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Term Definition 
Autotroph An organism capable of generating its own food from dissolved 

inorganic nutrients and a trophic position of 1.0 for both TPGlu 
and TPAla. 

Microalgae A community of photosynthesizing unicellular plankton 
organisms that are pigmented and include phytoplankton and 
mixoplankton. 

Mixoplankton A unicellular, eukaryotic, planktonic organism (i.e., a protist) 
that combines osmo-, phago-, and photoautotrophy. This 
includes all protists except diatoms. 

Mixotroph An organism that grows by combining photoautotrophy, 
osmotrophy, and/or phagotrophy and a trophic position of 1.5 
TPGlu and/or TPAla. 

Osmotrophy A nutritional mode by which organisms absorb dissolved organic 
compounds from their environment, reflecting in a trophic 
position of 2.0 for TPGlu and of 1.0 for TPAla, respectively, when 
it is their sole nutritional mode. 

Phagotrophy A nutritional mode by which organisms obtain nutrients by 
grazing and ingesting other organisms, reflecting in a trophic 
position of 2.0 for TPAla and of 1.0 for TPGlu, respectively, when 
it is their sole nutritional mode. 

Photoautotrophy A nutritional mode by which organisms use light energy to create 
their own food from inorganic sources, reflecting in a TP of 1.0 
for both TPGlu and TPAla. 

Phytoplankton A unicellular prokaryotic or eukaryotic primary producer 
combining only osmo-photoautotrophy, namely cyanobacteria 
and diatoms, which are unable to phagocytose other organisms. 

Trophic Position The numerical position an organism occupies in a food web. In 
our study, trophic position (TP) is calculated based on nitrogen 
isotopes in the trophic amino acids glutamic acid (Glu) or alanine 
(Ala) versus the source amino acid phenylalanine (Phe), e.g., 
TPGlu or TPAla. 

Supplementary Table 1. Glossary of terms used in this manuscript in alphabetical order.   

 

Supplementary Note 1: Apparent age of the Amazon River plume 20 

During our cruise in 2018 and cruise EN640 in 2019, included in the habitat delineation by Pham et 
al. (2024)1, radium isotopes were analyzed underway and in discrete samples taken from the 
CTD2,3. Radium, which desorbs from riverine particles as the salinity increases, has four isotopes 
with contrasting half-lifes (224Ra is 3.66 d; 223Ra is 11. 4 d; 228Ra is 5.75 yr; 226Ra is 1600 yr), hence 
the ratios of different isotopes provide chronometers for estimating water residence time4. We 25 
calculated the apparent age of the plume waters using the activity ratio of 224Ra/226Ra according to 
the equation proposed by Moore (2000)5:  
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𝑡 ൌ 𝐿𝑁 ቆ ሾ 𝑅𝑎ଶଶସ  / 𝑅𝑎ሿ𝑖ଶଶ଺ሾ 𝑅𝑎ଶଶସ  / 𝑅𝑎ሿ𝑜𝑏𝑠ଶଶ଺ ቇ𝜆ଶଶସ − 𝜆ଶଶ଺ ൈ 1 

Where [224Ra/226Ra]i corresponds to the initial activity ratio at the source of freshwater (i.e., time 
zero), [224Ra/226Ra]obs corresponds to the observed activity ratio at each sampling point, and λ is the 30 
decay constant of each isotope calculated as LN(2) divided by the half-life of the isotope in days. 
We used an initial ratio of 7, which was estimated by averaging the activity ratio of measured 224Ra 
and 226Ra in surface waters with salinities between 5-9 on the Amazon shelf in May1990 by Moore 
et al. (1995)6. Because this age is related to an arbitrarily defined time zero on the shelf close to the 
river mouth, age is apparent and not absolute. The age of the different surface samples is shown in 35 
Supplementary Figure 1A, B and is provided in Supplementary Data 3. 

