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Nitrogen isotope (d15N) patterns for amino acids in lemur bones
are inconsistent with aridity driving megafaunal extinction in
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ABSTRACT: Most endemic species with body masses >10 kg on Madagascar went extinct within the past 1000 years.
The extent to which human predation, anthropogenic landscape transformation and aridification may separately or
together explain this extinction pattern remains controversial. We present nitrogen isotope (d15N) values of individual
amino acids preserved in bones from now-extinct Pachylemur insignis and extant Propithecus verreauxi from two subfossil
sites in south-western Madagascar: Tsirave and Taolambiby. The amino acid-specific approach allows us to identify
environmental signals that are otherwise difficult to recognize in bulk collagen d15N values. Specifically, we use the
d15N values of source amino acids (phenylalanine and lysine) as a proxy for habitat aridity between ca. 4000 years ago
and present and the spacing of d15N values between trophic and source amino acids to quantify trophic levels for these
two lemur species. Despite paleoenvironmental evidence for lowering water tables and the expansion of relatively arid
savanna between 4000 and 1000 years ago, our isotope data suggest that these lemurs did not live in increasingly arid
habitats and did not change their trophic level. Together, our results support the hypothesis that aridity alone did not play
a major role in late Holocene megafaunal extinctions in south-western Madagascar. # 2018 John Wiley & Sons, Ltd.
KEYWORDS: glutamic acid; habitat baseline; habitat modification; lysine; phenylalanine; trophic level.

Introduction
Controversy exists regarding the drivers of past and ongoing
extinctions of Madagascar’s endemic fauna. Some scenarios
attribute species loss to human activities such as hunting,
landscape burning and the introduction of invasive species to
the island (Dewar, 1984; Virah-Sawmy et al., 2016), but
climate change in the form of aridification may have also
played a significant role in this process (Mahe and Sourdat,
1972; Burney et al., 2004; Virah-Sawmy et al., 2010). Southwestern Madagascar is an ideal region to study late Holocene
ecological change, because this region has a high diversity of
endemic species and some of the earliest evidence for
humans on the island (Perez et al., 2003; Burney et al., 2004;
Douglass and Zinke, 2015). Early human colonists, who were
present in south-western Madagascar by at least 2300 calendar years before present (cal a BP, MacPhee and Burney,
1991; Perez et al., 2005), encountered a diverse endemic
megafauna that included pygmy hippos, elephant birds, and a
wide array of giant lemur species (Burney et al., 2004;
Crowley, 2010). Most of these species went extinct after
1000 cal a BP (Crowley, 2010), and, despite oral histories
and European accounts that describe relatively recent sightings of now-extinct megafauna (e.g. Burney, 1998; De
Flacourt, 2007), the most recent credible radiocarbon dates
for endemic animals with body mass >10 kg are ca. 500 cal
a BP (Simons, 1997; Muldoon et al., 2009).
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Humans and their associated domesticated animals (e.g.
dogs, cattle, goats and sheep) spread across the island during
the past 1000 years (Verin and Battistini, 1971; Dewar, 1984;
Wright et al., 1993). Landscape modification, disease and direct
interspecific interactions associated with this spread may have
contributed to the decline of endemic taxa (Battistini, 1971;
MacPhee, 1997; Godfrey and Jungers, 2003; Burney et al.,
2004; Crowley, 2010; Burns et al., 2016; Crowley et al., 2017).
Additionally, aridification may have contributed to extirpations
(Battistini, 1971; Mahe and Sourdat, 1972; Burney et al., 2004).
A paleohydrological record from Lac Ihotry, south-western
Madagascar (Figs 1 and 2; Supporting Information, Fig. S1)
reveals that the arrival of both humans and bovids coincided
with a drying trend that included a lowering of the water table
and salinization of coastal pans and wetlands between roughly
2250 and 700 cal a BP (Vallet-Coulomb et al., 2006).
Palynological changes in the sediment record of the saline
coastal basin of Ambolisatra, south-western Madagascar (Fig. 1),
also suggest aridification during the past several thousand years
(Burney, 1993; Virah-Sawmy et al., 2016) as do contemporaneous declines in the abundance of aquatic birds at coastal
subfossil sites such as Belo-sur-Mer (Goodman and Rakotozafy,
1997). These data provide support for the possibility that the
combination of human activities and climate change triggered
species declines (Burney et al., 2004; Clarke et al., 2006; VirahSawmy et al., 2010).
Although a variety of environmental factors influence the
nitrogen isotope (d15N) values of soil and overlying terrestrial
plants, moisture availability is one of the most important
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Figure 1. Map of south-western Madagascar (Laborde projection).
Sites that produced bones analyzed in this study (Tsirave and
Taolambiby/Beza Mahafaly) are marked with squares. Other relevant
sites (black circles) include important paleoecological sites such as
Belo-sur-Mer (Goodman and Rakotozafy, 1997), Lac Ihotry (ValletCoulomb et al., 2006) and Ambolisatra (Burney, 1993; Virah-Sawmy
et al., 2016).

