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Abstract
Accurate interpretation of an organism’s isotopic composition relies heavily on the assumption of steady state, which is often violated 
owing to limited appreciation for isotope incorporation. We present amino acid (AA) nitrogen isotope (δ15N) records from the tail hair 
of an African elephant (Loxodonta africana) that frequently migrated between the Samburu National Wildlife Reserve and Mount 
Kenya—these regions have drastically different baseline δ15N values of ~ 10‰. We used this baseline isotopic variation to estimate 
15N incorporation for 13 AAs. We observe that incorporation in most AAs is best described by a two-pool reaction progress vari-
able. Amino acids closely connected with metabolic nitrogen cycling that have higher rates of trans- and deamination, often termed 
'trophic AAs', exhibited higher contributions from a short pool (41–75%) with faster incorporation (T50 = 5–37 days). Conversely, 
AAs associated with lower rates of trans- and deamination, often termed 'source AAs', exhibited higher contributions from a long pool 
(50–64%) with slower incorporation (T50 > 365 days). Calculation of relative trophic position using glutamic acid and phenylalanine 
revealed high variabslitty across the time series (TP = 0.3–3.2), suggesting a decoupling of isotopic steady state between AAs as the 
individual moved among ecosystems with inherently different δ15N baselines. Failure to consider that incorporation varies across 
AAs associated with different degrees of nitrogen mobilization has broad implications for trophic position estimates using AA δ15N 
values and could lead to erroneous interpretation across ecological systems.
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Introduction

For over 50 years, stable isotopes have been used to study 
the interactions between organisms and their environment, 
allowing scientists to trace the causes and consequences of 

biological change across different timescales (Shipley and 
Matich 2020; Hobson 2023). Proteinaceous, metabolically 
inert, and continuously grown tissues (e.g., hair, whiskers, 
baleen) exhibit fast rates of growth, and as a result, integrate 
isotopic information at resolutions required to resolve shifts 
in the foraging ecology, physiology, and movement (habitat 
use) of individuals occurring over weekly to monthly time-
scales (Cerling et al. 2006, 2009; Caraveo-Patiño et al. 2007; 
Wittemyer et al. 2009). High-resolution isotope records 
gleaned from these tissues are unparalleled in terms of the 
types of information they can provide. For example, carbon 
(δ13C) and nitrogen (δ15N) isotope chronologies of hair have 
been used to trace rapid diet switches and migration patterns 
in mobile terrestrial mammals such as elephants (Cerling 
et al. 2004, 2006, 2009; Uno et al. 2020), horses (Ayliffe 
et al. 2004; West et al. 2004), sheep, goats, and cattle (Män-
nel et al. 2007).

Accurate ecological interpretation of an organism’s 
isotopic composition relies heavily on the assumption of 
steady state, meaning that tissue isotope values reflect the 
local environment rather than past foraging locations, dietary 
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shifts, or physiological process (Martínez del Rio et al. 
2009). This assumption is likely violated, to some degree, by 
most ecological studies because the rates of isotopic incor-
poration and the diversity of metabolic pools contributing 
to tissue synthesis remain underappreciated (Cerling et al. 
2007a, b; Thomas and Crowther 2015; Vander Zanden et al. 
2015). Historically, studies have employed exponential mod-
els to describe rates of isotope incorporation, which assume 
a first-order kinetic process (see reviews by Thomas and 
Crowther 2015; Vander Zanden et al. 2015). However, the 
introduction of a reaction progress by Cerling et al. (2007a, 
b) revealed that tissue synthesis, and by extension isotopic 
incorporation, can often be influenced by multiple meta-
bolic pools with distinct incorporation rates. Despite these 
nuances and several calls for more laboratory experiments 
(Gannes et al. 1997; Martinez del Rio et al. 2009), estimates 
of isotopic incorporation remain scarce across the animal 
kingdom.

Over the past decade, advances in both analytical capac-
ity and accessibility of instrumentation required to measure 
the isotopic composition of individual amino acids (AAs) 
(Whiteman et  al. 2019; Nash et  al. 2024) has provided 
ecologists and ecophysiologists with improved resolution 
to resolve patterns of energy flow (Larsen et al. 2009, 2013; 
McMahon et al. 2016; Besser et al. 2023; Manlick et al. 
2023; Shipley et al. 2023), trophic structure (Chikaraishi 
et al. 2009; Bradley et al. 2014; Ruiz-Cooley et al. 2017), 
and physiological status (Lübcker et al. 2020; 2023; White-
man et al. 2021; Shipley et al. 2022). Despite the utility and 
expanding application of AA isotope analysis (Nash et al. 
2024), only a handful of published studies have documented 
rates of isotopic incorporation for these compounds and are 
exclusively restricted to marine organisms (Bradley et al. 
2014; Downs et al. 2014). These foundational studies sug-
gest highly variable incorporation rates across different AAs, 
which are likely linked to their biosynthesis. Failure to con-
sider variation in isotope incorporation among individual 
AAs likely confounds their accurate interpretation, espe-
cially for animals living in seasonally dynamic ecosystems 
or for those routinely moving across chemically heterogene-
ous environments.

