al., 1997) and (2) hy-
dration/hydroxylation of respired COy to bicarbonate (+ ~ 9 %o at
equilibrium (Romanek et al., 1992)) to produce the 513C value of the
intestinal bicarbonate in equilibrium with dietary carbon (613CHCO3_DIET,
Fig. 1, Fig. S1).

Mineralogical fractionation (g) has not been defined for ichthyocar-
bonate, thus we also considered a range of ¢ based on mol%MgCO3
content, including the fractionation for synthetic HMC containing as
much as 13 mol%MgCO3 (Jimenez-Lopez et al., 2006) and stoichio-
metric dolomite with 50 mol%MgCOs (Sheppard and Schwarcz, 1970).
We use mol%MgCOs, based on previous measurements of ichthyocar-
bonate produced by the Gulf Toadfish (~50 %; Heuer et al., 2012) and
yellowtail snapper (26-34 %,; Salter et al., 2012). Mol%MgCOj5 for Cobia
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Fig. 1. Schematic representation of stable carbon isotope fractionation factors
associated with ichthyocarbonate formation, including assimilation (DeNiro
and Epstein, 1978; McConnaughey et al., 1997), CO5 hydration/hydroxylation
(Romanek et al., 1992), and € which represents the mineralogical fractionation
between seawater and HMC that is based on mol%MgCO3 content for HMC
(Jimenez-Lopez et al., 2006) and dolomite (Sheppard and Schwarcz, 1970). The
5'3C value of the lumen results from mixing of bicarbonate from seawater DIC
(Cpic) and dietary carbon (Cpgr), the proportions of which impact the 5'3C
value of ichthyocarbonate. Purple box shows the organic 5'°C value of the squid
which was the food source used in measurements of specific dynamic action
(‘SDA’) for the Gulf toadfish (Supplemental Fig. S2), and the black box repre-
sents the average carbonate 8'°C value of ichthyocarbonate measurements
shown in Fig. 4.

and Olive flounder ichthyocarbonate are currently unknown, thus, we
assumed the minimum and maximum values reported for Yellowtail
Snapper (26-34 %; Salter et al., 2012) as conservative estimates (Table
S1). Results from IsoError are reported as mean + 95 % confidence in-
tervals on estimates of the contribution of carbon sources in
ichthyocarbonate.

2.6. Accounting for updated estimates of global fish biomass

Initial quantification of global annual ichthyocarbonate production
was based on global fish biomass estimates ranging between 0.812 and
2.05 Gt (Wilson et al., 2009). Since this seminal publication, updated
global fish biomass estimates recognize a substantially larger global fish
population, with biomass ranging between 0.9 and 19.5 Gt (Irigoien
et al., 2014; Jennings and Collingridge, 2015; Proud et al., 2017, 2018,
2019; Bar-On et al., 2018; Bianchi et al., 2021). We calculated maximum
relative increase factors of these papers compared to the maximum
global fish biomass considered in 2009 by Wilson and colleagues (2.05
Gt). Variability in the increased estimates of global fish biomass appears
to arise from technological approach and species focus. For instance,
much of the increase in estimates of global fish biomass can be attributed
to new methods of assessing mesopelagic fish biomass (Irigoien et al.,
2014; Proud et al., 2017, 2018, 2019), while some global fish estimates
are limited to specific latitudinal ranges (i.e., Irigoien et al., 2014; Jen-
nings and Collingridge, 2015; Proud et al., 2017), and size classes of fish
(Bianchi et al., 2021).
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Table 1
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Compositional characteristics of diet fed to experimental fish. Average and standard deviation of the organic 8'>C values (613C0,g) values of fish diets. *Indicates
mathematical average of Squid 2 and Sardines fed to Cobia at the University of Miami Experimental Hatchery.

Species n Diet 8"3Corg (%oV-PDB) St. dev. §"3Corg (%0V-PDB)
Opsanus beta 6 Squid 1 -19.6 0.7
Paralichthys olivaceus, Ocyurus chrysurus 3 Commercial diet (Skretting Europa) —20.6 0.1
- 50:50 mix Squid 2 and Sardines* —20.2 0.6
Rachycentron canadum 3 Squid 2 —20.6 1.1
3 Sardines -19.7 0.1
0 B, Predicted HMC in 2.8. Estimating global annual production of ichthyocarbonate embedded
compositions Equilibrium with TOC
(this study) Seawater DIC
0.0 I Using %TOC measurements from ichthyocarbonate produced by the
) Gulf toadfish, Olive Flounder, and Yellowtail snapper coupled with the
E 1.0 same estimates of global ichthyocarbonate production above, we
>Io ' calculated the minimum and maximum possible quantities of
S ichthyocarbonate-associated organic carbon in Pg C yr™! and as a
9>2'0 percent of the total carbonate production annually.
g
Y -30 3. Results
©
40 o 3.1. Diet and ichthyocarbonate composition
%] Dietary carbon 613Cmg values ranged from —20.6 to —19.6 %o V-PDB
-5.0 © e o) (Table 1). The 513C values of the carbonate mineral fraction of ich-
thyocarbonate produced by four marine bony fish species ranged from
-60L_n=19 n=2 n=3 n=3 —5.16 to —2.41 %o with most samples characterized by 613Cichthyo values
Gulf Olive  Yellowtail ~Cobia Inorganic lower than —3 %o (Fig. 2). On average, ichthyocarbonate produced by
Toadfish  Flounder Snapper HMC* the Olive Flounder and Cobia exhibited the lowest 8'3C values, while