(Austin and Vitousek, 1998; Schulze et al., 1998; Handley
et al., 1999; Amundson et al., 2003; Craine et al., 2009).
Preferential loss of 14N from the inorganic soil nitrogen
pool due to nitrification, denitrification and ammonia
volatilization results in 15N-enriched soil nitrogen under
arid conditions (Austin and Vitousek, 1998). Spatial or
temporal patterns in the d15N values of primary producers
cascade up the food chains. Thus, animals that live in
relatively arid habitats tend to have high d15N values
relative to those at similar trophic levels that live in more
mesic environments (Heaton et al., 1986; Sealy et al.,
1987; Cormie and Schwarcz, 1996; Murphy and Bowman, 2006; Crowley et al., 2011b). It is important to note
that land use (e.g. irrigation, fertilizer application and
grazing intensity by herbivores) can also influence soil
and associated plant or animal d15N values (Frank et al.,
1995; Aranibar et al., 2008; Szpak, 2014), but intensive
land use in south-western Madagascar probably began
only within the past several hundred years (Erdmann,
2003).
Recently, Crowley et al. (2017) used bulk bone collagen
d15N values from 238 radiocarbon-dated terrestrial vertebrates belonging to 24 extant and extinct genera in Madagascar to identify temporal changes in the aridity of the habitats
in which these animals lived. These specimens were collected from 17 subfossil sites that range in age from 10 000 to
500 cal a BP. After controlling for taxon, geographic region
and coastal proximity, the authors found no evidence for
directional trends in d15N values through time. Their data
thus suggest that animals did not live in increasingly arid
# 2018 John Wiley & Sons, Ltd.
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habitats during the Holocene. Rather, the authors hypothesized that agropastoralism probably put a greater strain on
endemic fauna compared with aridification. However, the
possibility that past aridification acted in concert with
negative interactions between introduced and endemic species to drive megafaunal extinctions could not be excluded.
Interpretation of bulk collagen d15N values is complicated
by the fact that these values are influenced by both trophic
level (TL) and the aridity-dependent isotopic baseline
(d15N values in primary producers in a given habitat).
Animals have higher d15N values than their diet due to
physiological processes that discriminate against 14N;
d15N offsets between consumer bulk collagen and diet
(D15Nconsumer-diet) are 2–5‰ (Vanderklift and Ponsard,
2003). Even when the TL of an organism can be assumed
with reasonable accuracy, there exists uncertainty regarding
the magnitude of D15Nconsumer-diet, because this value can
vary significantly among taxa and is affected by diet quality
as well as physiological condition (Vanderklift and Ponsard,
2003; Herrera et al., 2006; Mir
on et al., 2006; Ramı́rez and
Hobson, 2006). Omnivorous lemurs have a greater potential
for variable TL than obligate grazers or folivores. Crowley
et al. (2017) made reasonable assumptions regarding the TL
of various terrestrial vertebrates in Madagascar, and differences in diet can explain much of the variability in measured
d15N values among taxa. Nevertheless, there remains the
possibility that shifts in either TL or baseline d15N values
(d15Nbaseline) over time could have contributed to the
observed changes in bulk collagen d15N values, which
complicates interpretation of the data.
The search for a climate-related signal can be expanded by
measuring d15N values of individual amino acids in bone
collagen. There are significant differences in D15Nconsumer-diet
values among individual amino acids in terrestrial organisms
(Edgar Hare et al., 1991; Chikaraishi et al., 2011). For
example, glutamic acid (Glu) has consistently elevated
d15N in consumer tissues relative to those in diet, and it is
consequently considered a trophic amino acid (AA, Chikaraishi et al., 2011). Conversely, phenylalanine (Phe) in
consumers is isotopically similar to that in primary producers,
and is consequently considered a source AA (Chikaraishi
et al., 2011). Thus, d15NPhe values in any consumer will
resemble the d15NPhe at the base of the food web in its habitat
(d15Nbaseline), and the TL of an organism can be approximated
based partly on the offset in d15N values between trophic AA
(typically glutamic acid) and source AA (typically phenylalanine) within a single organism (McClelland and Montoya,
2002; Bradley et al., 2014; McMahon et al., 2015b). To
estimate TL, it is necessary to identify the offset in
d15N values of trophic and source amino acids in primary
producers at the base of the food web (b). Typically,
b ¼ d15NPhe  d15NGlu. This value is known to vary significantly among different primary producers (Chikaraishi et al.,
2010, 2011; McMahon et al., 2015a). Thus, the accuracy of
AA-based TL estimates follows from an accurate identification
of the plants that comprise the base of the food chain for any
given consumer (e.g. C3 versus C4 plants). However, the
mechanisms that create these separations and the variation in
values among taxa are poorly understood (Chikaraishi et al.,
2011; O’Connell, 2017). Fortunately, organisms that live in
the same habitat will probably have source amino acids with
similar d15N values.
Here we use specific AA d15N values in bone collagen
from two lemur species to test the hypothesis that these
endemic vertebrates lived in increasingly arid habitat during
the period of aridification that followed 3800 cal a BP. If
these animals experienced increasing arid conditions through
J. Quaternary Sci., Vol. 33(8) 958–968 (2018)
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Figure 2. Radiocarbon dates for individuals used in this study (top, 3700–3960 cal a BP to present, Table S1, Crowley, 2010; Crowley et al.,
2017; Godfrey et al., unpubl.), and a contemporaneous record of aridification and the salinization of Lac Ihotry (bottom, Vallet-Coulomb et al.,
2006). Brackets associated with each calibrated radiocarbon date span 95.5% of each probability distribution. We estimated calendar dates for
Lac Ihotry samples using an age-depth model (Fig. S1).

