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• Objectives: origin, modification and fate of C and N 

• Advantages over bulk measurements 

• the basis: differential fractionation 

• Molecular and isotopic analysis: molecular isolation 

• Estimation models: trophic position and other indicators 

• Aplications: examples from pelagic ecosystems 

• Progress: multitrophic models  

• Diet/habitat fingerprinting: C and N in amino acids 

Program 
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Objectives 

Quantifying the structure and function  of food webs 

• trophic position  (TP) 
• food chain length (= TP top predator) 
• heterotrophic resynthesis (V) 
• microbial food web contribution 
• diet quality and nitrogen recycling effects  

origin, modification and fate of C and N 

3 



Definitions 

• natural abundance of stable isotopes in bulk tissues  / 
organisms 
• minimal sample preparation (drying, grinding) 
• elemental analyzer -> mass espectrometer 
• lower costs 
• popular and accesible 

Bulk Stable Isotope Analysis = BSIA  
Compound-specific amino acid analysis = 

CSIA-AA, CSIAA 

• natural abundance of stable isotopes in amino acids 
• requires prior separation of amino acids (hidrolysis, 
esterification, derivatization) 
• gas (liquid) chromatograph -> mass espectrometer 
• higher costs 
• available only at lew laboratories 
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Advantages 

BSIA 

• requires external baseline () 
• variable trophic discrimination factor (TDF) 
• higher uncertainty in TP 

TPc =  + (15Nc - 
15Nb) / TDF 

TP baseline baseline 

trophic  discrimination factor 

TP estimations using 15N  

• internal baseline 
• constrained TDF (by consumer type) 

• constrained  (by primary producer type) 

• lower uncertainty in TP 
• more trophic information (V, microbial web, diets,…) 

CSIAA 

TPc = 1 + (15Nt - 
15Ns - t/s) / TDFt/s 

trophic AA source AA  

source AA offset 
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TP baseline 

trophic  discrimination factor 



The basis of CSIAA 

trophic AA 

Glu Asp AIa lle 

Leu Pro Val 

source AA 

Phe Met 

Tyr Lys 

Gly Ser 

Thr 

'metabolic' AA 

break / creation of C-N bonds 
(transamination / desamination) 

conservation of C-N 
bonds (hidroxilation) 

exchange of C-N bonds 
inverse discrimination? 

high low variable isotopic 
fractionation 
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The basis of CSIAA AA metabolism 
 
 

McMahon & McCarthy, 2016 

trophic AA  

source AA  

metabolic AA 
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https://doi.org/10.1002/ecs2.1511


source AA: oxidation from Phe to Tyr trophic AA: transamination and 
oxidative deamination 

McMahon & McCarthy, 2016 
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The basis of CSIAA 

https://doi.org/10.1002/ecs2.1511


example of 15NAA in mesopelagic fish 

Bode et al. 2021a 9 

The basis of CSIAA 

trophic AA  

source AA  

metabolic AA 

https://doi.org/10.1038/s41598-021-87767-x


source AA enrichment 

trophic AA enrichment 

source AA 

trophic AA 
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TP 

TDFt/f = x-y 

TPc = 1 + (15Nt - 
15Ns - t/s) / TDFt/s 

Chikaraishi et al., 2009 
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The basis of CSIAA 

https://doi.org/10.4319/lom.2009.7.740


Ohkouchi et al. 2017 

depends on N sources independent from N sources 
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The basis of CSIAA 

https://doi.org/10.1016/j.orggeochem.2017.07.009


a short history 

• McClelland & Montoya, 2002 -> AAt - AAs distinction; trophic implications 

• Popp et al. 2007 -> AAt - AAs definition; aplication to predatorTP 

• Chikaraishi et al. 2009 -> TP estimation model; definition of universal t/s and TDFt/s 