 
Supplementary Figure 1. Apparent age of surface waters during 2018 (EN614) and 2019 
(EN640) cruises along the Amazon River plume. Color circles represent the apparent age of the 
plume estimated by radium isotopes measured underway and from CTD samples at surface during 40 
our cruise in 20182 (A) and in 20193 (B) cruise include in Pham et al. (2024)1 for the habitat 
delineation along the Amazon River plume. The activity ratio on the Amazon shelf, representing 
time zero, was estimated using the average of the surface samples at salinities between 5 and 9 in 
Moore et al. (1995)6. The arrows represent the median of the geostrophic velocity provided by the 
Copernicus Global Ocean Gridded L4 Sea Surface Heights for the duration of each cruise7. Data 45 
are provided in Supplementary Data 3 for a total of n = 133 and n = 285 individual samples in 
2018 and 2019, respectively. 

 

Supplementary Note 2: Bulk carbon isotopes reveal microalgae as major sources of seston 

Seston may contain a mixture of phytoplankton, mixoplankton, microzooplankton, bacteria and 50 
detritus, whose contribution can be disentangled using carbon isotopes. The bulk C:N ratio, δ13C, 
and the relation between particulate carbon (bulk PC) and chlorophyll a (Chla) are commonly used 
to confirm the dominance of microalgae (for the scope of this study, pigmented unicellular plankton 
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belonging to phyto- and mixoplankton) in the particle signature. Bulk PC showed a linear 
relationship with Chla concentration measured at the surface (Supplementary Fig. 2A), this 55 
significant linear relationship between the log-log of the two variables (two-sided linear regression: 
bulk PC = 1.0 + 0.4 Chla, n = 27, R2adj = 0.35, p = 5.12 x 10−4) suggests the dominance of 
microalgae biomass in the signature of seston (Supplementary Fig. 2A). It is to be noted that all 
mixotrophic samples showed this relationship between bulk PC and Chla, indicating that the higher 
trophic position of these samples is unlikely to be simply the result of a mixture of microalgae and 60 
herbivorous microzooplankton. Excluding the three autotrophic samples with bulk PC values higher 
or lower than those with similar Chla content (stations 12.01 and 17.01 in 2018 and 12.02 in 2021), 
the linear relationship was still significant with a more than twofold increase in R2adj (two-sided 
linear regression: bulk PC = 1.1 + 0.5 Chla, n = 24, R2adj = 0.76, p = 7.29 x 10−9). In addition, the 
bulk C:N ratio of seston ranged from 6.2 to 16.6, and in the majority of our samples, it is consistent 65 
with the ranges described for marine or freshwater algae and organic particulate matter8 with little 
or no imprint of bacteria or higher plant matter delivered by the river, including the three samples 
with anomalous bulk PC-Chla ratios (Supplementary Fig. 2B). These C:N values above 6 also 
suggest no contribution from microzooplankton in our samples, which typically have C:N ratios 
below 6.6 9, and further support the fact that mixotrophic samples are not the result of mixing of 70 
different trophic levels in seston, but of the combined autotrophic and heterotrophic metabolism of 
mixotrophs. 

