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Abstract

1. Compound-specific stable isotope analysis of individual amino acids (CSIA-AA) has emerged 

as a transformative approach to estimate consumer trophic positions (TPCSIA) that are 

internally indexed to primary producer nitrogen isotope baselines. Central to accurate TPCSIA 

estimation is an understanding of beta (β) values—the differences between trophic and source 

AA δ15N values in the primary producers at the base of a consumers’ food web. Growing 

evidence suggests higher taxonomic and tissue-specific β value variability than typically 

appreciated. 

2. This meta-analysis fulfills a pressing need to comprehensively evaluate relevant sources of β 

value variability and its contribution to TPCSIA uncertainty. We first synthesized all published 

primary producer AA δ15N data to investigate ecologically relevant sources of variability (e.g., 

taxonomy, tissue type, habitat type, mode of photosynthesis). We then reviewed the 

biogeochemical mechanisms underpinning AA δ15N and β value variability. Lastly, we 

evaluated the sensitivity of TPCSIA estimates to uncertainty in mean βGlx-Phe values and Glx-Phe 

trophic discrimination factors (TDFGlx-Phe).  

3. We show that variation in βGlx-Phe values is two times greater than previously considered, with 

degree of vascularization, not habitat type (terrestrial vs. aquatic), providing the greatest 

source of variability (vascular autotroph = –6.6 ± 3.4‰; non-vascular autotroph = +3.3 ± 

1.8‰). Within vascular plants, tissue type secondarily contributed to βGlx-Phe value variability, 

but we found no clear distinction among C3, C4, and CAM plant βGlx-Phe values. Notably, we 

found that vascular plant βGlx-Lys values (+2.5 ± 1.6‰) are considerably less variable than βGlx-

Phe values, making Lys a useful AA tracer of primary production sources in terrestrial systems. 

Our multi-trophic level sensitivity analyses demonstrate that TPCSIA estimates are highly 

sensitive to changes in both βGlx-Phe and TDFGlx-Phe values but that the relative influence of β 

values dissipates at higher trophic levels. 

4. Our results highlight that primary producer β values are integral to accurate trophic position 

estimation. We outline four key recommendations for identifying, constraining, and 

accounting for β value variability to improve TPCSIA estimation accuracy and precision moving 
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forward. We must ultimately expand libraries of primary producer AA δ15N values to better 

understand mechanistic drivers of β value variation.

Keywords: amino acid; autotroph; beta value; compound-specific isotope analysis; ecogeochemistry; 

food web; nitrogen stable isotope; trophic ecology
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Background

Knowledge of an organism’s position in a food web is foundational to understanding the structure and 

function of ecological communities (Leibold et al., 1997; Persson, 1999; Post et al., 2000). 

Characterizing the nitrogen isotope variation at the base of the food web (δ15Nbaseline) remains one of 

the biggest challenges to accurately estimating consumer trophic position using stable isotope analysis 

(SIA). Over the past decade, compound-specific isotope analysis of amino acids (CSIA-AA) has 

transformed our ability to study food web dynamics as it allows for the simultaneous reconstruction of 

δ15Nbaseline and consumer trophic ecology without needing to independently identify and isotopically 

characterize the relative contribution of δ15Nbaseline. Trophic dynamic studies using CSIA-AA are 

premised on differential isotopic fractionation of individual AAs during trophic transfer (McMahon & 

McCarthy, 2016), with AAs broadly categorized as those that do (“trophic” AA) and do not (“source” 

AA) undergo significant trophic fractionation (Popp et al., 2007). Importantly, because the δ15N 

values of source AAs (phenylalanine: Phe; methionine: Met; lysine: Lys; tyrosine: Tyr) remain 

relatively unaltered moving through the food web, they provide an internally indexed estimate of 

δ15Nbaseline. These data, when used in combination with the δ15N values of trophic AAs [glutamic acid 

(Glu) + glutamine (Gln): Glx; aspartic acid (Asp) + asparagine (Asn): Asx; alanine: Ala; isoleucine: 

Ile; leucine: Leu; proline: Pro; valine: Val], provide a method for estimating consumer trophic 

positions (TPCSIA) calibrated to each consumer’s integrated δ15Nbaseline. This ability to simultaneously 

partition isotopic variability resulting from changes in δ15Nbaseline versus changes in the number of 

trophic transfers has been used to reveal foraging patterns of cryptic species and systems (Gerringer et 

al., 2017; Saccò et al., 2019), reconstruct ancient diets and food webs (Jarman et al., 2017; McMahon 

et al., 2019), and resolve complex trophic dynamics and patterns in animal movement (Dale et al., 

2011; Matsubayashi et al., 2020).

Understanding of AA-specific trophic discrimination factors (TDFs) and primary producer 

δ15N values is fundamental to accurate trophic position estimation using CSIA-AA (Figure 1). TPCSIA 

is most commonly estimated using the equation:

 (1) 𝑇𝑃𝐶𝑆𝐼𝐴 =  1 +  
(𝛿15𝑁𝑇𝑟𝑜𝑝ℎ𝑖𝑐 𝐴𝐴 ―  𝛿15𝑁𝑆𝑜𝑢𝑟𝑐𝑒 𝐴𝐴 ―  𝛽)

𝑇𝐷𝐹𝑇𝑟𝑜𝑝ℎ𝑖𝑐 𝐴𝐴 ― 𝑆𝑜𝑢𝑟𝑐𝑒𝐴𝐴

where δ15NTrophic AA and δ15NSource AA represent the δ15N values of consumer trophic and source AAs 

(typically Glx and Phe, respectively); TDFTrophic AA–Source AA is the trophic discrimination factor A
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reflecting changes in trophic and source AA δ15N values between diet and consumer (TDFTrophic AA–

Source AA = Δ15NTrophic AA – Δ15NSourcec AA); and β (beta) is the difference between trophic and source AA 

δ15N values in the primary producer(s) at the base of the food web. A confluence of evidence suggests 

variability in AA-specific TDFs within and among taxa is mechanistically linked to variation in 

animal physiology and biochemistry (Bradley et al., 2015; McMahon & McCarthy, 2016; Nielsen et 

al., 2015), with diet quality and mode of nitrogen excretion emerging as major drivers of variability 

(Germain et al., 2013; McMahon, Thorrold, et al., 2015). Similarly, seminal research identified 

characteristic differences in β values among different groups of primary producers—algae, C3 plants, 

and C4 plants—that are now routinely applied in trophic ecology studies (Chikaraishi et al., 2009, 

2010). Although research into and consideration of AA-specific TDF variability continues to grow 

(Figure 2), study of β values, including sources of heterogeneity and influence on TPCSIA, has lagged 

far behind. 

Through integration of data from cultivated and wild primary producers, Chikaraishi et al. 

(2009, 2010) first identified what have become conventionally applied β values for aquatic algae 

(mean ± SD: +3.4 ± 0.9‰) and vascular plants (C3: –8.4 ± 1.6‰, C4: –0.4 ± 1.7‰). However, 

multiple recent studies have demonstrated there can be substantial AA δ15N value variation within 

these groups that can influence β values, particularly among terrestrial plants. For example, Kendall et 

al. (2019) identified an ~3.5‰ difference in β values between woody and herbaceous C3 plants, and 

differential isotopic fractionation of Phe appears to also contribute to differences in β values among 

mangrove species (Smallwood et al., 2003) and among some grass tissues (Bol et al., 2002; Styring et 

al., 2014). Takizawa & Chikaraishi (2017) and Takizawa et al. (2017) demonstrated that the 

phenology of plant tissue synthesis can strongly influence tissue-specific primary producer AA δ15N 

values, with early growth leaves and flowers having different isotopic compositions and β values than 

those generated later in the season. McCarthy et al. (2013) observed differences in AA δ15N values 

within and among cultured eukaryotic microalgae and cyanobacteria, which may yield divergent β 

values for these taxa. Such currently underappreciated isotopic and β value variation within and 

among primary producers holds the potential to strongly impact TPCSIA estimates.

Given the rise in application of CSIA-AA to trophic ecology studies, there is a pressing need 

to re-visit β to identify ecologically relevant sources of variability and evaluate the influence of this A
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variability on TPCSIA estimates. Herein, we first performed a comprehensive meta-analysis of 

published primary producer AA δ15N data, which were then used to re-evaluate variability in β values 

among ecological systems, taxonomic groups, producer tissues, and modes of photosynthesis. We 

identify and discuss likely biogeochemical mechanisms underpinning this variation. We then evaluate 

the influence of variation in mean βGlx-Phe (and TDFGlx-Phe) values on TPCSIA estimates by performing 

sensitivity analyses that use published consumer AA δ15N data within three systems with divergent 

primary producer communities: (1) a relatively simple terrestrial insect food web containing only 

vascular plants; (2) a more complex freshwater aquatic food web containing algae, aquatic plants, and 

terrestrial plants; and (3) a relatively simple pelagic open ocean food web containing only microalgae 

and cyanobacteria. Lastly, we provide four key recommendations for identifying, constraining, and 

accounting for β value variability to improve TPCSIA estimation accuracy and precision moving 

forward, including highlights of critical areas of future research. 

Variability in Primary Producer Amino Acid Nitrogen Isotope Ratios 

A comprehensive literature search of primary producer AA 15N values yielded 51 studies from which 

450 β values could be estimated for individual primary producers (see Supporting Information for 

detailed methods). To reduce sampling bias, we used simple means of species-specific tissues within 

studies as our unit of replication. This process resulted in a final dataset that consisted of 236 β values 

across ≥ 132 different primary producer genera (Table 1, Figure 3). Our discussion focuses primarily 

on β values derived from Glx and Phe (βGlx-Phe) because they are the most commonly measured and 

applied trophic and source AAs for estimating TPCSIA. However, we also present β values for all 

trophic (Asx, Ala, Ile, Leu, Pro, Val) and “metabolic” (Thr) AAs relative to all source AAs (Phe, Lys, 

Met, Tyr) with discussion of potential alternative useful pairings wherever pertinent (Tables 2, S1; 

Figures 3, S1). These data come from a mix of natural and human manipulated primary producers 

(e.g., laboratory or farm settings; Table 1), which may contribute to β value variation in some taxa 

dependent on N source and N assimilation pathway (see Insights into β Variability: Nitrogen 

Assimilation and Amino Acid Biosynthesis; Figure S2). Marine phytoplankton data were primarily 

from laboratory cultures whereas macroalgal, seagrass, and freshwater primary producer data were 
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primarily from natural environments. Approximately two-thirds of the terrestrial plant data were from 

cultivated plants in suburban/urban or farm settings.

We found β values varied substantially across taxonomic groups and tissue types (Figures 3, 

S1), with degree of vascularization, regardless of habitat type (terrestrial, freshwater, marine), 

providing the single greatest source of variability. The βGlx-Phe patterns for non-vascular autotrophs, 

including aquatic algae, cyanobacteria, chemoautotrophic bacteria, and moss (mean ± SD: +3.3 ± 

1.8‰, n = 68; Table 2), generally aligned with those reported by Chikaraishi et al. (2009) (+3.4 ± 0.9 

‰). However, βGlx-Phe values for vascular plants (–6.6 ± 3.4‰, n =152; Table 2) were distinctly higher 

than those reported by Chikaraishi et al. (2010). Moreover, our meta-analysis revealed that βGlx-Phe 

value standard deviations of non-vascular (±1.8 ‰) and vascular (±3.4 ‰) autotrophs were two times 

larger than the values conventionally applied (non-vascular = ±0.9‰, vascular = ±1.6‰) to estimate 

TPCSIA (Figure 3, Table 2). In contrast to Chikaraishi et al. (2010), we did not find mode of 

photosynthesis (C3, C4, CAM) to be the primary contributor to β value variability within terrestrial 

plants. β values derived using the other trophic AAs and Phe (βX-Phe) produced similar patterns of 

means and variance within and among taxonomic groups (Figure S1, Tables 2, S1). Notably, we 

observed that β values derived using Lys as the source AA (βX-Lys) were remarkably well-constrained 

across vascular plants relative to βX-Phe values (e.g., βGlx-Lys = +2.5 ± 1.6‰, βGlx-Phe –6.6 ± 3.4‰; 

Tables 2, S1). In the subsequent subsections we explore these patterns of β value variability within 

and among: (1) vascular autotrophs (i.e., true plants), both terrestrial and aquatic, and (2) non-vascular 

autotrophs, including eukaryotic microalgae and macroalgae, cyanobacteria, and chemoautotrophic 

bacteria. 

Vascular Primary Producers

True plants, by far the most analyzed group of primary producers (65.2 % of analyzed taxa), 

had distinct βGlx-Phe values from non-vascular primary producers, regardless of habitat type (terrestrial, 

freshwater, marine; Table 1). To allow for comparisons within and among groups of vascular plants, 

we categorized data by broad taxonomic group (fern, cactus, forb, grass, vine, shrub, tree, seagrass, 

macrophyte), stem type (herbaceous: forb, grass; woody: vine, shrub, tree), tissue type (e.g., leaf, 

shoot, seed), tissue class (leaf, structural, reproductive), and mode of photosynthesis (C3, C4, CAM). A
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We then used non-parametric Wilcoxon rank-sum tests to statistically compare β values among 

vascular plants based on stem type, tissue class, and mode of photosynthesis. Statistical comparisons 

were restricted to plant groupings with sample sizes ≥ 5, which necessarily limited quantitative 

analyses to well-studied groups of true plants (forbs, grasses, trees). In this paper we present data and 

statistical parameters to discuss observed patterns but do not assign statistical significance as per the 

recommendation of Hurlbert et al. (2019).