Here, we present the nitrogen isotope (δ15N) records for 
13 AAs isolated from the tail hair of an African elephant 
(Loxodonta africana). Sampled in northern Kenya, this indi-
vidual frequently migrated the ~ 60 km distance between the 
semi-arid lowland of Samburu National Wildlife Reserve, 
characterized by Acacia–Commiphora savanna and scrub-
land and the upland Ngare-Ndare Forests of Mount Kenya, 
characterized by evergreen and deciduous trees. These 
two regions have drastically different baseline δ15N values 
that are ~ 10‰ higher in the lowland Samburu ecosystem 
(Cerling et al. 2006). We used this unique opportunity to 
perform a ‘natural’ diet switch experiment to estimate 15N 

incorporation rates with a reaction progress approach (Cer-
ling et al. 2007a, b) to assess whether multiple metabolic 
pools contribute to AA turnover. We predict that AAs syn-
thesized de novo and/or those exhibiting higher rates of 
trans- and deamination (e.g., Glx, Pro, Asx) will exhibit 
faster rates of 15N incorporation relative to more complex 
essential AAs that are not closely connected with nitrogen 
cycling via transamination reactions with glutamic acid 
(e.g., Phe, Lys, Tyr). Our study provides one of the first 
longitudinal assessments of nitrogen isotope incorporation at 
the compound-specific level in a migratory terrestrial mam-
mal, shedding new light on the interpretation of organismal 
AA δ15N values.

Materials and methods

Sample collection

Two tail hairs were sampled from a 36-year-old female 
individual (herein: Ngalatoni) on 26th April 2004 captured 
in the Samburu National Reserve, Kenya. In a previous 
capture, the individual was fitted with a GPS radio collar 
and tracked between 2nd February 1998 and 19th March 
1999 (Appendix S1, Fig. S1.1). The previous tracking of 
Ngalatoni (Wittemyer et al. 2005) revealed that this female 
performs repeated movements between the lowlands of Sam-
buru and the Ngare-Ndare forests of Mount Kenya, where 
lowland residency is driven by the onset of the wet seasons 
during November–January and March–June. The Samburu 
lowland is ~ 900 m above sea level and is dominated by Aca-
cia–Commiphora savanna and scrub bushland, while upland 
Ndare-Ngare forests are ~ 2000 m above sea level and are 
dominated by evergreen and deciduous trees (Cerling et al. 
2006).

Bulk tissue and amino acid isotope analysis

A 0.5–0.6 mg subsample was collected at 5 mm intervals 
along the length of each hair. Each subsample was weighed 
into tin capsules for bulk tissue δ15N analysis. δ15N val-
ues were measured with an elemental analyzer coupled to 
a Thermo Scientific mass spectrometer (EA-IRMS) in the 
SIRFER lab at the University of Utah (Salt Lake City, UT). 
δ15N values are reported in permil (‰) using the delta nota-
tion (δ) relative to AIR. Mean within-run analytical preci-
sion (standard deviation) based on repeated measurements 
of international reference materials was 0.1‰.

The remaining hair was cut into 5 mm intervals, using 
nail clippers, which produced a second set of subsam-
ples that weighed between 5 and 10 mg. Each subsample 
was hydrolyzed in 1 mL of 6N HCL at 110 °C for 20 h. 
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The solution containing free amino acids was dried under 
a gentle stream of N2. Amino acids were then subject to 
a two-step derivatization following Silfer et  al. (1991), 
with 4:1 2-propanol:acetyl chloride (1 h at 110 °C) and 
1:1 dichloromethane:trifluoroacetic anhydride (10 min at 
110 °C). Amino acid films were then double rinsed with 
dichloromethane and dried down using a gentle stream of 
N2. The film was then resuspended in 50–250 ml of DCM, 
and 1.0–1.5 μL of sample was injected onto a Thermo Sci-
entific Trace 1310 gas chromatograph to separate AAs. 
Amino acids were then combusted/reduced using a Thermo 
Scientific IsoLink II coupled to a Thermo Scientific Delta 
V Plus isotope ratio mass spectrometer in the University of 
New Mexico Center for Stable Isotopes (Albuquerque, NM). 
All samples were run as duplicate injections, bracketed by 
two injections of an in-house reference material consisting 
of AAs with known isotopic composition as measured by 
EA–IRMS (Appendix S2, Table S2.1). Samples were then 
corrected following:

