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Abstract. Planktic foraminifera form shells that are preserved in ocean sediments and are used in a
variety of paleoproxy and biostratigraphic applications. However, species-specific ecology can
complicate the interpretation of planktic foraminifera-based proxies, and limited options exist for
examining the ecology of extinct species. Here we apply test-bound compound-specific stable isotopes
of amino acids (CSI-AA) to examine the trophic ecology of extant planktic foraminifera. We measure
CSI-AA in planktic foraminifera shells collected in sediment traps from the Santa Barbara Basin, CA,
specifically the three most abundant species in this region: Globigerina bulloides, Neogloboquadrina
incompta, and Turborotalita quinqueloba. The nitrogen CSI-AA of all three species suggest that
planktic foraminifera have metazoan-like metabolisms, and that trophic position estimates using CSI-
AA are appropriate for planktic foraminifera. All three species had trophic positions near 2 (primary
consumer), with no evidence for mixotrophy or photosymbionts. Carbon CSI-AA, in combination with
a Bayesian stable isotope mixing model, indicates that the three species occupied separate niches based
on diet. Globigerina bulloides fed opportunistically on all groups of phytoplankton available in Santa
Barbara Basin, adjusting its diet with seasonal changes in phytoplankton assemblage. Turborotalita
quinqueloba specialized in diatoms and heterotrophic bacteria. Neogloboquadrina incompta consumed
heterotrophic bacteria and some phytoplankton. Our results align with the current understanding of each
species’ ecology while further defining their niches. Our findings suggest that CSI-AA is a promising
tool for understanding the trophic ecology of planktic foraminifera, and we make recommendations for
future applications of CSI-AA to fossil specimens.

1 Introduction

Despite their fundamental importance to paleoceanography, many questions remain about the ecology of planktic
foraminifera. Planktic foraminifera are single-celled amoeboid protists that precipitate calcium carbonate shells. These
shells, or tests, are preserved in marine sediments and constitute a rich historical record of the oceans. A variety of
paleoproxies for physical and biogeochemical ocean conditions have been developed using elemental and stable isotope

analyses of planktic foraminifera (Katz et al., 2010; Kucera, 2007). Planktic foraminifera are essential to biostratigraphy in
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carbonate-rich ocean sediments and the relative abundance of planktic foraminifera species has been used as a

paleotemperature indicator (Imbrie and Kipp, 1971; Petrizzo et al., 2024).

Planktic foraminifera species have varying and wide-ranging trophic ecology: they can be primary consumers and secondary
consumers (Spindler et al., 1984), detritivores (Bird et al., 2018; Fehrenbacher et al., 2018), and mixotrophs (Uhle et al.,
1997, 1999). Mixotrophic species host photosynthetic symbionts (Takagi et al., 2019), which can assimilate inorganic
nitrogen as a nutrient source (Lekieffre et al., 2020). The foraminifera themselves can also assimilate inorganic nitrogen
(Bird et al., 2020). The ecology of individual species can influence the interpretation of foraminifera-based paleoproxies. For
example, the presence and abundance of photosynthetic symbionts can alter the inorganic carbon stable isotope ratios in
foraminifera tests (Spero et al., 1991) and therefore have a confounding influence on records of past changes in the marine
carbon cycle. If a species adopts symbionts over time and their carbon stable isotope composition changes, this could be
mistakenly interpreted as a change in the global carbon cycle (Gaskell and Hull, 2019). Foraminifera-bound '°N has proven
to be an extremely valuable proxy for nitrogen cycling and ocean circulation (e.g.Ren et al., 2009, 2015; Auderset et al.,
2022; Farmer et al., 2023), but like 8'C, the interpretation of this proxy can be complicated by trophic ecology, specifically
the presence/absence of symbionts (Auderset et al., 2025). Examinations of cytoplasm contents, observations from culture,
and metagenomic methods have been employed to understand the ecology of extant species (e.g. Bé et al., 1977; Bird et al.,
2017, 2018; Takagi et al., 2019; Reynolds et al., 2025), yet much remains unknown. These methods, however, are not

feasible for extinct species or fossil specimens.

Compound-specific stable isotopes of amino acids (CSI-AA) have been applied extensively to studies of trophic ecology,
and CSI-AA should be particularly useful for studies of planktic foraminifera. Nitrogen isotopes of amino acids can be used
to investigate the trophic position, or level in the food web, of organisms as well as nitrogen sources to the food web
(Ohkouchi et al., 2017). Carbon isotopes of essential amino acids, or those amino acids that are not synthesized by
heterotrophs, can be used to estimate the primary carbon sources in a consumer’s diet (Larsen et al., 2009). CSI-AA has been
used to examine the ecology of live-caught benthic and planktic foraminifera with intact cytoplasm (Nomaki et al., 2025;
Toue et al., 2022; Tsuchiya et al., 2018), but amino acids also constitute a major fraction of the organic lining of the
foraminifera test (Paoloni et al., 2023) and thus are preserved in fossil specimens (King and Hare, 1972). Our study focuses
on test-bound amino acids from planktic foraminifera tests collected in a moored sediment trap. These tests should be

analogous to sediment core-top fossils in nitrogen content (Smart et al., 2018) but would not have been subject to diagenesis.

The Santa Barbara Basin (SBB) provides an ideal study site for studies of planktic foraminifera ecology. The three most
abundant extant planktic foraminifera species in the Santa Barbara Basin (Black et al., 2001; Havard et al., 2025; Kincaid et
al., 2000): Globigerina bulloides (d’Orbigny, 1826), Neogloboquadrina incompta (Cifelli, 1961), and Turborotalita
quinqueloba (Natland, 1938) have been extensively studied in the wild and in culture. SBB is also the location of multiple

2
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planktic foraminifera-based climate archives (e.g. (Hendy et al., 2004; Hendy and Kennett, 2000; Kennett and Ingram, 1995;

White et al., 2013), thus planktic foraminifera ecology also has direct relevance to paleoceanographic studies.

The Santa Barbara Channel, which contains the SBB, is a highly dynamic system driven by seasonal changes in wind forcing
(Harms and Winant, 1998). In the spring, equatorward winds create conditions favorable for upwelling off Point Conception
and flow is equatorward (Fig.1; Harms and Winant, 1998), which delivers nutrients to surface waters in SBB that support
new production and plankton blooms (Brzezinski and Washburn, 2011). In late spring the flow reverses to poleward, and
cyclonic circulation occurs in the channel through fall (Harms and Winant, 1998). During this time, cyclonic eddies can
bring nutrients to the surface and entrain nutrients and phytoplankton from upwelled waters north of Point Conception
(Brzezinski and Washburn, 2011). Chlorophyte and prymnesiophyte phytoplankton bloom first in response to upwelling,
followed by diatoms (Catlett et al., 2021). Diatoms dominate pigment concentrations throughout the year, and diatom
blooms peak in spring, after which smaller blooms occur sporadically through the summer (Anderson et al., 2008). The
remainder of the year, stratified conditions favor a cyanobacteria- and nanoeukaryote-dominated mixed assemblage and

winter-time precipitation and freshwater runoff favor dinoflagellate blooms (Catlett et al., 2021).

