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Plant sulfur isotopic compositions are altered by marine fertilizers
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Abstract
This study presents sulfur isotope compositions (δ34S) for plants grown in a series of growth chamber and field experiments under
controlled conditions. Maize, beans, and squash fertilized with a marine fertilizer (seabird guano) were significantly enriched in
34S relative to the unfertilized control plants (by +4.0 to +7.2‰) in the growth chamber experiments. No 34S enrichment was
detected in the plants from the field experiment, which likely relates to the recent use of ammonium sulfate fertilizer in these fields
and the retention of residual sulfate with a comparatively low δ34S. The field experiment provided a basis to estimate the apparent
fractionation between soil and plant S associated with uptake and assimilation (Δ34S), which ranged between −4 and −6‰
depending on the taxon and tissue. The use of marine fertilizers has the capacity to increase plant δ34S values and complicate
quantitative reconstructions of ancient diet based on bulk stable isotope data.
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Introduction

The analysis of stable isotopes derived from ancient human
tissues has provided enormous insight into the evolution of
prehistoric human diets. This research has predominantly ex-
amined the carbon (δ13C) and nitrogen (δ15N) isotopic com-
positions of bone collagen. Sulfur (S) isotopic compositions
(δ34S) have been employed with increasing regularity over the
last 10 years to further refine paleodietary interpretations. A

key issue that rests largely upon the interpretation of isotopic
data is the relative importance of plant and animal protein in
the diet. For example, this has been the case when comparing
the diets of modern humans and Neanderthals in Europe as
well as shifts in diet at the Mesolithic-Neolithic transition
(Richards 2002). Nitrogen isotopic compositions tend to in-
crease at fairly regular intervals (+3 to +5‰) at each trophic
level (Minagawa and Wada 1984), and because of this, they
allow the differentiation of diets based predominantly on plant
and animal protein, for example, between herbivores and car-
nivores (DeNiro and Epstein 1981). A potentially complicat-
ing factor in this interpretation is the effects of animal manures
on plant nitrogen isotopic compositions. Experimental studies
have demonstrated the potential for animal manures to alter
the nitrogen isotopic compositions of cultigens in such a way
that they more closely resemble the tissues of coeval herbi-
vores, with fertilized plants being enriched in 15N relative to
unfertilized plants to varying degrees (reviewed by Szpak
2014). These effects range from modest (< 4‰ for many do-
mestic herbivore manures) to extreme (> 30‰ for seabird
guano) (Bogaard et al. 2007; Szpak et al. 2012a). In the ab-
sence of supporting evidence for the use of animal fertilizers,
such as isotopic analysis of archaeobotanical remains
(Bogaard et al. 2013) and geochemical or micromorphological
characterization of prehistoric fields (Bull et al. 2001), carbon,
and nitrogen isotopic compositions derived from bulk bone
collagen lose considerable resolution for the differentiation of
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plant vs. animal protein (Bogaard et al. 2007) or plant vs.
marine protein (Szpak et al. 2012b) in the diet. The inclusion
of additional isotopic markers in paleodietary assessments is
one way to overcome these ambiguities (e.g., Jaouen et al.
2012; Jaouen et al. 2016; McCarthy et al. 2007; Reynard
et al. 2010).