Fig. 2. Carbonate 8'3C values of ichthyocarbonates. Plot of carbonate §'3C
values of ichthyocarbonates (green shaded area of the plot) produced by the
Gulf toadfish (n = 19), Olive Flounder (n = 2), Yellowtail Snapper (n = 3) and
Cobia (n = 3). Standard deviations of replicate measurements of standards
were < 0.03 %o, and error bars depicting standard deviation are smaller than
the symbols representing individual measurements. The §'°C value predicted
for inorganic high-magnesium calcite (labeled Inorganic HMC*) assumes 50.5
mol%MgCO3 to mimic concentrations in ichthyocarbonate produced by the
Gulf toadfish. Using this mol%MgCO3 composition, mineralogical fractionation
was calculated from the equation defined by Jimenez-Lopez et al., 2006. Pre-
cipitation was assumed to occur in isotopic equilibrium with local seawater
composition (from Swart et al., 2013) for the month of ichthyocarbonate
sampling, and result is shown as a grey circle in the blue shaded area of the plot.

2.7. Estimating global ichthyocarbonate production and Cper
incorporation

Using the minimum, maximum, median, and average reported in-
crease in estimates of global fish biomass calculated above, we extrapo-
lated these biomass increases linearly to the conservative initial estimates
of ichthyocarbonate production (0.04 to 0.11 Pg CaCO3-C yr™1; Wilson
et al., 2009) to evaluate the potential magnitude of updated ichthyocar-
bonate production. Using values of Cpjgr assessed using IsoError, we also
produced global estimates for dietary carbon incorporation rates, and
calculate the total annual production in Pg CaCOs-C per year.

Table 2

ichthyocarbonate produced by the Yellowtail snapper exhibited the
highest §!3C values (Fig. 2). Stable carbon isotope measurements of
ichthyocarbonate show that 613Cichthyo values are depleted in 13¢ rela-
tive to average DIC values from Swart et al. (2013), as well as the pre-
dicted §'3C value of HMC precipitated in equilibrium with this DIC pool
(Fig. 2) considering fractionation factors associated with HMC and
stoichiometric dolomite (Jimenez-Lopez et al., 2006; Sheppard and
Schwarcz, 1970).

The TOC content and 613C0rg values of organic matter embedded in
ichthyocarbonate were assessed on ichthyocarbonate produced by three
marine fish species (Table 2). Ichthyocarbonate produced by Gulf
toadfish (n = 5) contained on average 5.5 + 2.4 % TOC, Olive flounder
ichthyocarbonate (n = 3) contained 6.3 + 1.6 %, and Yellowtail snapper
ichthyocarbonate contained 40.4 + 6.6 % (Table 2). Carbonate content
averaged 65.7 % across the three species, with variability noted between
species, and PIC:POC ratios ranged from 0.61 to 15.5 (Table 2).

Daily collection of ichthyocarbonate excreted by Opsanus beta
allowed for assessment of changes in the 613Cichthyo values and mol%
MgCOg resulting from changes in metabolic rate induced by feeding
state. No statistically significant differences were observed in either
513Cichthy0 values or mol%MgCOs3) of excreted ichthyocarbonate pro-
duced 1, 2, 3, or 4 days past last meal (Table 3, p > 0.05 for all
comparisons).

Compositional characteristics of ichthyocarbonate produced by three species of marine fish. Average and standard deviation of percent total organic carbon content,
percent carbonate content, particulate inorganic carbon to particulate organic carbon (PIC:POC), and organic §'3C values (613C0rg) values measured on ichthyocar-

bonate produced by the Gulf toadfish, Olive flounder, and Yellowtail snapper.

Species n %TOC (wt) %Carbonate (wt) PIC:POC 8"3Corg (%0V-PDB)
Opsanus beta 6 5.5+ 2.4 86.5 £ 2.1 15.5 -19.2+ 1.4
Paralichthys olivaceus 6 6.3 +1.6 86.5 + 3.4 13.70 —21.2+0.2
Ocyurus chrysurus 3 40.4 + 6.6 245+ 14.4 0.61 —23.8+ 0.9
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Table 3

Measured 513Cicmhyo values and mol%MgCOj3 of ichthyocarbonate produced by
the Gulf toadfish in successive days since last feeding. Results are reported as
average =+ standard deviation, and sample number for both measurements of
ichthyocarbonate, split by days since last meal.