The planktic foraminifera community in SBB responds to this seasonality. In SBB sediment trap collections from 2014-2021
(the same sediment traps used in this study), G. bulloides are consistently abundant and dominate the species assemblage in
spring and winter (Havard et al., 2025). Globigerina bulloides fluxes peak in spring and summer, as do those of 7.
quinqueloba (Havard et al., 2025). Turborotalita quinqueloba has high relative abundances in spring and summer, and much
lower abundances in fall and winter (Havard et al., 2025). Neogloboquadrina incompta is present year-round, but its relative
abundance is highest in the fall when fluxes of G. bulloides and T. quinqueloba are low (Havard et al., 2025). This seasonal
variability in the three most abundant planktic foraminifera species suggests that these species occupy different ecological
niches in SBB. All three species occupy similar depth habitats at or just below the chlorophyll maximum in SBB (Field,
2004). Toue et al. (2021) suggest that planktic foraminifera living in the same depth habitats may occupy different trophic

niches to avoid competition.

We apply CSI-AA to planktic foraminifera from SBB to ground-truth the application of this method to planktic foraminifera
tests and investigate the ecology of the three most abundant species. We compare our results to previous studies of the
ecology and behavior of G. bulloides, T. quinqueloba, and N. incompta. Our findings confirm the utility of CSI-AA for
examining the ecology of planktic foraminifera species as well as define the ecological niches of each of these three species

in SBB.
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2 Methods
2.1 Sediment trap

Samples were collected using a McLane Parflux 78H sediment trap deployed at depths >400 m (water column depth ~589m;
Eichhubl et al., 2002) in the central SBB (34.2450389, -120.0592917; Fig. 1). The sampling interval was 10 to 14 days and

samples were preserved in borate-buffered formalin solution. This study consists of samples from deployments from 2018 to

2021, excluding May through November 2020.
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Figure 1. Map of Santa Barbara Basin with bathymetry, relative directions of the California Current and California
Undercurrent, and location of sediment trap (yellow triangle). In the spring, the California Current dominates the circulation
through the basin, and upwelling forms off Point Conception (green symbols). In the fall and winter, the undercurrent dominates
circulation (blue arrow). Bathymetry data are from NOAA.

2.2 Sample processing

A 1/16th split of the sediment trap sample was used for foraminiferal flux and species counts, as described in Havard et al.
(2025). Briefly, samples were rinsed with tap water over a 125-micron sieve and foraminifera tests were removed from other
trap material using a fine paintbrush. Foraminifera tests were dried on a micropaleontology slide, then species were

identified by test morphology and sorted (Fig. 2).

Tests of the three most abundant species were removed to separate micropaleontology slides. Tests were inspected under a
dissecting microscope to ensure that they were free of cytoplasm and that no organic particles were adhered to the exterior or
interior of tests. Any organic particles were gently removed with a wet brush. The removed tests were counted and weighed

on a microbalance. Tests from multiple sediment trap samples were combined to achieve a sample of 5-10 mg (Table 1). The
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weights of individual sediment trap collections were used to estimate the proportion of each sample from each season (Table

1). This combined sample was gently rinsed with methanol three times, then dried.

. Turborotalita quinqueloba
‘ Neogloboquadrina incompta

Globigerina bulloides

125  Figure 2. Pictures of three most abundant planktic foraminifera in SBB on a micropaleontology slide with mechanical pencil for
scale (A) and magnified to show differences in test morphology (B).

Table 1. Details for each species analysis.

G. bulloides G. bulloides T. quinqueloba N. incompta
(fall/winter) (spring/summer)
Fall/winter Spring/summer December 2018 to May 2019 to
(Oct-Jan) (Feb-July) October 2021 October 2021
Dates represented  2018/2019, 2019
2019/2020,
2020/2021
Number of
individuals (n) 3132 5081 4964 4082
Total dry weight 9.6 19.8 5.6 133
(mg)
Weight
spring/summer 19.8 (100%) 5.0 (89%) 7.6 (56%)
(mg)
Zvnz)ght fall/winter 9.6 (100%) 0.6 (11%) 5.8 (44%)

130 2.3 Compound-specific stable isotope analysis of amino acids

CSI-AA were measured at the UC Santa Cruz Stable Isotope Lab. The preparation of foraminifera tests for CSI-AA follows
the methods of Vokhshoori et al. (2022) for preparing bivalve shell organic matter. Tests were first demineralized by adding
~1 mL 1N HCI to dissolve carbonate, then stored at 4°C overnight to complete the demineralization reaction. The HCI was

then evaporated under N2 instead of filtration or centrifugation. The remaining organic matter was then hydrolyzed with ~
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ImL 6N HCI at 110°C for 20 hrs after the vial was purged with N> to remove oxygen. Samples were purified by cation-
exchange chromatography with DOWEX 50WX8-400 resin (Metges et al., 1996). Amino acids were measured as
trifluoroacetyl isopropyl ester derivatives following Silfer et al. (1991). After drying under N2, samples were esterified with a
1:5 mixture of acetyl chloride:isopropanol at 110 °C for 60 min. Samples were dried again under Nz, then
trifluoroacetylation was completed using a 1:3 mixture of trifluoroacetic anhydride (TFAA) and dichloromethane (DCM) at
100 °C for 15 min. Inorganic salts were removed from samples by liquid-liquid extraction of derivatized amino acids in
chloroform and an aqueous 1 M phosphate buffer (Ueda et al., 1989). Trifluoroacetylation was completed again after liquid-
liquid extraction. Samples were dried and dissolved in ethyl acetate for gas chromatography-isotope ratio mass spectrometry
(GC-C-IRMS).