where δ15NUSA represents the δ15N value of the underivat-
ized sample, δ15NDSA is the measured δ15N value for a deri-
vatized sample, δ15NDST is the accepted δ15N value of the 
derivatized standard, and δ15NUST is the known δ15N value 
of the underivatized standard. Nitrogen isotope values were 
measured in 13 individual AAs (by order of separation) 
including Ala, Gly, Thr, Ser, Val, Leu, Ile, Pro, Asx, Glx, 
Phe, Tyr, and Lys. Mean within-run analytical precision 
(standard deviation) for each AA ranged from 0.3 to 0.6‰ 
(Appendix S2, Table S2.1). Amino acids were categorized 
as non-essential trophic (Ala, Asx, Glx, and Pro), essen-
tial trophic (Ile, Leu, Thr, Val), uncategorized (Gly and 
Ser), and source (Lys, Phe, and Tyr [conditionally essential 
source due to catabolism of Phe]. While Gly and Ser are 
both uncategorized, they are both sensitive to organismal 
nitrogen balance (Lübcker et al. 2020; Busquets-Vass et al. 
2025) and commonly swap nitrogen during transamination 
(O’Connell et al. 2017), which may lead to similar rates of 
incorporation.

Statistical analysis

All statistical analyses were performed in R (v4.2.2) and 
Microsoft Excel.

Hair growth rates

To evaluate the time windows encompassed by a single 
subsample used for amino acid isotope measurements, 
we calculated the relative growth rate using the bulk 

(1)�15NUSA = �15NDSA +
(

�15NDST − �15NUST

)

,

tissue isotope chronology combined with visual sight-
ings in Samburu National Reserve (see Cerling et  al. 
2006, Appendix S3, Table S3.1). This provided a growth 
rate of ~ 0.61 mm day−1 for the primary hair, defined as 
the hair from which AA δ15N values were measured, 
and 0.64 mm day−1 for the secondary hair, which pro-
vided a second record of bulk δ15N values (Appendix 
S3, Table S3.1). Therefore, each AA isotope measure-
ment reflected average dietary behavior and habitat use 
over ~ 8 days.

Estimated diet δ15N values

δ15N values of diet were estimated using the reaction pro-
gress method of Ayliffe et al. (2004) and Cerling et al. 
(2007a, 2007b) (Appendix S4, Fig.  S4.1, Table  S4.1, 
Table S4.2), which has been used to assess diet change 
in bovids (Zazzo et al. 2007), elephants (Cerling et al. 
2004, 2006), equids (Burnik Šturm et al., 2017), rhinos 
(Cerling et al. 2018), sheep (Zazzo et al. 2008), and suids 
(Wurster et al. 2012). For example, a reaction progress 
approach found fractional contributions and half-lives 
(i.e., t50) for three metabolic carbon “pools” in equids, two 
of which had t50 < 10 days and the third longer pool had a 
t50 = 139 days (Ayliffe et al. 2004; Cerling et al. 2007a). 
Combined, the two ‘short’ pools contributed ~ 50% and the 
‘long’ pool contributed ~ 50% to carbon isotope incorpora-
tion. In this study, we assume the same fractional contri-
butions and t50 estimates observed for δ13C in equids for 
δ15N in elephants, as equivalent studies have not estab-
lished the parameters for 15N incorporation suitable for the 
reaction progress approach. We use an isotope enrichment 
between diet and bulk keratin per trophic level, epsilon (ε), 
of 3.1‰ for δ15N based on controlled feeding experiments 
(Sponheimer et al. 2003).

Reaction progress models  Cerling et  al. (2007a, 2007b) 
presented a reaction progress for determining isotopic 
turnover considering multiple pools, which requires line-
arizing the equations following a first-order rate constant:

where δt is the δ15N values at time t, δinit is the δ15N value at 
time zero, δeq is the δ15N value at equilibrium with the new 
diet (see Appendix S5 for specific calculations), and λ is the 
rate constant. This represents the fraction of the original 
isotope signature remaining at time t as the system moves 
toward equilibrium with the new diet. In a fractionation con-
text (Criss 1999), this can be rewritten as:

(2)
�t − �eq

�init − �eq
= e−�t,
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where F represents the fraction of turnover completed (i.e., 
F = 0 at t0 and F = 1 at t∞). Because isotopic shifts occur-
ring in opposite directions may be used to yield a single rate 
constant, Eq. (2) can be linearized to become:

Multiple pools can then be solved by integrating their 
fractional contribution:

where each pool j has its own fractional contribution (fj) and 
rate constant (λj). As such, a two-pool system is defined by:

In this case, the slope of the longest turnover component 
provides the rate constant ( �) , while the intercept represents 
its fractionation contribution to the overall isotopic turnover. 