The bulk δ13C of seston ranged between –31 and –27 ‰ in the RI habitat and between –26 and −17 
‰ in the other habitats (Supplementary Fig. 2B). Values in RI are consistent with previous studies 
reporting δ13C values of terrestrial material between −34 and −27 ‰10–12 in the region, implying 75 
that seston in the brackish waters of the river mouth are mostly of fluvial origin with little input 
from the adjacent marine materials. This fluvial signal observed in brackish waters (salinity < 6) 
disappears when salinity increases above 15, reflecting a shift to marine particles dominance in 
subsequent habitats. The depletion of δ13C depletion in the smaller size fraction relative to the large 
of 2021 reflects the microalgae group compositions, with picoseston generally more depleted (−26 80 
to −23‰) than nano- and microseston (−24 to −17 ‰) 13. This difference in the signatures of 
different microalgae could also explain the higher bulk δ13C measured at stations 6.04, 8.02 and 
22.04 in 2018, and 24.01 in 2021 (above −19 ‰), where we found a dominance of diatoms and 
some contribution of Trichodesmium (Fig. 3C), a species known to have a bulk δ13C as high as 
−12.9 ‰ 14. In 2018, the total bulk samples collected presented a range of variation similar to that 85 
of the large size fraction collected in 2021, suggesting that the signature of the community was 
driven by larger plankton rather than picoplankton. Overall, these data suggest that our samples are 
also consistent with the bulk δ13C organic material derived from primary producers (Supplementary 
Fig. 2B). 
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Supplementary Figure 2. Carbon sources driving the signature of seston during 2018 and 2021 
cruises along the Amazon River plume. A) Log-log plot of total particulate carbon to chlorophyll a 
with natural values in the scales. B) Bulk carbon isotopes expressed in delta notation (δ13C ‰ 
relative to VPDB) vs the C:N ratio, the boxes represent the ranges define in Lamb et al. (2006)8 for 
various sources of carbon based on a literature revision. Panel A shows n = 29 data points of total 95 
particulate carbon resulting from the combination of 12 individual total samples in 2018 and the 
sum of the two size fractions collected in 2021. Panel B shows n = 45 individual samples collected 
at surface. Colors represent the different habitats defined by Pham et al. (2024)1 ordered by 
apparent age: Riverine Input (RI, gray), Young Plume Core (YPC, red), Outer Plume Margin 
(OPM, purple), Western Plume Margin (WPM, yellow), modified Oceanic Water (MOW, cyan) and 100 
Oceanic Water (OSW, blue). Mixotrophs (TPGlu 1.5) are marked with an asterisk using the same 
colors as the symbols. 
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Supplementary Figure 3. Literature end members and seston samples along the Amazon River 
plume showing autotrophy, osmotrophy and osmo-photoautotrophy. A) δ15NPhe (phenylalanine) vs 105 
δ15NGlu (glutamic acid + glutamate) of the literature end members and seston samples collected 
along the Amazon River plume. B) δ15NPhe (phenylalanine) vs δ15NAla (alanine) of the literature end 
members (n = 43 individual samples) and seston samples collected along the Amazon River plume 
(n = 36 individual samples). Symbols represent the organisms: cultured fungi (square), cultured 
bacteria (diamond), cultured Archaea (triangle), cultured microalgae (circle), and field seston 110 
(inverted triangles). Colors represent the nitrogen source: dissolved inorganic nitrogen from 
culture data (green, DIN), dissolved inorganic nitrogen from our seston data (dark green), 
dissolved organic nitrogen from culture data (purple), DIN + DON in our seston (dark red). The 
dashed and dotted gray lines represent the trophoclines like in Figure 1A, B. 
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Supplementary Figure 4. Literature end members and seston samples along the Amazon River 
plume showing autotrophy, phagotrophy, and phago-photoautotrophy. A) δ15NPhe (phenylalanine) 
vs δ15NGlu (glutamic acid + glutamate) of the literature end members and seston samples collected 125 
along the Amazon River plume. B) δ15NPhe (phenylalanine) vs δ15NAla (alanine) of the literature end 
members (n = 28 individual samples) and seston samples collected along the Amazon River plume 
(n = 36 individual samples). Symbols represent the organisms: cultured fungi (square), cultured 
bacteria (diamond), cultured protozooplankton (crossed circle), cultured microalgae (circle), and 
field seston (inverted triangles). Colors represent the nitrogen source: dissolved inorganic nitrogen 130 
in culture data (green), dissolved inorganic nitrogen in our seston data (dark green), DIN + N from 
phagocytosis (preys) in our seston (blue), N from phagocytosis in culture protozooplankton (pink). 
The dashed and dotted gray lines represent the trophoclines like in Figure 1A, B. 
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Supplementary Figure 5. Literature end members and seston samples along the Amazon River 
plume showing autotrophy, osmotrophy, phagotrophy and osmo-phago-photoautotrophy. A) 
δ15NPhe (phenylalanine) vs δ15NGlu (glutamic acid + glutamate) of the literature end members and 
seston samples collected along the Amazon River plume. B) δ15NPhe (phenylalanine) vs δ15NAla 145 
(alanine) of the literature end members (n = 46 individual samples) and seston samples collected 
along the Amazon River plume (n = 36 individual samples). Symbols represent the organisms: 
cultured fungi (square), cultured bacteria (diamond), cultured Archaea (triangle), cultured 
protozooplankton (crossed circle), cultured microalgae (circle), and field seston (inverted 
triangles). Colors represent the nitrogen source: dissolved inorganic nitrogen from culture data 150 
(green), dissolved inorganic nitrogen from our seston data (dark green), DIN + DON + N from 
phagocytosis (preys) in our seston (yellow), dissolved organic nitrogen from culture data (purple), 
and N from phagocytosis in culture protozooplankton (pink). The dashed and dotted gray lines 
represent the trophoclines like in Figure 1A, B. 
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Supplementary Figure 6. Literature end members and seston samples along the Amazon River 
plume showing all end members. A) δ15NPhe (phenylalanine) vs δ15NGlu (glutamic acid + 
glutamate), and B) δ15NPhe (phenylalanine) vs δ15NAla (alanine) of the literature end members 
(Supporting Data 1, n=46 individual samples) and seston samples collected along the Amazon 165 
River plume (Supporting Data 2, n= 46 individual samples). C) Comparison of TPGlu and TPAla 
calculated according to the equations proposed by Chikaraishi et al. (2009)15, the vertical and 
horizontal dashed lines represent TPGlu 1.4 and TPAla 1.4, respectively. Symbols represent the 
organisms: cultured fungi (square), cultured bacteria (diamond), cultured Archaea (triangle), 
cultured protozooplankton (crossed circle), cultured microalgae (circle), and field seston (inverted 170 
triangle). Colors represent the nitrogen source end member: dissolved inorganic nitrogen (green 
and dark green, DIN), dissolved organic nitrogen (purple, DON), N from the phagocytosis of preys 
(pink), DIN+ DON (dark red), DIN + phagocytosis (blue), and DIN + DON + phagocytosis 
(yellow). It should be noted that two seston sample points overlap at TPGlu 1.4 + TPAla 1.1, and two 
points overlap at TPGlu 1.4 +TPAla 1.2 for a total of 5 seston samples on DIN +DON. 175 
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Supplementary Note 3: Stable Isotope Trophic Ecology 101 