Amino acid stable isotopes were measured on a Thermo 1310 Trace gas chromatograph coupled to an Isolink IT (Thermo
combustion reactor 1000°C), Conflo IV, and Thermo Delta V Plus IRMS at the UCSC-SIL. Amino acids were separated for
3!°N analyses using a BPX5 column (60 mx0.32 mm, 1 pm film thickness; SGE Analytical Science, Trajan, Austin, TX,
USA) and for 3!*C analyses using a DB-5 column (50 mx 0.32 mm 0.52 pm film thickness; Agilent Technologies, Santa
Clara, CA, USA). Samples were then analyzed, alternating every three injections with an authentic amino acid standard
mixture of known 8'3C and §'°N values. The injector temperature was 250°C with He column flow rate of 2 mL/min. The
GC temperature program for nitrogen isotope analysis: initial temp = 70°C hold for 1 min; ramp 1=10°C/min to 185°C, hold
for 2 min; ramp 2 = 2°C/min to 200°C, hold for 10 min; ramp 3 = 30°C/min to 300°C, hold for 6 min. The GC temperature
program for carbon isotope analysis was: initial temp = 75°C hold for 2 min; ramp 1 = 4°C/min to 90°C, hold for 4 min;
ramp 2 = 4°C/min to 185°C, hold for 5 min; ramp 3 = 10°C/min to 250°C, hold for 2 min; ramp 4 = 20°C/min to 300°C, hold
for 5 min. Amino acids included in analysis were: alanine (Ala), glycine (Gly), threonine (Thr), serine (Ser), valine (Val),
leucine (Leu), isoleucine (Ile), proline (Pro), aspartic acid/asparagine (Asx), glutamic acid/glutamine (GIx), phenylalanine
(Phe), and lysine (Lys). The §'*C of amino acids was corrected for carbon added during derivatization using standard values
from the same derivative batch, following the methods of Silfer et al. (1991). A small 3'°N correction was made for samples
in each run based on the offset from known standard values for each amino acid in that same run. Reproducibility was
estimated by the standard deviation of triplicate injections of each sample. Accuracy was checked by analyzing an in-house

long-term lab reference material (cyanobacteria) with every sample set.

2.4 Amino acid-based statistical analyses
2.4.1 Trophic Positions

Trophic and source amino acids were designated following Chikaraishi et al., (2007). Trophic position was estimated in three

ways, due to a lack of information about the fractionation of trophic amino acids in foraminifera. The first, denoted here as
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TP-Glx, was developed for metazoans and uses the '°N values of Glx and Phe according to the formulation of Chikaraishi

et al. (2009):

15 15
8" "Nglx—8 "Nppe

TP-Glx = acrne 4

(1

where Baix-phe is 3.4%0 and Acix is 7.6%o (Chikaraishi et al., 2009).

Agix

The second method, using alanine as the trophic amino acid, denoted here as TP-Ala, is employed to capture protistan steps

in the food web, which are not captured by the TP-Glx method (Gutiérrez-Rodriguez et al., 2014; Décima et al., 2017).

15 15
8" "Nala—8" " Nphe =Sy,
TP-Ala = 2 = —AlaPhe 4 1

)

Where Bala-phe is 3.2%o0 and Aala is 6.1%o (Décima et al., 2017; Chikaraishi et al., 2009).

Apla

Feeding studies suggest different alanine trophic discrimination factors for protists and metazoans (Décima et al., 2017;
Gutiérrez-Rodriguez et al., 2014), thus we also implement the multi-TDF model (McMahon and McCarthy, 2016) assuming

a single protistan step for an alanine-based trophic position, TP-Ala-multi:

. 8 NpL 8" Nppe =Sy pre—Aalal
TP-Ala-multi = a - ¢~ Prla-phe"2Alal | -
Ala2

3)

Where Bala-phe is 3.2%o, Aalal is 4.5%0, and A2 is 6.1%o (Décima et al., 2017; Chikaraishi et al., 2009). This third calculation
is most appropriate in the case that 1) foraminifera fractionate Glx and Ala like metazoans, and 2) other protists may be in

the foraminifera food web.

Calculation of propagated uncertainty for trophic position followed Jarman et al. (2017) and was determined using the
standard deviation of Bcix, Acix, Pala, and Aaia1 and Aar2 from Chikaraishi et al. (2009; 0.9%o, 1.1%o, 1.2%o, 0.2%0 and 2.1%.,
respectively), and the analytical uncertainty for the amino acid 8'°N of each sample. Propagated errors in the TP calculations

are driven primarily by the standard deviations of Aan and Acix, which are empirically derived from feeding experiments.

2.4.2 Bayesian stable isotope mixing model dietary analysis

The 8§'3C of essential amino acids normalized to average essential amino acid §'3C was used to apportion end-members to the

diet of each foraminifera sample following McMahon et al., (2015). A Bayesian mixing model (Markov chain Monte Carlo
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for stable isotope data with only single target organisms; MixSIAR R-package; Stock et al., 2018) was run for foraminifera
using five end-members (cyanobacteria, diatoms, dinoflagellates, heterotrophic bacteria, and nanoeukaryotes) and their
standard deviations. End members were chosen based upon the known phytoplankton composition of SBB (Catlett et al.,

2021). These end-members were generated using published values from the literature (Larsen et al., 2013; Pugsley, 2025;
Stahl et al., 2023); data in Table A 1. The essential amino acids used were: Thr, Val, Leu, Ile, Lys. Phe was excluded

because Phe 5"3C values of foraminifera were outside the range of end-member values (Fig. 3). The model was run with the

default weakly informative prior, 500,000 iterations, 50,000 burn-in, reporting every 10,000 iterations, and thinned by 15

iterations.
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Figure 3. Essential amino acid 6'3C values normalized to the average of essential amino acid 813C for foraminifera samples and
end-members.

Model posterior distributions were often skewed, owing to the upper and lower limits of 0 and 1 for modelled proportions
(Fig. A1). Following (Doherty et al., 2025a), the modes of posterior distributions were used to estimate the proportion of

each end-member to the diet (Fig. A1). If the mode was less than 5%, it was assumed that the end-member had a negligible

contribution to the diet and it was excluded. Due to the qualitative nature of this approach, single values are not reported for

end-member contributions to diet and instead represented in pie charts.



215

220

225

https://doi.org/10.5194/egusphere-2026-2228
Preprint. Discussion started: 23 April 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3 Results

See data availability for complete CSI-AA data.
3.1 Nitrogen stable isotope ratios of amino acids

In all samples, trophic amino acids had a higher 3'°N value than source amino acids; the average 5'°N value of trophic amino
acids ranged from 14.9 =+ 0.4%o to 16.2 + 0.5%o and the average 5!°N value of source amino acids ranged from 6.6 =+ 0.4%o to
8.4% 0.5%o (Fig. 4). Both Ala and Glx were enriched relative to source amino acids in all samples. Globigerina bulloides in
the fall/winter and T. quinqueloba had the highest average source AA 85N (8.4 = 0.5%o and 8.2 + 0.7%o, respectively).
Globigerina bulloides in the spring/summer and N. incompta had lower average source amino acid 3N (7.0 + 0.3%o and 6.6

+ 0.4%o, respectively). In all samples, Thr !N was lower than the §'°N of source amino acids.