Days since meal n Avg. 613C;chthyo (%0V-PDB) n mol%MgCO3
1 16 -3.12 + 0.65 4 49.2 + 0.5
2 14 —3.47 £ 0.37 4 49.3 £ 0.5
3 18 —2.81 + 0.37 4 49.3 + 0.4
4 22 —3.03 + 0.68 4 49.1 + 0.1

3.2. Cpgr in Ichthyocarbonate

IsoSource mixing model estimates of the proportion of Cpjgr incor-
porated into ichthyocarbonate using our measurements of 613Cichthy0
values resulted in a mean range of dietary carbon incorporation between
21-36 %, 25-56 % and 43-69 % + 95 % confidence intervals (Fig. 3A-C)
based on 613CDIC values and ¢ assumed in each of the three scenarios
evaluated (Fig. 2A-C; parameterization of IsoError reported in Table S1).
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Using measured 613Cichthyo values for each species (Fig. 2), our new
measurements of 613Cdiet (Table 2) and ¢ based on relationship pub-
lished by Jimenez-Lopez et al. (2006) and Sheppard and Schwarcz
(1970), our calculated mean Cpjgr values range from 19 % for Yellowtail
Snapper to 44 % for Cobia (Fig. 3A, Table S1 reports IsoError parame-
terization). Lower estimates are observed when minimum 613CD1C and ¢
values are considered (Fig. 3B, Table S1). Estimates of Cpygr rise for all
species when we assume ¢ values from Sheppard and Schwarcz (1970)
and range from 41 % for Yellowtail Snapper to 64 % for Gulf Toadfish,
with 95 % confidence intervals reaching as high as 81 % for toadfish
ichthyocarbonate (Fig. 3C, Table S1).

3.3. Ichthyocarbonate-based global carbon fluxes

Maximum global fish biomass estimates since 2009 (Fig. 4) ranged
between a factor of 0.98 to 9.51 x higher than initially appreciated, with
an average of 4.74x and median of 4.17x (Table 4). By linearly
increasing conservative estimates of global ichthyocarbonate produc-
tion rates (0.04 to 0.11 Pg CaCO3-C yr™1) quantified by Wilson et al.
(2009) by the minimum, median, average, and maximum factors of
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Fig. 3. Proportion of mean dietary carbon incorporation into ichthyocarbonates (Cpigr; + 95 % confidence intervals) assessed for three scenarios using the IsoError
mixing model. Results shown are mean Cpr (circles) + 95 % confidence intervals (bars) predicted by calculations conducted using the IsoError mixing model
(Phillips and Gregg, 2001) for each measurement of 8'%Cicnrhyo. The composition of the diet fed to each species is reported in Table 1 for all three scenarios. 8'3Cprc
values and ¢ were varied for each scenario (A-C) as follows: A) The 5'°Cp;c value = —2.85 %o, & was assumed to be the minimum fractionation factor from Jimenez-
Lopez et al. (2006), calculated from mol%MgCO3 content for each species (Table S1). B) The 513Cpyc value = —2.17 %o (Swart et al., 2013), € was assumed to be the
average fractionation factor from Jimenez-Lopez et al. (2006), calculated from mol%MgCOs3 content for each species (Table S1). C) The 5'3Cpyc value = —1.5 %o
(Swart et al., 2013), € was assumed to be the fractionation factor reported by Sheppard and Scwarcz (1970) for dolomite with (Table S1). Note IsoError results for

Yellowtail snapper shown in B exhibit negative vales for confidence intervals.
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Fish Biomass (Gt)

Fig. 4. Estimates of global fish biomass since 2009. Comparison of maximum
estimates of global fish biomass in Gt published since 2009, when the upper
estimate of 2.05 Gt fish biomass was used to calculate global ichthyocarbonate
production (Wilson et al., 2009). Cited studies refer only to marine fish biomass
with the exception of Bar-On et al, 2018, which considered the
global biosphere.

Table 4
Calculation of increase factors for marine fish biomass. All studies refer to global
marine fish biomass, with the exception of Bar-On et al., 2018.