Our meta-analysis lends support to the notion that lignin biosynthesis is a key driver of βGlx-Phe 

value variability within terrestrial plants. Following Kendall et al. (2019), we found βGlx-Phe values 

(mean ± SD) were higher for herbaceous (forbs, grasses; –5.2 ± 3.6‰, n = 66) versus woody (vine, 

shrub, tree; –7.7 ± 2.9‰, n = 76) plants (Wilcoxon rank-sum tests: W = 1330, P < 0.001). This pattern 

was maintained across all βX-Phe combinations, with mean differences between herbaceous and woody 

plants ranging between 2.2‰ (βPro-Phe) and 4.1‰ (βAsx-Phe). βGlx-Lys values were similarly higher for 

herbaceous (+3.3 ± 1.1‰, n = 27) versus woody (+1.9 ± 1.5‰, n = 29) plants (Wilcoxon rank-sum 

tests: W = 225, P = 0.002), but mean differences were generally narrower across βX-Lys values relative 

to βX-Phe values ranging between 0.4‰ (βVal-Lys) and 2.9‰ (βIle-Lys). (Figures 3, S1). The contribution 

of lignin production to β value variation is further qualitatively supported by the lone datum for a 

bryophyte (moss), which lacks lignin and had a β value intermediate to vascular and non-vascular 

primary producers (Figure 3). Further study of nonvascular terrestrial plants will shed important light 

on relationships among lignin biosynthesis, AA nitrogen isotope fractionation, and β value variability. 

We observed variation in β values among certain terrestrial plant tissues, which may be driven 

in part by differences in plant N assimilation pathway. βGlx-Phe values were higher in reproductive 

tissues (seeds, fruits, and flowers) relative to leaf tissues in forbs (reproductive: –2.6 ± 3.9‰, n = 7; 

leaf: –7.1 ± 2.5‰, n = 30; W =49, P = 0.016) and woody plants (reproductive: –4.3 ± 4.8‰, n = 14; 

leaf: –8.5 ± 1.6‰, n = 59; W = 194, P = 0.002). However, within forbs, these differences primarily 

reflect variation within N2-fixing plants whose tissue-specific βGlx-Phe values differed to a much 

greater extent (reproductive: +0.2 ± 0.9‰, n = 5; leaf: –6.5 ± 2.1‰, n = 4) than those of other forbs 

(reproductive: –6.3 ± 3.0‰, n = 3; leaf: –7.2 ± 2.5‰, n = 28). Samples sizes were small and thus 

inferences were limited. Nevertheless, this is suggestive of interactive effects of N assimilation 

pathway and tissue biosynthesis on βGlx-Phe values and warrants further evaluation. Collectively, these A
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tissue-specific differences in β values may uniquely influence TPCSIA estimates for species that 

specialize on seeds or fruits, as well as their predators. In contrast, limited data suggests βGlx-Phe values 

were generally similar among grass tissues (Figures 3, S1), although β values that include the trophic 

AA Ile (βIle-Phe, βIle-Lys, βIle-Tyr) appear higher for grass structural tissues relative to both reproductive 

and leaf tissues (Figure S1A, B, D). These forb, grass, and woody plant tissue-specific β value 

patterns extended to most βX-Phe combinations that could be evaluated (Figure S1); there were 

generally insufficient data to evaluate tissue-specific βX-Lys, βX-Tyr, and β-Met variation. While tempting 

to speculate about potential underlying mechanisms, a necessary limitation of this meta-analysis is 

that it required pooling of limited data from a variety of taxa across space and time and is thus not 

adequately designed to robustly evaluate all potential sources of variability. Our understanding of 

tissue-specific β value variation would thus be enhanced through more comprehensive sampling of 

multiple tissue types from the same individuals or species. Similarly, more targeted experimental 

studies would allow for quantitative evaluation of how suites of factors (e.g., vascularity, lignin 

production, N assimilation pathway, AA concentrations, AA turnover rates) interact to influence β 

values.

Our meta-analysis suggests that mode of photosynthesis (C3, C4, CAM) is not the primary 

driver of β value variability within terrestrial plants. Chikaraishi et al. (2010) was the first to suggest 

divergent βGlx-Phe values for C3 and C4 food webs, observing distinct differences between cultivated 

terrestrial C3 (–8.4 ± 1.6‰, n = 17) and C4 (–0.4 ± 1.7‰, n = 5) plants. While we similarly observed 

elevated βGlx-Phe values for C4 (–1.2 ± 2.8‰, n = 11) relative to C3 plants (–6.9 ± 3.2‰, n = 133)—

likely due in large part due to limited additional sampling of C4 plants—our expanded dataset 

demonstrates C4 plant βGlx-Phe values fall well within the bounds of variability of C3 plants (Figure 3). 

In fact, observed differences in βGlx-Phe values between C3 and C4 plants appear to be driven by 

variability in analyzed grass leaves (C4: +0.5 ± 1.7‰, n = 7; C3: –6.9 ± 3.0‰, n = 4; W = 87.5, P < 

0.001). βGlx-Phe values appear similar for C3 and C4 grass seeds (C4: –5.1 ± 0.5‰, n = 2; C3: –6.0 ± 

1.8‰, n = 6) and shoots (C4: –1.2‰, n = 1; C3: –3.9 ± 3.5‰, n = 8), and C3 (–6.3 ± 3.3‰, n = 37) and 

C4 (–5.0‰, n = 1) forbs (Figure 3). Additionally, geographically constrained studies have shown that 

βGlx-Phe values can be similar among co-occurring plants with divergent modes of photosynthesis. For 

example, similar βGlx-Phe values have been observed for C3 (–5.8 ± 2.9‰; n = 10), C4 (–5.0 ± 2.2‰; n A
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= 9), and CAM (–5.3 ± 2.3‰; n = 5) plants (forbs, grasses, cacti, shrubs) from an arid habitat in New 

Mexico (A. C. Besser, unpublished data), and Ostle et al. (1999) observed similar βGlx-Phe values for C4 

(maize: –1.2‰) and C3 (winter wheat: –2.0‰) grasses grown in experimental plots in France. 

Ultimately, given that C4 and CAM plants are heavily underrepresented in the CSIA-AA literature, 

further study will help clarify the potential role that mode of photosynthesis plays in β value 

variability.

Aquatic vascular plants are also understudied. Reported seagrass βGlx-Phe values (range: –8.7 to 

–6.6‰, n = 6) were similar to those of other vascular plants (Figure 3), likely due to their evolution 

from a single lineage of terrestrial flowering plants (Waycott et al., 2006). Available data suggest 

seagrass β values may be significantly less variable than other vascular autotrophs. However, only 

two (Thalassia testudinum, Zostera marina) of ~60 extent seagrass species have been analyzed for 

their AA δ15N values, so whether this observation is an effect of limited sampling or related to their 

relatively conservative evolutionary pathway warrants further evaluation (Short et al., 2007). βGlx-Phe 

values for freshwater vascular plants (macrophytes) were similar to those of marine and terrestrial 

plants (Figure 3). However, quantitative comparisons were not possible due to small sample sizes. 

Further refinement of marine and freshwater vascular plant β values will help constrain future 

applications of CSIA-AA to trophic ecology studies in freshwater and coastal habitats; see section 

“Recommendations for Refining Beta Values”. 

Non-Vascular Primary Producers

βGlx-Phe values of non-vascular primary producers were remarkably similar among the diverse group of 

distantly related taxa, including eukaryotic microalgae (+3.9 ± 1.4‰, n = 27; marine and freshwater), 

macroalgae (+3.5 ± 0.7‰, n = 14), cyanobacteria (+2.1 ± 2.2‰, n = 19), and chemoautotrophic 

bacteria (+4.5 ± 1.9‰, n = 4; Figure 3). This follows general patterns first observed by Chikaraishi et 

al. (2009) and McCarthy et al. (2013). Cyanobacteria βGlx-Phe values were lower than eukaryotic 

microalgae (Wilcoxon rank-sum test: W = 136.5, P = 0.034), but macroalgae βGlx-Phe values were 

similar to both cyanobacteria and eukaryotic microalgae (P > 0.05). However, despite this general 

similarity among groups of non-vascular primary producers, we still observed higher variation in βGlx-
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Phe values (SD = 1.8‰) than previously considered for aquatic photoautotrophs (SD = 0.9‰; 

Chikaraishi et al. 2009; Table 2). 

Marine non-vascular primary producers were the second-most analyzed group of autotrophs in 

our meta-analysis (30.3 % of analyzed taxa; Table 1). We found that βX-Phe values were generally 

similar among green (n = 3), brown (n = 7), and red (n = 4) macroalgae and among cyanobacteria 

orders Nostocales (n = 7), Oscillatoriales (n = 5), and Synechococcales (n = 7; Wilcoxon rank-sum 

tests; P > 0.05). However, there may be biologically meaningful differences among some groups of 

marine eukaryotic microalgae. McCarthy et al. (2013) were the first to suggest that some algal 

lineages may have unique physiological characteristics that yield distinct AA δ15N patterns (i.e., 

isotope ‘fingerprints’), specifically Prochlorococcus marinus versus other cyanobacteria. Although 

sample sizes were small, our findings suggest diatoms (+2.3 ± 1.2‰, n = 5) have lower βGlx-Phe values 

than chlorophytes (+4.5 ± 1.6‰; n = 10; W = 44, P = 0.019) and possibly dinoflagellates (+4.3 ± 

0.5‰, n = 4; W = 18, P = 0.063; Figure S3). Diatoms have unique physiologies and metabolisms, 

such as silica-lined cell walls, a central vacuole that stores nutrients, and functional urea uptake and 

utilization pathways (Bromke, 2013; Falkowski et al., 2004; Tozzi et al., 2004), which may contribute 

to differences in AA δ15N patterns relative to other phytoplankton. Of note, almost all β values for 

eukaryotic microalgae and cyanobacteria to date were derived from laboratory cultures. Although 

methodologically challenging, further study of wild-collected phytoplankton taxa is needed to better 

assess natural β value variability. 

Freshwater non-vascular primary producers are woefully understudied within the CSIA-AA 

literature (3.8 % of analyzed taxa; Table 1), with only four studies reporting AA δ15N data (Fogel & 

Tuross, 1999; Ishikawa et al., 2014; Ohkouchi et al., 2015; Zhang et al., 2019, 2021). Freshwater 

eukaryotic microalgae βGlx-Phe values (+4.2 ± 0.7‰, n = 5) were similar to those of their marine 

counterparts (+3.9 ± 1.6‰, n = 22, P > 0.05; Figure 3). Lack of taxonomic identifications prevented 

further analysis of the limited freshwater non-vascular autotroph data but this is an area of important 

future research given the rapid growth in TPCSIA applications in freshwater systems.

Chemoautotrophs, which derive energy from the oxidation of inorganic compounds, are 

among the least characterized groups within the AA δ15N literature. Data for chemoautotrophic 

bacteria in this meta-analysis were derived from just two studies, Pan et al. (2007) and Yamaguchi et A
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al. (2017). Notably, chemoautotroph βGlx-Phe values were similar to those of the much more studied 

eukaryotic microalgae and cyanobacteria groups, which may be because the analyzed microbes all use 

the phenylpyruvate pathway for Phe synthesis (Yamaguchi et al. 2008). Nevertheless, 

chemoautotrophs exhibit considerable physiological and phylogenetic diversity, which may ultimately 

influence AA biosynthesis and β values within this diverse group of organisms (Nakagawa & Takai, 

2008). Given their importance to food webs in extreme environments like hydrothermal vents, cold 

seeps, natural gas and methane seeps, and anoxic sediment waters (Nakagawa & Takai, 2008), 

expanded investigation of nitrogen isotope dynamics associated with chemoautotroph AA 

biosynthesis will improve food web studies within these systems. 

Insights into β Variability: Nitrogen Assimilation and Amino Acid Biosynthesis

In this section, we discuss nitrogen assimilation and AA biosynthesis and degradation pathways to 

highlight the potential mechanisms leading to variation in β values within and among primary 

producer groups. We focus primarily on terrestrial plants because they are the most analyzed group of 

autotrophs and exhibit the largest range in β values. However, also make note that many of the 

processes discussed are directly applicable to non-vascular autotroph nitrogen metabolism. Generally, 

variation in the most often employed  values (e.g., Glx-Phe and Glx-Lys) can likely be attributed to 

variability in the 15N values of source AAs due to their catabolism for secondary metabolite 

synthesis within primary producers. In contrast, trophic AAs likely have less variable 15N values 

within primary producers due to their more central role in nitrogen metabolism. This pattern is 

opposite to that commonly found in consumers, where trophic AAs exhibit most of the 15N 

variability (McMahon & McCarthy, 2016).  