In this section, we will briefly explain the fundamental concepts of stable isotope ecology and 
compound-specific isotope analysis of amino acids (CSIA-AA) necessary for understanding the 
manuscript, which is essential for newcomers. Our primary source on stable isotope ecology is the 
book Stable Isotope Ecology by Brian Fry 16. We highly recommend reading more of this book for 180 
those interested in learning more about stable isotope ecology. It provides an excellent introduction 
to the necessary information for entering the field. To the best of our knowledge, there is no book 
focused on the CSIA-AA. However, a few useful reviews have been published in recent years that 
should help any reader looking for more information 17–20.  

Isotopes are different forms of an element that only differ in the number of neutrons in their 185 
nucleus. This difference in neutrons results in subtle differences in chemical properties that make 
isotopes virtually the same element, as the balance between protons and electrons is what really 
matters. The actual difference between isotopes lies in their atomic weight, having more neutrons 
implies a heavier weight. It also implies an unstable nucleus when the number of neutrons is much 
larger than the number of protons, resulting in a radioactive element. But our focus are stable 190 
isotopes. This difference in weight is why isotopes are usually referred to as heavy or light isotope. 
Heavy isotopes are much less abundant than light isotopes, for example, nitrogen has two stable 
isotopes: 14N, which accounts for 99.64% of all nitrogen on Earth, and 15N, which accounts for 
0.36%16.  