Reference Max biomass reported Factor
(GY)
Wilson et al., 2009 2.05 1.00
Irigoien et al., 2014 19.5 9.51
Jennings and Collingridge, 2015 8.10 3.95
Proud et al., 2017 9.00 4.39
Proud et al., 2018 15.50 7.56
Bar-On et al., 2018 2.0 0.98
Proud et al., 2019 16.0 7.80
Bianchi et al., 2021 (Discounted by peak
catch) 5.57 2.71
Minimum 0.98
Average 4.74
Median 4.17
Maximum 9.51

increase in global fish biomass estimates (Table 4), we estimate that
marine fish may potentially produce between 0.33 and 9.03 Pg CaCO3
yr~! (Table 5). Since all marine bony fishes examined previously were
shown to produce ichthyocarbonate (Grosell et al., 2001; Wilson et al.,
2009), we also extrapolate potential ranges of Cpjpr on a global scale.
Considering our estimated potential range of ichthyocarbonate pro-
duction, as well as calculated Cppr values, between 0.09 and 5.05 Pg
CaCOs3 yr! produced by marine fish are derived from dietary carbon,

Table 5
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with a median estimate between 0.40 and 2.23 Pg CaCOj3 annually
(Table 5). Upscaling our measurements of %TOC in ichthyocarbonate
produced by the Gulf toadfish, the Olive flounder, and the Yellowtail
Snapper (Table 2) and our updated estimates of annual ichthyocar-
bonate production, we can estimate a potential range for the total
annual production of ichthyocarbonate ballasted organic matter. When
median increase in biomass estimates are considered, global annual
production of ichthyocarbonate-associated organic matter may range
between 0.08 and 1.61 Pg C yr~! depending on the %TOC considered
(Table 5).

4. Discussion
4.1. Dietary carbon incorporation into ichthyocarbonates

Our new measurements of 5'3C values of ichthyocarbonate produced
by four bony fish species with varying lifestyles show that high rates of
Cpier incorporation are responsible for producing low 613Cichthy0 values
(Figs. 1, 2). Thus, in contrast to other calcifiers, marine teleost fish rely
little on DIC for carbonate production. Production and excretion of
ichthyocarbonates is a ubiquitous process observed in all studied marine
bony fish to date (Ghilardi et al., 2023; Grosell et al., 2001; Grosell and
Oehlert, 2023; Perry et al., 2011; Perry et al., 2022; Salter et al., 2019;
Salter et al., 2012; Wilson et al., 2009), thus we anticipate that similar
trends for other species will arise with future study.

Besides incorporation of dietary carbon, we also considered the po-
tential impacts of fractionation induced by pH and kinetic effects arising
from metabolic rate on 813Cichthy0 values and mol%MgCOs. Carbon
isotope partitioning resulting from increased pH in the intestinal lumen
(8.4 to 9; McDonald and Grosell, 2006; Wilson et al., 2002) relative to
seawater would be expected to produce higher, and not lower 613Cichthy0
values (Zeebe and Wolf-Gladrow, 2001). Kinetic effects, including
discrimination against '*C during CO, hydration and hydroxylation or
changes in calcification rates (McConnaughey, 1989), do not appear to
exert a significant control since ichthyocarbonate collected daily does
not exhibit significant differences in 613Cichthyo values or mol%MgCOs3
with time since last feeding (Table 3), although this data was gathered
only for crystalline phases of ichthyocarbonate produced by a single
species. Metabolic rate is positively correlated with quantity of food
consumed (Jobling and Davies, 1980), with peak metabolic rate occur-
ring <12 h post feeding in most fish species (Jobling, 1981). Since
ichthyocarbonate production rate is correlated with metabolic rate
(Ghilardi et al., 2023; Grosell et al., 2001; Grosell and Oehlert, 2023;
Perry et al., 2011; Perry et al., 2022; Salter et al., 2019; Salter et al.,
2012; Wilson et al., 2009) and SDA measurements conducted on the Gulf
toadfish indicate peak metabolic rate 3-4 h post feeding (Fig. S2), evi-
dence of kinetic isotope fractionation driven by metabolic rate,
expressed as lower 513Cichthyo values, should be expected for ichthyo-
carbonate collected on the first day after feeding. However, no signifi-
cant differences were observed in 613Cichthy0 values or mol%MgCO3 of
excreted ichthyocarbonate produced 1, 2, 3, or 4 days past last fish meal
(Table 2, p > 0.05 for all comparisons), providing additional support for
the interpretation that variations in the incorporation of metabolic CO,

Revised global estimates of ichthyocarbonate production, ichthyocarbonate derived from Cpgt, and ichthyocarbonate-associated organic matter. Assumptions for each
calculation are listed in italics, increase factors are average, median, and maximum from Table 4. Increase factors for global fish biomass are synthesized in Table 4
based on literature review, and bolded row (4.17 x ) represents the median increase factor.