time, then source AA d15N values should progressively
increase because of increases in primary producer
d15N values associated with aridity. Support for this hypothesis would leave open the possibility that aridification and
human activity acted synergistically to drive megafaunal
extinctions. By contrast, if we find no shifts in source AA
d15N values over time, then aridification cannot explain
extinction, and this conclusion suggests that alternatives such
# 2018 John Wiley & Sons, Ltd.

as direct and indirect anthropogenic impacts were the more
likely triggers for endemic species declines.

Methods
Specimen and site selection
We analyzed bones from 13 Pachylemur insignis and 10
Propithecus verreauxi individuals housed at the University of
J. Quaternary Sci., Vol. 33(8) 958–968 (2018)
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Antananarivo or the University of Massachusetts  Amherst.
Pachylemur insignis (giant ruffed lemur) is an extinct species
of the family Lemuridae (Seligsohn and Szalay, 1974; Kistler
et al., 2015) that is reconstructed to have had a pronograde
terrestrial/arboreal locomotor strategy (Jungers, 1980). The
dental morphology of P. insignis suggests dedicated frugivory
or possibly trophic omnivory (Godfrey et al., 2012). Bone
collagen carbon isotope (d13C) values suggest that this species
generally, if not exclusively, relied on C3 vegetation (Crowley
et al., 2011a; Crowley and Godfrey, 2013). Propithecus
verreauxi (Verreaux’s sifaka) is an extant member of the
family Indriidae (Pastorini et al., 2001). Behavioral and
d13C data confirm that this species is an arboreal frugivore–
folivore that also relies primarily on C3 vegetation (Yamashita,
2002; Crowley et al., 2011a).
The bone specimens used in this study came from two
subfossil sites and one modern site in south-western Madagascar: Tsirave, located in the Mangoky River drainage;
Taolambiby, located in the Onilahy River drainage about
220 km south-west of Tsirave; and Beza Mahafaly, a modern
reserve located <10 km to the east of Taolambiby that
borders the Sakamena River (Fig. 1). South-western Madagascar is characterized by xeric spiny and succulent vegetation
and experiences an extended dry season due to an orographic
rain shadow in the region and the absence of the Intertropical
Convergence Zone during the austral-summer (Wells, 2003;
Burgess et al., 2004). All the P. insignis specimens and three
of the subfossil P. verreauxi included in this study came from
Tsirave. Four subfossil P. verreauxi came from Taolambiby
and three modern P. verreauxi individuals were recovered
from Beza Mahafaly. Beza Mahafaly protects both riparian
forest and spiny thicket. All the Beza Mahafaly specimens
included in this study were found within or adjacent to the
riparian corridor that borders the river. Bulk collagen
d13C and d15N values for all individuals have been published
previously (Crowley et al., 2010, 2012, 2017; Crowley and
Godfrey, 2013; Godfrey et al., unpubl.), and all individuals
have been previously radiocarbon dated (Fig. 2; Crowley,
2010; Crowley et al., 2017; Godfrey et al., unpubl.). We
calibrated all dates in Oxcal 4.3 using the Southern Hemisphere calibration curve SHCal13 (Hogg et al., 2013).