Autotrophs acquire and assimilate nitrogen using multiple complex pathways (Figure 4). The 

extent to which autotrophs utilize each of the various nitrogen sources (e.g., NO3
-, NH4

+, N2, AA) 

depends on a number of factors, including taxonomy, growth state, microbial symbiont status, and 

environmental conditions (Jackson et al., 2008; Nacry et al., 2013; Szpak, 2014). These processes can 

contribute to variation in δ15Nbaseline (i.e., the bulk tissue δ15N values of primary producers at the base 

of a food web) and individual AA δ15N values because there are differential kinetic isotope effects 

associated with each inorganic nitrogen acquisition pathway (Lachmann et al., 2019; Werner & A
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Schmidt, 2002), such that bulk tissue δ15N values of primary producers are different than the δ15N 

values of their primary N source (Szpak, 2014). However, they likely do not strongly influence β 

values (i.e., the relative differences in δ15N values among AAs within an individual) because both 

source and trophic AA δ15N values are impacted similarly and once nitrogen is assimilated by the 

autotroph, it is transferred among molecules in a closed system (Werner & Schmidt, 2002). For 

example, cyanobacteria (Synechococcus sp., Nostoc sp., Cyanothece sp.) grown in the presence or 

absence of NO3
- exhibit Glx and Phe δ15N values that vary by 4.4–5.9‰ but Glx-Phe values that vary 

by only 0.2–0.9‰ (Chikaraishi et al., 2009; McCarthy et al., 2013). Similarly, terrestrial plants 

(tomato fruit: Solanum lycopersicum; wheat seed: Triticum sp.) grown using various N sources (e.g., 

animal manure, synthetic fertilizers) exhibit more variable Glx and Phe values (tomato: 10.5 and 

10.7‰, wheat: 9.6 and 11.0‰) than Glx-Phe values (tomato: 2.4‰, wheat: 5.1‰; Bontempo et al., 

2020; Paolini et al., 2015). However, there is some evidence that fertilizer application rates can 

slightly impact Asp-Phe values (Paolini et al., 2015), but the effects of nitrogen supply rates on primary 

producer AA concentrations, AA δ15N values, and  values have not been systematically tested, 

including in the above examples, and warrant further study.

There are two N assimilation pathways—direct uptake of AAs from the environment and N2 

fixation by microbial symbionts—that may contribute to variation in  values within and among taxa. 

Many autotrophs, including terrestrial plants, all bacteria, and some eukaryotic microalgae, have the 

capability to directly uptake AAs from their environment (i.e., soil or water; Kielland, 1994; Palenik 

& Morel, 1990; Zehr & Kudela, 2011). Given that 15N values of soil AAs are highly variable 

because they originate from a variety of organismal sources and undergo varying degrees of 

degradation before assimilation (Philben et al., 2018), differential rates of direct AA uptake could 

increase variation in  values among primary producers. The relative importance of this incorporation 

mechanism varies greatly and is more likely to occur in regions with high soil organic matter content 

and low decomposition rates (e.g., the Arctic tundra; Kielland, 1994) than in ecosystems with high 

decomposition and mineralization rates (but see Gioseffi et al., 2012). In addition, autotrophic 

symbioses with microbes that can access atmospheric nitrogen sources, particularly N2 (e.g., plants 

and N2-fixing Rhizobium, diatoms and N2-fixing cyanobacteria), can uniquely influence Ala, Asp, 

Asn, Glu, and Gln production rates (Werner & Schmidt, 2002; Lambers et al., 2008; Liu et al., 2018) A
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and likely their δ15N values (Figure 4). This differential impact of low δ15Nbaseline values on select AAs 

could potentially impact variation in  values, although this has not been systematically explored.         

The δ15N values of the source AAs Phe and Lys are likely a major source of variation in β 

values. Both Phe and Lys, which receive amine groups from Glu during their biosynthesis from 

chorismate and Asp, likely undergo significant isotopic fractionation during their catabolism into 

precursors of numerous important secondary compounds which could lead to variation in β values 

(Galili et al., 2001; Kendall et al., 2019). The extent to which Phe and Lys are catabolized for 

secondary compound synthesis varies due to a variety of factors, such as growth form and 

environmental conditions (Galili et al., 2001; Sharma et al., 2019). Phe may display greater isotopic 

fractionation than Lys and thus a wider range in δ15N values as it is typically catabolized more 

frequently; approximately a third of plant organic matter is synthesized from Phe (Maeda & 

Dudareva, 2012; Pascual et al., 2016). Phe is a precursor to many secondary compounds, including 

lignin, flavonoids, and tannins (Maeda & Dudareva, 2012; Vogt, 2010). Kendall et al. (2019) reported 

a positive correlation between the concentrations of lignin—a structural compound—and Phe δ15N 

values. This relationship occurs because the first step in Phe catabolism for the synthesis of secondary 

metabolites is deamination, in which Phe loses an amine group to become cinnamate (Deng & Lu, 

2017; Kendall et al., 2019). This initial deamination step exhibits isotopic discrimination (Hermes et 

al., 1985), such that Phe molecules containing 14N are preferentially deaminated, leaving behind a 
15N-enriched residual pool of Phe δ15N values (Kendall et al., 2019). Thus, plants composed of more 

lignin, like trees, typically have relatively higher Phe δ15N values (and thereby lower βGlx-Phe values) 

than herbaceous plants containing less lignin (Kendall et al., 2019). Lys, on the other hand, can act as 

an alternative respiratory substrate, increasing in concentration during periods of abiotic stress, and is 

also a precursor to metabolites involved in plant immunity (Galili et al., 2001; Zeier, 2013). Recent 

work on a freshwater green alga and terrestrial C3, C4, and CAM plants found that Lys δ15N values 

were lower and less variable than those of Phe across producer groups and were strongly correlated to 

bulk tissue δ15N values (A. C. Besser, unpublished data), a pattern that likely explains the low 

variability in βX-Lys values relative to X-Phe values observed herein (Figures 3, S1). Phe δ15N values 

did not correlate with bulk tissue δ15N values in these producer groups, highlighting the highly 

variable nature of Phe δ15N values.A
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In contrast to Phe and Lys, Glu and Gln are unlikely to contribute significantly to β value 

variability. These AAs are central to plant nitrogen metabolism and have high turnover rates, 

particularly in leaves (Kruse et al., 2003). During assimilation, plants add NH4
+, reduced from NO3

- 

and NO2
- via nitrate reductase and nitrite reductase, respectively (Werner & Schmidt, 2002), to an -

ketoglutarate molecule using glutamate dehydrogenase to form Glu or an existing Glu molecule using 

glutamine synthase to form Gln (Werner & Schmidt, 2002; Lambers et al., 2008). Once assimilated, 

nitrogen is primarily shuttled among compounds within plant tissues via Glu and Gln (Figure 4), 

which donate amine groups during AA biosynthesis via transamination reactions (Werner & Schmidt, 

2002). As a result, Glu and Gln, which make up the highest proportion of AAs in plant proteomes 

(Hildebrandt et al., 2015), are likely isotopically well-mixed within the internal nitrogen pool, 

potentially leading to lower variability in their 15N values as compared to other AAs.  

Lastly, tissue-specific differences in plant trophic or source AA δ15N values, and by extension 

 values, likely occur due to differing AA concentrations and turnover rates among plant tissue types 

(Camargos et al., 2004; Kruse et al., 2003; Mapelli et al., 2001). Differences in AA concentrations are 

largely determined by free, or soluble, AA concentrations, which vary greatly with changing nitrogen 

supply conditions (Caputo & Barneix, 1997), rather than changes in protein-bound AA 

concentrations. For example, Glu and Gln are among the most abundant free and protein-bound AAs 

in Canavalia ensiformes seeds and leaf tissues, but among the least abundant AAs in seedling plant 

stem tissues (Camargos et al., 2004). Phe displays the opposite pattern, being most abundant in 

seedling plant stem tissues but least abundant in leaf and seed tissues (Camargos et al., 2004). AAs, 

and thereby AA δ15N values, typically turnover more quickly in leaves than in other tissues and in 

younger tissues than in older tissues (Kruse et al., 2003). Different AA turnover rates among tissue 

types may lead to significant differences in AA δ15N values and, in turn, more variable  values 

among tissue types. However, more experimental studies measuring plant AA concentrations, 

turnover rates, and δ15N values among tissue types are needed to constrain the relative magnitudes of 

variation.

Sensitivity of Trophic Position Estimates to Uncertainty in Beta Values
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Given our observation of much larger variation in βGlx-Phe values than typically appreciated (but see 

O’Connell & Collins, 2018), we evaluated how assumptions of mean β values and TDFs influence 

TPCSIA estimates. To this end, we performed bivariate sensitivity analyses to estimate and compare 

TPCSIA for 11 consumers within three model systems (terrestrial, freshwater, oceanic) using published 

consumer δ15NGlx and δ15NPhe data and all combinations of βGlx-Phe and TDFGlx-Phe values within 

ecologically informed ranges as input parameters (i.e., we estimated TPCSIA for each consumer using 

many combinations of assumed βGlx-Phe and TDFGlx-Phe values that span their known ecological 

ranges). These model systems were chosen to reflect scenarios where only vascular (terrestrial), only 

non-vascular (oceanic), or both vascular and non-vascular (freshwater) primary producer assemblages 

support focal food webs. System- and consumer-specific βGlx-Phe value ranges were derived from our 

meta-analysis (Figure 3), whereas TDFGlx-Phe ranges were derived from variation related to consumer 

and system type, including reductions due to shifts in diet quality and/or mode of nitrogen excretion 

(see meta-analysis by McMahon & McCarthy, 2016). 

In the terrestrial case study, we modeled TPCSIA for four consumers within an insect food web 

on a mature apple orchard (TP 2: apple aphid, Aphis pomi; TP 3: hoverfly, Eupeodes sp.; TP 4: 

parasitoid wasp, Bothriothorax sp; TP 5: hyperparasitoid wasp, Pachyneuron albutius; Steffan et al., 

2013). Only vascular primary producers contribute nitrogen to this food web. We used the Chikaraishi 

et al. (2009) single-TDF equation in combination with the published consumer δ15NGlx and δ15NPhe 

data to estimate consumer TPCSIA for all combinations of ecologically-relevant βGlx-Phe values between 

–12.0 and 0.0‰ from this study and TDFGlx-Phe values between 6.5 and 8.5‰ (mean = 7.5‰) as 

observed for terrestrial insects (e.g., Chikaraishi et al., 2010, 2011; Steffan et al., 2013; Takizawa et 

al., 2020).

In the freshwater case study, we modeled TPCSIA for three consumers within a hypothetical 

freshwater food web where both vascular and non-vascular primary producers contribute nitrogen to 

the system (TP 2: caddisfly, Hydropsychidae sp.; TP3: trout, Oncorhynchus masou ishikawae; TP 4: 

osprey, Pandion haliaetus; Elliott et al., 2021; Ishikawa et al., 2014). For this example, we used the 

McMahon & McCarthy (2016) multi-TDF equation to estimate consumer TPCSIA using TDFGlx-Phe 

ranges of 6.5 to 8.5‰ (mean = 7.5‰) for low trophic level, ammonia-producing primary (insect) and 

secondary (fish) consumers (e.g., Bowes and Thorp, 2015; Blanke et al., 2017) and 3.5 to 5.5‰ (mean A
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= 4.5‰) for the carnivorous, uric acid-producing tertiary consumer (osprey; McMahon, Polito, et al., 

2015; Hebert et al. 2016; Elliott et al., 2021). βGlx-Phe values were between –12 and 6‰ that spanned 

the full vascular to non-vascular βGlx-Phe value range from this meta-analysis. 

In the oceanic case study, we modeled TPCSIA estimates for four consumers from the oceanic 

North Pacific Subtropical Gyre, an oligotrophic system where only non-vascular autotrophs 

(eukaryotic microalgae and cyanobacteria) drive primary production (TP 2: copepod, Oithona sp.; TP 

3: flying fish, Exocoetus volitans; TP 4: yellowfin tuna, Thunnus albacares; TP 5: swordfish, Xiphias 

gladius; Hannides et al., 2009; Choy et al., 2015). For this example, we used the McMahon & 

McCarthy (2016) multi-TDF equation to estimate consumer TPCSIA using TDFGlx-Phe ranges of 6.5 to 

8.5 ‰ (mean = 7.5 ‰) for low trophic level, ammonia-producing primary (copepod) and secondary 

(flying fish) consumers (e.g., Bowes & Thorp, 2015; Blanke et al., 2017) and 4.5 to 6.5 ‰ (mean = 

5.5 ‰) for the carnivorous tertiary and quaternary consumers (tuna and swordfish) (Bradley et al. 

2015; Choy et al. 2015; McMahon, Thorrold et al. 2015), as well as βGlx-Phe values between 0 and 6 ‰ 

from this meta-analysis.  

To allow for quantitative assessments of how variation in input parameters (βGlx-Phe and 

TDFGlx-Phe) influence TPCSIA estimates within and among consumers in our case studies, we 

normalized true TPCSIA estimates to a baseline TPCSIA estimate (i.e., ΔTPCSIA = raw TPCSIA – baseline 

TPCSIA). For each consumer, the baseline TPCSIA estimate was that derived from the mean TDF (7.5 ‰ 

for primary and secondary consumers, 5.5 ‰ for 3°+ fish consumers, or 4.5 ‰ for 3°+ bird 

consumers) and a β value of –6.50 (terrestrial), –1.75 (freshwater), or +3.25 (oceanic). These β values 

approximate the mean vascular (–6.50) and non-vascular (+3.25) β values resulting from this meta-

analysis or their mean (–1.75), assuming a mix of 50 % vascular and 50 % non-vascular autotroph 

contribution (Table 3). Resulting ΔTPCSIA estimates were binned by quarter trophic position for each 

consumer (Figure 5). 