• Nielsen et al. 2015 -> TDF review;  averaged TDF 

• Bradley et al.  2015 -> multi-TDF model 

• McMahon & McCarthy, 2016 -> diet and N excretion mode affect TDF 

• Decima et al. 2017 -> TDFAla 'visibilizes' microbial trophic steps 

• Ohkouchi et al. 2017 -> review of TDF patterns 

• Ishikawa et al. 2018 -> Met as diagnostic for source primary producers 

• Ramirez et al. 2021 -> review of t/s  patterns 

• García-Seoane et al. (in review) -> weighted average of t/s  
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The basis of CSIAA 

terrestrial  
aquatic plants  
algae 

https://doi.org/10.1890/0012-9658(2002)083[2173:TRATNI]2.0.CO;2
http://www.sciencedirect.com/science/article/pii/S1936796107010123
https://doi.org/10.4319/lom.2009.7.740
http://dx.doi.org/10.1007/s00442-015-3305-7
http://dx.doi.org/10.1002/lom3.10041
http://dx.doi.org/10.1002/lom3.10041
https://doi.org/10.1002/ecs2.1511
https://doi.org/10.1002/ecs2.1511
https://aslopubs.onlinelibrary.wiley.com/doi/full/10.1002/lno.10567
https://aslopubs.onlinelibrary.wiley.com/doi/full/10.1002/lno.10567
https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.1002/lom3.10272
https://doi.org/10.1111/2041-210X.13678
https://doi.org/10.1111/2041-210X.13678


CSIAA analysis 

• sampling tissues (muscle, …) 
• conservation / drying 
• preparation:  

• homogenization (grinding) 
• (purificaction: e.g. removal of lipids, carbonates,…) 
• hidrolysis 
• esterification 
• derivatization 

• analysis: 
• gas chromatography (GC) 
• mass espectrometry (Isotope Ratio Mass Spectrometry -IRMS) 

gas chromatography (GC) 
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GC-IRMS chromatograms 

Ohkouchi et al. 2017 14 

CSIAA analysis 

https://doi.org/10.1016/j.orggeochem.2017.07.009


example of process flow  

drying 

hidrolysis 

esterification 

derivatización 

purification 

washing 

GC-IRMS 

McCarthy et al. 2013 

50C, 24h 
HCl 6N, 110C, 12-24h 

DCM+TFAA, 110C, 15min 

filtration through 0.2m 

NLeu = internal standard 
AA separation 

acetyl-esters 

drying 60C, N2 acetyl chloride + 2-propanol, 110C, 1h 

drying 
N2 

triflouroacetyl/isopropyl esters 

tampón fosfato + triclorometano, 5C, 12h 

centrifugation, decantation 

drying 

N2 

3 x DCM, N2 

acyl -derivatives 

Bode et al. 2021a 15 

CSIAA analysis 

https://doi.org/10.1016/j.gca.2012.10.037
https://doi.org/10.1038/s41598-021-87767-x


sample preparation and standard addition 

hidrolysis 

derivatization 
esterification 

evaporation 

chromatography and IRMS  

preparation - hidrolysis - esterification - derivatization 

16 

CSIAA analysis 



heating blocks and evaporators using N2 

hidrolysis vial 

esterification-derivatization vial 

analysis vial 

N2 difussion tip 

filtration-ash removal 

IEO-A Coruña 17 

CSIAA analysis preparation - hidrolysis - esterification - derivatization 



Estimation models trophic position 

Chikaraishi et al., 2009 

trophic AA (t): Glu (Glx = Glu+Gln) 
source AA (s): Phe 

TPc = 1 + (15Nt - 
15Ns - t/s) / TDFt/s 

baseline TP  

trophic AA source AA 

trophic discrimination source AA offset 

Glu/Phe = 15NGlu - 15NPhe  

in primary producers 

7.6‰ 

-8.4‰ 

in aquatic ecosystems 

in terrestrial ecosystems 

TDFGlu/Phe =  (15NGlu - 15NPhe)  

3.4‰ 

between trophic levels 
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https://doi.org/10.4319/lom.2009.7.740


Ohkouchi et al. 2017 

primary producer 

primary 
producer 

source AA 

trophic AA 
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Estimation models trophic position 

https://doi.org/10.1016/j.orggeochem.2017.07.009


¿why Glu & Phe? 