Amino acid nitrogen isotope (d15N) analysis
AA-specific d15N analysis was conducted via gas chromatograph combustion isotope ratio mass spectrometry (GC-CIRMS). We worked with previously extracted and purified
collagen. Collagen isolation techniques followed existing
standards (Brown et al., 1988; Stafford et al., 1988) but
differed slightly among samples (Table S1). As part of initial
chemical pretreatment, three samples had been previously
hydrolyzed in 6 N hydrochloric acid at 100 ˚C for approximately 24 h and passed through XAD resin. We hydrolyzed
3–10 mg of extracted collagen from all other specimens in
1 mL of 6 N hydrochloric acid at 110 ˚C for approximately
20 h. Next, for all samples, we completed carboxyl esterification with a 4:1 mixture of 2-isopropanol/acetyl chloride at
110 ˚C for 1 h followed by amine acetylation with trifluoroacetic acid anhydride at 110 ˚C for 10 min (Engel and Hare,
1985; Fantle et al., 1999). This derivatization protocol
allowed us to measure d15N values of 11 amino acids: one
metabolic AA (threonine), four source amino acids (glycine,
lysine, phenylalanine and serine), and six trophic amino acids
(alanine, aspartic acid, glutamic acid, isoleucine, leucine and
valine). Note that threonine d15N values are unlike those in
other amino acids given that they are consistently lower in
consumers than in diet (Hare et al., 1991; McClelland and
# 2018 John Wiley & Sons, Ltd.
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Montoya, 2002; Styring et al., 2010), and we thus categorize
threonine as a metabolic AA after Germain et al. (2013). We
do not report results for hydroxyproline or proline, because
we were unable to consistently separate them. We derivatized samples in batches of 8–17 along with an internal
reference material containing all amino acids for which we
obtained d15N values (Sigma Aldrich, Co., St Louis, MO,
USA). For all samples, 1 mL of derivatized material (using
dichloromethane as a carrier solvent) was injected into a
BPx5 gas chromatograph column for AA separation (0.32 ID,
1.0 mm film thickness, SGE Analytical Science, Ringwood,
Victoria, Australia) in a TRACE 1310 gas chromatograph,
combusted via a Thermo Scientific GC Isolink II and then
analyzed with a Thermo Scientific Delta V Plus isotope ratio
mass spectrometer. We conducted all AA chemical procedures and analyses at the University of New Mexico Center
for Stable Isotopes (Albuquerque, NM, USA). Nitrogen
isotope
data
are
expressed
as
d
values,
d15 N ¼ 1000  ½ðRsample  Rstandard Þ=Rstandard , where Rsample
and Rstandard refer to the ratio of the heavy (15N) to light (14N)
stable isotope in the sample and standard, respectively. The
internationally accepted standard for d15N is atmospheric N2
gas. Samples were measured in triplicate; we present mean
d15N values  SD. We did not record data for amino acids
from samples that had chromatograms with coeluted amino
acids or small AA peak amplitudes (<100 mV). We bracketed
triplicate measurements on samples with internal reference
materials. Our internal reference materials are homogenous
amino acids that we purchased individually from Sigma
Aldrich, analyzed via elemental analysis-IRMS, and referenced against internationally accepted standards. Standard
deviations in d15N values among standards ranged from
0.4‰ for leucine and lysine to 1.1‰ for alanine. The mean
d15N precision among the standards for all amino acids was
0.6‰.

Data analysis
Statistical analyses were conducted in SigmaPlot 14.0 with
significance set to a ¼ 0.05. We examined data distributions
using Shapiro–Wilk tests for normality and Brown–Forsythe
tests for equal variance. We used Mann–Whitney U-tests to
compare AA-specific d15N values between groups (e.g.
comparison of d15NPhe values between lemur genera), Kruskal–Wallis H-tests to compare sites, Pearson product-moment
correlation coefficients (r) to assess relationships between
bulk collagen and AA-specific d15N values, and Spearman
correlation coefficients (rs) to explore relationships between
14
C dates and d15N values.
We calculated TL (where primary producers have TL ¼ 1)
using the empirically derived relationship from Chikaraishi
et al. (2009):

TL ¼

d15 NGlu  d15 NPhe þ b
þ1
ðDGlu  DPhe Þ

ð1Þ

where consumer d15NGlu and d15NPhe values appear in the
numerator, and b represents the aforementioned constant
value of d15NPhe  d15NGlu in the primary producers at the
base of the food web. We used the b value (mean  SD) of
8.4  1.4‰ observed for C3 plants from Japan and Thailand
(Chikaraishi et al., 2010, 2011), because stable carbon
isotope values from the bulk bone of P. insignis and P.
verreauxi (Crowley and Godfrey, 2013) suggest that these
lemurs primarily consumed C3-based resources throughout
the period of interest.
J. Quaternary Sci., Vol. 33(8) 958–968 (2018)
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Amino acid d15N values

The denominator of Equation (1) is frequently termed the
trophic discrimination factor (TDF; McMahon et al., 2015a,
2015b), where DGlu and DPhe represent the absolute differences
in d15N values between consumer and diet glutamic acid and
phenylalanine respectively. Phenylalanine and glutamic acid
have traditionally been considered the most appropriate
source AA and trophic AA, respectively, due to their significant
and consistent differences in 15N enrichment per TL (Hoen
et al., 2014; Nielsen et al., 2015). The TDF is assumed to be
constant in terrestrial food webs (Chikaraishi et al., 2011), but
it is known to vary as a function of diet quality in certain
marine consumers (Bradley et al., 2015; McMahon et al.,
2015b; Nielsen et al., 2015). Based on data from terrestrial
and marine consumers with low TL, we use a TDF value of
7.6  1.2‰ (Chikaraishi et al., 2010, 2011). Note that uncertainty is associated with each variable in Equation (1), and this
uncertainty has contributed to controversy regarding the use of
AA-based TL estimates (Naito et al., 2018; O’Connell and
Collins, 2018). We followed the approach of Jarman et al.
(2017) to propagate uncertainty (Table S1).