Our analyses revealed that TPCSIA estimates were highly sensitive to both univariate and 

bivariate changes in βGlx-Phe and TDFGlx-Phe values (Figure 5, Table 3), and that sensitivity varied as a 

function of consumer and system type. Across all three case studies there was a general pattern of 

increasing TPCSIA sensitivity to both βGlx-Phe and TDFGlx-Phe values with increasing trophic position. 

This is evidenced by the narrowing of the space between each isocline (i.e., 0.25 TP bin) with each A
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trophic transfer, which indicates that changes in parameter values will lead to bigger changes in 

TPCSIA estimates for higher order consumers relative to lower order consumers. For example, across 

the three case studies TPCSIA estimates spanned 1.1–3.0 for primary consumers but 2.1–5.1 for the top 

predators (Table 3), illustrating that unconstrained variance in parameter values can yield 2+ unit 

variability in TPCSIA estimates. Moreover, the magnitude of variability in TPCSIA increased in relation 

to the range of possible βGlx-Phe values (Table 3). Combined, this work shows that constraining 

uncertainty in mean parameter values becomes increasingly important to accurate TPCSIA estimation 

the further one samples up the food web. 

The influence of βGlx-Phe values on TPCSIA estimates relative to TDFGlx-Phe values generally 

dissipated up the food web. This is evidenced by the lowering of isocline slopes within the terrestrial 

and oceanic case studies with increasing trophic position (Figure 5A,C). This indicates that TPCSIA 

estimates tend to become less sensitive to βGlx-Phe values (higher isocline slopes) and more sensitive to 

TDFGlx-Phe values (lower isocline slopes) higher up the food web. Mathematically, this pattern is 

unsurprising given that TDFs are applied multiple times in the denominator of the TPCSIA equation 

(Eq. 1; i.e., once for each trophic transfer) but β values are only subtracted once in the numerator. 

However, it’s important to note that for some lower order consumers there are areas in bivariate β–

TDF value space where TPCSIA estimates are more sensitive to changes in βGlx-Phe values than TDFGlx-

Phe values (e.g., aphids where β > –6.0‰, caddisfly and trout where β > +1.0‰; Figure 5A,B). 

Lastly, our sensitivity analysis revealed that assumptions of TDFGlx-Phe variability within food 

webs can have complex effects on the relative influence of β and TDF values on TPCSIA estimates. 

This is illustrated by the abrupt shift in pattern of isocline slopes between TL 3 and 4 in the freshwater 

case study (Figure 5B), where we used an ecologically relevant lower TDFGlx-Phe value range (3.5–

5.5‰) for osprey relative to the aquatic consumers (6.5–8.5‰) to reflect a coupled shift in diet 

quality and mode of nitrogen excretion. After this transition point, there are large areas in bivariate β–

TDF value space where TPCSIA estimates are very insensitive to changes in TDFGlx-Phe but highly 

sensitive to changes in βGlx-Phe value (e.g., β between –4.0 and +4.0). These results contrast sharply 

with those derived from a sensitivity analysis where we assumed TDFGlx-Phe was constant for all 

freshwatwer consumers (range: 5.5–7.5‰; Figure S4), which yields more predictable and consistent 

isocline patterns across consumers but at the expense of higher sensitivity of TPCSIA estimates to A
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changes in β and TDF values (narrowed isocline bins). Collectively, these findings show that in some 

cases βGlx-Phe values are more influential to TPCSIA estimation than TDFGlx-Phe values. However, CSIA-

AA practitioners will likely rarely know a priori which parameter is more important, highlighting the 

need for more critical evaluation of both β and TDF values in addition to TPCSIA equations (e.g., 

single- vs. multi-TDF) in all CSIA-AA trophic ecology studies.  

Recommendations for Refining Beta Values

CSIA-AA has emerged as a powerful tool to study food web dynamics, yet fundamental questions 

remain about the ecogeochemical processes that drive variation in AA nitrogen isotope patterns at all 

levels of the food web. Our study demonstrates that β values are twice as variable as typically 

considered and that assumptions surrounding mean parameter values—both β and TDF—and how 

TDFs vary up the food chain can have complex effects on TPCSIA estimates. As a result, both β and 

TDF values require greater scrutiny moving forward to improve estimated TPCSIA accuracy and 

precision. 

The use of CSIA-AA within trophic ecology studies has grown in popularity because (1) the 

realized δ15Nbaseline is internally indexed, reducing uncertainty associated with identifying and 

analyzing primary producer δ15N values a priori; (2) β values, the difference in δ15NTrophicAA and 

δ15NSourceAA within primary producers, are far less variable in space and time than the bulk primary 

producer δ15N values; and (3) the large TDFs for trophic AAs relative to bulk tissues provide greater 

TP separation power. Nevertheless, that the δ15Nbaseline is internally indexed does not negate the need 

to understand and potentially sample the broad taxonomic composition of primary producers 

supporting focal food webs, whose AA δ15N values are explicitly required to parametrize the TPCSIA 

equation (Eq. 1). These data are often assumed, yet not routinely collected (Figure 1), likely due to the 

perceived stability of these parameters based on earlier work and the fact that they are difficult 

measurements to make in comparison to analysis of protein-rich consumer tissues. However, we 

demonstrate that a large amount of variation is not currently reflected within these conventionally 

applied β values. Here, we outline four key recommendations for identifying, constraining, and 

accounting for β value variability that will improve characterization of consumer trophic status in 
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future TPCSIA applications, particularly within ecosystems with complex primary producer 

assemblages.

(1) Whenever feasible, sample the diverse suite of primary producers supporting focal food webs, 

particularly if they include vascular autotrophs. All else being equal, in-situ sampling of 

primary producers concurrent to sampling of consumers remains the best method for 

identifying and constraining β values and TPCSIA uncertainty. This will be particularly useful 

when studying species that forage within or across terrestrial, freshwater, and aquatic 

ecosystems, where β values may span 18‰ and are therefore likely to have the greatest 

influence on TPCSIA estimates (e.g., Jarman et al., 2017; Figure 5). Such efforts will also help 

fill data gaps for the myriad of under-analyzed primary producer taxonomic groups (e.g., 

bryophytes, pteridophytes, and gymnosperms) and expand our understanding of ecologically 

relevant sources of β value variability (e.g., taxonomic, tissue type, mode of photosynthesis, N 

assimilation pathway). Subsequent recommendations pertain to scenarios where in-situ 

sampling is infeasible (e.g., historical ecology, archaeology).  

(2) Within systems dominated by vascular or non-vascular primary producers, use the most up to 

date β values and variance estimates, currently resulting from this meta-analysis, as starting 

points for TPCSIA estimation (vascular = –6.6 ± 3.4‰; non-vascular = +3.3 ± 1.8‰; Tables 2, 

S1). The β values in this meta-analysis integrate all published AA δ15N data to date and thus 

most accurately reflect known β value variation among primary producers. Importantly, this 

recommendation includes propagation of the higher β value error estimates presented here 

using Monte Carlo simulation or simple Taylor expansion of the canonical TPCSIA equation 

(Eq. 1) to estimate TPCSIA uncertainty more accurately (e.g., through the propagate package in 

R; Gelwicks & Hayes, 1990). However, we encourage all CSIA-AA practitioners to carefully 

consider what β values would be most appropriate for their study system, including calculation 

of different β values using the raw data collated in this meta-analysis in combination with 

newly collected or published data in the future. Neverthelessour non-vascular β values may be 

appropriate to use in most marine applications where seagrasses are absent and terrestrial 

inputs are negligible (i.e., no vascular autotroph contribution) because known variability is 

relatively well-constrained. Within terrestrial systems, we encourage practitioners to further A
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constrain β values through purposeful identification of likely primary producer taxonomic 

groups and producer tissues that are important to focal food webs (e.g., grasses only, cacti 

only, estimated mix of woody and herbaceous plants). 

(3) For systems with both vascular and non-vascular primary producers, estimate βmix values 

using pertinent indices as endmembers in mixing models. When consumers use food webs 

with both vascular and non-vascular autotrophs, β values must reflect the realized admixture 

of primary producers (i.e., βmix) for each consumer (Choi et al., 2017; Ishikawa et al., 2014). 

Multiple molecular tools are available for use in tandem with mixing models to estimate the 

relative contribution of vascular and non-vascular primary producers to consumer food webs, 

such as bulk tissue δ13C and δ15N values (e.g., Choi et al., 2017; Zhang et al., 2019, 2021), AA 

δ13C ‘fingerprinting’ (e.g., Bowes et al., 2020; Chua et al., 2020), fatty acid analysis (Hebert et 

al. 2016), and ΔMet-Phe (δ15NMet – δ15NPhe; Ishikawa et al., 2018). Notably, phylogenetically 

distinct AA δ13C ‘fingerprints’ can be used to differentiate resource use among a diverse array 

of baseline energy sources (e.g., terrestrial plants, algae, seagrasses, bacteria, fungi; Larsen et 

al. 2013). When combined with consumer AA δ15N analyses, this collection of approaches can 

more accurately characterize consumer trophic dynamics in modern and historical food webs 

(e.g., Jarman et al., 2017). 

(4) Within systems dominated by vascular autotrophs, such as terrestrial food webs, consider 

using Lys instead of Phe as the source AA for TPCSIA estimation. Our meta-analysis revealed 

that vascular plant β values calculated using the source AA Lys are considerably less variable 

across primary producer taxonomic groups and tissue types than those that use the source AA 

Phe (Figure 3), which may ultimately yield more precise TPCSIA estimates for food webs 

primarily supported by vascular autotrophs. The use of vascular βGlx-Lys is also advantageous 

because the data are approximately normally distributed and thus avoid distributional biases 

present in the vascular βGlx-Phe dataset (Figure 3). As a result, we advance the call for 

optimization of analytical protocols to collect the full suite of measurable AAs rather than just 

focusing on Glx and Phe (Bradley et al., 2015; Nielsen et al., 2015; McMahon & McCarthy, 

2016; O’Connell, 2017). This recommendation comes with the caveat that Lys is sometimes 

more analytically challenging to measure on standard gas chromatography-combustion-isotope A
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ratio mass spectrometers given its late retention time and potential to co-elute with tyrosine 

(Tyr). With careful attention to late run temperature ramp structure, high quality Lys 15N data 

are achievable and likely worth the investment, particularly for terrestrial food web studies.

Acknowledgements

This material is based upon work supported by the NSF Postdoctoral Research Fellowship in Biology 

awarded to MDR under Grant No. 1907144. ACB was supported by the NSF Graduate Research 

Fellowship Program under Grant No. 1939267. KWM was supported under NSF-OPP Grant No. 

1826712 and NSF OCE Grant No. 2049307. We thank two anonymous reviewers for comments on 

this manuscript. 

Conflicts of Interest

The authors declare that there is no conflict of interest.

Authors’ Contributions

MDR, KWM, SDN, and ACB conceived the ideas and designed the methodology; MDR collected 

and analyzed the data; MDR and ACB led the writing of the manuscript; All authors contributed 

critically to the drafts and gave final approval for publication.

Data Availability Statement

Data and code available from Github (https://github.com/matthewdramirez/BetaValueMeta-analysis) 

and Zenodo (Ramirez et al. 2021).

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

References

Blanke, C. M., Chikaraishi, Y., Takizawa, Y., Steffan, S. A., Dharampal, P. S., & Vander Zanden, M. 

J. (2017). Comparing compound-specific and bulk stable nitrogen isotope trophic 

discrimination factors across multiple freshwater fish species and diets. Canadian Journal of 

Fisheries and Aquatic Sciences, 74(8), 1291–1297. https://doi.org/10.1139/cjfas-2016-0420

Bol, R., Ostle, N. J., & Petzke, K. J. (2002). Compound specific plant amino acid δ15N values differ 

with functional plant strategies in temperate grassland. Journal of Plant Nutrition and Soil 

Science, 165(6), 661–667. https://doi.org/10.1002/jpln.200290000

Bontempo, L., van Leeuwen, K. A., Paolini, M., Holst Laursen, K., Micheloni, C., Prenzler, P. D., 

Ryan, D., & Camin, F. (2020). Bulk and compound-specific stable isotope ratio analysis for 

authenticity testing of organically grown tomatoes. Food Chemistry, 318, 126426. 

https://doi.org/10.1016/j.foodchem.2020.126426

Bowes, R. E., & Thorp, J. H. (2015). Consequences of employing amino acid vs. bulk-tissue, stable 

isotope analysis: A laboratory trophic position experiment. Ecosphere, 6(1), art14. 

https://doi.org/10.1890/ES14-00423.1

Bowes, R. E., Thorp, J. H., & Delong, M. D. (2020). Reweaving river food webs through time. 