(3)�t − �eq

�init − �eq
= (1 − F),

(4)ln(1 − F) = −�t.

(5)
�t − �eq

�init − �eq
= (1 − F) =

∑n

j
fje

−�jt,

(6)
�t − �eq

�init − �eq
= f1e

−�1t + f2e
−�2t.

Since the total contribution must sum to one (f1 + f2 = 1), the 
(1 − F) values of the long pool are subtracted from the total 
(1 − F) values to derive the rate constant and fractionation 
contribution of the short pool.

We applied this approach to identify metabolic pools 
that contribute to nitrogen isotope incorporation for each 
AA. First, we visually identified three independent isotopic 
shifts indicative of migration between lowland Samburu and 
upland Mount Kenya; these were identified by exploring the 
raw time series and associated first derivatives (i.e., tx+1 − tx) 
for each AA (Figs. 1, 2, Appendix S6) and by comparing 
the tail hair isotopic record to known movements of this 
individual based on GPS telemetry. The beginning of each 
time series was standardized to t = 0, and each chronological 
measurement (~ 0.5 cm) was ~ 8 days apart based on esti-
mated growth rates. We combined all ln(1 − F) values from 
each time series and used segmented regression analysis to 
identify each pool (ln(1 − F) ~ t). All ln(1 − F) values < − 3.0 
were removed because these reflect a high residual error at 
later sampling intervals and are not ecologically meaningful. 
For three AAs, the slope of the long pool was slightly posi-
tive, yielding an erroneous intercept from which to derive 
the fractionation contribution. In these cases, we assigned 

Fig. 1   A Nitrogen isotope chro-
nologies of bulk hairs (black 
and gray lines) and 13 amino 
acids that reflect several migra-
tions between Samburu (peaks) 
and Mount Kenya (troughs) by a 
single African elephant between 
14th April 2004 and 26th April 
2005. The AAs are grouped 
based on patterns of 15N 
fractionation occurring during 
biosynthesis: A non-essential 
trophic, B essential trophic, C 
uncategorized (Gly, Ser), and 
D source. Vertical dotted lines 
indicate direct observation days 
in Samburu that were used to 
calculate hair growth rates
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a slope of 0 and used the mean ln(1 − F) value of the entire 
component to assign the intercept (Table 1). This adjustment 

avoids overestimating or underestimating the fractionation 
contribution due to minor inconsistencies in the data.

Fig. 2   Average (± 1σ, shaded 
region) first derivative values 
(i.e., Δ15N = δ15Nt − δ15Nt+1) for 
non-essential trophic (orange 
line: Ala, Ax, Glx, and Pro), 
essential trophic (blue line: Thr, 
Ile, Leu, and Val), uncatego-
rized (green line: Ser and Gly), 
and source (pink line: Lys, Phe, 
and Tyr), and AAs relative to 
the average first derivative for 
bulk δ15N values for hair #1 
(black line) and hair #2 (gray 
line). Large deviations were 
used to indicate time-of-diet and 
habitat switches for subsequent 
turnover rate calculations

Table 1   Slopes and intercepts (± SE) derived for corrected short (i.e., minus long pool contribution) and long pools of each amino acid as identi-
fied by segmented regression analysis

* *Slope of long pool could not be identified, so average LN(1 − F) values used to define the intercept. **Not statistically significant at α = 0.05

AA Group Breakpoint 
(days)

Corrected short Long

Slope Intercept Slope Intercept

Ala Non-essential trophic NA − 0.019 (0.002) − 0.394 (0.105) – –
Asx Non-essential trophic 20 − 0.090 (0.008) − 0.494 (0.044) − 0.003 (0.001) − 0.941 (0.101)
Glx Non-essential trophic 40 − 0.035 (0.011) − 0.384 (0.136) − 0.005 (0.004) − 1.263 (0.300)
Pro Non-essential trophic 19 − 0.139 (0.048) − 0.291 (0.279) − 0.004 (0.003) − 1.377 (0.205)
Ile** Essential trophic 46 − 0.042 (0.011) − 0.557 (0.212) − 0.005 (0.007) − 1.111 (0.573)
Leu Essential trophic 22 − 0.069 (0.012) − 0.888 (0.069) − 0.008 (0.002) 0.011 (0.046)
Thr* Essential trophic 62 − 0.019 (0.004) − 0.624 (0.129) 0.000 − 1.174 (0.109)
Val Essential trophic 37 − 0.050 (0.007) − 0.414 (0.113) − 0.001 (0.002) − 1.101 (0.168)
Gly* – 29 − 0.053 (0.012) − 0.613 (0.192) 0.000 − 1.138 (0.045)
Ser – 21 − 0.088 (0.011) − 0.301 (0.088) − 0.003 (0.003) − 0.047 (0.083)
Lys* Essential source 22 − 0.159 (0.028) − 0.755 (0.162) 0.000 − 0.635 (0.078)
Phe** Essential source 33 − 0.039 (0.017) − 1.161 (0.193) 0.000 (0.002) − 0.447 (0.125)
Tyr** Conditionally essential source 15 − 0.074 (0.027) − 0.844 (0.222) 0.000 (0.002) − 0.691 (0.163)