200 1 A
: ON. incompta
] § g ﬁ g X G. bulloides (winter)
s 1 A x % AT. quinqueloba
0 O e X * X G. bulloides (spring)
X
X 0O o
>
z 0o &
o x | 8§ B
5.0 1
0.0 1 Q
1 X
A
-5.0
Glx Asx Ala lle Leu Pro Val Tr Gly Ser Lys Phe Src Thr
( Y J Avg \ Y J Avg
Trophic AA Source AA

Figure 4. Amino acid "N values for planktic foraminifera. Analytical uncertainty is included in symbol size. The average 8'5N of
trophic amino acids (Tr Avg) and source amino acids (Src Avg) are included. Analytical uncertainty is smaller than symbol size.

3.2 Trophic position

Trophic positions were very similar between G. bulloides and N. incompta (Fig. 5). G. bulloides in fall/winter had a TP-Glx

of 2.0+ 0.3 and a TP-Ala of 2.3 £ 0.9. In the spring and summer, G. bulloides trophic positions were nearly identical: TP-
Glx was 2.1 £ 0.3 and TP-Ala was 2.4 + 0.9. Neogloboquadrina incompta had a TP-Glx of 2.0 + 0.3 and a TP-Ala 2.4 + 0.9,
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230 almost identical to G. bulloides in the fall/winter. In these two species TP-Ala was higher than TP-Glx by 0.3-0.4.
Turborotalita quinqueloba had a TP-Glx of 2.3 £ 0.4 and a TP-Ala 2.0 £0.7.

Trophic position estimates using the multi-TDF model were higher than TP-Ala and TP-Glx for G. bulloides and N.
incompta. Globigerina bulloides in fall/winter had a TP-Ala-multi of 2.7 + 0.9. In the spring and summer, G. bulloides TP-

235  Ala-multi was 2.5 £ 0.9. Neogloboquadrina incompta had a TP-Ala-multi of 2.7 £ 0.9, again identical to G. bulloides in the
fall/winter. Turborotalita quinqueloba had a TP-Ala-multi of 2.2 + 0.9, slightly higher than its TP-Ala and slightly lower
than its TP-GIx.

351 ATP-Ala
& TP-GIx
3.0 Secondary
. consumer
S o
g2 s
o} A A E
e A I i =
5 Primary
5 =0 T l J consumer
l_ £=
Q.
15 1+ g
]
X
=
1.0 Primary
‘ roducer
G. bulloides G.bulloides .+ uinauelob P
(fall/winter) (spring/summer) - Incompta 1. quinqueloba

Figure 5. Trophic positions of foraminifera using the TP-Ala and TP-Glx estimates. Corresponding trophic level is noted on the
240 right side of the plot. Error bars represent propagated error for TP calculations.

3.3 Carbon stable isotope ratios of amino acids

Amino acid 8'3C values ranged from -28.0 + 0.2%o to -0.5 + 0.3%o (Fig. 6). The weighted average 5'*C of total hydrolysable
amino acids (THAA) was -13.2 + 0.2%o for N. incompta, -14.9 + 0.4%o for T. quinqueloba, -14.2 + 0.4%o for G. bulloides in
the fall/winter, and -16.3 + 0.3%o for G. bulloides in the spring/summer (Fig. 6).

10
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Figure 6. Amino acid 8'3C values for planktic foraminifera including the weighted average of total hydrolysable amino acids
(THAA). Analytical uncertainty is smaller than symbol size.

250 3.4 Bayesian stable isotope mixing model diet apportioning

We present the results of the Bayesian stable isotope mixing model as qualitative pie charts (Fig. 7). As discussed in the

methods (Sect. 2.4.2), posterior distributions were often skewed (Fig. A1) and therefore representing the results with a

single value was not ideal. These charts are intended to represent what was present in the diet and relative contributions of

each end-member, but not absolute percentages of the end-members in the diet.

dia hb di
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hb ne
b
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‘ dia
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G. bulloides (winter) G. bulloides (spring) T. quinqueloba N. incompta

2 5 5 |.Cyanobacteria (cy) - Diatoms (dia) . Dinoflagellates (dino) - Heterotrophic bacteria (hb) |:| Nanoeukaryotic phytoplankton (ne)

Figure 7. Bayesian mixing model-derived diet proportions of cyanobacteria (cy, blue), diatoms (dia, brown), dinoflagellates (dino,
green), heterotrophic bacteria (hb, pink), and nanoeukaryotic phytoplankton (ne, yellow) for each foraminifera sample.

11
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Heterotrophic bacteria were present in all diets. In the fall and winter, G. bulloides had a mixed diet which included all end-
members but primarily consisted of diatoms and dinoflagellates. In the spring and summer, G. bulloides consumed primarily
nanoeukaryotes, with some heterotrophic bacteria and cyanobacteria. Turborotalita quinqueloba consumed diatoms and
heterotrophic bacteria in almost equal proportion. Neogloboquadrina incompta consumed primarily heterotrophic bacteria

and dinoflagellates with some diatoms.

4 Discussion

4.1 Planktic foraminifera have metazoan-like metabolisms

Our results indicate that CSI-AA represents an important new tool for understanding the ecology of planktic foraminifera,
and that test-bound amino acids can be used for CSI-AA. The relative 3'°N values of amino acids match expectations for
marine consumers (Fig. 4); trophic amino acids had higher 3!°N values than source amino acids (Fig. 4). In these
foraminifera Glx and Ala were both enriched in !N relative to source amino acids, unlike other heterotrophic marine protists
(Décima et al., 2017; Gutiérrez-Rodriguez et al., 2014). TP-Ala and TP-Glx were also similar in all species (Fig. 5); if
foraminifera had protist-like metabolisms there should be a large and consistent offset in TP-Ala and TP-Glx, with higher
TP-Ala values relative to TP-Glx. TP-GIx was actually higher than TP-Ala for 7. quinqueloba, eliminating the possibility of
protist-like fractionation of Ala and Glx in planktic foraminifera. The small offset between TP-Ala and TP-Glx values of G.
bulloides and N. incompta instead suggests that other protists may have been in the diet or food web of these foraminifera

(see Sect. 4.2).

The N depletion of Thr relative to all other amino acids in these foraminifera also suggests that planktic foraminifera have
metazoan-like metabolisms. In marine plankton this fractionation has been observed primarily in metazoans (Doherty et al.,
2021) and has not previously been observed in heterotrophic protists (Décima et al., 2017; Gutiérrez-Rodriguez et al., 2014).
The distinct fractionation of Thr is thought to be derived from protein uptake and/or gluconeogenesis in metazoan
metabolisms (Fuller and Petzke, 2017). The relative §'*C values of nonessential amino acids (Fig. 6) resembled those of fish

muscle and other animal tissues, also suggesting similar isotopic routing and biosynthesis pathways to metazoans (McMahon
et al., 2010).