Mean AA d15N values for P. verreauxi range from 4.0‰
(lysine) to 13.3‰ (phenylalanine). The range is slightly
smaller for P. Insignis: from 5.2‰ (lysine) to 12.4‰ (glycine).
With the exceptions of glycine, phenylalanine and serine,
there are no significant differences in AA-specific d15N values
between species (Fig. 3). Glycine d15N values (mean  SD)
are significantly higher for P. insignis (n ¼ 13, 12.4  0.8‰)
than for grouped P. verreauxi (n ¼ 10, 8.8  1.6‰; U ¼ 6.5,
p < 0.001). Similarly, d15NSer values are significantly higher
for P. insignis (n ¼ 13, 10.0  1.0‰) than grouped P. verreauxi (n ¼ 10, 7.4  2.4‰, U ¼ 22.0, p ¼ 0.008). In fact,
most AA-specific d15N values are elevated in P. insignis
compared to grouped P. verreauxi. Despite this tendency,
d15NPhe values are significantly higher in grouped P. verreauxi (n ¼ 10, 13.3  1.9‰) than in P. insignis (n ¼ 13,
11.5  1.2‰; U ¼ 27.0, p ¼ 0.020). This inequality holds
when comparing P. insignis and P. verreauxi within Tsirave
(U ¼ 2.0, p ¼ 0.022). However, Tsirave P. insignis d15NPhe
values are indistinguishable from values for modern Beza
Mahafaly P. verreauxi (U ¼ 19.0, p ¼ 1.0). Although P.
verreauxi d15NPhe values tend to be higher at Tsirave and
Taolambiby than at Beza Mahafaly, there are no statistically
significant differences in d15N values among sites (H(2) ¼ 4.8,
p ¼ 0.09).
Bulk collagen d15N correlates significantly with d15NGly
(n ¼ 23, r ¼ 0.933, p < 0.0001), d15NSer (n ¼ 23, r ¼ 0.742,
p < 0.0001) and d15NGlu (n ¼ 23, r ¼ 0.567, p ¼ 0.00482).
There is no relationship between bulk d15N values and
d15N for other amino acids, such as d15NPhe (n ¼ 23, r ¼
0.155, p ¼ 0.480). Regarding TL estimates, the mean (SD)
value for d15NGlu ̶ d15NPhe for P. insignis (n ¼ 13, 0.2  1.2‰)
is significantly higher than for grouped P. verreauxi (n ¼ 10,
2.2  1.2‰, U ¼ 3.0, p < 0.001). TL estimates for P. insignis
range between 2.0  0.3 and 2.5  0.3, and those for P.
verreauxi range between 1.5  0.3 and 2.0  0.3 (Table 2).
The mean TL (SD) estimate for P. insignis (n ¼ 13, 2.1  0.2)
is significantly higher than the mean TL estimate for P.
verreauxi (n ¼ 10, 1.8  0.2, U ¼ 6.0, p < 0.001). Within the
P. verreauxi sample, there are no significant differences in TL
among sites (H(2) ¼ 1.7, p ¼ 0.424).

Results
Radiocarbon and bulk collagen d15N values
The lemurs considered in this study all date to the late
Holocene (3700–3960 cal a BP to present, Table S1; Fig. 2).
At Tsirave, dates for P. insignis range between 3700–3960
and 737–905 cal a BP, and dates for P. verreauxi range
between 1933–2142 and 1420–1570 cal a BP. Dates for P.
verreauxi from Taolambiby range between 936–1061 and
805–961 cal a BP.
Descriptive statistics for all d15N values are given in Table 1
and are summarized in Fig. 3. Bulk bone collagen
d15N values for P. insignis are consistently higher than those
for the entire P. verreauxi sample (Mann–Whitney U ¼ 5.5,
p < 0.001). This tendency is not significant when comparing
P. insignis and P. verreauxi within Tsirave (U ¼ 5.5,
p ¼ 0.068). Within the P. verreauxi sample, bulk collagen
d15N values for Tsirave are apparently higher than those for
Beza Mahafaly, but there are no significant differences among
sites (Kruskal–Wallis H(2) ¼ 5.3, p ¼ 0.06).