1

Biomass increase factors Ichthyocarbonate production Pg CaCO3 yr~

Ichthyocarbonate from dietary carbon Pg CaCO3 yr—

1 1

Embedded organic matter Pg C yr—

Cpier / %TOC - - 28 % 56 % 5.5% 40.4 %
Pg CaCO3 yr~! 0.33 0.93 0.33 0.95 0.33 0.95
1,00 0.33 0.93 0.09 0.52 0.02 0.38
(no change)
4.17 x 1.43 3.99 0.40 2.23 0.08 1.61
4.74 x 1.60 4.47 0.45 2.5 0.09 1.80
9.51 x 3.23 9.03 0.90 5.05 0.18 3.64
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Fig. 5. Range of metabolic CO, incorporation and deep-ocean transport po-
tential for marine calcifiers. Conceptual model linking the ratio of dietary
carbon, as metabolic CO,, to seawater-derived carbon and the deep-ocean
transport potential of calcium carbonate producers. Range of dietary carbon
incorporation for ichthyocarbonate is based on the results of this study, while
studies estimating the proportion of dietary carbonate incorporation for other
biogenic carbonate producers shown here are listed in Table S2. The blue bar
and circle representing ichthyocarbonate metabolic CO, shows the range of
possible incorporation rates based on IsoError results presented in Fig. 3A-C,
and results of physiological mass balance indicating 89.6-95.6 % (Genz et al.,
2008; Heuer et al., 2012; Wilson et al., 1996a, 1996b).

are responsible for the disequilibrium 613Cichthy0 values observed in this
study. Importantly, this interpretation is also independently supported
by physiological mass balance of drinking and total rectal base excretion
rates indicating that seawater DIC ingested during drinking is insuffi-
cient to supply total rectal base excretion rates (Genz et al., 2008; Heuer
et al., 2012; Heuer et al., 2016; Wilson et al., 1996a, 1996b).

With better understanding of carbon isotope fractionation induced
by biological processes, estimates of dietary carbon incorporation into
ichthyocarbonates may result in improved agreement with physiological
measurements. Ichthyocarbonate produced by different species is
indeed characterized by wide ranging mol%MgCOs3 contents (Salter
et al.,, 2017, 2018, 2019), but mineralogy appears to be largely
controlled by family differences and relative intestinal length (Ghilardi
et al., 2023), a relationship that should be investigated further. Another
possible area of variability could include the repeated hydration of CO,
to produce HCO3, a process mediated by carbonic anhydrase, with anion
exchangers and co-transporters transporting HCO3 across the intestinal
epithelium (Fig. 2; Grosell and Genz, 2008; Genz et al., 2011). We
anticipate that fractionations induced by enzymatic processes and se-
lective HCO3 transporters may also impact the §'3C values of bicar-
bonate available in the intestinal lumen for incorporation into
ichthyocarbonates. Consequently, these observations highlight the need
for controlled experiments to define fractionation factors relevant to the
physiology of marine fish. Nevertheless, general agreement between our
isotopic mass balance approach and physiological measurements in-
dicates that significantly high proportions of dietary carbon are incor-
porated into the sinking flux of ichthyocarbonates (Fig. 5, Table S2)
relative to other biogenic carbonate minerals.

4.2. Global production rates of ichthyocarbonate and embedded organic
matter

Our new estimates of global ichthyocarbonate production rate,
which take into account recently recognized increases in estimates of
global fish biomass (Bar-On et al., 2018; Bianchi et al., 2021; Irigoien
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et al., 2014; Jennings and Collingridge, 2015; Proud et al., 2017; Proud
etal., 2018; Proud et al., 2019), indicate that the contribution of marine
fish to the inorganic carbon cycle may have been significantly under-
estimated previously. Linear extrapolation of ichthyocarbonate pro-
duction defined previously (Wilson et al., 2009) by factors proportional
to recently recognized fish biomass (Table 4), suggests that marine bony
fish may produce between 0.33 and 9.03 Pg CaCO3 yr~! (Table 5) or
0.04 to 1.08 Pg CaCO3-C yr . Compared to annual new carbonate
production by other marine calcifiers, our updated estimates suggest
carbonate production by marine fish approaches or even exceeds that of
pelagic foraminifera (~1.0-1.2 Pg CaCOs3-C yr%; (Langer, 2008)), coc-
colithophores (~1.0-1.2 Pg CaCO3-C yr’l; (Broecker and Clark, 2009;
Godrijan et al., 2022)) as well as coral reefs (0.108 Pg CaCOs3-C yr’l;
(Iglesias-Rodriguez et al., 2002; Milliman and Droxler, 1996)). Our es-
timates also suggest that carbonate production by marine fish may even
exceed some estimates of total new carbonate production in the oceans
each year (0.5 and 2 Pg CaCO3-C yr ' (Iglesias-Rodriguez et al., 2002;
Milliman and Droxler, 1996)). Interestingly, a recent study by Bui-
tenhuis et al. (2019) estimated that global production of aragonite by
pteropods also exceeded total oceanic carbonate production (4.2 Pg
CaCO5-C yr™ 1) but suggested that a significant fraction of pteropod
aragonite likely dissolved at relatively shallow depths in the water col-
umn. It is plausible that the same hypothesis applies to ichthyocarbonate
as well, which is more likely to be soluble than aragonite (Woosley et al.,
2012) as a result of high mol%MgCO3 contents and ACMC phases (Foran
et al., 2013; Perry et al., 2011; Salter, 2013; Salter et al., 2017; Salter
et al., 2019; Salter et al., 2018; Salter et al., 2012; Salter et al., 2014;
Walsh et al., 1991; Wilson et al., 2009).