Sulfur isotope analysis provides a useful complement
to the analysis of δ13C and δ15N values. Because sulfur
isotopic compositions in biological tissues are controlled
primarily by the sulfur isotopic composition of the ulti-
mate sulfate source, they are an indicator of both diet
and locality (reviewed by Canfield 2001; Nehlich 2015;
Richards et al. 2003). For both terrestrial and freshwater
organisms, δ34S values are highly variable, but on aver-
age tend to be higher in freshwater relative to terrestrial
environments. Marine organisms have more uniform
δ34S values that are consistently higher than either ter-
restrial or freshwater organisms. Understanding the fac-
tors that can influence the isotopic compositions of po-
tential food sources is a crucial part of paleodietary and
paleoecological studies (Casey and Post 2011). With re-
spect to plants, considerable progress has been made in
documenting the causes of variation (environmental and
anthropogenic) in carbon and nitrogen isotopic compo-
sitions (reviewed by Craine et al. 2009; Farquhar et al.
1989; Hobbie and Högberg 2012; Högberg 1997; Szpak
2014). Such studies are of the utmost importance be-
cause producers (plants, algae, and cyanobacteria) link
biological and geological systems through their uptake
of dissolved nutrients. It is at this nutrient-producer lev-
el where various environmental parameters most strong-
ly influence isotopic compositions. With respect to sul-
fur isotopes, however, studies of plants have been
limited.

A previous study examining the effects of seabird
guano fertilization on plant nitrogen isotopic composi-
tions demonstrated the difficulty in differentiating diets
with a high marine food component and diets with a
high guano-fertilized maize component (Szpak et al.
2012b). Sulfur isotopes were suggested as a possible
means with which to differentiate these two diets. The
purpose of this study was to examine the effects of
applying a fertilizer of marine origin (seabird guano)
to terrestrial plants under controlled conditions to assess
whether this would impact plant sulfur isotopic compo-
sitions. While a large number of experimental studies
have tested the impact of animal and other organic fer-
tilizers on plant or soil nitrogen isotopic compositions
(reviewed by Szpak 2014), to the best of our knowledge, none
have examined sulfur isotopes. Plant δ34S values were signif-
icantly higher when the marine fertilizer was applied, which
has the potential to complicate interpretations of freshwater
fish consumption in past human populations.

Sulfur isotopes in plants

Sulfur is essential for growth and various metabolic functions in
plants. The primary source of sulfur for most terrestrial plants is
dissolved sulfate (SO4

2−), except in cases where soils are well-
drained and dissolved SO4

2− is leached by excess water (Yi-
Balan et al. 2014). Plants take up SO4

2−, which is then reduced
to sulfide (S2−) and assimilated as cysteine (Leustek and Saito
1999). Cysteine is the precursor to methionine as well as a host
of other sulfur-containing organic compounds (Tcherkez and Tea
2013). In addition to dissolved S in the soil, plants can assimilate
gaseous S species (SO2 andH2S) into organic S via foliar uptake,
although the relative importance of atmospheric S will vary as a
function of soil and atmospheric S availability (Krouse 1977).

A small number of studies have documented that there is
relatively little discrimination against 34S with the uptake and
assimilation of sulfur in several plant species, with whole
plants typically having δ34S values similar to environmental
SO4

2− (Trust and Fry 1992). Although studies examining
intraplant variation in δ34S values are even fewer, a pattern
has emerged wherein stems and roots are 1–2‰ depleted of
34S relative to source SO4

2−, while grains and leaves are 1–
2‰ enriched (Tcherkez and Tea 2013). Thus, unlike N, which
can be taken up and assimilated via several different pathways
(Evans 2001; Näsholm et al. 2009; Sparks 2009), resulting in
widely varying δ15N values in plant tissues regardless of the
δ15N of the source N (Szpak 2014), plant δ34S values appear to
more consistently reflect source δ34S values.

Aerosolized SO4
2− derived from seawater has a similar

δ34S value relative to seawater SO4
2− (+21‰; Rees et al.

1978) and studies have shown that soils, plants, and animals
in areas affected by this marine SO4

2− have elevated δ34S
values (Bern et al. 2015; Zazzo et al. 2011). The scale of this
Bsea spray^ effect may be relatively localized or extend con-
siderable distances (> 100 km) inland. The majority of sulfur
isotope studies of plants have focused on either (1) assessing
the relative importance of marine and terrestrial sulfate in es-
tuarine or salt marsh environments (e.g., Fry et al. 1982;
Peterson et al. 1985; Raven and Scrimgeour 1997) or (2)
quantifying the importance of anthropogenic S to plant tissues
derived from pollution (e.g., Gebauer et al. 1994; Krouse
1977; Zhao et al. 2003). No studies have investigated the
potential impact of agricultural fertilizers on plant δ34S values.