Freshwater Biology, 65(3), 390–402. https://doi.org/10.1111/fwb.13432

Bradley, C. J., Wallsgrove, N. J., Choy, C. A., Drazen, J. C., Hetherington, E. D., Hoen, D. K., & 

Popp, B. N. (2015). Trophic position estimates of marine teleosts using amino acid compound 

specific isotopic analysis: Stable isotope-derived trophic positions of teleosts. Limnology and 

Oceanography: Methods, 13(9), 476–493. https://doi.org/10.1002/lom3.10041

Bromke, M. (2013). Amino acid biosynthesis pathways in diatoms. Metabolites, 3(2), 294–311. 

https://doi.org/10.3390/metabo3020294

Camargos, L. S., Aguiar, L. F., & Azevedo, R. A. (2004). Variation in the amino acid concentration 

during development of Canavalia ensiformes. Biologia Plantarum, 48(2), 309–312. 

https://doi.org/10.1023/B:BIOP.0000033463.98440.db

Caputo, C., & Barneix, A. J. (1997). Export of amino acids to the phloem in relation to N supply in 

wheat. Physiologia Plantarum, 101(4), 853–860. https://doi.org/10.1111/j.1399-

3054.1997.tb01073.xA
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Chikaraishi, Y., Ogawa, N. O., Doi, H., & Ohkouchi, N. (2011). 15N/14N ratios of amino acids as a 

tool for studying terrestrial food webs: A case study of terrestrial insects (bees, wasps, and 

hornets). Ecological Research, 26(4), 835–844. https://doi.org/10.1007/s11284-011-0844-1

Chikaraishi, Y., Ogawa, N. O., Kashiyama, Y., Takano, Y., Suga, H., Tomitani, A., Miyashita, H., 

Kitazato, H., & Ohkouchi, N. (2009). Determination of aquatic food-web structure based on 

compound-specific nitrogen isotopic composition of amino acids: Trophic level estimation by 

amino acid δ15N. Limnology and Oceanography: Methods, 7(11), 740–750. 

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

Chikaraishi, Y., Ogawa, N. O., & Ohkouchi, N. (2010). Further evaluation of the trophic level 

estimation based on nitrogen isotopic composition of amino acids. In N. Ohkouchi, I. Tayasu, 

& K. Koba (Eds.), Earth, Life and Isotopes (pp. 37–51). Kyoto University Press.

Choi, B., Ha, S., Lee, J. S., Chikaraishi, Y., Ohkouchi, N., & Shin, K. (2017). Trophic interaction 

among organisms in a seagrass meadow ecosystem as revealed by bulk δ13C and amino acid 

δ15N analyses. Limnology and Oceanography, 62(4), 1426–1435. 

https://doi.org/10.1002/lno.10508

Choy, C. A., Popp, B. N., Hannides, C. C. S., & Drazen, J. C. (2015). Trophic structure and food 

resources of epipelagic and mesopelagic fishes in the North Pacific Subtropical Gyre 

ecosystem inferred from nitrogen isotopic compositions: Trophic structure of pelagic fishes. 

Limnology and Oceanography, 60(4), 1156–1171. https://doi.org/10.1002/lno.10085

Chua, K. W. J., Liew, J. H., Shin, K., & Yeo, D. C. J. (2020). Effects of ethanol preservation and 

formalin fixation on amino acid stable isotope analysis (δ13C and δ15N) and its ecological 

applications. Limnology and Oceanography: Methods, 18(2), 77–88. 

https://doi.org/10.1002/lom3.10347

Dale, J., Wallsgrove, N., Popp, B., & Holland, K. (2011). Nursery habitat use and foraging ecology of 

the brown stingray Dasyatis lata determined from stomach contents, bulk and amino acid 

stable isotopes. Marine Ecology Progress Series, 433, 221–236. 

https://doi.org/10.3354/meps09171

Deng, Y., & Lu, S. (2017). Biosynthesis and regulation of phenylpropanoids in plants. Critical 

Reviews in Plant Sciences, 36(4), 257–290. https://doi.org/10.1080/07352689.2017.1402852A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Elliott, K. H., Braune, B. M., & Elliott, J. E. (2021). Beyond bulk δ15N: Combining a suite of stable 

isotopic measures improves the resolution of the food webs mediating contaminant signals 

across space, time and communities. Environment International, 148, 106370. 

https://doi.org/10.1016/j.envint.2020.106370

Falkowski, P. G., Katz, M. E., Knoll, A. H., Quigg, A., Raven, J. A., Schofield, O., & Taylor, F. J. R. 

(2004). The evolution of modern eukaryotic phytoplankton. Science, 305(5682), 354–360. 

https://doi.org/10.1126/science.1095964

Fogel, M. L., & Tuross, N. (1999). Transformation of plant biochemicals to geological 

macromolecules during early diagenesis. Oecologia, 120(3), 336–346. 

https://doi.org/10.1007/s004420050867

Galili, G., Tang, G., Zhu, X., & Gakiere, B. (2001). Lysine catabolism: A stress and development 

super-regulated metabolic pathway. Current Opinion in Plant Biology, 4(3), 261–266. 

https://doi.org/10.1016/S1369-5266(00)00170-9

Gelwicks, J. T., & Hayes, J. M. (1990). Carbon-isotopic analysis of dissolved acetate. Analytical 

Chemistry, 62, 535–539.

Germain, L., Koch, P., Harvey, J., & McCarthy, M. (2013). Nitrogen isotope fractionation in amino 

acids from harbor seals: Implications for compound-specific trophic position calculations. 

Marine Ecology Progress Series, 482, 265–277. https://doi.org/10.3354/meps10257

Gerringer, M. E., Popp, B. N., Linley, T. D., Jamieson, A. J., & Drazen, J. C. (2017). Comparative 

feeding ecology of abyssal and hadal fishes through stomach content and amino acid isotope 

analysis. Deep Sea Research Part I: Oceanographic Research Papers, 121, 110–120. 

https://doi.org/10.1016/j.dsr.2017.01.003

Gioseffi, E., de Neergaard, A., & Schjoerring, J. K. (2012). Interactions between uptake of amino 

acids and inorganic nitrogen in wheat plants. Biogeosciences, 9(4), 1509–1518. 

https://doi.org/10.5194/bg-9-1509-2012

Hannides, C. C. S., Popp, B. N., Landry, M. R., & Graham, B. S. (2009). Quantification of 

zooplankton trophic position in the North Pacific Subtropical Gyre using stable nitrogen 

isotopes. Limnology and Oceanography, 54(1), 50–61. 

https://doi.org/10.4319/lo.2009.54.1.0050A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Hebert, C. E., Popp, B. N., Fernie, K. J., Ka’apu-Lyons, C., Rattner, B. A., & Wallsgrove, N. (2016). 

Amino acid specific stable nitrogen isotope values in avian tissues: Insights from captive 

American Kestrels and wild Herring Gulls. Environmental Science & Technology, 50(23), 

12928–12937. https://doi.org/10.1021/acs.est.6b04407

Hermes, J. D., Weiss, P. M., & Cleland, W. W. (1985). Use of nitrogen-15 and deuterium isotope 

effects to determine the chemical mechanism of phenylalanine ammonia-lyase. Biochemistry, 

24(12), 2959–2967. https://doi.org/10.1021/bi00333a023

Hildebrandt, T. M., Nunes Nesi, A., Araújo, W. L., & Braun, H.-P. (2015). Amino acid catabolism in 

plants. Molecular Plant, 8(11), 1563–1579. https://doi.org/10.1016/j.molp.2015.09.005

Hurlbert, S. H., Levine, R. A., & Utts, J. (2019). Coup de Grâce for a Tough Old Bull: “Statistically 

Significant” Expires. The American Statistician, 73(S1), 352–357. 

https://doi.org/10.1080/00031305.2018.1543616

Ishikawa, N. F., Chikaraishi, Y., Takano, Y., Sasaki, Y., Takizawa, Y., Tsuchiya, M., Tayasu, I., 

Nagata, T., & Ohkouchi, N. (2018). A new analytical method for determination of the nitrogen 

isotopic composition of methionine: Its application to aquatic ecosystems with mixed 

resources: 15N/14N of methionine for food web studies. Limnology and Oceanography: 

Methods, 16(9), 607–620. https://doi.org/10.1002/lom3.10272

Ishikawa, N. F., Kato, Y., Togashi, H., Yoshimura, M., Yoshimizu, C., Okuda, N., & Tayasu, I. 

(2014). Stable nitrogen isotopic composition of amino acids reveals food web structure in 

stream ecosystems. Oecologia, 175(3), 911–922. https://doi.org/10.1007/s00442-014-2936-4

Jackson, L. E., Burger, M., & Cavagnaro, T. R. (2008). Roots, nitrogen transformations, and 

ecosystem services. Annual Review of Plant Biology, 59(1), 341–363. 

https://doi.org/10.1146/annurev.arplant.59.032607.092932

Jarman, C. L., Larsen, T., Hunt, T., Lipo, C., Solsvik, R., Wallsgrove, N., Ka’apu-Lyons, C., Close, 

H. G., & Popp, B. N. (2017). Diet of the prehistoric population of Rapa Nui (Easter Island, 

Chile) shows environmental adaptation and resilience. American Journal of Physical 

Anthropology, 164(2), 343–361. https://doi.org/10.1002/ajpa.23273

Kendall, I. P., Woodward, P., Clark, J. P., Styring, A. K., Hanna, J. V., & Evershed, R. P. (2019). 

Compound-specific δ15N values express differences in amino acid metabolism in plants of A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

varying lignin content. Phytochemistry, 161, 130–138. 

https://doi.org/10.1016/j.phytochem.2019.01.012

Kielland, K. (1994). Amino aid absorption by arctic plants: Implications for plant nutrition and 

nitrogen cycling. Ecology, 75(8), 2373–2383. https://doi.org/10.2307/1940891

Kruse, J., Hetzger, I., Hänsch, R., Mendel, R.-R., & Rennenberg, H. (2003). Elevated pCO 2 affects C 

and N metabolism in wild type and transgenic tobacco exhibiting altered C/N balance in 

metabolite analysis. Plant Biology, 5(5), 540–549. https://doi.org/10.1055/s-2003-44792

Lachmann, S. C., Mettler‐Altmann, T., Wacker, A., & Spijkerman, E. (2019). Nitrate or ammonium: 

Influences of nitrogen source on the physiology of a green alga. Ecology and Evolution, 9(3), 

1070–1082. https://doi.org/10.1002/ece3.4790

Lambers, H., Chapin, F. S., & Pons, T. L. (2008). Plant Physiological Ecology. Springer New York. 

https://doi.org/10.1007/978-0-387-78341-3

Leibold, M. A., Chase, J. M., Shurin, and, J. B., & Downing, A. L. (1997). Species turnover and the 

regulation of trophic structure. Annual Review of Ecology and Systematics, 28(1), 467–494. 

https://doi.org/10.1146/annurev.ecolsys.28.1.467

Liu, A., Contador, C. A., Fan, K., & Lam, H.-M. (2018). Interaction and regulation of carbon, 

nitrogen, and phosphorus metabolisms in root nodules of legumes. Frontiers in Plant Science, 

9, 1860. https://doi.org/10.3389/fpls.2018.01860

Macko, A., Fogel, L., Hare, P. E., & Hoering, T. C. (1987). Isotopic fractionation of nitrogen and 

carbon in the synthesis of amino acids by microorganisms. Chemical Geology, 65, 79–92.

Maeda, H., & Dudareva, N. (2012). The Shikimate pathway and aromatic amino acid biosynthesis in 

plants. Annual Review of Plant Biology, 63(1), 73–105. https://doi.org/10.1146/annurev-

arplant-042811-105439

Mapelli, S., Brambilla, I., & Bertani, A. (2001). Free amino acids in walnut kernels and young 

seedlings. Tree Physiology, 21(17), 1299–1302. https://doi.org/10.1093/treephys/21.17.1299

Matsubayashi, J., Osada, Y., Tadokoro, K., Abe, Y., Yamaguchi, A., Shirai, K., Honda, K., 

Yoshikawa, C., Ogawa, N. O., Ohkouchi, N., Ishikawa, N. F., Nagata, T., Miyamoto, H., 

Nishino, S., & Tayasu, I. (2020). Tracking long‐distance migration of marine fishes using 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

compound‐specific stable isotope analysis of amino acids. Ecology Letters, 23(5), 881–890. 

https://doi.org/10.1111/ele.13496

McCarthy, M. D., Lehman, J., & Kudela, R. (2013). Compound-specific amino acid δ15N patterns in 

marine algae: Tracer potential for cyanobacterial vs. eukaryotic organic nitrogen sources in the 

ocean. Geochimica et Cosmochimica Acta, 103, 104–120. 

https://doi.org/10.1016/j.gca.2012.10.037

McMahon, K. W., & McCarthy, M. D. (2016). Embracing variability in amino acid δ15N 

fractionation: Mechanisms, implications, and applications for trophic ecology. Ecosphere, 

7(12), e01511. https://doi.org/10.1002/ecs2.1511

McMahon, K. W., Michelson, C. I., Hart, T., McCarthy, M. D., Patterson, W. P., & Polito, M. J. 