Our finding that planktic foraminifera have metazoan-like metabolisms (as reflected in trophic AA fractionation) suggests
more diversity among protist amino acid metabolisms than previously considered. Marine protists include an extremely
diverse group of organisms (de Vargas et al., 2015), but studies on amino acid nitrogen isotope fractionation in protists has

been previously limited to Oxyrrhis marina, a heterotrophic dinoflagellate, and Favella spp., a genus of ciliate (Décima et
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al., 2017; Gutiérrez-Rodriguez et al., 2014). Ciliates and dinoflagellates are grouped in the same clade (Alveolata), distinct
from the Rhizaria clade, which includes foraminifera and radiolaria (Faktorova et al., 2020). Our findings suggest that the
difference in Glx and Ala fractionation in “heterotrophic protists” may not be broadly applicable to all marine protists, as it
has been interpreted in previous studies (Bode et al., 2021; Décima et al., 2017; Fernandez-Urruzola et al., 2023; Shea et al.,
2023; Viana et al., 2023), but could be used as an indicator more specifically dinoflagellate and/or ciliate presence in the
marine food web. At a minimum, our results suggest that foraminifera in a marine food web would not result in a difference
between TP-Glx and TP-Ala or TP-Ala-multi. Further studies examining the amino acid metabolisms of more species and

clades of marine protists would improve CSI-AA-based estimates of microbial loop contributions to the marine food web.

4.2 Trophic niches of planktic foraminifera in SBB

Our results match expectations for possible trophic positions of planktic foraminifera, which range from ~1 to ~3 based on
observations of cytoplasm contents and feeding in culture (Lekieffre et al., 2020; Reynolds et al., 2025; Schiebel and
Hemleben, 2017; Spindler et al., 1984). Heterotrophic feeding on phytoplankton, heterotrophic bacteria, detritus, and
zooplankton could result in trophic positions of 2 or greater, and assimilation of inorganic nitrogen by the foraminifer or
algal symbionts would result in a trophic position ~1 (Fig. 8). In corals, mixotrophy results in trophic positions between 1
and 2 (Wall et al., 2021). Heterotrophic bacteria are capable of both de novo synthesis of amino acids and trophic
fractionation of amino acids, and thus a diet of heterotrophic bacteria could result in a trophic position of ~2 or ~3
(Yamaguchi et al., 2017). However, de novo synthesis of amino acids by heterotrophic bacteria will result in a diagnostic
essential amino acid §'3C fingerprint (Larsen et al., 2009), and heterotrophic bacteria would appear in the Bayesian stable

isotope mixing model diet apportioning results.

Trophic positions were estimated for the live-caught planktic foraminifera Neogloboquadrina dutertrei and Pulleniatina
obliquiloculata in Suruga Bay, Japan by Toue et al. (2022). They found that N. dutertrei was omnivorous (TP-Glx of 2.4)
and P. obliquiloculata was a primary consumer (TP-Glx of 2.1). The authors suggested that the species maintain separate
trophic niches to avoid competition with one another. In contrast, the three most abundant planktic foraminifera species in
SBB were all primary consumers with TP-Glx of ~2. None of the three species in this study were expected to host symbionts
(Takagi et al., 2019), although cyanobacterial endobionts have been observed within G. bulloides specimens (Bird et al.,
2017; further discussed in Sect. 4.3.1). The results of the Bayesian mixing model suggest that each species had a distinct diet
(Fig. 7), despite similar trophic positions among the species (Fig. 5). This finding may indicate that the three most abundant
planktic foraminifera species in SBB separate into niches based on their diet preferences, and not by trophic level as in
Suruga Bay (Toue et al., 2022). We also find that G. bulloides varied its diet with season. Heterotrophic bacteria featured in
the diets of all three species, which is not surprising given their ubiquity in marine ecosystems (Azam and Malfatti, 2007,

Whitman et al., 1998).
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Figure 8. Summary of dietary strategies of planktic foraminifera and potential resulting trophic positions (TP).

Because our results indicate that foraminifera metabolisms fractionate amino acids like metazoans, we interpret the results
from the TP-Ala-multi trophic position estimate to estimate the contributions of other protists to foraminifera diets. Given
the above discussion of Glx and Ala fractionation in marine protists, the differences in TP-Ala-multi and TP-Glx in G.
bulloides and N. incompta likely indicate of the presence of heterotrophic dinoflagellates or ciliates and/or mixotrophic
dinoflagellates in their food webs (see Sect. 4.1; Viana et al., 2023; Décima et al., 2017). Fall/winter G. bulloides and N.
incompta both had dinoflagellates in their diet (Fig. 7), and these two samples also had the greatest differences in TP-Ala-

multi and TP-GlIx (0.7; Fig. 9). Dinoflagellates can engage in mixotrophy (Jeong et al., 2010), and mixotrophic
dinoflagellates would be observed in both the TP-Ala-multi calculation (not in TP-GIx) and the essential amino acid §'*C
fingerprints (Décima et al., 2017; Larsen et al., 2013). Thus the differences in TP-Ala-multi and TP-Glx for fall/winter G.

bulloides and N. incompta may be derived from their consumption of mixotrophic dinoflagellates. There is a smaller offset in
TP-Ala-multi and TP-Glx for G. bulloides in spring/summer (0.4, Fig. 9) and dinoflagellates do not appear in the essential

amino acid 8'3C fingerprints for this sample (Fig. 7). This may suggest that heterotrophic dinoflagellates or ciliates were

present in the G. bulloides food web in spring/summer, but mixotrophic or autotrophic dinoflagellates were not major

contributors to their diet in this season. TP-Glx was slightly higher (0.1, Fig. 9) than TP-Ala-multi for 7" quinqueloba, and

no dinoflagellates appear in its diet (Fig. 7). This suggests that ciliates and dinoflagellates were not present in the food web

of T. quinqueloba.
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Figure 9. Trophic positions of foraminifera using the TP-Ala-multi and TP-GIx estimates. Corresponding trophic level is noted on
the right side of the plot. Error bars represent propagated error for TP calculations, and differences between the two positions are
labeled.

4.3 Comparison of results to known ecology of species

4.3.1 Globigerina bulloides

Globigerina bulloides is one of the most widely distributed species of planktic foraminifera, and it is found in subtropic to
subpolar waters in the North Pacific (Darling et al., 2025; Taylor et al., 2018). Understanding the ecology of G. bulloides is
complicated by its genetic diversity: this species is in fact a morphospecies consisting of ten cryptic species (Morard et al.,
2024). Two genotypes have been identified in Santa Barbara Basin, but one genotype was only found in a single specimen
(Darling et al., 2003). We therefore anticipate that our samples of G. bulloides only contain one genotype (IId), which has
also been identified in other parts of the California Current Ecosystem (Bird et al., 2017).