Materials and methods

The results of this study are derived from three different ex-
periments, two of which occurred in a walk-in growth cham-
ber (hereafter Growth Chamber Experiment A and Growth
Chamber Experiment B), while the third occurred under con-
trolled conditions in an agricultural field on the north coast of
Peru (hereafter Field Experiment).
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Growth chamber experiment A (GCE−A)

The first growth chamber experiment used maize (Zea mays)
grown under controlled conditions at the Biotron Center for
Experimental Climate Change Research at The University of
Western Ontario (described in detail in Szpak et al. 2012a).
The light period was 13 h (185 W fluorescent bulbs) with a
temperature of 25 °C. For the dark period (11 h), the temper-
ature was 18 °C. Relative humidity was maintained at 60%
throughout. Maize was grown in free-draining (perforated at
the base) 18.9-L buckets containing 16 L of Pro-mix® For
Containers (75–85% sphagnum moss, 15–25% perlite,
and limestone). Three treatments were used in this ex-
periment: C0 (control, no fertilizer applied), G2 (5 g
guano/L), and G3 (10 g guano/L). Each treatment
consisted of five replicates. Plant tissues analyzed in this
study (grains) were sampled at the completion of the experi-
ment, 115 days after planting.

Growth chamber experiment B (GCE−B)

The second growth chamber experiment was conducted in the
same growth chamber and at the same time as GCE−A
(described in detail in Szpak et al. 2014). The conditions (light
period, light intensity, temperature, relative humidity,
watering frequency) were the same. Rather than maize, this
experiment used common beans (Phaseolus vulgaris) and
summer squash (Cucurbita pepo), which were grown in 2-L
containers with the same Pro-mix® substrate as in GCE−A.
For each plant species, there were two treatments: C0 (control,
no fertilizer applied) and G1 (2.5 g guano/L). Each treatment
consisted of four replicates. Plant tissues analyzed in this study
(fruits) were sampled at the completion of the experiment,
75 days after planting. Insufficient material was available for
two of the four fertilized squash fruits. The seabird guano used
in these experiments was the same as that used in GCE−A.

Field experiment (FE)

The field experiment was conducted in an agricultural field in
northern Peru between April 28 and October 4, 2010
(described in detail in Szpak et al. 2012b). Maize was grown
in four 6 × 6 m plots: C0 (control, no fertilizer applied), AS
(fertilized with ammonium sulfate), DU (fertilized with alpaca
dung), and SG (fertilized with seabird guano).

Sample preparation

Plant and fertilizer samples from the growth chamber studies
were frozen immediately after sampling and then oven dried at
90 °C. Plant and fertilizer samples from the field study were
initially air-dried on site and subsequently oven dried at 90 °C.
After drying, plant samples were ground to a fine powder

using a Wig-L-Bug mechanical shaker and stored at room
temperature. Fertilizer samples were ground to a fine powder
using an agate mortar and pestle.

Stable isotope and elemental analysis

Sulfur elemental and isotopic compositions were determined
with an Isoprime 100 isotope-ratio mass spectrometer coupled
to a Vario MICRO cube elemental analyzer (Elementar,
Hanau, Germany). Sulfur isotope compositions were calibrat-
ed relative to VCDT, using a two-point calibration with
IAEA-S-1 (silver sulfide, δ34S −0.30‰) and NBS-127 (bari-
um sulfate, δ34S +20.3‰). Accuracy and precision were
monitored using the following standard reference materials:
methionine (δ34S +9.1 ± 0.6‰), NIST 1577c (bovine liver;
δ34S +1.7 ± 0.5‰), casein protein (δ34S +6.3 ± 0.6‰),
SRM-4 (gluten; δ34S −6.3 ± 0.2‰), SRM-5 (red lentil
flour; δ34S +6.6 ± 0.5‰), and either IAEA-S-3 (silver
sulfide, long-term average δ34S −31.9 ± 0.6‰) or IAEA-
SO-5 (barium sulfate, long-term average δ34S +0.7 ± 0.3‰).
Further details for and results of the calibration and check
standards in each analytical session can be found in the
Supplementary Information.