	 Oecologia          (2026) 208:27    27   Page 6 of 12

For each AA, the isotopic half-life (t50) for each compo-
nent was calculated as:

Calculation of trophic–source pairs and trophic position

Because differential rates of isotopic turnover between 
AAs could impact ecological inferences, such as estimates 
of relative trophic position (TP), we calculated the differ-
ence in δ15N values between four common trophic–source 
pairs (Δ15NTrophic–Source), including Δ15NGlx-Phe, Δ15NGlx-Lys, 
Δ15NPro-Phe, and Δ15NPro-Lys continuously across the time 
series. These offsets can be used to infer relative trophic dif-
ferences (Ohkouchi et al. 2017; O’Connell et al. 2017; Ship-
ley et al. 2023) in addition to physiological status (Whiteman 
et al. 2021; Lübcker et al. 2020, 2023; Shipley et al. 2022), 
both of which assume isotopic steady state across all AAs. 
We then calculated relative TP Δ15NGlx-Phe, because it is the 
most reported pair in the literature (Ramirez et al. 2021). 
Continuous, single-point estimates of TP were calculated 
following Chikaraishi et al. (2009):

where λ is the TP of the basal resource (here, = 1), δ15NGlu 
and δ15NPhe are the canonical trophic and source δ15N values 
for the consumer, TDFGlx-Phe is the difference in the trophic 
discrimination factor between the diet and consumer tissue 
for glutamic acid and phenylalanine (Δ15NGlx-Phe), and β is 
the difference between δ15NGlx and δ15NPhe for the primary 
producers. Given that TDFGlx-Phe and β can vary substan-
tially based on a multitude of factors such as physiology, 
climate, and taxonomy (McMahon and McCarthy 2016; 
Ramirez et al. 2021), we calculated three separate TP esti-
mates covering a broad range of published values for vascu-
lar plants (β = − 5, − 6, and − 7‰, Ramirez et al. 2021 [and 
references therein]) and herbivorous terrestrial mammals 
(TDFGlx-Phe = 3, 4, and 5‰, Whiteman et al. 2021; Manlick 
et al. 2023).

Results

Telemetry data showed a direct migration between Sam-
buru and Mount Kenya that occurs within a ~ 10-h period 
(Appendix S1, Fig. 1). Across the time series, we gener-
ated δ15N values for 13 amino acids in 41 subsamples, 
with each subsample representing ~ 8  days of foraging 
and/or habitat use. We observed cyclical patterns in δ15N 
values across all amino acids, which reflected patterns 

(7)t50 =
ln(2)

λ
.

(8)TP = � +
δ15NGlx − δ15NPhe − �

TDFGlx−Phe
,

observed for bulk tissue δ15N values of two hairs as well as 
C3 and C4 plants collected from upland and lowland habi-
tats (Fig. 1, Fig. S4.1). Across all AAs, the highest δ15N 
values were observed for Pro (δ15N = 17.4‰) and Phe 
(δ15N = 16.9‰), and the lowest δ15N values were observed 
for Thr (δ15N = − 4.5‰) and Lys (δ15N = − 0.9‰) (Table 1, 
Fig. 1). Across the time series, the greatest range in δ15N 
values were observed for Ala (10.9‰), Pro (9.4‰), and 
Ile (9.4‰) and the lowest ranges were observed for Phe 
(4.3‰), Asx (6.2‰), and Val (6.3‰) (Table 1, Fig. 1). A 
continuous time series of average first derivatives for differ-
ent groups of AAs revealed several peaks occurring around 
30th April, 14th August, and 24th December 2004 (Fig. 2). 
These peaks signified the most rapid changes in δ15N values 
between subsequent time points illustrating direct migration 
between Samburu and Mount Kenya. As such, we identi-
fied two full migrations from Samburu to Mount Kenya and 
one full return migration from Mount Kenya to Samburu 
(Figs. 1, 2, Appendix S6, Fig. S5.1).