In addition to carbonate mineral content, ichthyocarbonates also
contain embedded organic matter, likely derived from their proteina-
ceous matrix and not undigested particles of food (Schauer et al., 2018a;
Schauer and Grosell, 2017; Schauer et al., 2016; Schauer et al., 2018b),
the abundance of which we define here for the first time (Table 1).
Upscaling our measurements of %TOC using updated ichthyocarbonate
production rate estimates indicates that ichthyocarbonate-associated
organic matter may range between 0.08 and 1.61 Pg C yr™! (Table 5).
Our average and median estimates of ichthyocarbonate-associated
organic matter (Table 5) suggests that fish-produced contributions to
the biological pump (i.e., 1.5 +/— 1.2 Pg C yr , estimated to be ~16 %
of total biological pump contributions (Saba et al., 2021)) are likely
increased by ichthyocarbonate-associated organic matter. In addition,
our results indicate a wide variation in the particulate inorganic carbon
to particulate organic carbon (PIC:POC) ratio of ichthyocarbonates,
ranging from 0.61 to 15.5, the high end of which is nearly an order of
magnitude higher than coccolithophores (Findlay et al., 2011). Thus,
ichthyocarbonate is predicted to act like a ‘time-release capsule’ for
embedded organic matter, preventing remineralization in the shallow
ocean and increasing sinking rates (‘ballast effect’ (Armstrong et al.,
2002)). For example, sinking rates of POC associated with calcite (2.71
g cm™3) may be variable (Gloege et al., 2017), but are thought to be ~50
% faster with lower rates of respiration than aggregates of an equivalent
size ballasted with siliceous diatoms (2.1 g em™®) (Klaas and Archer,
2002). Further, in comparison to the density of fecal pellets produced by
copepods and macrozooplankters (1.09-1.24 g cm™>) (Urban et al.,
1993; White et al., 2018), sinking fluxes associated with carbonate
minerals like ichthyocarbonate are anticipated to be faster (Armstrong
et al.,, 2002). Thus, ichthyocarbonate is proposed to be an efficient
mineral-ballasted carbon export mechanism. Consequently, the
embedded organic matter in the ichthyocarbonate flux is likely to
experience higher sequestration potential than other particulate organic
matter, like fecal pellets. Incorporation of ichthyocarbonate into fecal
pellets (i.e., Perry et al., 2011; Salter et al., 2012, 2014; Saba et al., 2021)
may also augment fecal pellet sinking rates due to higher density of
mineral precipitates incorporated into the organic matter.

Of the total organic carbon export from the surface ocean, the current
view is that most (>90 %) is consumed, respired, and recycled within
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the mesopelagic depths of the ocean (Weber et al., 2016) and only a
small fraction (<1-10 %) reaches the deep ocean for sequestration on
the scales greater than millennia (Buesseler et al., 2020; Honjo et al.,
2014; Turner, 2015). Fish fecal pellets have been observed to sink as
quickly as 1000 m per day (Saba et al., 2021; Saba and Steinberg, 2012;
Staresinic et al., 1983), limiting rates of remineralization in the shallow
ocean. Such fast sinking rates have been suggested to increase the
importance of the fish fecal pellet flux with depth (Bianchi et al., 2021;
Saba et al., 2021). Indeed, at carbon sequestration relevant depths of
1000 m, fish fecal pellets have been estimated to increase in importance
and constitute ~10 % of the global sinking particle flux because of
differential sinking rates originating from by particulate matter source
and composition (Bianchi et al., 2021). We argue that the five-fold in-
crease in importance of fish fecal pellets at 1000 m relative to 200 m
(Bianchi et al., 2021) may be extended to ichthyocarbonates, because
they are also expected to sink rapidly.

4.3. Implications of anomalous dietary carbon incorporation

Accounting for our expected range in Cpjgr (Table S1), we estimate
that between 0.09 and 5.05 Pg CaCO3 yr~! (Table 5) is derived from the
marine food web, rather than seawater DIC. Incorporation of significant
quantities of dietary carbon into ichthyocarbonate makes intestinal
calcification by bony fish anomalous with respect to other marine cal-
cifiers, which typically contain <10 % on average (Fig. 5, Table S2).
Unlike the skeletons and shells comprising the carbonate pump, which
are a net source of CO, to the atmosphere during their formation
(Frankignoulle et al., 1994; Frankignoulle et al., 1995), the fact that
ichthyocarbonate is comprised of substantial quantities of metabolic
COq, rather than seawater DIC may provide an overlooked connection
between the carbonate and biological pumps. Such a connection would
be based on the osmoregulation strategy of marine fish, a process that
converts atmospheric CO; fixed by marine photosynthesis to a sinking
flux of carbonate minerals and organic matter. A similar connection was
recently proposed for coccolithophores, but their metabolic CO; incor-
poration occurs at significantly lower rates (~1.3 %, (Godrijan et al.,
2022)) than estimated for ichthyocarbonate produced by marine fish
(average of 28-56 %, but up to 81 %, Fig. 3).