(2019). Divergent trophic responses of sympatric penguin species to historic anthropogenic 

exploitation and recent climate change. Proceedings of the National Academy of Sciences, 

116(51), 25721–25727. https://doi.org/10.1073/pnas.1913093116

McMahon, K. W., Polito, M. J., Abel, S., McCarthy, M. D., & Thorrold, S. R. (2015). Carbon and 

nitrogen isotope fractionation of amino acids in an avian marine predator, the gentoo penguin 

(Pygoscelis papua). Ecology and Evolution, 5(6), 1278–1290. 

https://doi.org/10.1002/ece3.1437

McMahon, K. W., Thorrold, S. R., Elsdon, T. S., & McCarthy, M. D. (2015). Trophic discrimination 

of nitrogen stable isotopes in amino acids varies with diet quality in a marine fish: Trophic 

discrimination of amino acids. Limnology and Oceanography, 60(3), 1076–1087. 

https://doi.org/10.1002/lno.10081

Nacry, P., Bouguyon, E., & Gojon, A. (2013). Nitrogen acquisition by roots: Physiological and 

developmental mechanisms ensuring plant adaptation to a fluctuating resource. Plant and Soil, 

370(1–2), 1–29. https://doi.org/10.1007/s11104-013-1645-9

Nakagawa, S., & Takai, K. (2008). Deep-sea vent chemoautotrophs: Diversity, biochemistry and 

ecological significance: Chemoautotrophy in deep-sea vents. FEMS Microbiology Ecology, 

65(1), 1–14. https://doi.org/10.1111/j.1574-6941.2008.00502.x

Nielsen, J. M., Popp, B. N., & Winder, M. (2015). Meta-analysis of amino acid stable nitrogen 

isotope ratios for estimating trophic position in marine organisms. Oecologia, 178, 631–642.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

O’Connell, T. C. (2017). ‘Trophic’ and ‘source’ amino acids in trophic estimation: A likely metabolic 

explanation. Oecologia, 184(2), 317–326. https://doi.org/10.1007/s00442-017-3881-9

O’Connell, T. C., & Collins, M. J. (2018). Comment on “Ecological niche of Neanderthals from Spy 

Cave revealed by nitrogen isotopes of individual amino acids in collagen” [J. Hum. Evol. 93 

(2016) 82–90]. Journal of Human Evolution, 117, 53–55. 

https://doi.org/10.1016/j.jhevol.2017.05.006

Ogawa, N. O., Chikaraishi, Y., & Ohkouchi, N. (2013). Trophic position estimates of formalin-fixed 

samples with nitrogen isotopic compositions of amino acids: An application to gobiid fish 

(Isaza) in Lake Biwa, Japan. Ecological Research, 28(5), 697–702. 

https://doi.org/10.1007/s11284-012-0967-z

Ohkouchi, N., Ogawa, N. O., Chikaraishi, Y., Tanaka, H., & Wada, E. (2015). Biochemical and 

physiological bases for the use of carbon and nitrogen isotopes in environmental and 

ecological studies. Progress in Earth and Planetary Science, 2(1), 1. 

https://doi.org/10.1186/s40645-015-0032-y

Palenik, B., & Morel, F. M. M. (1990). Amino acid utilization by marine phytoplankton: A novel 

mechanism. Limnology and Oceanography, 35(2), 260–269. 

https://doi.org/10.4319/lo.1990.35.2.0260

Pan, B. S., Wolyniak, C. J., & Brenna, J. T. (2007). The intramolecular δ15N of lysine responds to 

respiratory status in Paracoccus denitrificans. Amino Acids, 33(4), 631–638. 

https://doi.org/10.1007/s00726-006-0487-7

Paolini, M., Ziller, L., Laursen, K. H., Husted, S., & Camin, F. (2015). Compound-Specific δ15N and 

δ13C analyses of amino acids for potential discrimination between organically and 

conventionally grown wheat. Journal of Agricultural and Food Chemistry, 63(25), 5841–

5850. https://doi.org/10.1021/acs.jafc.5b00662

Pascual, M. B., El-Azaz, J., de la Torre, F. N., Cañas, R. A., Avila, C., & Cánovas, F. M. (2016). 

Biosynthesis and metabolic fate of phenylalanine in conifers. Frontiers in Plant Science, 7, 

1030. https://doi.org/10.3389/fpls.2016.01030

Persson, L. (1999). Trophic cascades: Abiding heterogeneity and the trophic level concept at the end 

of the road. Oikos, 85, 385–397.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Philben, M., Billings, S. A., Edwards, K. A., Podrebarac, F. A., van Biesen, G., & Ziegler, S. E. 

(2018). Amino acid δ15N indicates lack of N isotope fractionation during soil organic nitrogen 

decomposition. Biogeochemistry, 138(1), 69–83. https://doi.org/10.1007/s10533-018-0429-y

Popp, B. N., Graham, B. S., Olson, R. J., Hannides, C. C. S., Lott, M. J., López‐Ibarra, G. A., 

Galván‐Magaña, F., & Fry, B. (2007). Insight into the trophic ecology of Yellowfin Tuna, 

Thunnus albacares, from compound‐specific nitrogen isotope analysis of proteinaceous amino 

acids. Terrestrial Ecology, 1, 173–190. https://doi.org/10.1016/S1936-7961(07)01012-3

Post, D. M., Pace, M. L., & Hairston, N. G. (2000). Ecosystem size determines food-chain length in 

lakes. Nature, 405(6790), 1047–1049. https://doi.org/10.1038/35016565

Ramirez, M.D., Besser, A.C., Newsome, S.D., & McMahon, K.W. (2021). Data from: Meta-analysis 

of primary producer amino acid δ15N values and their influence on trophic position estimation. 

Zenodo, https://doi.org/10.5281/zenodo.5048144

Saccò, M., Blyth, A. J., Humphreys, W. F., Kuhl, A., Mazumder, D., Smith, C., & Grice, K. (2019). 

Elucidating stygofaunal trophic web interactions via isotopic ecology. PLOS ONE, 14(10), 

e0223982. https://doi.org/10.1371/journal.pone.0223982

Sharma, A., Shahzad, B., Rehman, A., Bhardwaj, R., Landi, M., & Zheng, B. (2019). Response of 

phenylpropanoid pathway and the role of polyphenols in plants under abiotic stress. 

Molecules, 24(13), 2452. https://doi.org/10.3390/molecules24132452

Short, F., Carruthers, T., Dennison, W., & Waycott, M. (2007). Global seagrass distribution and 

diversity: A bioregional model. Journal of Experimental Marine Biology and Ecology, 350(1–

2), 3–20. https://doi.org/10.1016/j.jembe.2007.06.012

Smallwood, B. J., Wooller, M. J., Jacobson, M. E., & Fogel, M. L. (2003). Isotopic and molecular 

distributions of biochemicals from fresh and buried Rhizophora mangle leaves†. Geochemical 

Transactions, 4(1), 38. https://doi.org/10.1186/1467-4866-4-38

Steffan, S. A., Chikaraishi, Y., Horton, D. R., Ohkouchi, N., Singleton, M. E., Miliczky, E., Hogg, D. 

B., & Jones, V. P. (2013). Trophic hierarchies illuminated via amino acid isotopic analysis. 

PLoS ONE, 8(9), e76152. https://doi.org/10.1371/journal.pone.0076152

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Styring, A. K., Fraser, R. A., Bogaard, A., & Evershed, R. P. (2014). Cereal grain, rachis and pulse 

seed amino acid δ15N values as indicators of plant nitrogen metabolism. Phytochemistry, 97, 

20–29. https://doi.org/10.1016/j.phytochem.2013.05.009

Szpak, P. (2014). Complexities of nitrogen isotope biogeochemistry in plant-soil systems: 

Implications for the study of ancient agricultural and animal management practices. Frontiers 

in Plant Science, 5, 288. https://doi.org/10.3389/fpls.2014.00288

Takizawa, Y., & Chikaraishi, Y. (2017). Change in the δ15N value of plant amino acids. Researches in 

Organic Geochemistry, 33, 1–6.

Takizawa, Y., Dharampal, P. S., Steffan, S. A., Takano, Y., Ohkouchi, N., & Chikaraishi, Y. (2017). 

Intra-trophic isotopic discrimination of 15N/14N for amino acids in autotrophs: Implications for 

nitrogen dynamics in ecological studies. Ecology and Evolution, 7(9), 2916–2924. 

https://doi.org/10.1002/ece3.2866

Takizawa, Y., Takano, Y., Choi, B., Dharampal, P. S., Steffan, S. A., Ogawa, N. O., Ohkouchi, N., & 

Chikaraishi, Y. (2020). A new insight into isotopic fractionation associated with 

decarboxylation in organisms: Implications for amino acid isotope approaches in 

biogeoscience. Progress in Earth and Planetary Science, 7(1), 50. 

https://doi.org/10.1186/s40645-020-00364-w

Tozzi, S., Schofield, O., & Falkowski, P. (2004). Historical climate change and ocean turbulence as 

selective agents for two key phytoplankton functional groups. Mar Ecol Prog Ser, 274, 123–

132.

Vogt, T. (2010). Phenylpropanoid biosynthesis. Molecular Plant, 3(1), 2–20. 

https://doi.org/10.1093/mp/ssp106

Waycott, M., Procaccini, G., Les, D. H., & Reusch, T. B. H. (2006). Seagrass evolution, ecology and 

conservation: A genetic perspective. In A. W. D. Larkum, R. J. Orth, & C. Duarte (Eds.), 

Seagrasses: Biology, Ecology and Conservation (pp. 25–50). Springer-Verlag. 

https://doi.org/10.1007/1-4020-2983-7_2

Werner, R. A., & Schmidt, H.-L. (2002). The in vivo nitrogen isotope discrimination among organic 

plant compounds. Phytochemistry, 61, 465–484.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Yamaguchi, Y. T., Chikaraishi, Y., Takano, Y., Ogawa, N. O., Imachi, H., Yokoyama, Y., & 

Ohkouchi, N. (2017). Fractionation of nitrogen isotopes during amino acid metabolism in 

heterotrophic and chemolithoautotrophic microbes across Eukarya, Bacteria, and Archaea: 

Effects of nitrogen sources and metabolic pathways. Organic Geochemistry, 111, 101–112. 

https://doi.org/10.1016/j.orggeochem.2017.04.004

Zehr, J. P., & Kudela, R. M. (2011). Nitrogen cycle of the open ocean: From genes to ecosystems. 

Annual Review of Marine Science, 3(1), 197–225. https://doi.org/10.1146/annurev-marine-

120709-142819

Zeier, J. (2013). New insights into the regulation of plant immunity by amino acid metabolic 

pathways: Amino acid metabolism and plant immunity. Plant, Cell & Environment, 36(12), 

2085–2103. https://doi.org/10.1111/pce.12122

Zhang, Z., Tian, J., Cao, Y., Zheng, N., Zhao, J., Xiao, H., Guo, W., Zhu, R., & Xiao, H. (2019). 

Elucidating food web structure of the Poyang Lake ecosystem using amino acid nitrogen 

isotopes and Bayesian mixing model. Limnology and Oceanography: Methods, 17(11), 555–

564. https://doi.org/10.1002/lom3.10332

Zhang, Z., Wang, W.-X., Zheng, N., Cao, Y., Xiao, H., Zhu, R., Guan, H., & Xiao, H. (2021). 

Methylmercury biomagnification in aquatic food webs of Poyang Lake, China: Insights from 

amino acid signatures. Journal of Hazardous Materials, 404, 123700. 

https://doi.org/10.1016/j.jhazmat.2020.123700

Data Sources

Besser, A. C., Elliott Smith, E. A., & Newsome, S. D. (in review). Accessing the potential of amino 

acid δ13C and δ15N analysis in terrestrial and freshwater ecosystem studies.

Bol, R., Ostle, N. J., & Petzke, K. J. (2002). Compound specific plant amino acid δ15N values differ 

with functional plant strategies in temperate grassland. Journal of Plant Nutrition and Soil 

Science, 165(6), 661–667. https://doi.org/10.1002/jpln.200290000

Bontempo, L., van Leeuwen, K. A., Paolini, M., Holst Laursen, K., Micheloni, C., Prenzler, P. D., 

Ryan, D., & Camin, F. (2020). Bulk and compound-specific stable isotope ratio analysis for 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

authenticity testing of organically grown tomatoes. Food Chemistry, 318, 126426. 

https://doi.org/10.1016/j.foodchem.2020.126426

Carstens, D., Lehmann, M. F., Hofstetter, T. B., & Schubert, C. J. (2013). Amino acid nitrogen 

isotopic composition patterns in lacustrine sedimenting matter. Geochimica et Cosmochimica 

Acta, 121, 328–338. https://doi.org/10.1016/j.gca.2013.07.020

Chen, S.-M., Fougère, C. R., & Sherwood, O. A. (2020). Amino Acid Carbon and Nitrogen Isotope 

Fingerprinting of Sympagic and Pelagic Algae in the Northern Labrador Sea. American 

Geophysical Union Fall Meeting.

Chikaraishi, Y, Kashiyama, Y., Ogawa, N., Kitazato, H., & Ohkouchi, N. (2007). Metabolic control 

of nitrogen isotope composition of amino acids in macroalgae and gastropods: Implications for 

aquatic food web studies. Marine Ecology Progress Series, 342, 85–90. 

https://doi.org/10.3354/meps342085

Chikaraishi, Yoshito, Ogawa, N. O., Doi, H., & Ohkouchi, N. (2011). 15N/14N ratios of amino acids as 

a tool for studying terrestrial food webs: A case study of terrestrial insects (bees, wasps, and 

hornets). Ecological Research, 26(4), 835–844. https://doi.org/10.1007/s11284-011-0844-1

Chikaraishi, Yoshito, Ogawa, N. O., Kashiyama, Y., Takano, Y., Suga, H., Tomitani, A., Miyashita, 

H., Kitazato, H., & Ohkouchi, N. (2009). Determination of aquatic food-web structure based 

on compound-specific nitrogen isotopic composition of amino acids: Trophic level estimation 

by amino acid δ15N. Limnology and Oceanography: Methods, 7(11), 740–750. 

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

Chikaraishi, Yoshito, Ogawa, N. O., & Ohkouchi, N. (2010). Further evaluation of the trophic level 

estimation based on nitrogen isotopic composition of amino acids. In N. Ohkouchi, I. Tayasu, 

& K. Koba (Eds.), Earth, Life and Isotopes (pp. 37–51). Kyoto University Press.