Segmented regression analyses indicated the presence 
of a short (Fraction = 0.31–0.75, t50 = 4–37 days) and long 
(Fraction = 0.25–0.64, t50 = 90–>365 days) metabolic pool 
(Table 1) that contributed to 85–100% of 15N incorporation 
in all amino acids except for Ala (t50 = 36 days) (Table 2, 
Fig. 3). The incorporation rates and relative contribution 
of the short versus long pool varied substantially across 
AAs. However, trophic AAs received greater contribu-
tions of 15N incorporation from the short pool, whereas 15N 
incorporation of source AAs was more influenced by the 
long pool (Table 1, Fig. 3). The greatest short pool frac-
tions were observed for Glx (fraction = 0.68, t50 = 20 days), 
Pro (fraction = 0.75, t50 = 5 days), and Ser (fraction = 0.74, 
t50 = 11 days). The greatest long pool fractions were observed 
for Leu (fraction = 0.59, t50 = 90 days), Lys (fraction = 0.53, 
t50 =  > 365 days), and Phe (fraction = 0.64, t50 = >365 days) 
(Table 1, Fig. 3).

Estimates of Δ15NTrophic–Source varied by AA combination 
and location and were much lower during the two periods 
at Samburu compared to Mount Kenya (Fig. 4A). On aver-
age, the highest estimates were observed for Δ15NPro-Lys 
(8.5 ± 2.5‰) and the lowest for Δ15NGlx-Phe (− 4.2 ± 2.2‰) 
(Fig. 4A). Consistently high δ15N values of Phe across the 
time series resulted in Δ15NGlx-Phe and Δ15NPro-Phe estimates 
that were often negative (Fig. 4A). Across the three combi-
nations of β and TDFGlx-Phe, relative trophic position (TP) 
ranged from 0.3 to 3.2 for the lower, middle, and upper 
bound scenarios and average TP was 1.9 ± 0.7 (0.5–3.2), 
1.4 ± 0.5 (0.3–2.4), and 1.2 ± 0.4 (0.3–1.9), respectively 
(Fig. 4B).
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Table 2   Isotopic half-lives 
(t50, days−1) and fractional 
contributions of each pool to 
15N incorporation in amino 
acids

AAs are grouped based on patterns of 15N fractionation occurring during biosynthesis: A) non-essential 
trophic, B) essential trophic, C) uncategorized, and D) source

Amino acid Group Short t50 Fraction Long t50 Fraction Total fraction

Alanine Non-essential trophic 36 1.00 - - 1.00
Aspartic acid Non-essential trophic 8 0.61 219 0.39 1.00
Glutamic acid Non-essential trophic 20 0.68 129 0.28 0.96
Proline Non-essential trophic 5 0.75 183 0.25 1.00
Isoleucine Essential trophic 16 0.57 150 0.33 0.90
Leucine Essential trophic 10 0.41 90 0.59 1.00
Threonine Essential trophic 37 0.54  > 365 0.31 0.85*
Valine Essential trophic 14 0.66  > 365 0.33 0.99
Glycine Uncategorized 13 0.54  > 365 0.32 0.86*
Serine Uncategorized 8 0.74 240 0.25 0.99
Lysine Essential source 4 0.47  > 365 0.53 1.00*
Phenylalanine Essential source 18 0.31  > 365 0.64 0.95
Tyrosine Conditionally Essential source 9 0.43  > 365 0.50 0.93

Fig. 3   Isotopic half-lives (T50) 
for individual amino acids that 
have short (bottom panel) and 
long (top panel) pool contribu-
tions. Error bars are shown 
for the short pool only and 
represent ± 1 SE. The Half-lives 
SEs for the long pool are not 
shown, because many estimates 
were often large and exceeded 
365 days (dashed horizontal 
line). The size of closed circles 
is scaled based on the fractiona-
tion contributions of each pool. 
Amino acids are ordered based 
on their biosynthesis dynamics 
and ecophysiological applica-
tions: non-essential trophic 
(orange), essential trophic 
(blue), uncategorized (green), 
and source (pink)
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Discussion