The energetic cost of reactions (i.e., activation energy or the energy hill) will depend directly on the 195 
atomic weight. Using a substrate with a heavy isotope is more expensive than using one with a light 
isotope, this results in a preference for the light isotope whenever a substrate is in excess, known as 
fractionation. This leads to preferential use of light isotopes in kinetic reactions and concentration 
of heavy isotopes in strong bonds in exchange reactions. As stated by Fry (2006) 16, these are the 
two most important rules of isotope ecology. For describing the degree of isotopic fractionation 200 
between a substrate and its product, we use the fractionation factor, often reported as an enrichment 
factor denoted with ε in ‰ (see below for an explanation of these units). To compare two 
substances, we can use ε to define the difference in the ratio between heavy and light isotopes 
between them, the so-called apparent isotope fractionation. This apparent fractionation simply 
reflects how many more or many less 15N isotopes has a substance relative to another. 205 

Fractionation is counteracted by mixing, which basically is the combination of different substances 
into a homogeneous whole. The final ratio of heavy to light isotopes in the whole results from a 
weighted average of all the substances. The larger a substance's contribution to the mixture, the 
greater its influence on the final ratio of heavy to light isotopes. 

The δ notation allows us to address all the subtle differences in weight due to isotopes. δ values 210 
show the relationship between heavy and light isotopes in reference to a standard, and with 
numerical values centered at that standard. In other words, positive values represent materials with a 
greater abundance of heavy isotopes than the standard, while negative values represent materials 
with a lower abundance. The standard for nitrogen is molecular nitrogen (N2) in the air, which we 
now could suspect is very poor in 15N, because the two nitrogen atoms in the molecule are joined by 215 
a triple bond. Indeed, the ratio 15N/14N (Rstandard) is 0.0036765. The δ values are calculated as: 
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𝛿 𝑁ଵହ = ൬ 𝑅௦௔௠௣௟௘𝑅௦௧௔௡ௗ௔௥ௗ − 1൰ × 1000 

Where Rsample represents the ratio of 15N/14N in our measured sample. The calculation is similar for 
all other elements with different stable isotopes (e.g., δ13C, δ18O, etc). The final multiplication by 
1000 makes small differences in weight due to neutrons look large. The units of δ are ‰ or permil. 220 

The effect of mixing on the δ of a sample is calculated as a weighted average or mass balance of 
different end members. Let’s illustrate this with a simple theoretical example. Imagine that we have 
mixed two phytoplankton monocultures with known δ15N, for this example we assume the bulk 
isotopes of the cultures, but this also applies to a mixture of specific compounds, such as the amino 
acids explained below. We combined a diatom culture, which was growing on nitrate, with a 225 
nitrogen fixing cyanobacterium. The final signature of the mixture will be a weighted mean 
estimated as: 𝛿 𝑁௠௜௫௧௨௥௘ ୀ 𝑉ௗ௜௔௧௢௠  ×  𝛿 𝑁ଵହ ௗ௜௔௧௢௠ + 𝑉௖௬௔௡௢௕௔௖௧௘௥௜௨௠  ×  𝛿 𝑁ଵହ ௖௬௔௡௢௕௔௖௧௘௥௜௨௠𝑉ௗ௜௔௧௢௠ + 𝑉௖௬௔௡௢௕௔௖௧௘௥௜௨௠ଵହ  

Where Vdiatom and Vcyanobacterium represent the mass or volume of each culture used for the mixture. 