By incorporating high quantities of assimilated dietary carbon into
rapidly sinking carbonate precipitates with embedded organic matter,
ichthyocarbonate acts like a mineralized counterpart to the conversion
of phytoplankton into more resistant biomass and sinking fecal pellets.
The fact that ichthyocarbonates are also likely to have high sinking rates
physically separates total rectal base excretions, including solid ich-
thyocarbonate and bicarbonate ions, from the H" excretion occurring at
the gill (Wilson et al., 2009). Protons arising from hydration reactions in
the intestinal tissue are secreted to the blood (Grosell and Genz, 2006)
and excreted by the gills (Genz et al., 2008; Fig. 2). Because of this
anatomical separation of H" excretion from total rectal base excretion
(Wilson et al., 2009), further measurement of the net acid-base balance
of marine fish is warranted. Published estimates suggest net excretion of
acid-base equivalents by marine fish is neutral (Perry et al., 2010) or
slightly acidic (Genz et al., 2008), and future work should quantify
whether complete dissolution of excreted ichthyocarbonates is needed
to balance acid secretion at the gills, especially in the context of diurnal
fish migration (Saba et al., 2021; Pinti et al., 2023). The deep-ocean
transport potential of ichthyocarbonate, which impacts the fate and
impact of marine carbonates on the global carbon cycle, is likely higher
than other carbonate producers with sessile lifestyles (Fig. 5). Given
their rapid production rates, high concentration of diet-derived carbon
relative to other marine calcifiers (Figs. 3, 5), and likely high sinking
rates, quantitative parameterization of the icththyocarbonate export
flux is an important next step in including marine fish into global
biogeochemical models. Notably, mesopelagic fish constitute a signifi-
cant proportion of marine fish biomass (Irigoien et al., 2014; Proud
etal., 2019) and their lifestyle may give ichthyocarbonates a ‘head start’
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towards depths where carbon is sequestered for >100 years (Saba et al.,
2021; Pinti et al., 2023).

Although marine fish incorporate dietary carbon into ichthyocar-
bonate at anomalous rates compared to other marine carbonates, high
overall production rates by other calcifying organisms (Broecker and
Clark, 2009; Buitenhuis et al., 2019; Iglesias-Rodriguez et al., 2002;
Langer, 2008; Milliman and Droxler, 1996) suggests that a significant
proportion of marine carbonate produced by other calcifiers may also
not conform to the paradigm of marine calcification and CO2 emissions
(Fig. 6). When the total carbonate produced annually by coccolitho-
phores, foraminifera, marine fish, pteropods, and coral reefs (Broecker
and Clark, 2009; Buitenhuis et al., 2019; Iglesias-Rodriguez et al., 2002;
Langer, 2008; Milliman and Droxler, 1996; Wilson et al., 2009; this
study) is corrected for the fraction of metabolic carbon incorporation
(Godrijan et al., 2022; McConnaughey, 1989; McConnaughey et al.,
1997; Spero and Lea, 1996; Wilson et al., 1996a, 1996b; this study),
marine fish are revealed to be the most important contributor of car-
bonate originating from dietary carbon in the oceans today. Pelagic
foraminifera, which produce ~1-1.2 Pg CaCO3-C yr_1 (Langer, 2008)
with lower incorporation rates of metabolic CO2 (<12 %, (Spero and
Lea, 1996) are another important producer of carbonate derived from
assimilated dietary carbon. Dietary carbon incorporation into aragonite
produced by pteropods is currently unknown, but data from six species
indicates they are 13C-depleted relative to expected equilibrium arago-
nite (Grossman et al., 1986), suggesting that dietary carbon is likely
incorporated into pteropod tests. Future studies should consider quan-
tifying dietary carbon incorporation by pteropods, especially since they
may be produced in high abundance but dissolve at shallow depths
(Buitenhuis et al., 2019). Considering the upper end of production and
dietary carbon incorporation for all major calcifiers (Godrijan et al.,
2022; Heuer et al., 2012; McConnaughey, 1989; McConnaughey et al.,
1997; Spero and Lea, 1996; Wilson et al., 1996a, 1996b; this study), it is
possible that significantly more carbonate is produced each year than
previously appreciated, and further, a significant proportion of total new
marine carbonate production each year may be derived from dietary
carbon. Such observations motivate future research elucidating the
incorporation of metabolic CO, during marine calcification and its im-
pacts on surface ocean carbonate chemistry in order to better under-
stand the oceans' response to changes in the global carbon cycle.