Table 1. Descriptive statistics for bulk collagen and amino acid-specific d15N values by taxon and site.
Tsirave

Tsirave

Taolambiby

Beza Mahafaly

P. insignis

P. verreauxi

P. verreauxi

P. verreauxi

d15N (‰)

d15N (‰)

d15N (‰)

d15N (‰)

Material

n

min.

max.

mean  SD

n

min.

max.

mean  SD

n

min.

max.

mean  SD

n

min.

max.

mean SD

Bulk Collagen
Alanine
Aspartic acid
Glutamic acid
Isoleucine
Leucine
Valine
Glycine
Lysine
Phenylalanine
Serine

13
13
11
13
13
11
13
13
12
13
13

9.5
8.1
9.6
9.6
7.8
7.7
9.2
11.0
3.7
9.9
7.9

10.9
10.4
12.8
13.5
10.3
10.2
13.3
13.7
6.4
14.2
12.1

10.4  0.4
9.5  0.7
11.1  0.9
11.6  1.1
9.0  0.8
9.0  0.7
11.1  1.2
12.4  0.8
5.2  0.9
11.5  1.2
9.9  1.0

3
3
3
3
3
3
3
3
3
3
3

8.7
8.8
11.4
11.8
10.8
9.2
11.1
9.1
4.5
13.1
8.1

10.3
12.4
12.6
13.9
11.7
11.1
13.6
12.2
7.7
16.6
10.7

9.3  0.9
10.2  1.9
11.8  0.7
12.6  1.1
11.3  0.5
10.2  1.0
11.9  1.4
10.4  1.6
5.7  1.8
14.5  1.9
9.2  0.9

4
4
4
4
2
4
4
4
1
4
4

6.8
8.8
8.7
10.7
10.6
9.6
10.8
8.1
2.2
11.8
6.5

8.9
11.0
12.3
11.1
12.6
10.6
13.8
10.0
2.2
15.1
9.8

8.2  0.9
9.7  1.0
10.7  1.8
10.9  0.2
11.6  1.4
10.1  0.5
12.0  1.3
8.8  0.8
2.2
13.8  1.5
8.3  1.7

3
3
3
3
3
3
3
3
3
3
3

6.6
6.7
7.8
8.9
7.9
7.6
8.6
6.3
1.1
10.3
4.0

7.9
8.4
10.1
11.0
10.4
9.7
10.9
8.0
4.3
12.4
5.0

7.1  0.7
7.4  0.9
8.6  1.3
9.7  1.2
9.1  1.3
8.3  1.2
9.4  1.3
7.3  0.9
2.9  1.5
11.4  1.1
4.5  0.5

# 2018 John Wiley & Sons, Ltd.
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Figure 3. Comparison of summary (mean  SD) d15N data for P. insignis and P. verreauxi by site. Note that d15N values for bulk collagen and
most amino acids are relatively high in P. insignis. Despite this tendency, d15NPhe values are significantly higher for Tsirave and Taolambiby P.
verreauxi than for P. insignis. Lysine data exist for only one individual of Taolambiby P. verreauxi.

Trends in amino acid d15N values through time
15

There is a very slight decrease in d NPhe values through time
for grouped P. insignis and P. verreauxi at Tsirave, but this
trend is not significant (Fig. 4, n ¼ 16, Spearman’s rank
correlation coefficient rs ¼ 0.318, p ¼ 0.224). A similar lack of
directional change in d15NPhe values through time is observed
if only P. insignis from Tsirave is considered (n ¼ 13, rs
¼ 0.258, p ¼ 0.382). Additionally, in the grouped Tsirave
sample, no directional change exists for d15NLys values
(n ¼ 15, rs ¼ 0.439, p ¼ 0.098), d15NSer values (n ¼ 16, rs
¼ 0.222, p ¼ 0.403) and d15NGly values (n ¼ 16, rs ¼ 0.324,
p ¼ 0.215). The small sample sizes for P. verreauxi at Tsirave,
Taolambiby and Beza Mahafaly (particularly for d15NLys
values) do not allow us to identify meaningful changes in
d15Nbaseline within sites. However, when the entire P.
verreauxi sample is considered as a single group, there are
significant decreases in d15NPhe values (n ¼ 10, rs ¼ 0.632,
p ¼ 0.043), d15NGly values (n ¼ 10, rs ¼ 0.730, p ¼ 0.013),
d15NSer values (n ¼ 10, rs ¼ 0.767, p ¼ 0.007) and bulk collagen d15N values (n ¼ 10, rs ¼ 0.620, p ¼ 0.005) through time.
Among the source amino acids, we focus our attention on

phenylalanine and, to a lesser extent, on lysine, because
d15NPhe and d15NLys most consistently reflect d15Nbaseline
(Chikaraishi et al., 2011; O’Connell, 2017). Glycine and
serine are commonly categorized as source amino acids
(McClelland and Montoya, 2002; Styring et al., 2010; Jarman
et al., 2017), but there is significant variability in
D15Nconsumer-diet for these two amino acids (O’Connell,
2017).