Traditionally, trophic hierarchies have been studied using bulk nitrogen isotopes, which are the 230 
isotopes of all the nitrogenous compounds in the sample. That is, the trophic position (TP) of an 
organism is calculated using bulk nitrogen isotopes. In the case of plankton up to 200µm, the focus 
of our study, bulk isotopes are measured in whole-body samples, which reflect variable timescales 
in the lifespan of the organisms. For example, microalgae typically have a turnover time of a few 
days, while metazooplankton may represent a time frame ranging from a few weeks to a few 235 
months 21. This bulk nitrogen isotope approach is thus complicated by potential decoupling of bulk 
δ15N signatures given the different N turnover times of autotrophs and consumers 22–24 as well as the 
origin, movement, and transformation of nitrogen in the upper water column 25–27. Therefore, it 
always requires to know the actual baseline (i.e., signature of primary producers) in our systems.  

The CSIA-AA overcomes many of the caveats of bulk isotopes by providing information on both 240 
TP and nitrogen sources from a single organism/sample. This is because amino acids fall into two 
functional isotopic groups: trophic amino acids (e.g., glutamic acid, alanine, valine, leucine) that 
become enriched in ¹⁵N with each trophic transfer, and source amino acids (e.g., phenylalanine, 
lysine) that retain the δ¹⁵N signature of primary producers, that is, the baseline 17. The simple 
comparison of trophic and source amino acids allows to define the TP of an organism 28,29. The 245 
canonical pair is usually glutamic acid (Glu) and phenylalanine (Phe), because they have a large and 
consistent difference across diverse trophic levels 15. While Glu is enriched in 15N by ∼8.0‰ per 
trophic transfer (the so-called trophic discrimination factor, TDF), the δ15N of Phe remains nearly 
unchanged when the amino acid is transferred through the food web (Supplementary Figure 7), 
always reflecting the isotopic composition of the primary producers (N-source measure, Chikaraishi 250 
et al. 201030). This approach largely eliminates potential sources of error in TP estimates associated 
with temporal and physiological decoupling between a consumer and its diet, and has been refined 
and confirmed in numerous field- and lab-based trophic studies over the last decade (reviewed by 
Ohkouchi et al. 2017; Loick-Wilde et al. 2019; Glibert et al. 2019; Weber et al. 2021; and Ohkouchi 
202317,18,31–33).  255 
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Supplementary Figure 7. Differential enrichment of glutamic acid or alanine (trophic amino acids) 
relative to phenylalanine (source amino acid) with trophic transfers in a simple food chain, where 
an organism illustrates each trophic level:  TP1 – diatom, TP2 – copepod, TP3 – generic 
planktivorous fish. Pictures taken along the Amazon River plume by our PlanktoScope v2.1 during 260 
2021 cruise on board RV Meteor.  

 

Based on experimental data of different trophic levels, Chikaraishi et al. (2009)15 proposed the next 
equation for estimating TP based on the δ15N of Phe and Glu: 

𝑇𝑃 ௟௨  =  𝛿ଵହ𝑁ீ௟௨  −  𝛿ଵହ𝑁௉௛௘  − 3.4𝑇𝐷𝐹 ௟௨ −  𝑇𝐷𝐹௉௛௘  + 1 265 

Where TFDGlu and TDFPhe represent the trophic discrimination factor of Glu and Phe, 8 and 0.4‰, 
respectively.  

For estimating the TP based on δ15N of Phe and Ala, Chikaraishi et al. (2009)15 proposed: 

𝑇𝑃஺௟௔  =  𝛿ଵହ𝑁஺௟௔  −  𝛿ଵହ𝑁௉௛௘  − 3.4𝑇𝐷𝐹஺௟௔ −  𝑇𝐷𝐹௉௛௘  + 1 

Where TDFAla is 6.1‰. 270 

It is important to stress that the TP estimated using this approach is based on nitrogen. Therefore, 
the metabolism of nitrogen related to auto- and heterotrophy is what is relevant in this context, 
because the fractionation of the amino acids will be a result of the metabolic routes involving 
movement of amino groups. 