Elemental compositions were calibrated post-run by apply-
ing a correction factor calculated using the known sulfur con-
tents %S compositions of IAEA-S-1 (12.9 wt%), IAEA-S-3
(12.9 wt%), IAEA-SO-5 (13.7 wt%), and NBS-127
(13.7 wt%) together with the mass of each standard and the
amplitude of its SO2 beam in the IRMS. Twenty-two out of
104 samples were analyzed in duplicate and the mean differ-
ence between replicates was 0.4‰ for δ34S. The overall ana-
lytical uncertainty for δ34S measurements was determined to
be ± 0.7‰ (see Supplementary Material).

Data treatment

The contribution of guano-derived sulfur to bulk maize organs
(GCE−A) was determined using a two-source Bayesian
mixing model in the SIAR package (Parnell et al. 2010) in R
3.0.3 for Mac OS X (R Development Core Team 2007). The
sources were seabird guano, with a δ34S value determined by
direct analysis of the fertilizer, and endogenous substrate sul-
fur, with a δ34S value determined by applying an adjustment
for bulk apparent fractionation (Δ34S) between maize grains
and source S. This Δ34S value was calculated by comparing
the average δ34S value of the field-grown maize fertilized with
ammonium sulfate to the δ34S value of the ammonium sulfate.
The apparent fractionations (Δ34S) for beans and squash were
estimated by applying theΔ34S for maize calculated from the
field study to the GCE−A maize to estimate the δ34S of the
substrate S used in both GCE−A and GCE−B. Thus, substrate
δ34S value was then used to derive aΔ34S value for the control
(unfertilized) beans and squash grown in GCE−B.

Archaeol Anthropol Sci



Results and discussion

Relationship between plant and source δ34S values

The sulfur isotopic and elemental compositions for the fertil-
izers used in both the growth chamber and field experiments
are presented in Table 1. To determine the relative contribution
of fertilizer-derived sulfur to plant tissues, it was necessary to
estimate the apparent fractionation (Δ34S) between source and
bulk plant organ δ34S values. In the field experiment, one of
the treatments utilized ammonium sulfate fertilizer, with
24 wt% sulfur and a δ34S of +6.1‰. This was the same fertil-
izer that had been used in the field prior to the experiment.
Given the very low quantities of mineralized S available in
soils (< 5% of total soil S) (Scherer 2009), it is reasonable to
assume that the ammonium sulfate was the only quantitatively
significant S source in this plot. Using the average foliar and
grain δ34S values resulted in Δ34S of −4.3 ± 1.2‰ for leaves
and −5.2 ± 0.3‰ for grains. These values are lower than the
often cited −1 to 0‰ range for Δ34S of whole plant bulk S
relative to source S (Tcherkez and Tea 2013); it is important to
remember, however, that these values (−1 to 0‰) are based on
limited experimental data. Tanz and Schmidt (2010) reported
a Δ34S value of −5.0‰ for leek (Allium porrum), which is
comparable to the value calculated for maize in this study.

The δ34S values of the unfertilized maize grains and bean
fruits grown in the growth chamber experiment were +3.9 ±
0.8‰ and +4.1 ± 1.8‰, respectively. On the basis of the esti-
mated Δ34S values for maize grains (determined using the
ammonium sulfate fertilized plants from the field experiment),
this suggests a δ34S value of +9.1‰ for the control substrate S.
Using this value for the source S suggests an apparent frac-
tionation (Δ34S) of −5.0 ± 1.8‰ for bean fruits and −5.7 ±
1.6‰ for squash fruits.