Globigerina bulloides is known as a generalist, feeding mostly on primary producers in cooler waters (B¢ and Tolderlund,
1971; Grigoratou et al., 2021; Schiebel et al., 1997; Schiebel and Hemleben, 2017). In culture, G. bulloides will feed on
Artemia, although there is evidence that they prefer diatoms, chlorophytes, and some bacteria (Lee et al., 1966), and respond
well to feeding with microalgae (Sykes et al., 2024). Globigerina bulloides can also assimilate inorganic nitrogen
(ammonium) in the absence of other nitrogen sources and incorporate this nitrogen into organelles (Bird et al., 2020). We
found that G. bulloides from both seasons in SBB had a TP-Glx ~2, confirming that G. bulloides is herbivorous (Fig. 5). It is

possible that a combination of inorganic nitrogen assimilation, herbivory, and carnivory resulted in TP-Glx ~2, but this is
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unlikely considering the above observations from culture. As discussed in Sect. 4.1, some heterotrophic protists and/or
mixotrophic dinoflagellates are likely incorporated into the G. bulloides diet, due to the offset in TP-Glx and TP-Ala-multi

values.

While G. bulloides does not have photosymbionts (Takagi et al., 2019), G. bulloides in the California Current were found
with intact cyanobacteria cells in their cytoplasm (Bird et al., 2017). These endobionts may be regional, seasonal, genotype-
dependent, or serve a function other than photosymbiosis (Takagi et al., 2019). Our trophic position results suggest that G.
bulloides was not relying on symbionts as a significant source of nutrition (trophic position >2; Fig. 5 and 7). However,
cyanobacteria appear in the diet of G. bulloides in both spring and winter (Fig. 7). The incorporation of intact cyanobacteria
cells may therefore be a feeding strategy for G. bulloides, which could incorporate the cells to ultimately digest them.
Heterotrophic bacteria were also found in both diets, matching results from 16S rRNA metabarcoding of G. bulloides in the
California Current, which found heterotrophic bacteria in their cytoplasm (Bird et al., 2017). As discussed in Sect. 4.1, the
inclusion of heterotrophic bacteria in the diet of G. bulloides likely reflects the ubiquity of heterotrophic bacteria in plankton

ecosystems.

The phytoplankton available to G. bulloides can be assessed using publicly available HPLC-determined pigment
concentration data from the Plumes and Blooms program, which monitors phytoplankton community structure in Santa
Barbara Channel (SCB Marine Biodiversity Observation Network et al., 2025). We used the pigment data from the station
closest to the sediment trap (Station 4) and at 20 m, where we anticipate the highest abundance of G. bulloides during fall
and winter (Field, 2004). We assigned taxonomic significance to pigments following Catlett et al. (2021) and corresponding
to our diet end-members: peridinin for dinoflagellates, zeaxanthin for cyanobacteria/picophytoplankton, fucoxanthin for
diatoms, and total chlorophyll b and 19°-hexanoyloxyfucoxanthin for nanoeukaryotic phytoplankton. G. bulloides had a
mixed diet in the fall and winter (Fig. 7), corresponding to the mixed assemblage and freshwater-runoff driven dinoflagellate
blooms that are common in these seasons (Catlett et al., 2021). Pigments confirm that, during the three seasons that comprise
the fall/winter G. bulloides sample, all four phytoplankton diet end-members were available (Fig.10). This finding indicates

that G. bulloides consumes whichever phytoplankton are available in the environment.

The G. bulloides sample from spring and summer only had nanoeukaryotes, heterotrophic bacteria, and cyanobacteria in its
diet. This is a surprising finding, considering diatom blooms are expected in the spring in SBB. This sample consists of
specimens from a single year (Feb-July 2019; Table 1), and in March 2019 the highest planktic foraminifera flux occurred
for the entire 2014-2021 record (3,895 foraminifera m d!, almost 5 times the average for the record; Harvard et al., 2025).
This event was driven by G. bulloides (Havard et al., 2025), and 51% by weight of the spring/summer G. bulloides sample in
this study was derived from this event. No Plumes and Blumes pigment data was collected during this month, but it was

followed by diatom and nanoeukaryote blooms in April 2019 (Fig. 10). It is possible that G. bulloides became more selective
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during this season, or a different genotype was present than in the fall and winter, but it is most likely that nanoeukaryotes
were the most abundant source of food available during this time. Nanoeukaryote blooms often precede diatom blooms in

SBB (Catlett et al., 2021), and nanoeukaryotes were abundant in the months following March 2019 (Fig. 10).
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Figure 10. Pigment concentration data from Plumes and Blumes station 4 at 20 m. Taxonomic assignments following Catlett et al.
(2021). Dotted boxes highlight the three seasons that constitute the fall/winter G. bulloides sample.

Our CSI-AA-resolved ecology for G. bulloides matches previous observations of G. bulloides as herbivorous and a
generalist. Havard et al. (2025) found that G. bulloides from these same sediment traps were not correlated with any
sediment trap flux, phytoplankton pigment, or other environmental variables from 2014-2021, suggesting that our findings
are true more broadly for G. bulloides in SBB. Globigerina bulloides has been used as an upwelling indicator, but this use is
not appropriate in SBB due to G. bulloides’ generalist nature, lack of correlation with other upwelling indicators, and year-

round presence (Kincaid et al., 2000; Havard et al., 2025).

4.3.2 Turborotalita quinqugqleloba

In contrast to G. bulloides, T. quinqueloba flux is closely linked to upwelling in SBB (Havard et al., 2025), and this is likely

due to its dietary preference for diatoms. Havard et al. (2025) found correlations between the flux of 7. quinqueloba
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individuals and the coastal upwelling transport index, thermocline structure in SBB, and biogenic opal. The results of the
Bayesian stable isotope mixing model indicate the 7. quinqueloba fed primarily on diatoms and heterotrophic bacteria (Fig.
7). Additionally, 89% of the T. quinqueloba sample by weight came from the spring and summer (Table 1), when both
diatom blooms occur in SBB in response to upwelling (Catlett et al. 2021) and 7. quiqueloba abundance is greatest (Havard
et al., 2025). The similarity between the TP-GIx and TP-Ala-multi values for 7. quinqueloba suggest that there were likely
no dinoflagellates or ciliates in the T. quinqueloba food web, and thus the diet of 7. quinqueloba likely consisted of fresh

diatoms and not phytodetritus.