Glu/Phe less variable 

Chikaraishi et al., 2009 

Glu highest discrimination 

Phe lowest variability 
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Estimation models trophic position 

between trophic levels 

https://doi.org/10.4319/lom.2009.7.740


Aplications 

changes in the N source 

Ohkouchi et al. 2017 
Xing et al. 2020 

habitat changes: migrations 

trophoclines 
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trophic position 

https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.3354/meps13475


Aplications 15Nbulk vs. 15NCSIA 

all AA 

trophic AA 

source AA  

15Nbulk  
15Nbulk  

Mompeán et al., 2016 Bode et al. 2021a 

CSIA  bulk 
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https://doi.org/10.1016/j.dsr.2016.05.005
https://doi.org/10.1038/s41598-021-87767-x


Aplications TPbulk vs. TPCSIA 

FB bulk1 bulk2 Ala Glx

1

2

3

4

5

T
P

a
a

c

d

a,b

Bode et al. 2021b 

Comparing different TP estimates 

TPbulk TPCSIA TPdiet 

micronekton  

Stomiiformes  
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https://doi.org/10.1093/icesjms/fsab189


other trophic indicators 

• food chain lenght = TPmax 
• heterotrophic resynthesis (degradation index) 
• baseline identification = trophic systems  
• diazotrophic contribution  
• microbial system contribution  
• diet indicators 

24 

Estimation models 



food chain lenght (FCL) 

FCL = TPmax = number of trophic steps from primary producers to top predators  

• food web dynamics 
• trophic cascades 
• relationships between diversity and function 

Basedow et al. 2016 

FCL corta 

FCL larga 
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Estimation models 

https://doi.org/10.1093/plankt/fbw070


Aplication 

Ruiz-Cooley et al., 2017 

FCL (TPCSIA) variability 15N variability 

common dolphin 

AA fuente 

trophic AA 

bulk 

California 

ENSO ENSO 

•ENSO affects trophic structure even in upwelling ecosystems 
•FCLmax in intermediate environmental conditions (temperature, chlorophyll, plankton) 
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food chain lenght 

https://doi.org/10.1126/sciadv.1701140
https://doi.org/10.1126/sciadv.1701140
https://doi.org/10.1126/sciadv.1701140


Heterotrophic resynthesis 
(degradation index = V) 

McCarthy et al., 2007 

V =  15Nti - 
15Ntm / n  

individual trophic-AA values mean trophic-AA value 

number of trophic-AA 
absolute value 

Ala, Asp, Glu, Ile, Leu, Pro 
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Estimation models 

https://doi.org/10.1016/j.gca.2007.06.061


Aplication Heterotrophic resynthesis 

McCarthy et al., 2007 

zooplancton                            (Mompeán et al., 2016) 

V in plankton vs. sediments 

increase of degradation by 
bacteria? 
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particles                        (Shen et al., 2021) 

(Hannides et al., 2013)                                           particles 

https://doi.org/10.1016/j.gca.2007.06.061
https://doi.org/10.1016/j.dsr.2016.05.005
https://doi.org/10.1016/j.dsr.2016.05.005
http://dx.doi.org/10.4319/lo.2013.58.6.1931


baseline identification 

δ15NBaseline,Phe = δ15NPhe − Phe (TP − 1) 

Xing et al. 2020 

baseline comparison for different TPs 

+0.4‰ 

29 

Estimation models 

https://doi.org/10.3354/meps13475


Aplication baselines 

Xing et al. 2020 

habitat changes: migrations 

trophoclines 

baseline 
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https://doi.org/10.3354/meps13475


Diazotrophy contribution (%Nfix) 

%Nfix = 100 (15Nbulk - 
15Nref) / (15Ndiazo - 15Nref) 

-2‰ 

sample reference %Nfix = 0 

BSIA 

15Nbulk* = 15NPhe+ bulk/Phe  

%Nfix = 100 (15Nbulk* - 15Nref) / (15Ndiazo - 15Nref) 

Montoya et al., 2002 

CSIA 
+2.7‰ 

Mompeán et al., 2016 
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Estimation models 

https://doi.org/10.4319/lo.2002.47.6.1617
https://doi.org/10.1016/j.dsr.2016.05.005


Aplication 
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uniform diazotrophic contribution in all fractions 

Mompeán et al., 2016 

zooplancton size fractions 

15NPhe 
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Diazotrophy contribution 

https://doi.org/10.1016/j.dsr.2016.05.005


microbial contribution to TP 
(%microbial) 