Inorganic nitrogen (namely ammonium) is incorporated into organic compounds by autotrophs 275 
using two ways: the glutamate pathway or the glutamine pathway 34. Either by one or the other, the 
result is that glutamate and glutamine become the nitrogen hub for all the other nitrogenous 
compounds in organisms. All the nitrogen required for other amino acids, nucleic acids or 
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nucleotides is hence derived from these two amino acids, and distributed through the different 
metabolic pathways 34. Therefore, due to the biological importance of amino acids in all living 280 
organisms, their metabolic pathways must be strictly regulated to ensure the basic functioning of 
these organisms. Within the metabolic routes, only those implying transamination or deamination, 
that is, cleavage of amino groups, will affect the isotopic signature of individual amino acids. This 
is because, as we know, a light amino group will be preferentially removed from the substrate 
towards the product. As a result, the pool of the substrate amino acid is enriched in 15N, while the 285 
product amino acid (or nitrogenous compound) is depleted in 15N. These reactions are usually 
related to the synthesis of amino acids from another, to the supply nitrogen for other compounds, to 
the production of energy or to excretion routes. For instance, glutamate serves as the direct 
precursor of aspartate by transamination, that implies the removal of the amino group and 
transference to another molecule 35; while the transamination of alanine directly produces pyruvate, 290 
which could go into gluconeogenesis, and glutamate, which goes towards biosynthetic pathways or 
the urea cycle 36. It is easy to understand that all these reactions mentioned above have an impact on 
the signature of the trophic amino acids, which will incrementally enrich with every trophic 
transfer, keeping this way a memory of the previous trophic steps. By contrast, the source amino 
acids are not typically involved in metabolic routes involving transamination or deamination, and 295 
that is why they usually retain the 15N of the baseline barely unchanged.  

In this framework, the final 15N signature of the trophic amino acids in microalgae is the result of 
processes supplying light molecules via autotrophy, and processes enriching the cellular pools via 
heterotrophy. We could see the whole pool as a black box with inputs/outputs, where the final 
signature will reflect a weighted mean of all these processes due to mixing, as we explained above. 300 
In the case of mixotrophs, combining autotrophy with osmotrophy and/or phagotrophy, the isotopic 
difference between a given trophic amino acid and a source amino acid will oscillate between that 
of autotrophs (TP 1.0) towards that of herbivores (TP 2.0). If heterotrophy is more dominant than 
autotrophy, the apparent isotopic fractionation of the trophic amino acid relative to the source will 
increase and approach the values in TP 2.0, while when the opposite happens this fractionation will 305 
be closer to that of TP 1.0, and when both processes are balanced it should be TP1.5.  

Heterotrophic uptake of dissolved organic compounds reflects in glutamic acid nitrogen 
isotopes. Yamaguchi et al. (2017)37 compared the effects of fractionation on different amino acids 
in eukaryotes, bacteria, and Archaea that grew on ammonium (chemolithoautotrophically) or 
casamino acids (heterotrophically). The authors aimed to determine whether heterotrophy affects 310 
the nitrogen of amino acids in different prokaryotes and eukaryotes. To determine the most 
appropriate amino acid combination, the researchers estimated the apparent isotopic fractionation of 
each amino acid in relation to Glu. They selected Glu as the reference due to its role as a nitrogen 
hub in the cell. According to the authors, comparing Phe and Glu revealed the ideal pair for tracking 
the effects of uptake and heterotrophic processing of organic compounds. Microbes growing on 315 
ammonium synthesized their own amino acids; therefore, the apparent isotopic fractionation of 
Phe/Glu was that of TPGlu 1.0. Meanwhile, microbes growing on casamino acids exhibited a 
difference equal to TPGlu 2.0. Given the central role of Glu in nitrogen metabolism in cells, it is 
reasonable to expect an effect on nitrogen isotopes due to the uptake and heterotrophic reworking of 
dissolved, ambient amino acids or organic nitrogen compounds in the field (osmotrophy), similar to 320 
that described by Yamaguchi et al. (2017)37 in laboratory. This effect will reflect in the TPGlu, 
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calculated based on the nitrogen of Glu and Phe, producing a shift in the subsequent trophic levels 
(Supplementary Figure 8). However, it may not be evident in carbon-based calculations. 