Chikaraishi, Yoshito, Steffan, S. A., Takano, Y., & Ohkouchi, N. (2015). Diet quality influences 

isotopic discrimination among amino acids in an aquatic vertebrate. Ecology and Evolution, 

5(10), 2048–2059. https://doi.org/10.1002/ece3.1491

Choi, B., Ha, S., Lee, J. S., Chikaraishi, Y., Ohkouchi, N., & Shin, K. (2017). Trophic interaction 

among organisms in a seagrass meadow ecosystem as revealed by bulk δ13C and amino acid 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

δ15N analyses. Limnology and Oceanography, 62(4), 1426–1435. 

https://doi.org/10.1002/lno.10508

Chung, I.-M., Kim, J.-K., An, Y.-J., Kwon, C., Kim, S.-Y., Yang, Y.-J., Yarnes, C. T., Chi, H.-Y., & 

Kim, S.-H. (2019). Compound-specific δ13C  and δ15N analyses of fatty acids and amino acids 

for discrimination of organic, pesticide-free, and conventional rice (Oryza sativa L.). Food 

Chemistry, 283, 305–314. https://doi.org/10.1016/j.foodchem.2018.12.129

Décima, M., Landry, M. R., Bradley, C. J., & Fogel, M. L. (2017). Alanine δ15N trophic fractionation 

in heterotrophic protists. Limnology and Oceanography, 62(5), 2308–2322. 

https://doi.org/10.1002/lno.10567

Eglite, E., Wodarg, D., Dutz, J., Wasmund, N., Nausch, G., Liskow, I., Schulz-Bull, D., & Loick-

Wilde, N. (2018). Strategies of amino acid supply in mesozooplankton during cyanobacteria 

blooms: A stable nitrogen isotope approach. Ecosphere, 9(3), e02135. 

https://doi.org/10.1002/ecs2.2135

Fogel, M. L., & Tuross, N. (1999). Transformation of plant biochemicals to geological 

macromolecules during early diagenesis. Oecologia, 120(3), 336–346. 

https://doi.org/10.1007/s004420050867

Fujii, T., Tanaka, Y., Maki, K., Saotome, N., Morimoto, N., Watanabe, A., & Miyajima, T. (2020). 

Organic carbon and nitrogen isoscapes of reef corals and algal symbionts: Relative influences 

of environmental gradients and heterotrophy. Microorganisms, 8(8), 1221. 

https://doi.org/10.3390/microorganisms8081221

Gutiérrez-Rodríguez, A., Décima, M., Popp, B. N., & Landry, M. R. (2014). Isotopic invisibility of 

protozoan trophic steps in marine food webs. Limnology and Oceanography, 59(5), 1590–

1598. https://doi.org/10.4319/lo.2014.59.5.1590

Hannides, C. C. S., Popp, B. N., Choy, C. A., & Drazen, J. C. (2013). Midwater zooplankton and 

suspended particle dynamics in the North Pacific Subtropical Gyre: A stable isotope 

perspective. Limnology and Oceanography, 58(6), 1931–1946. 

https://doi.org/10.4319/lo.2013.58.6.1931

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Hirahara, M., Chikaraishi, Y., & Toda, T. (2015). Isotopic discrimination of 15N/14N of amino acids 

among the calanoid copepod Acartia steueri and its food items, eggs, and fecal pellets. 

Researches in Organic Geochemistry2, 31, 29–32.

Ishikawa, N. F., Chikaraishi, Y., Takano, Y., Sasaki, Y., Takizawa, Y., Tsuchiya, M., Tayasu, I., 

Nagata, T., & Ohkouchi, N. (2018). A new analytical method for determination of the nitrogen 

isotopic composition of methionine: Its application to aquatic ecosystems with mixed 

resources. Limnology and Oceanography: Methods, 16(9), 607–620. 

https://doi.org/10.1002/lom3.10272

Ishikawa, N. F., Kato, Y., Togashi, H., Yoshimura, M., Yoshimizu, C., Okuda, N., & Tayasu, I. 

(2014). Stable nitrogen isotopic composition of amino acids reveals food web structure in 

stream ecosystems. Oecologia, 175(3), 911–922. https://doi.org/10.1007/s00442-014-2936-4

Kendall, I. P., Lee, M. R. F., & Evershed, R. P. (2017). The effect of trophic level on individual 

amino acid δ15N values in a terrestrial ruminant food web. STAR: Science & Technology of 

Archaeological Research, 3(1), 135–145. https://doi.org/10.1080/20548923.2018.1459361

Kendall, I. P., Woodward, P., Clark, J. P., Styring, A. K., Hanna, J. V., & Evershed, R. P. (2019). 

Compound-specific δ15N  values express differences in amino acid metabolism in plants of 

varying lignin content. Phytochemistry, 161, 130–138. 

https://doi.org/10.1016/j.phytochem.2019.01.012

Lee, M.-C., Choi, H., Park, J. C., Yoon, D.-S., Lee, Y., Hagiwara, A., Park, H. G., Shin, K.-H., & 

Lee, J.-S. (2020). A comparative study of food selectivity of the benthic copepod Tigriopus 

japonicus and the pelagic copepod Paracyclopina nana: A genome-wide identification of fatty 

acid conversion genes and nitrogen isotope investigation. Aquaculture, 521, 734930. 

https://doi.org/10.1016/j.aquaculture.2020.734930

Macko, A., Fogel, L., Hare, P. E., & Hoering, T. C. (1987). Isotopic fractionation of nitrogen and 

carbon in the synthesis of amino acids by microorganisms. Chemical Geology, 65, 79–92.

Maeda, T., Hirose, E., Chikaraishi, Y., Kawato, M., Takishita, K., Yoshida, T., Verbruggen, H., 

Tanaka, J., Shimamura, S., Takaki, Y., Tsuchiya, M., Iwai, K., & Maruyama, T. (2012). 

Algivore or phototroph? Plakobranchus ocellatus (Gastropoda) continuously acquires 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

kleptoplasts and nutrition from multiple algal species in nature. PLoS ONE, 7(7), e42024. 

https://doi.org/10.1371/journal.pone.0042024

McCarthy, M. D., Benner, R., Lee, C., & Fogel, M. L. (2007). Amino acid nitrogen isotopic 

fractionation patterns as indicators of heterotrophy in plankton, particulate, and dissolved 

organic matter. Geochimica et Cosmochimica Acta, 71(19), 4727–4744. 

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

McCarthy, M. D., Lehman, J., & Kudela, R. (2013). Compound-specific amino acid δ15N patterns in 

marine algae: Tracer potential for cyanobacterial vs. Eukaryotic organic nitrogen sources in 

the ocean. Geochimica et Cosmochimica Acta, 103, 104–120. 

https://doi.org/10.1016/j.gca.2012.10.037

McClelland, J. W., Holl, C. M., & Montoya, J. P. (2003). Relating low δ15N values of zooplankton to 

N2-fixation in the tropical North Atlantic: Insights provided by stable isotope ratios of amino 

acids. Deep Sea Research Part I: Oceanographic Research Papers, 50(7), 849–861. 

https://doi.org/10.1016/S0967-0637(03)00073-6

McClelland, J. W., & Montoya, J. P. (2002). Trophic relationships and the nitrogen isotopic 

composition of amino acids in plankton. Ecology, 83(8), 2173–2180.

Ohkouchi, Naohiko, Ogawa, N. O., Chikaraishi, Y., Tanaka, H., & Wada, E. (2015). Biochemical and 

physiological bases for the use of carbon and nitrogen isotopes in environmental and 

ecological studies. Progress in Earth and Planetary Science, 2(1), 1. 

https://doi.org/10.1186/s40645-015-0032-y

Ostle, N. J., Bol, R., Petzke, K. J., & Jarvis, S. C. (1999). Compound specific δ15N‰ values: Amino 

acids in grassland and arable soils. Soil Biology and Biochemistry, 31, 1751–1755.

Pan, B. S., Wolyniak, C. J., & Brenna, J. T. (2007). The intramolecular δ15N of lysine responds to 

respiratory status in Paracoccus denitrificans. Amino Acids, 33(4), 631–638. 

https://doi.org/10.1007/s00726-006-0487-7

Paolini, M., Ziller, L., Laursen, K. H., Husted, S., & Camin, F. (2015). Compound-specific δ15N and 

δ13C analyses of amino acids for potential discrimination between organically and 

conventionally grown wheat. Journal of Agricultural and Food Chemistry, 63(25), 5841–

5850. https://doi.org/10.1021/acs.jafc.5b00662A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Pauli, J. N., Manlick, P. J., Dharampal, P. S., Takizawa, Y., Chikaraishi, Y., Niccolai, L. J., Grauer, J. 

A., Black, K. L., Garces Restrepo, M., Perrig, P. L., Wilson, E. C., Martin, M. E., Rodriguez 

Curras, M., Bougie, T. A., Thompson, K. L., Smith, M. M., & Steffan, S. A. (2019). 

Quantifying niche partitioning and multichannel feeding among tree squirrels. Food Webs, 21, 

e00124. https://doi.org/10.1016/j.fooweb.2019.e00124

Pollierer, M. M., Larsen, T., Potapov, A., Brückner, A., Heethoff, M., Dyckmans, J., & Scheu, S. 

(2019). Compound‐specific isotope analysis of amino acids as a new tool to uncover trophic 

chains in soil food webs. Ecological Monographs, 89(4). https://doi.org/10.1002/ecm.1384

Pollierer, M. M., Scheu, S., & Tiunov, A. V. (2020). Isotope analyses of amino acids in fungi and 

fungal feeding Diptera larvae allow differentiating ectomycorrhizal and saprotrophic 

fungi‐based food chains. Functional Ecology, 34(11), 2375–2388. 

https://doi.org/10.1111/1365-2435.13654

Sabadel, A. J. M., Van Oostende, N., Ward, B. B., S.Woodward, E. M., Van Hale, R., & Frew, R. D. 

(2019). Characterization of particulate organic matter cycling during a summer North Atlantic 

phytoplankton bloom using amino acid C and N stable isotopes. Marine Chemistry, 214, 

103670. https://doi.org/10.1016/j.marchem.2019.103670

Smallwood, B. J., Wooller, M. J., Jacobson, M. E., & Fogel, M. L. (2003). Isotopic and molecular 

distributions of biochemicals from fresh and buried Rhizophora mangle leaves. Geochemical 

Transactions, 4(1), 38–46. https://doi.org/10.1186/1467-4866-4-38

Steffan, S. A., Chikaraishi, Y., Currie, C. R., Horn, H., Gaines-Day, H. R., Pauli, J. N., Zalapa, J. E., 

& Ohkouchi, N. (2015). Microbes are trophic analogs of animals. Proceedings of the National 

Academy of Sciences, 112(49), 15119–15124. https://doi.org/10.1073/pnas.1508782112

Steffan, S. A., Chikaraishi, Y., Horton, D. R., Ohkouchi, N., Singleton, M. E., Miliczky, E., Hogg, D. 

B., & Jones, V. P. (2013). Trophic hierarchies illuminated via amino acid isotopic analysis. 

PLoS ONE, 8(9), e76152. https://doi.org/10.1371/journal.pone.0076152

Styring, A. K., Fraser, R. A., Bogaard, A., & Evershed, R. P. (2014). Cereal grain, rachis and pulse 

seed amino acid δ15N values as indicators of plant nitrogen metabolism. Phytochemistry, 97, 

20–29. https://doi.org/10.1016/j.phytochem.2013.05.009

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Takizawa, Y., & Chikaraishi, Y. (2017). Change in the δ15N value of plant amino acids. Researches in 

Organic Geochemistry, 33, 1–6.

Takizawa, Y., Dharampal, P. S., Steffan, S. A., Takano, Y., Ohkouchi, N., & Chikaraishi, Y. (2017). 

Intra-trophic isotopic discrimination of 15N/ 14N for amino acids in autotrophs: Implications 

for nitrogen dynamics in ecological studies. Ecology and Evolution, 7(9), 2916–2924. 

https://doi.org/10.1002/ece3.2866

Vander Zanden, H. B., Bjorndal, K. A., & Bolten, A. B. (2013). Temporal consistency and individual 

specialization in resource use by green turtles in successive life stages. Oecologia, 173(3), 

767–777. https://doi.org/10.1007/s00442-013-2655-2

Weber, S. C. (2020). Ecosystem impacts of diazotrophy in the Southwestern South China Sea 

[Doctoral Dissertation, Universität Rostock]. http://rosdok.uni-

rostock.de/resolve/id/rosdok_disshab_0000002354

Yamaguchi, Y. T., Chikaraishi, Y., Takano, Y., Ogawa, N. O., Imachi, H., Yokoyama, Y., & 

Ohkouchi, N. (2017). Fractionation of nitrogen isotopes during amino acid metabolism in 

heterotrophic and chemolithoautotrophic microbes across Eukarya, Bacteria, and Archaea: 

Effects of nitrogen sources and metabolic pathways. Organic Geochemistry, 111, 101–112. 

https://doi.org/10.1016/j.orggeochem.2017.04.004

Yamaguchi, Y. T., & McCarthy, M. D. (2018). Sources and transformation of dissolved and 

particulate organic nitrogen in the North Pacific Subtropical Gyre indicated by compound-

specific δ15N analysis of amino acids. Geochimica et Cosmochimica Acta, 220, 329–347. 

https://doi.org/10.1016/j.gca.2017.07.036

Zhang, Z., Tian, J., Cao, Y., Zheng, N., Zhao, J., Xiao, H., Guo, W., Zhu, R., & Xiao, H. (2019). 