Gutiérrez-Rodríguez et al. 2014 
Decima et al. 2017 

microbial food web 'invisible' for TPGlu 
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Estimation models 

https://doi.org/10.4319/lo.2014.59.5.1590
https://doi.org/10.4319/lo.2014.59.5.1590
https://doi.org/10.4319/lo.2014.59.5.1590
doi: 10.1002/lno.10567


microbial contribution to TP 

% microbial = 100 (TPAla - TPGlu) / TPAla 

TPAla = 1 + (15NAla - 15NPhe - Ala) / TDFAla 

TPGlu = 1 + (15NGlu - 15NPhe - Glu) / TDFGlu 

TP microbial + metazoa 

TP metazoa 

Bode et al. 2021a 34 

Estimation models 

https://doi.org/10.1038/s41598-021-87767-x


Aplication 

bloom 

oligotrophic 

Hawaii 

Decima & Landry 2020 

TPbloom-TPoligotrophic 

herbivory 

increase of predation on protozoa 
in the bloom zone 
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microbial contribution to TP 

https://doi.org/10.3354/meps13333


Aplication 

BATHYPELAGIC cruise 
(May-June 2018) 

MAFIA cruise 
(March-April 2015) 

%microbial = 6-21% 
0 1 2 3 4 5 6

Trophic position

TPAla

TPGlu

Neonesthes capensis 

Photostomias guernei

Taaningichthys bathyphilus

Borostomias elucens

Malacosteus niger

Stomias boa

Bathylagus euryops

Benthosema glaciale

Cyclothone livida

Polyipnus polli

Vinciguerria nimbaria 

Chauliodus danae

Argyropelecus hemigymnus

Scopelogadus beanii

Sternoptyx diaphana

Chauliodus sloani

Cyclothone acclinidens

Argyropelecus sladeni

Sigmops bathyphilus

Sigmops elongatus

Lobianchia dofleini

Cyclothone pseudopallida

Cyclothone microdon

Cyclothone braueri

Cyclothone alba
Bode et al. 2021a 

Bode et al. 2021b 

TPGlu subestimates TP 

micronekton 

Bode et al. 2021c 36 

microbial contribution to TP 

https://doi.org/10.1038/s41598-021-87767-x
https://doi.org/10.1093/icesjms/fsab189
https://aslo.secure-platform.com/a/gallery/rounds/7/details/2194


Ohkouchi et al. 2017 

TDF patterns in chemolitotrophic bacteria 

TDF 

TDF 

TDF 

TDF=0 

pure cultures  

microcosms hypothesis 

use of high quality 
protein 

direct incorporation 
of some AA (e.g. Glu) 
and resynthesis of 
other AA (e.g. Ala) 

'de novo' AA synthesis 

extracellular hidrolysis 
TP = 2 (e.g. PON of 
sedimenting particles) 

McMahon & McCarthy, 2016 37 

Estimation models microbial contribution to TP 

pure cultures  

https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.1002/ecs2.1511


diet indicators 

15NLys 
Lys added to farmed animals food  
produced 
  

in fermenters  
(with inorganic N of low 15N) 

from soybean 
(diazotrophic leguminous plant) = low 15N 

example: 
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Estimation models 



Aplication 

Larus michahellis 

Ria de Vigo 

inorganic organic 
pollutants 

Viñas et al. 2020 

Vigo 

15NLys 

Bode et al. 2021d 39 

same TP but different diet 

diet indicators 

https://doi.org/10.1016/j.envres.2020.110026
https://www.frontiersin.org/article/10.3389/fmars.2021.657131


Improvements: 

• multitrophic models 

• multi-TDF 

• multi- 

• error propagation 

40 

TPc = 1 + (15Nt - 
15Ns - t/s) / TDFt/s 



multi-TDF & multi- models 

Ramirez et al. 2021 

simulating variations in TDF and/or   

TP variation 

41 

Improvements: 

https://doi.org/10.1111/2041-210X.13678


Improvements: multi-TDF models 

TDF varies with diet quality and N excretion modes 

low 

high 

food quality 

ammoniotelic & low TP 

ureotelics & high TP 

McMahon & McCarthy 2016 

TDFGlu = 7.9‰ 
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https://doi.org/10.1002/ecs2.1511


Improvements: multi-TDF models 

McMahon & McCarthy 2016 

TP = (x+1) + (15Nt - 
15Ns - x TDF1 - t/s) / TDF2  

primary 
consumers 

upper 
consumers 

number of 
trophic levels 

with TDF1 

e.g. plankton, 
planktivores 

e.g. piscivores 
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https://doi.org/10.1002/ecs2.1511