 
Supplementary Figure 8. Differential enrichment of glutamic acid or alanine (trophic amino acids) 325 
relative to phenylalanine (source amino acid) with trophic transfers in a simple food chain, where 
an osmotroph is present. Same organisms as in Supplementary Figure 7. Pictures taken along the 
Amazon River plume by our PlanktoScope v2.1 during 2021 cruise on board RV Meteor. 

 

Phagotrophy in heterotrophic protists reflects in alanine nitrogen isotopes. Using laboratory 330 
cultures, Gutierrez-Rodriguez et al. (2014)38 and Décima et al. (2017)39 found that alanine (Ala) 
nitrogen isotopes reflects protist grazer activity whereas Glu nitrogen isotopes do not. They 
emphasized the role of Ala in integrating additional protist grazer trophic levels into the planktonic 
food web. Though there are a few experimental caveats — such as growing autotrophic prey in 
continuous light to allow comparison of grazing in darkness versus light or using only eukaryotic 335 
prey — the results of these authors were consistent across different protozooplankton taxa 
(Oxyrrhis marina, Heterocapsa triquetra, and Favella spp.), which grazed on eukaryotic primary 
producers (Dunaliella tertiolecta and Thalassiosira weissflogii). Décima et al. (2017)39 also 
demonstrated how Ala transfers information about protistan grazing to the next level using a three-
step food web (D. tertiolecta – O. marina – Calanus pacificus). Subsequent studies have described 340 
the impact of protistan steps on Ala in organisms belonging to different trophic levels 40–42. The 
most extensive literature analysis to date was conducted by Viana et al. (2023)43. A protistan 
intermediate step will therefore reflect in a shift of TPAla in subsequent trophic levels 
(Supplementary Figure 9). 
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 345 

Supplementary Figure 9. Differential enrichment of glutamic acid or alanine (trophic amino acids) 
relative to phenylalanine (source amino acid) with trophic transfers in a simple food chain, where a 
strict phagotrophy (protozooplankton illustrated by a strict heterotrophic dinoflagellate.) is present 
between the primary producer and the next metazoan consumer. Pictures taken along the Amazon 
River plume by our PlanktoScope v2.1 during 2021 cruise on board RV Meteor. 350 

 

Unfortunately, none of the authors above explored the metabolic basis of the differential nitrogen 
isotopic enrichment of Ala and Glu in phagotrophs, but it should be possible to hypothesize about 
the pathways leading to this difference. Alanine is critical in amino acid homeostasis, it is the next 
most abundant amino acid after aspartate and glutamate, and is central to sugar and amino acid 355 
biosynthetic and catabolic pathways 36. The transamination of Ala results in pyruvate, which goes 
into fermentation or production of glucose, and glutamate. It is possible that, after digesting prey’s 
peptides, heterotrophic phagotrophs direct a substantial fraction of Ala into this pathway, likely 
prioritizing energy production with Glu as a by-product. This would enrich the remaining pool of 
nitrogen isotopes in Ala in the phagotroph, while producing light Glu, which would mask any 360 
enrichment due to the transamination or deamination of Glu when supplying nitrogen for other 
nitrogenous compounds in its metabolic pathways. This is of course a plausible hypothesis based on 
known metabolic routes in prokaryotes (i.e., Archaea and bacteria) and eukaryotes 34,36,44. However, 
the specific characterization of the preferential metabolic routes for prey’s amino acids in both 
protozooplankton and mixoplankton is still lacking, and future research is essential to set the 365 
foundation of the differential nitrogen isotope enrichment of Ala/Glu found in the aforementioned 
studies. 

 

 

 370 
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