Interestingly, heterotrophic bacteria were modeled as approximately half of the T. quinqueloba diet (Fig. 7). Heterotrophic
bacteria are ubiquitous in marine microbial communities, but are especially enriched in phytoplankton blooms, where they
recycle phytoplankton-derived organic matter and form associations with specific phytoplankton species (Buchan et al.,
2014). Their contribution to the diet of 7. quinqueloba may be caused by their relationship with blooming diatoms. Diatoms
produce transparent exopolymer particles (TEP), which are colonized by bacteria (Passow, 2002). The presence of bacteria
may also stimulate TEP production and allow for aggregation of specific diatom species (Gérdes et al., 2011). These diatom-
associated heterotrophic bacteria may have been incorporated in the diet of 7. quingueloba by chance through the
consumption of TEP, or 7. quinqueloba may specifically target heterotrophic bacteria. The TP-Glx of T. quinqueloba was
>2, indicating that at least some of the heterotrophic bacteria in the diet were likely feeding on diatoms or diatom-derived

organic matter.

4.3.3 Neogloboquadrina incompta

Growing evidence suggests that nonspinose planktic foraminifera, including N. incompta, inhabit particle
microenvironments or feeding cysts of marine snow. Neogloboquadrina incompta is often, but not always, found within an
aggregation of particulate organic matter when collected (Bird et al., 2018). Transmission electron microscopy (TEM) of the
particle microenvironment of the nonspinose planktic foraminifer Globignerinita glutinata indicated that these habitats are
likely structured feeding cysts (Spindler et al., 1984). Microhabitats as a feeding environment are further supported by the
observation that some nonspinose planktic foraminifera prefer to feed on marine snow over Artemia in culture (Reynolds et
al., 2025). Trace element to calcium ratios, particularly those of Ba, Zn, and Mn, indicate that most nonspinose species are
not calcifying in ambient seawater (Doherty et al., 2025b; Fehrenbacher et al., 2018; Richey et al., 2022). N. incompta from

the northern California Current also had these trace element signatures (Hupp et al., 2024).

We therefore anticipate that N. incompta from SBB were living inside particle microhabitats and likely feeding on marine
snow. As discussed in Sect. 4.1, the trophic positions estimated for N. incompta indicate that it is a primary consumer, and

the difference between the TP-Glx and TP-Ala-multi calculations also suggest that heterotrophic protists were present in its
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diet. Heterotrophic protists quickly colonize marine snow (Artolozaga et al., 1997) and dinoflagellates made up a significant
proportion of N. incompta’s diet (Fig. 7). Dinoflagellates are abundant in marine snow in the California Current, and some of

these dinoflagellates may be mixotrophic or heterotrophic (Durkin et al., 2022).

The majority of N. incompta’s diet consisted of heterotrophic bacteria (Fig. 7). This finding is consistent with 16s rRNA
gene metabarcoding completed by Bird et al. (2018) of N. incompta from the northern California Current, which indicated
that bacteria were the primary food source for this species. Bird et al. (2018) found no phytoplankton in the metagenome of
these specimens, although their TEM observations suggested that NV. incompta did sometimes feed on phytoplankton. The N.
incompta sample in this study was evenly split by weight between seasons (Table 1), and thus the diatoms and some
dinoflagellates in the diet may have derived from seasonal changes in marine snow composition. Gammaproteobacteria, the
most abundant in the 16s rRNA gene metabarcoding (Bird et al. 2018), are also abundant in marine snow in SBB (DeLong et
al., 1993). While Bird et al. (2018) found that the chitinoclastic orders Altermonaldes and Vibrionales were the most
abundant in the N. incompta diet, N. incompta most likely targets available heterotrophic bacteria and does not prefer these
specific orders. However, these orders recycle carbon and nitrogen from insoluble chitin, which suggests that N. incompta

may be a part of the microbial loop (Bird et al., 2018).

Our results support the developing hypothesis that N. incompta is a bacteriovore, and that it may use marine snow feeding
cysts to access its preferred Gammaproteobacteria prey. Neogloboquadrina incompta is present year-round in SBB (Havard
et al., 2025), and thus its dietary niche may be a strategy to support populations when phytoplankton prey are scarce. This
dietary strategy may also be common among other nonspinose planktic foraminifera, and future CSI-AA trophic analyses on
both particles and foraminifera could further describe the relationship between the particle microhabitat and the diet of

nonspinose planktic foraminifera.

4.4 Prospect of applying CSI-AA to fossil foraminifera tests

We have shown here that CSI-AA data from modern planktic foraminifera tests not only preserve isotopic information but
can provide important new ecological insights. Given that these tests constitute a major paleoarchive in marine sediments,
an obvious subsequent question is if CSI-AA analyses can be extended to the fossil record. Here, we discuss several

important considerations for expanding the application of CSI-AA to fossil foraminifera tests.

4.4.1 Method considerations

First, application of CSI-AA to planktic foraminifera tests can be methodologically challenging. GC-C-IRMS methods

require large quantities of amino acid relative to other mass-spectrometry methods, despite the fact that GC-C-IRMS is one
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of the most sensitive methods for compound-specific stable isotope analysis of carbon and nitrogen (Close, 2019; Silverman
et al., 2022). Measurements are also ideally made in triplicate for degraded or fossil samples, and limitations on the amount
of solvent injected into the GC inlet will ultimately constrain the final solvent volume of a sample. For example, a typical
maximum solvent injection volume may be ~2 uL, and thus a sample containing 4 injections worth of amino acids must be
dissolved in 8 uL or less solvent. These small volumes necessitate manual injections and can be challenging to work with, as
solvent will quickly evaporate. We found that 5-10 mg of dry test material from our samples was required to make triplicate
injections for both carbon and nitrogen CSI-AA. Quantifying amino acid abundance first in tests via GC-MS is therefore
recommended for estimating the dry weight of tests required for CSI-AA. Estimates should consider the sensitivity of the
IRMS to be used, as this varies between instruments. See Fig. B1 for a framework for calculating required sample volumes
based on instrument sensitivity, adapted from Close (2019). Amino acids are also lost over time from fossil tests (King and
Hare, 1972), and thus more material would be required for analysis of fossil specimens. In fossil specimens, additional care

must also be taken to remove amino acids derived from sedimentary organic matter, which may fill or adhere to the test.

4.4.2 Potential value of CSI-AA for paleoproxy interpretation

If CSI-AA measurements can be made in fossil tests, this approach has significant potential as a paleoproxy. First, '’'N CSI-
AA could be deployed as an additional method for producing foraminifera-bound 8'°N for use as a nitrogen cycle
paleoproxy. Amino acids likely constitute the majority of foraminifera-bound nitrogen (Paolini et al., 2023), and thus amino
acid 8'°N values should be proportional to bulk 3'°N. Source amino acid §'°N is expected to record the 5!°N of the nitrogen
sources to planktic foraminifera without the confounding influence of trophic fractionation (Auderset et al., 2025), as these
values are preserved from diet to consumer (Chikaraishi et al., 2007). Given the large differences in sample material required
for CSI-AA (5-10 mg) vs. foraminifera-bound bulk nitrogen (1-3 mg; Smart et al., 2018), CSI-AA is unlikely to provide the
high-resolution reconstructions necessary for many paleoproxy applications. However, it could be invaluable in constraining
possible symbioses, or relative diets from a given interval or horizon, which could then be used to contextualize finer bulk

isotope records.