Aplication 

FB bulk1 bulk2 Ala Glx

1

2

3

4

5

T
P

a
a

c

d

a,b

more realistic TP with multi-TDF models 

TPbulk TPCSIA-multiTDF TPdiet 

Bode et al. 2021b 

micronekton  

Stomiiformes  

multi-TDF models 

44 

https://doi.org/10.1093/icesjms/fsab189


Improvements: multi- models 

Ramirez et al. 2021 

algae & 
phytoplankton 

vascular plants 

Glu-Phe  

Lys-Phe  

45 

https://doi.org/10.1111/2041-210X.13678
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Improvements: multi- models 

primary producer 
15NAA patterns  

García-Seone et al. (in review) 



Improvements: multi- models 

Ramirez et al. 2021 

TP = (x+1) + (15Nt - 
15Ns - x TDF1 - mix) / TDF2  

When there are two primary producer (PP) sources 

TP = 1 + (15Nt - 
15Ns - mix) / TDF 

mix = f 1 + (1-f) 2  

contribution 
from PP1   from PP1 

 from PP2 

contribution 
from PP2 

algae & 
phytoplankton 

vascular 
plants 
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https://doi.org/10.1111/2041-210X.13678


propagated error of TP 

15N,TDF and  measured with error 

TP = 1 + (15Nt - 
15Ns - ) / TDF 

± sd ± sd ± sd 

sd2
TP = (1/TDF)2 sd2


15

Nt
 + (-1/TDF)2 sd2

 
15

Ns
 + (1/TDF)2 sd2

 + [ -1/TDF2 (15Nt - 
15Ns + )]2 sd2

TDF       

Ohkouchi et al. 2017 

Montecarlo 
simulations 

Taylor series 
expansion 

± sd ± sd 
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Improvements: 

https://doi.org/10.1016/j.orggeochem.2017.07.009


Aplication TP propagated error 

lower sd TPCSIA 

higher sd TPdiet 

Bode et al. 2021b 

micronekton 
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https://doi.org/10.1093/icesjms/fsab189


Diet identification 
carbon in: 

• amino acids 
• fatty acids 

Yun et al., 2020 Twinning et al. 2020 
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https://doi.org/10.1007/s00216-020-02679-5
https://doi.org/10.1098/rstb.2019.0641


Diet/habitat identification carbon and nitrogen in amino acids 

Yakizawa et al. 2020 

AAs grouped by C or N TDFs 

TDFC 

TDFN 

aromatic (e.g. Phe) 
ra

m
if

ie
d

 (
e

.g
. L

e
u

) 

other (e.g. Glu) 

51 

https://doi.org/10.1186/s40645-020-00364-w
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Diet/habitat identification C in essential amino acids 

centered 13CEAA non-centered 13CEAA 

consumer 

Larsen et al. (2020) 

https://onlinelibrary.wiley.com/doi/10.1002/ece3.6502


Aplication 

Cherel et al. 2019 

C in amino acids 

13CAA used for habitat identification 13CGly used for habitat-specific grouping 

giant squids 

and other giant squid species 

Moroteuthopsis longimana (=Kondakovia longimana) 

> 2m 

53 

https://doi.org/10.3354/meps13002
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Aplication C and N in amino acids 

soft-corals and sinking particles 

Isidella sp. 

export production 
location offset  

source nitrogen 
TP offset  

exported TP 
tissue offset 

reconstruction of: 

Shen et al. 2021 

C-AA 

N-AA 

https://doi.org/10.1016/j.gca.2020.12.012


Future developments: 

• multi-trophic models 
• combination of techniques 
• microbial food webs 
• other isotopes  
• isotopomers and isotopologues 

more experiments for TDF and  

15NCSIA and 13CCSIA 

isotopic isomers 

AA and FA 

(same number of isotopes but in different positions) 

(same molecule, different isotopes) 

activity 

quality of substrates 
2HCSIA  

controlled diet experiments 

55 



Ecología Planctónica y Biogeoquímica (EPB) 

Grupo de investigación 

IEO-CSIC Centro Oceanográfico de A Coruña 
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https://epb-research-group.mozello.es/