Growth chamber experiments

Sulfur isotopic and elemental compositions for the maize
(GCE−A), beans and squash (GCE−B) from the two growth
chamber experiments are presented in Table 2 and Fig. 1.
Guano-fertilized maize was characterized by significantly
higher δ34S relative to control plants (unpaired t test) for both

the G2 (t[8] = 15.3, p < 0.001) and G3 (t[8] = 13.5, p < 0.001)
treatments. The maize that received the highest amount of
guano (G3, 10 g guano/L) had a δ34S value that was slightly
lower than the maize that received half as much guano (G2,
5 g guano/L), but the difference was not significant (p = 0.30).
Overall, there was a positive correlation between the δ15N and
δ34S values for all of the growth chamber plants (Spearman’s
ρ, ρ = 0.80, p < 0.001), demonstrating the uptake of both ni-
trogen and sulfur derived from the guano fertilizer (Fig. 2).

The guano-fertilized maize was characterized by the
highest δ34S values, which were +7.2‰ (G2) and +6.7‰
(G3) higher than the control plants. Using the two-source
Bayesian mixing model, the amount of plant S derived from
guano was 93% (mean, 95% credibility interval 81–100%) for
the G2 maize and 92% (mean, 95% credibility 73–100%) for
the G3 maize. These results suggests that the amounts of
guano-derived S available in the G2 and G3 treatments were
very similar and most likely far exceeded plant demand,
which is relatively small. The amount of sulfur present in the
guano fertilizer (2.8 wt% S) is orders of magnitude greater
than the total S content of most soils (Scherer 2009).
Therefore, no additional 34S enrichment would be expected
at higher fertilizer application rates.

The guano-fertilized beans and squash (G1, 2.5 g guano/L)
had δ34S values that were higher than the unfertilized control
plants by 5.1 (for beans) and 5.7‰ (for squash). Using the
two-source Bayesian mixing model, the amount of plant S
derived from guano was 66% (mean, 95% credibility interval
41–96%) for the guano-fertilized beans. The small sample size
for the fertilized squash precludes the possibility of making
quantitative statements about the relative amount of S derived
from the guano. Nonetheless, the results demonstrate the up-
take of a substantial amount of sulfur derived from the seabird
guano, likely similar in magnitude to the beans (Fig. 1).

Field experiment

Sulfur isotopic and elemental compositions for the maize from
the field experiment are presented in Table 3 and Fig. 3. The
maize grains were depleted of 34S relative to the leaves for
each of the treatments (−1.6‰ for C0, −0.3 for AS, −2.1 for
DU, −2.1 for SG), a pattern that is consistent with results

Table 1 Sulfur isotopic and
elemental compositions for
fertilizers used in the growth
chamber and field experiments

Lab ID Type Experiment δ34S wt% S δ15Na wt% Na

9431 Seabird guano Growth chamber +15.4b 2.79b +26.7 11.20

9428 Alpaca dung Field +6.7b 0.55b +14.0 2.64

9430 Ammonium sulfate Field +6.1 23.76 0.0 20.91

9429 Seabird guano Field +16.5b 4.29b +39.1 6.71

a Nitrogen isotope and elemental data are from Szpak et al. (2012a, b)
bMean of two analyses

Archaeol Anthropol Sci



obtained from wheat (Tricitum aestivum), the only other plant
species where intraplant δ34S variation has been studied
(summarized in Tcherkez and Tea 2013). Unlike the growth
chamber experiments, however, where there were clear dis-
tinctions between guano-fertilized and control plants, there
were no differences between the control and any of the fertil-
ized treatments (seabird guano, alpaca dung, ammonium sul-
fate) in the field experiment. This is not surprising for the
alpaca dung and ammonium sulfate treatments because the
fertilizer δ34S values were nearly identical (Table 1). At the
earliest sampling dates, the guano-fertilized maize did have

slightly higher δ34S values than the maize in the three other
plots, but the difference was small and was not main-
tained past the 60-day mark (Fig. 3). Unlike the growth
chamber plants, which were characterized by a strong
correlation between plant δ15N and δ34S values (Fig. 2), there
was no correlation between plant δ15N and δ34S for the field-
grown maize (Spearman’s ρ, ρ = − 0.22, p = 0.06,
Fig. 4). The δ34S values for the field-grown maize were
relatively low, particularly in the grains harvested at the
end of the experiment, which ranged between −2 and +1‰
for all treatments.