Discussion
We use source AA d15N values in P. insignis and P. verreauxi
as a proxy for d15Nbaseline and examine these values through
time to test the hypothesis that these lemurs lived in
increasingly arid habitats after 3800 cal a BP. We find little
support for this prediction. There is no increase in source AA
(Phe and Lys) d15N values for either lemur species at Tsirave
between 3700–3960 and 737–905 cal a BP, which is
inconsistent with P. insignis and P. verreauxi living in
increasingly arid habitat. Moreover, the trends we observe for
P. verreauxi suggest this species has lived in increasingly
mesic habitats over time. This shift towards increasingly

Table 2. Phenylalanine and glutamic acid d15N values and associated TL estimates for species grouped by site.
Species

n

d15NGlu
(‰, mean  SD)

d15NPhe
(‰, mean  SD)

TL
(mean  SD)

P. insignis
P. verreauxi
P. verreauxi
P. verreauxi

13
3
4
3

11.6  1.1
12.6  1.1
10.9  0.2
9.7  1.2

11.5  1.2
14.5  1.9
13.8  1.5
11.4  1.1

2.1  0.2
1.9  0.1
1.7  0.2
1.9  0.1

Site

Tsirave
Tsirave
Taolambiby
Beza Mahafaly

# 2018 John Wiley & Sons, Ltd.
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Figure 4. Bivariate plot showing d15NPhe values (mean  SD) for P. insignis and P. verreauxi by site and as a function of mean calendar years BP.

mesic habitat could reflect a combination of regional increase
in moisture availability or a shift towards the greater use of
mesic microhabitats such as gallery forests. It is possible that
aridity dramatically increased after 737–905 cal a BP and that
extirpation of P. insignis occurred so rapidly that it left little
trace in the material record. However, we think this scenario
is unlikely. Tsirave P. insignis d15NPhe values are indistinguishable from values for modern P. verreauxi at Beza
Mahafaly, which suggests that Tsirave P. insignis lived in a
relatively mesic habitat comparable to the riparian forest at
Beza Mahafaly (20 km from the rainfall station at Betioky,
where mean annual precipitation is 666 mm; Dewar and
Richard, 2007).
Higher d15NPhe values for ancient P. verreauxi from Tsirave
and Taolambiby in comparison to modern P. verreauxi from
Beza Mahafaly suggest that this species once lived in habitat
that was drier than the riparian habitat at Beza Mahafaly.
Because P. verreauxi is extirpated from Tsirave and because
P. verreauxi d15NPhe values in the region significantly
decrease through time, the data suggest that P. verreauxi in
south-west Madagascar has come to live in increasingly
mesic habitats. This trend matches a previously documented
decrease in bulk collagen d15N values for P. verreauxi,
Microcebus griseorufus, Lemur catta and Lepilemur leucopus
in south-western Madagascar over the past 900 years (Crowley et al., 2012). Crowley et al. (2012) interpreted this
decrease as evidence of ecological retreat, in which activities
by humans and human-introduced species have limited
lemurs to protected areas that are typically dominated by
more humid gallery forests. Additional AA-specific analysis of
samples from other sites near Tsirave and Taolambiby (e.g.
Ambolisatra) may clarify temporal trends and help identify
regional variability in d15Nbaseline values, but the existing data
support direct and indirect human pressures rather than
aridification as the primary stressors on lemurs.
# 2018 John Wiley & Sons, Ltd.

As Fig. 3 illustrates, only a subset of the variability in AA
d15N values is reflected in bulk collagen d15N values, and this
highlights the strength of the AA-specific approach in recognizing
subtle changes in d15Nbaseline. The fact that some AA d15N values
have trends that match that of bulk collagen (specifically glycine,
glutamic acid and serine) is not surprising, because these three
amino acids in total contain 35% of bone collagen nitrogen;
glycine comprises 26% of the nitrogen in collagen, glutamic
acid contributes 6% and serine contributes 3% (Eastoe,
1955). While phenylalanine carries important information
regarding d15Nbaseline, this AA comprises only about 1% of the
nitrogen in collagen (Eastoe, 1955), and d15NPhe signatures are
thus significantly attenuated in bulk collagen d15N values.
AA-specific d15N values also reveal a previously unrecognized difference in d15Nbaseline values for P. insignis and
P. verreauxi at Tsirave. Interspecific differences in source AA
d15N suggests that P. verreauxi frequented drier habitats than
P. insignis, and, to the best of our knowledge, this is the first
documentation of spatial partitioning among co-occurring
lemur species in the past. Additionally, spatial partitioning
emphasizes the fact that both behavior and aridity influence
d15NPhe values in an organism and highlights the advantage of
the AA-specific approach for disentangling TL and changes in
d15Nbaseline. Crowley et al. (2011a) noted that elevated
d15N values in the bulk collagen of several extinct giant lemur
genera (including Pachylemur) may be explained by drought
tolerance. However, relatively low d15NPhe values for Tsirave
P. insignis support the interpretation that elevated bulk collagen d15N values in this species are more probably a product of
diet (e.g. TL) rather than habitat aridity. AA d15N values in
other giant lemur species may reveal similar results. Because
elevated bulk collagen d15N values in P. insignis cannot be
explained by habitat, our isotope data suggest that P. insignis
may have been more omnivorous than P. verreauxi, and this
finding is bolstered by AA d15N-based estimates of TL.
J. Quaternary Sci., Vol. 33(8) 958–968 (2018)
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Figure 5. Comparison of published d15N values (mean  SD)
for bulk tissue and specific amino
acids for C3 plants (n ¼ 26, 19
different species) and C4 plants
(n ¼ 7, five different species) from
Japan and Thailand (Chikaraishi
et al., 2010, 2011). Valine data
exist for only one C4 plant.