Elucidating food web structure of the Poyang Lake ecosystem using amino acid nitrogen 

isotopes and Bayesian mixing model. Limnology and Oceanography: Methods, 17(11), 555–

564. https://doi.org/10.1002/lom3.10332

Zhang, Z., Wang, W.-X., Zheng, N., Cao, Y., Xiao, H., Zhu, R., Guan, H., & Xiao, H. (2021). 

Methylmercury biomagnification in aquatic food webs of Poyang Lake, China: Insights from 

amino acid signatures. Journal of Hazardous Materials, 404, 123700. 

https://doi.org/10.1016/j.jhazmat.2020.123700A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

TABLE 1 Summary of published research devoted to characterizing amino acid δ15N values in 

photosynthetic organisms (plants/macrophytes, eukaryotic macro- and microalgae, cyanobacteria, 

chemoautotrophic bacteria). See Figure 3 for characterization of tissue types analyzed. Dashes denote 

where genus-level identification was not reported. 

Sample Count by 

Cultivation Type

Taxonomic group (n 

studies)

ngenera nsamples Natural Culture

Marine (25)

Eukaryotic microalgae 13 29 2 27

Ice algae 3+ 7 7 0

Cyanobacteria 11 19 0 19

Macroalgae 10 16 15 1

Chemoautotrophic

bacteria

3 18 0 18

POM – 33 33 0

Seagrass 2 6 6 0

Freshwater (7)

Eukaryotic microalgae 5+ 41 41 0

POM – 12 12 0

Macrophyte 8 17 17 0

Terrestrial (20)

Moss 1 1 1 0

Cactus 2 5 5 0

Fern 1 1 1 0

Forb 22 72 15 57

Grass 17 100 14 86

Vine 4 8 4 4A
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Shrub 5 11 9 2

Tree 25 82 54 28

Leaf litter – 36 36 0

Total (52) 132+ 514 272 242

Note: Natural includes non-directly human manipulated/cultivated samples (e.g., wild plants). Culture includes directly 

human manipulated/cultivated samples, either in lab or farm settings. POM = particulate organic matter. ngenera is the 

number of autotroph genera analyzed; species-level identification was not always reported. nsamples is the total number of 

autotrophs samples.

TABLE 2 βGlx-Phe and βGlx-Lys values (samples size, mean, standard deviation) by broad taxonomic 

groupings for data presented in Figures 3. See Table S1 for the full suite of summary βX-Phe and βX-Lys 

data and complementary βX-Tyr and βX-Met data. 

Taxonomic group βGlx–Phe βGlx-Lys

n Mean SD n Mean SD

Non-vascular Autotrophsa 68 3.3 1.8 20 4.2 2.9

 Marine

  Eukaryotic algae (micro, macro, ice) 39 3.8 1.3 8 4.6 2.6

  Cyanobacteria 19 2.1 2.2 8 4.3 3.4

  Chemoautotroph 4 4.5 1.9 2 6.2 1.6

 Freshwater

  Eukaryotic microalgae 5 4.2 0.7 1 1.1 —

 Terrestrial

  Moss 1 0.1 — 1 0.6 —

Vascular Autotrophsa 152 –6.6 3.4 60 2.5 1.6

 Marine

  Seagrass 2 –7.9 0.0 1 2.1 —

 FreshwaterA
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  Macrophyte 4 –6.9 1.8 1 –2.1 —

 Terrestrial

  Cactus 3 –5.8 1.8 1 1.9 —

  Fern 1 –6.0 — 1 4.7 —

  Herbaceous (forb, grass) 66 –5.2 3.6 27 3.3 1.1

  Woody (vine, shrub, tree) 76 –7.7 2.9 29 1.9 1.5

aEstimates exclude particulate organic matter and leaf litter.
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TABLE 3 Consumer 15NGlx and 15NPhe data, baseline scenario parameters (β and trophic 

discrimination factors, TDFGlx-Phe), and baseline scenario trophic position (TPCSIA) estimates used to 

evaluate how variation in mean β values and TDFs influence mean TPCSIA estimates (Figure 5). Max–

Min TPCSIA represents the difference between the maximum and minimum TPCSIA estimated for each 

consumer within the sensitivity analysis. 

Consumer data Baseline scenarioModel systems and species

n δ15NGlx δ15NPhe βGlx–Phe TDFGlx–Phe
Baseline 

TPCSIA

Max–Min 

TPCSIA 

(A) Terrestrial Food Chain

Apple aphida (Aphis pomi) 4 1.5 3.8 –6.50 7.5 1.6 1.85

Hoverflya (Eupeodes sp.) 4 9.4 3.7 –6.50 7.5 2.6 2.05

Parasitoid waspa (Bothriothorax sp.) 4 16.4 2.8 –6.50 7.5 3.7 2.34

Hyperparasitoid waspa (Pachyneuron 

albutius)
4 24.0 3.2 –6.50

7.5 4.6

2.60

(B) Freshwater Food Chain

Caddisfly larvaeb (Hydropsychidae sp.) 3 10.9 0.0 –1.75 7.5 2.7 2.95

Troutb (Oncorhynchus masou ishikawae) 3 14.7 0.0 –1.75 7.5 3.6 4.08

Ospreyc (Pandion haliaetus) 29 20.5 5.0 –1.75 4.5 3.5 5.14

(B) Oceanic Food Chain

Copepodd (Oithona sp.) 4 10.0 –1.9 +3.25 7.5 2.2 1.14

Flying fishe (Exocoetus volitans) 1 15.0 –2.4 +3.25 7.5 2.9 1.06

Yellowfin tunae (Thunnus albacares) 3 22.3 1.3 +3.25 5.5 3.9 1.85

Swordfishe (Xiphias gladius) 3 28.3 3.1 +3.25 5.5 4.6 2.13

aSteffan et al. (2013), bIshikawa et al. (2014), cElliott et al. (2021), dHannides et al. (2009), eChoy et al. (2015)
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FIGURE 1 (A) Conceptual figure adapted from Chikaraishi et al. (2009) illustrating the simplified 

relationship between amino acid (AA) δ15N values and trophic position (TP) within an aquatic system 

dominated by non-vascular primary producers. Δ15NGlx and Δ15NPhe are AA-specific trophic 

discrimination factors (TDFs) representing the change in trophic (e.g., Glx; circles, conventional 

mean ± SD = 8.0 ± 1.2‰) and source (e.g., Phe; squares, 0.4 ± 0.5‰) AA δ15N value with each 

trophic transfer (TDF = Δ15NGlx – Δ15NPhe). β is the difference between trophic and source AA δ15N 

values in the primary producer(s) at the base of the food web (+3.4 ± 0.9‰). (B) Simulation 

demonstrating how variation in β values and AA-specific TDFs propagate through a simple 

hypothetical food chain to influence consumer trophic position estimates (TPCSIA). Within this 

simulation, Δ15NGlx declines from a mean of 8.0‰ to 6.1‰ to 4.4‰ with each trophic step and has a A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

SD of 1.2‰; Δ15NPhe has a mean ± SD of 0.4 ± 0.5‰ for all trophic transfers (McMahon & McCarthy 

2016). For each model run, the initial offset between δ15NGlx and δ15NPhe in primary producer (TPCSIA 

= 1) was defined by drawing random samples from both the conventional β value (+3.4 ± 0.9‰) and 

simulated Phe (+0.4 ± 0.5‰) distributions, which were then used to estimate Glx (i.e., estimated Glx 

= estimated Phe + estimated β). Glx and Phe estimates for the primary consumer (TPCSIA = 2) were 

then generated by drawing random samples from the Δ15NGlx and Δ15NPhe distributions and adding 

them to the Glx and Phe estimates from the primary producer. This process was then repeated for the 

secondary (TPCSIA = 3) and tertiary (TPCSIA = 4) consumers. We ran the simulation 100 times, 

generating 100 hypothetical food chains. Once Glx and Phe estimates were generated for all model 

runs (i.e., 4 taxa * 100 simulations = 400 paired Glx and Phe estimates), we used these data in 

conjunction with the McMahon & McCarthy (2016) multi-TDF TPCSIA equation to estimate TPCSIA 

for each hypothetical consumer. For the TPCSIA calculation we used a β of +3.4‰ and TDFs (Δ15NGlx 

– Δ15NPhe) of 7.6‰ (primary consumer), 5.7‰ (secondary consumer), and 4.4‰ (tertiary consumer). 

Density plots illustrate the distributions of the simulated data, with TPCSIA along the x-axis and Glx 

and Phe δ15N values along the y-axis. Black circles and squares denote means. 
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FIGURE 2 (A) Frequency distribution showing the growing number of published studies that use 

compound-specific stable isotope analysis of amino acids (CSIA-AA) to estimate consumer trophic 

position (TPCSIA; black bars, Eq. 1, n = 176) and parameters of the TPCSIA equation [Trophic 

discrimination factor (TDF), blue bars, n = 44; β, red bars, n = 15]. (B) Percent stacked bar charts 

illustrating the frequent use of conventional TDF and β values in TPCSIA calculations, including the 

lagged consideration of non-conventional β values relative to non-conventional TDFs. Conventional 

indicates use of values from Chikaraishi et al. (2009, 2010; e.g., TDF = 7.6‰, β = +3.4 or –8.4‰); 

Other indicates use of non-conventional parameter values from other studies [e.g., Nielsen et al. 

(2015), Bradley et al. (2015), study-specific analysis, βmix]; or Both (e.g., study uses a multi-TDF or 

multiple equations to calculate TPCSIA).
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FIGURE 3 (A, C) βGlx-Phe and βGlx-Lys values collated from the published literature illustrating key 

sources of variability examined in this meta-analysis, including the presence/absence of a vascular 

system (subpanels), taxonomic group (jittered symbols), habitat type (M = marine, F = freshwater, T= 

terrestrial), tissue type (T only; colors, symbols), and mode of photosynthesis (T only; all C3 unless 

otherwise noted). Dashed lines and shaded ribbons denote the conventionally applied β values (mean 

± SD) for aquatic (3.4 ± 0.9‰; Chikaraishi et al. 2009), terrestrial C3 (–8.4 ± 1.6‰; Chikaraishi et al. 

2010), terrestrial C4 (0.4 ± 1.7‰; Chikaraishi et al. 2010) primary producers. Particulate organic 

matter (POM) data are presented for comparison but were excluded from all analyses. (B, D) Half 

violin plots with inset boxplots showing the distribution of β values for vascular and non-vascular 

primary producers. Open circles denote groups means. Sample sizes are presented above each plot.
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FIGURE 4 Schematic of primary producer nitrogen assimilation and metabolism. Inorganic (NO3
-, 

NH4
+, N2) and organic [amino acids (AA)] nitrogen sources that can be acquired both directly by the 

plant and indirectly via symbiotic microbes are listed in bold at the bottom of the figure. Key 

pathways of transformation (enzymes in italics) and assimilation into plant AA are denoted by solid 

arrows. N2 fixation occurs only in diazotrophs, including cyanobacteria and symbiotic rhizobia. Most 

aquatic and terrestrial primary producers are capable of assimilating nitrogen using any of the other 

pathways, though the extent of use varies by taxa and environmental conditions. Glutamate and 

Glutamine are at the center of nitrogen metabolism and serve as key nitrogen shuttles to other AA and 

metabolites. Dashed arrows indicate the movement of an amine group. A
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FIGURE 5 Change in consumer trophic position estimates (TPCSIA) as a function of variation in mean 

beta values (βGlx-Phe) and trophic discrimination factors (TDFGlx-Phe) for 11 consumers within three 

model food chains: (A) terrestrial (vascular autotrophs only), (B) freshwater (both vascular and non-

vascular autotrophs), and (C) oceanic (non-vascular autotrophs only). Plotted values reflect the 

difference between a consumer’s TPCSIA estimate for a given β-TDF pairing and the TPCSIA estimate 

for the baseline β-TDF pairing scenario (stars). The baseline scenario was the TPCSIA estimate derived 

from the mean TDF for a given panel (7.5 ‰ for primary and secondary consumers, 5.5 ‰ for 3°+ 

fish consumers, or 4.5 ‰ for 3°+ bird consumers) and a β value of –6.50 (A: terrestrial), –1.75 (B: 

freshwater), or +3.25 (C: oceanic) that approximate the mean vascular (–6.50) and non-vascular 

(+3.25) β values resulting from this meta-analysis or their mean (–1.75; i.e., assuming ~ 50% 

contribution of vascular and non-vascular autotrophs). Isoclines (diagonal black lines) bound bins 

reflective of a ± 0.25-unit change in trophic position from the baseline scenario TPCSIA estimate. 

Underlying data were derived from the primary literature and used in conjunction with the single-TDF 

TPCSIA equation (A, Chikaraishi et al., 2009) or multi-TDF TPCSIA equation (B, C; McMahon & 

McCarthy, 2016) to estimate consumer TPCSIA. Ranges of β values and TDFs followed known 

variation for each system and consumer type, such as reductions in mean TDFs with shifts in diet A
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quality or mode of nitrogen excretion (McMahon & McCarthy, 2016). See Sensitivity of Trophic 

Position Estimates to Uncertainty in Beta Values and Table 3 for list of data sources and justification 

for parameter means and ranges. 
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