In addition to trophic level, diet can also play a role in bulk §'°N. For example, cyanobacteria and other prokaryotes are more
likely to assimilate recycled nitrogen as ammonium, which has a lower §'°N value, and eukaryotes are more likely to
assimilate new nitrogen as nitrate, which has a higher §'°N value (Fawcett et al., 2011). Our essential amino acid '*C CSI-
AA fingerprinting results suggest that these patterns may also be observed in planktic foraminifera. Neogloboquadrina

incompta, which had a diet of approximately half heterotrophic bacteria, had the lowest source amino acid §'°N values.

Diet likely plays a role in 3'°N variability among species, even when species occupy the same trophic level (Auderset et al.,

2025). We therefore suggest that CSI-AA is best used to answer questions about the ecology of planktic foraminifera at the
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species level by providing information about both trophic position and diet, which may contribute to the interpretation of the

foraminifera-bound §'>N paleoproxy.

5 Conclusion

Our findings suggest that CSI-AA are a promising tool for understanding the trophic ecology of planktic foraminifera, and
that CSI-AA could be extended from modern foraminifera into the fossil record. We have shown that nitrogen stable isotope
ratios of amino acids can be used to reliably reproduce trophic position in planktic foraminifera, and carbon stable isotope
ratios of amino acids can be used to reconstruct dietary carbon sources. Our results from modern tests indicate that amino
acid stable isotope ratios should be preserved in fossil specimens, although work must be done to understand sample size

limitations, preservation limitations, and sediment contamination.

Our findings also illuminate the ecology of the most abundant planktic foraminifera in SBB. While the three most abundant
species in SBB occupy the same trophic level, each has their own niche determined by their dietary preferences. Despite
conflicting findings in the literature, our results suggest that G. bulloides in SBB are not engaging in symbiosis with
cyanobacteria, but cyanobacteria are instead important to their diet. The trophic ecology of G. bulloides and T. quinqueloba
also support the closer association of 7. quinqueloba with upwelling in SBB; T. quinqueloba specializes in diatoms, while G.
bulloides is a generalist. Neogloboquadrina incompta are likely living in particle microenvironments and specialize in
heterotrophic bacteria. This niche may be common among nonspinose planktic foraminifera, providing a consistent source of
nutrition when phytoplankton prey are scarce. While these results broadly agree with diet expectations for these species from
the literature, they also demonstrate the unique potential of CSI-AA to improve the specificity of diet estimates for planktic
foraminifera from a particular region or period. These estimates are not limited to live-caught foraminifera with intact
cytoplasm, but may be based on sediment trap and, likely, core-top samples. As we have shown, diet information gained
from CSI-AA may provide surprises, differing from diet expectations based on the literature. This information can also
provide invaluable context for the interpretation of bulk isotope ratios from test carbonate or foraminifera-bound organic
matter. Further studies using CSI-AA could determine ecological niches of other planktic foraminifera species in other

environments, providing a much more detailed understanding of planktic foraminifera ecology.
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Table Al. Sources of essential amino acid 8'3C values for end-members in Bayesian mixing model

End-member Source Sample ID from Taxonomic description or origin
group publication
Diatoms Pugsley (2025) H11 TP WC Thalassiosira pseudonana
H3 PN WC Pseudo-nitzschia
H9 SK WC Skeletonema marinoi
H10 SK WC Skeletonema marinoi
Stahl et al. (2023) X46 Chaetoceros debilis
X24 Skeletonema marinoi
X27 Skeletonema marinoi
X39 Skeletonema marinoi
X23 Thalassiosira rotula
Dinoflagellates Pugsley (2025) HI AC Amphidinium cartarae
H2 AC Amphidinium cartarae
MB RT Monterey Bay red tide
H1 ACWC Amphidinium cartarae
Stahl et al. (2023) X28 Akashiwo sanguinea
X36 Heterocapsa triquetra
X29 Prorocentrum micans
X37 Prorocentrum micans
X40 Prorocentrum micans
Cyanobacteria Pugsley (2025) H8 SC WC Synechococcus
MH SC WC Synechococcus
Larsen etal. (2013) C2 Merismopedia punctata

535
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Table Al. (continued)

End-member Source Sample ID from Taxonomic description or origin n
group publication

Nanoeukaryote Larsen et al. (2013)  HI1 Emiliana huxleyi 1

H2 Emiliana huxleyi 1

H3 Isochrysis galbana 1

H4 Corcontochrysis noctivaga 1

Stahl et al. (2023) X26 Micromonas commoda 3

X44 Micromonas commoda 3

X47 Micromonas commoda 3

X33 Micromonas pusilla 3

X48 Ostreococcus lucimarinus 3

Heterotrophic Larsen et al. (2013) Actinobacteria 1

bacteria

Rhodococcus spp. 1

Bradyrhizobium sp. 1 1

Bradyrhizobium sp. 2 1

Methylobacterium sp. 1

Burkholderia xenovora 1

Escherichia coli 1

Gamma Proteobacteria 1

Klebsiella sp. 1

Pedobacter sp. 1
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Figure Al. Posterior distributions generated from MixSIAR for each end-member and sample in the model. Dotted line marks the
540 mode of the distribution, which was used to apportion each end-member in the diet.
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7 Appendix B
X: Variable by Shell-bound nitrogen Phenylalanine is an essential amino acid and is required for
species and is almost entirely trophic position calculations. It is in low abundance in tissue and
sample type: see  @amino acid (Paolini et thus is useful for estimating the the minimum sample required.
compilation by al., 2023). Phenylalanine makes up approximately 4% of amino acid
Smart et al. (2018) nitrogen in the foraminifera samples presented here.

and Others- /

X nmol N » 1nmol AAN 9 0.04 nmol Phe N Anmol Phe N
1mg shell” 1nmolN 1nmolAAN —  1mgshell

Y ng N on column 9 1nmol N 9 1 nmol Phe 9 L mg shell B mg shell
1 GC injection l4ng N 1nmolN ~ AnmolPhe N 1GC injection

/

Y: Requirements for amount of nitrogen on- This value (B) provides an estimate for shell material per
column for a gas chromatography injection injection but must be multiplied for triplicate injections
will vary from instrument to instrument; and the final dilution volume. Final dilution volume will
consult with the operator of the GC-C-IRMS. determine whether autosampler or manual injection

methods are required. Consult with the operator of the
GC-C-IRMS for ideal number of injections per sample.

Figure B1. Schematic representation for calculating the amount of foraminifera test required for a single GC-C-IRMS injection.
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