Understanding the diet and associated TL of extinct taxa is
critical for distinguishing among extinction scenarios that
involve changes in resource availability and interactions
among consumers. TL estimates for the sampled P. insignis
and P. verreauxi are all 2 (Tables 2 and S1), which indicates
primarily herbivorous foraging ecology. TL estimates are
consistent with studies of dental morphology and microwear
analyses (Godfrey et al., 2012) and with behavioral studies in
the case of P. verreauxi (Simmen et al., 2003; Crowley and
Godfrey, 2013). Based on tooth morphology, Godfrey et al.
(2012) concluded that P. insignis was a dedicated frugivore
that consumed tougher foods than members of the closely
related genus of extant ruffed lemurs (Varecia). Consequently,
P. insignis may have been an important seed disperser, and
the extinction of these frugivores probably had negative
consequences for certain plant species (Godfrey et al., 2008;
Crowley et al., 2011a). Estimated TL for P. insignis is slightly
higher than for P. verreauxi, suggesting some degree of
omnivory in the former species was possible. However, this
result should be treated with caution. Several TL estimates for
P. verreauxi are slightly below the theoretical herbivore value
of 2, probably due to the preliminary b value (8.4‰) that we
used for C3-based food webs as well as variation in AAspecific trophic discrimination factors (Chikaraishi et al.,
2011). Data from a limited collection (n ¼ 26) of Japanese
and Thai plants indicate that b values are in the 8–9‰ range
for plants that use the C3 photosynthetic pathway (Fig. 5;
Chikaraishi et al., 2010, 2011). However, taxon-specific
patterns in b and AA-specific trophic discrimination factors
need to be investigated across a broader range of plants
before they can be confidently applied to estimate TL of
terrestrial consumers. Additionally, both direct observations
and isotope data suggest that P. verreauxi can consume some
plants that use the Crassulacean acid metabolism (CAM)
# 2018 John Wiley & Sons, Ltd.

photosynthetic pathway (Crowley and Godfrey, 2013). This
minor consumption of CAM plants introduces an unknown
degree of uncertainty to TL estimates for P. verreauxi, because
no AA d15N values for CAM plants currently exist.

Conclusions
AA-specific d15N values in lemur bone suggest that the
demise of Madagascar’s megafauna was not triggered by
aridification. This conclusion supports that of Crowley et al.
(2017). The present study does not rule out the possibility that
currently unknown synergistic effects of aridification and
human behavior contributed to the Late Holocene extinction
of P. insignis and other megafauna in Madagascar. However,
the absence of any increase in d15NPhe values for P. insignis,
and a decrease in d15NPhe values for P. verreauxi over time
make aridification an unlikely primary driver of past lemur
extinctions. This conclusion is quite plausible given that
endemic megafauna such as P. insignis survived desiccation
during the Last Glacial Maximum as well as extreme changes
in moisture availability during previous glacial and interglacial periods (Burney, 1996; Burney et al., 2004). Our
comparison of d15N values for individual source amino acids
(Phe and Lys) and bulk bone collagen demonstrates the utility
of AA-specific isotope analysis in expanding inferences
regarding both diet and temporal changes in d15Nbaseline
values, and allows us for the first time to identify both spatial
partitioning and dietary differences among coexisting lemur
taxa. Using AA-based TL estimates is expedient because
d15N values for both source and trophic amino acids can be
measured from a single tissue sample (McClelland and
Montoya, 2002). However, several challenges must be
addressed to increase the accuracy of TL estimates. Future
research should consider changes in d15Nbaseline in additional
J. Quaternary Sci., Vol. 33(8) 958–968 (2018)

966

JOURNAL OF QUATERNARY SCIENCE

regions of Madagascar (e.g. coastal western Madagascar),
where aridification may have been more substantial (Mahe
and Sourdat, 1972). Additionally, the details of anthropogenic
disturbance that may have contributed to the loss of the
megafauna and ecological retreat of P. verreauxi and other
extant lemur species are largely unknown. Landscape modification for agriculture and charcoal production (Burney,
1993), the introduction of bovids and dogs (Verin and
Battistini, 1971), and hunting (Perez et al., 2005) in the region
over the past 2000 years are factors worth considering in
future research.
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