The accurate interpretation of an organism’s isotopic com-
position assumes that tissues are at steady state, an assump-
tion that applies to measurements of both bulk tissue and 
their constituent compounds. For highly mobile organisms 
that traverse environments varying in their baseline iso-
topic composition, knowledge of isotopic incorporation is 
crucial to evaluate whether an individual is at steady state 
(Thomas and Crowther 2015; Vander Zanden 2015). How-
ever, such assessments are lacking for most individual com-
pounds, such as amino acids (AAs). This study leverages 
directed migrations by a single African elephant between 
two habitats with a ~ 10‰ difference in baseline δ15N com-
position to assess 15N incorporation across a suite of AAs 
derived from tail hair subsampled at high (~ weekly) resolu-
tion. For almost all AAs, we find that 15N incorporation is 
likely governed by fractional contributions from a ‘shorter’ 
and ‘longer’ physiological pool. The specific contribution 
of each pool is loosely predictable, aligning with the degree 
of trans- and deamination occuring during trophic transfer 
and de novo synthesis—the same processes that largely gov-
ern AA 15N discrimination (Braun et al. 2014; McMahon 
et al. 2015; O’Connell 2017). Differential 15N incorpora-
tion across AAs measured here imply that trophic–source 
offsets typically used to assess ecological and physiologi-
cal phenomena such as trophic position (TP), food chain 

length, and nitrogen balance may not always be at isotopic 
steady state. This is confirmed by TP estimates calculated 
across the entire hair chronology, which spanned nearly 
three trophic levels. These findings are particularly pertinent 
for animals living in highly seasonal environments or those 
which routinely move between isotopically heterogeneous 
environments. We discuss the potential drivers of differen-
tial 15N incorporation across groups of AAs relative to their 
biosynthesis pathways and role in heterotrophic nitrogen bal-
ance while further outlining considerations and opportuni-
ties for future studies.

We find support for our hypothesis that trophic and 
uncategorized AAs (Gly and Ser) associated with greater 
amounts of nitrogen shuttling, predominantly in the form of 
trans- and deamination reactions, had more rapid 15N incor-
poration. Specifically, there was a greater contribution of 
a short pool with half-lives ranging from 5 to 37 days. We 
expected that AAs readily exchanging α-nitrogen with the 
central glutamic acid (Glu) pool would exhibit similar rates 
of 15N incorporation with higher fractional contributions of 
a ‘short’ pool. The slightly slower rate of 15N incorpora-
tion for Glx (T50 = 20 days) relative to other trophic AAs 
such as Pro (T50 = 5 days) and Asx (T50 = 8 days) is most 
likely related to the larger overall size of the Glu pool, which 
may take slightly longer to respond after a significant diet 
shift (Hill 1965; O’Connell 2017). The large size of the Glu 
pool reflects its critical role in nitrogen metabolism, acting 

Fig. 4   A Continuous time series of four commonly used 
trophic source pairs (orange = Δ15NGlx-Phe, blue = Δ15NGlx-Lys, 
green = Δ15NPro-Phe, and yellow = Δ15NPro-Lys) to infer trophic level. 
Values are plotted relative to offsets derived between bulk hair and 
diet for the primary (black circles) and secondary hair (gray trian-

gles). B Continuous estimates of relative trophic position employing 
several combinations of β and TDFGlx-Phe reflecting lower (β = − 7‰, 
TDFGlx-Phe = 3‰), middle (β = − 6‰, TDFGlx-Phe = 4‰), and upper 
(β = − 5‰, TDFGlx-Phe = 5‰) bounds of values reported across the 
literature vascular plants and herbivorous terrestrial mammals
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as a central precursor for most other trophic AAs (Braun 
et al. 2014; O’Connell 2017). Alanine was the only AA for 
which 15N incorporation was best described by a single pool; 
however, the half-life (T50 = 36 days) was fast and therefore 
consistent with other trophic AAs (Table 2, Fig. 3), reflect-
ing tight metabolic links with Glu. The two uncategorized 
AAs Gly and Ser exhibited some of the fastest 15N incor-
poration rates across all AAs with short pool half-lives of 
13 and 8 days, respectively. The similarity in incorporation 
rates between these two AAs is likely explained by com-
mon interconversion and thus nitrogen exchange via serine 
hydroxymethyl transferase (Neuberger 1961; O’Connell 
2017). Similar 15N incorporation of Gly and Ser relative to 
Pro and Asx could also reflect their collective importance as 
substrates for gluconeogenesis: the conversion of exogenous 
or endogenous protein into glucose (Krebs 1964; Lübcker 
et al. 2020).

Contrastingly, 15N incorporation of more complex source 
AAs was largely associated with a high fractional contribu-
tion (0.50–0.64) from a ‘longer’ metabolic pool with half-
lives > 365 days. This was expected given that these AAs 
can, albeit more rarely, contribute to the central nitrogen 
pool via irreversible transamination reactions to alanine 
(Phe) and/or glutamate (Lys). Phenylalanine is more com-
monly catabolized via hydroxylation to tyrosine (Krempft 
et al. 1990; Matthews 2007), which is then catabolized to 
form p-hydroxyphenylpyruvate and glutamate through 
a reaction with α-ketoglutarate. These irreversible reac-
tions greatly reduce total nitrogen exchange of source rela-
tive to trophic and uncategorized AAs, which may in part 
explain their longer rates of 15N incorporation into tail hair. 
While the origins and biosynthesis of keratins are diverse 
and highly complex, the distribution of keratin Phe is not 
homogenous across various structural domains (Strnad et al. 
2011) and may be sourced from both dietary and endog-
enous sources (i.e., breakdown of storage tissues, such as 
muscle), further contributing to slower and more complex 
incorporation dynamics.