Table 2 Sulfur isotopic and
elemental compositions for plants
grown in the growth chamber
experiments

Lab ID Species Organ Guano (g/L soil) δ34S δ15Na %S

7450 Maize Grain 0 +2.6 +2.0 0.18

7461 Maize Grain 0 +3.9 +2.3 0.19

7462 Maize Grain 0 +4.3 +2.4 0.20

7463 Maize Grain 0 +3.9 +3.1 0.20

7464 Maize Grain 0 +4.7 +3.6 0.19

Mean +3.9 ± 0.8 +2.7 ± 0.7 0.19 ± 0.01

7452 Maize Grain 5 +10.2 +26.7 0.15

7469 Maize Grain 5 +10.5 +22.8 0.16

7470 Maize Grain 5 +11.8 +26.8 0.19

7471 Maize Grain 5 +11.3 +26.1 0.15

7472 Maize Grain 5 +11.6 +25.3 0.17

Mean +11.1 ± 0.7 +25.5 ± 1.6 0.16 ± 0.02

7451 Maize Grain 10 +10.3 +36.7 0.19

7465 Maize Grain 10 +9.9 +34.2 0.12

7466 Maize Grain 10 +10.4 +33.7 0.15

7467 Maize Grain 10 +10.3 +29.1 0.12

7468 Maize Grain 10 +11.9 +31.9 0.12

Mean +10.6 ± 0.8 +33.1 ± 2.8 0.14 ± 0.03

7473 Squash Fruit 0 +4.4 +0.1 0.28

7474 Squash Fruit 0 +1.8 +0.3 0.27

7475 Squash Fruit 0 +5.1 +0.3 0.32

7476 Squash Fruit 0 +2.3 +0.2 0.35

Mean +3.4 ± 1.6 +0.2 ± 0.1 0.31 ± 0.04

7477 Squash Fruit 2.5 +8.0 +23.2 0.26

7478 Squash Fruit 2.5 +10.1 +27.0 0.33

Mean +9.1 ± 1.5 +25.1 ± 2.7 0.30 ± 0.05

7449 Bean Fruit 0 +1.5 +0.3 0.23

7482 Bean Fruit 0 +4.5 +0.8 0.34

7483 Bean Fruit 0 +5.1 −0.4 0.34

7484 Bean Fruit 0 +5.4 −0.8 0.27

Mean +4.1 ± 1.8 0.0 ± 0.7 0.30 ± 0.05

7448 Bean Fruit 2.5 +8.5 +16.4 0.34

7479 Bean Fruit 2.5 +9.8 +18.1 0.36

7480 Bean Fruit 2.5 +9.2 +16.5 0.37

7481 Bean Fruit 2.5 +8.5 +13.9 0.44

Mean +9.0 ± 0.6 +16.2 ± 1.7 0.38 ± 0.04

a Nitrogen isotope data are from Szpak et al. (2012a, 2014)
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Because the seabird guano fertilizer had a very distinct δ34S
value from the other fertilizers, the guano-fertilized plants
were clearly acquiring the bulk of their sulfur from another
source, which was common to all four plots. Prior to the ex-
periment, ammonium sulfate was regularly applied to the field
where the experimental plots were located. Mizota and Sasaki
(1996) have demonstrated that the long-term application of
fertilizers with high sulfur contents has the capacity to alter
the sulfur isotopic compositions of soils, such that they

Table 3 Sulfur isotopic and elemental compositions for plants grown in
the field experiment