4.4. Uncertainty and caveats

Revised global annual production rates of ichthyocarbonate, car-
bonate derived from dietary carbon, and new estimates of the embedded
organic matter represent a first order re-evaluation of the role of marine
fish in the global carbon cycle. However, significant uncertainty remains
with respect to estimates of global fish biomass (Wilson et al., 2009;
Irigoien et al., 2014; Proud et al., 2017, 2018, 2019; Jennings and
Collingridge, 2015; Bar-On et al., 2018; Bianchi et al., 2021). At present,
most biomass models lack resolution of regional hotspots, and may
overlook fish smaller than 10 g (Bianchi et al., 2021). Smaller fish are
known to produce more ichthyocarbonate per unit mass than larger fish
(Wilson et al., 2009; Perry et al., 2011; Ghilardi et al., 2023), conse-
quently, inclusion of small fish biomass in global ichthyocarbonate
production estimates will likely increase total production estimates. In
addition, mesopelagic fish biomass is notoriously difficult to measure
(Saba et al., 2021) and has been proposed to constitute up to 95 % of the
biomass of all marine fish (Dornan et al., 2019; Irigoien et al., 2014;
Proud et al., 2019); lack of data makes estimates of ichthyocarbonate
production by mesopelagic fish difficult. Prior quantification of ich-
thyocarbonate production rate has been conducted on unfed fish held at
ambient temperatures (Wilson et al., 2009; Perry et al., 2011; Ghilardi
et al., 2023), which likely resulted in conservative estimates, although
the contrary was recently suggested (Ghilardi et al., 2023). However,
Ghilardi et al. (2023) lacked an account of early and rapid dissolution in
the collection tanks and relied upon a link between metabolic rate and
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relative intestinal length, rather than intestinal surface area, both of
which could underestimate production rates. Future work should
investigate a wider range of species, rates of ichthyocarbonate produc-
tion by fed fish, the influence of lifestyle and temperature on production
rates as well as fate of ichthyocarbonates upon release.

To evaluate Cpppr contributions to ichthyocarbonate, the IsoError
mixing model (Phillips and Gregg, 2001) was used to calculate mean +
95 % confidence intervals (Fig. 3). Assumptions regarding the 8'3Cpc
values, and the fractionation associated with hydration/hydroxylation
and mineral precipitation were necessarily made but informed by prior
studies (Fig. 1; Sheppard and Schwarcz, 1970; DeNiro and Epstein,
1978; Romanek et al., 1992; McConnaughey et al., 1997; Jimenez-Lopez
et al., 2006; Swart et al., 2013). Future work should empirically define
these fractionation factors to reduce uncertainty on these analyses. Re-
sults indicate a relatively high degree of variance in compositional
characteristics of ichthyocarbonate produced the species studied here
(Table 2), thus, additional studies quantifying %TOC, PIC:POC ratios, %
Carbonate, 613Cichthyc and 613Corg in ichthyocarbonate produced by a
wider variety of marine fish species are anticipated to improve con-
straints on global production. Despite the limitations of the current
study, it is clear that marine fish make important contributions to car-
bonate production in the modern oceans.

5. Conclusions

Marine fish contribute a significant amount of carbonate to the
oceans each year. Our estimates suggest global new carbonate produc-
tion by marine fish ranges between 0.33 and 9.03 Pg CaCOsz yr !,
potentially making fish one of the dominant carbonate producers in the
sea. Results indicate that marine fish also utilize anomalously high
concentrations of carbon derived from their diet (28-56 % on average)
to precipitate ichthyocarbonate, compared to other producers which
principally rely on dissolved inorganic carbon from seawater.

10

Considered within the potential global ichthyocarbonate production
estimates calculated here, assessment of dietary carbon content in ich-
thyocarbonate suggests that between 0.09 and 5.05 Pg CaCO3 produced
each year may not conform to canonical expectations of the impact of
carbonate production on the global carbon cycle. Because dietary car-
bon originates in the marine food web, from photosynthesis conducted
by primary producers, the impacts of ichthyocarbonate production on
seawater carbonate chemistry may not adhere to expectations regarding
net CO; release, and future work should elucidate these impacts. Finally,
ichthyocarbonate produced by two species was found to contain be-
tween 5.5 and 40.4 % TOC, present as an ichthyocarbonate-associated
organic matrix. Scaled globally, this indicates a median production po-
tential as high as 1.61 Pg C yr !, depending on global ichthyocarbonate
production. Although fish physiologists have long been aware that di-
etary carbon must contribute to ichthyocarbonate production, connec-
tions between the physiology of ichthyocarbonate production and the
biological pump have never previously been identified. Implications of
ichthyocarbonate production rate and composition appear to position
marine fish as a central component of Earth's global carbon cycle over
the past ~300 million years.
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