A similar distinction between trophic, uncategorized, and 
source AAs has been observed in muscle tissue of Pacific 
bluefin tuna (Thunnus orientalis) (Bradley et al. 2014). 
However, differences in the tissues analyzed (muscle ver-
sus tail hair) and divergent life histories between regionally 
endothermic teleost fishes and terrestrial mammals some-
what confound direct comparisons. This same caveat also 
precludes direct comparisons with 15N incorporation rates 
derived for Pacific white shrimp (Litopenaeus vannamei), 
where the authors found no differences in 15N incorpora-
tion between trophic and source AAs (Downs et al. 2014). It 
must also be noted that patterns of 15N incorporation in AAs 
observed here cannot be directly applied to 13C incorpora-
tion, given the different metabolic pathways associated with 
nitrogen versus carbon. For example, the carbon skeleton of 

‘essential’ AAs cannot be synthesized by consumers (Larsen 
et al. 2009); however, some of these AAs can still undergo 
nitrogen exchange with the central nitrogen pool and are 
thereby considered ‘trophic’ AAs (e.g., Val, Leu, Ile). This 
further emphasizes the need for comparative studies between 
specific isotope systems of different AAs.

Variation in the rates of 15N isotope incorporation and the 
relative fraction of short versus long pools across trophic, 
uncategorized, and source AAs have broad implications for 
ecological and physiological inferences derived from offsets 
in δ15N values between compounds. This includes estimates 
of TP (Chikaraishi et al. 2009; Nielsen et al 2015), food 
chain length (Ruiz-Cooley et al. 2017), and the ability to 
assess nitrogen balance (Lübcker et al. 2020; Whiteman 
et al. 2021; Shipley et al. 2022). Because African elephants 
are strict herbivores that feed mostly on woody (C3) plants 
(Owen-Smith and Chafota 2012), we assumed that TP esti-
mates using Δ15NGlx-Phe should yield values of ~ 2.0 across 
the entire tail hair chronology if these two AA are at steady 
state (Downs et al. 2014). Despite exploring several sce-
narios in which we varied β and TDFGlx-Phe across the range 
of published values for plants (β) and mammals (TDFGlx-Phe) 
(e.g., Kendall et al. 2017; 2019; Ramirez et al. 2021; Tejada 
et al. 2021), we found a pronounced lack of consistency 
in TP with estimates spanning nearly three trophic levels 
(0.3–3.2). While we acknowledge the extremely limited 
number of published estimates for TDFGlx-Phe, this suggests 
a decoupling in the temporal window reflected in trophic 
versus source δ15N values. As such, significant caution 
should be placed on the assessment of TP using canoni-
cal trophic–source pairs for highly migratory animals that 
move among ecosystems with contrasting baseline isotopic 
compositions, or those exposed to highly seasonal environ-
ments in which dominant isotope baselines may change 
substantially. Finally, in the absence of empirically derived 
β estimates from both Samburu and Ngare-Ndare, we must 
also acknowledge that potential transitions in the extent of 
dietary mixing (e.g., consumption of C3 and C4 grasses and 
fruits) could further impact estimates of TP. Despite these 
inherent complexities, several recent data syntheses suggest 
that photosynthetic mode is not a primary driver of β in 
terrestrial plants (Besser et al. 2022; Ramirez et al. 2021).

Overall, these findings underscore the inherent complex-
ity of 15N incorporation in AAs and emphasize the role of 
nitrogen metabolism in promoting δ15N variation across the 
animal kingdom. Despite regular calls for more laboratory 
experiments (Gannes et al. 1997; Martinez de Rio et al. 
2009), there remains a critical need for further incorporation 
rate studies at the compound level. Our findings represent 
only the third assessment of isotopic incorporation in AAs, 
and all of these studies have focused on nitrogen isotopes. 
Given the high variability in 15N incorporation between 
trophic, uncategorized, and source AAs presented here, we 
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stress the importance of further assessments to avoid contin-
ued violation of steady state assumptions. If 15N incorpora-
tion can be effectively constrained, it will greatly expand the 
development and application of AA isotopes for inferring the 
timing of important ecological and/or physiological events 
(Klaassen et al. 2010; Bradley et al. 2014; Madigan et al. 
2014; Moore et al. 2016; Shipley et al. 2022).
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