Lab ID Organ Treatmenta Dateb δ34S δ15Nc %S

9438 Leaf DU 18 +1.7 +7.2 0.39

9439 Leaf DU 18 +1.4 +10.6 0.40

9440 Leaf DU 18 +0.9 +11.3 0.37

7459 Leaf DU 31 +3.3 +3.8 0.49

7487 Leaf DU 46 +0.7 +7.8 0.36

7491 Leaf DU 61 +1.4 +6.7 0.43

9450 Leaf DU 76 +3.0 +8.1 0.60

9451 Leaf DU 76 −1.1 +8.2 0.26

9452 Leaf DU 76 +2.3 +5.5 0.44

7495 Leaf DU 91 +1.4 +16.1 0.30

9470 Leaf DU 107 +2.4 +14.3 0.29

9474 Leaf DU 122 +2.5 +7.2 0.29

9462 Leaf DU 138 +1.1 +6.2 0.42

9463 Leaf DU 138 −0.1 +6.2 0.33

9464 Leaf DU 138 +1.0 +13.3 0.22

7455 Grain DU 157 −0.4 +7.8 0.09

9480 Grain DU 157 −1.7 +7.7 0.11

9481 Grain DU 157 −2.4 +7.6 0.11

9432 Leaf AS 18 +2.4 +4.9 0.36

9433 Leaf AS 18 +3.7 +4.4 0.48

9434 Leaf AS 18 +2.5 +6.0 0.45

7457 Leaf AS 31 +2.9 +0.3 0.33

7485 Leaf AS 46 +1.2 +7.4 0.34

7489 Leaf AS 61 +2.0 +4.6 0.24

9444 Leaf AS 76 +1.4 +1.7 0.29

9445 Leaf AS 76 +0.3 +8.1 0.27

9446 Leaf AS 76 +1.7 +2.7 0.28

7493 Leaf AS 91 +2.2 +2.8 0.30

9468 Leaf AS 107 +2.7 +1.1 0.34

9472 Leaf AS 122 +0.6 +3.9 0.23

9456 Leaf AS 138 −0.3 +5.9 0.23

9457 Leaf AS 138 +0.4 +5.7 0.26

9458 Leaf AS 138 +3.4 +3.6 0.38

7453 Grain AS 157 +0.7 +5.7 0.10

9476 Grain AS 157 +0.6 +5.6 0.13

9477 Grain AS 157 +1.2 +5.9 0.11

9435 Leaf C0 18 +3.7 +8.0 0.43

9436 Leaf C0 18 +3.1 +5.0 0.51

9437 Leaf C0 18 +3.7 +4.8 0.43

7458 Leaf C0 31 +2.6 +6.2 0.26

7486 Leaf C0 46 +2.4 +5.4 0.36

7490 Leaf C0 61 +1.7 +3.1 0.34

9447 Leaf C0 76 +1.5 +3.6 0.31

9448 Leaf C0 76 +1.8 +5.4 0.27

9449 Leaf C0 76 +2.6 +4.7 0.35

7494 Leaf C0 91 +3.3 +3.5 0.34

9469 Leaf C0 107 +2.2 +4.0 0.31

9473 Leaf C0 122 +2.5 +2.5 0.32

Fig. 1 δ34S values for plants grown in the two growth chamber
experiments. Open symbols indicate unfertilized control (C0) plants and
shaded symbols indicate guano-fertilized plants (G1, G2, G3). The
amount of guano applied in each treatment is indicated at the top
of the plot

Fig. 2 Bivariate plot of δ34S and δ15N values for all plants from the two
growth chamber experiments: maize (triangles), beans (rectangles), and
squash (circles). Plants that were not fertilized are indicated by open
symbols and plants that were fertilized with guano are indicated by
filled symbols. The legend indicates the amount of fertilizer applied (in
g guano/L soil) for each of the treatments
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resemble that of the fertilizer. The high sulfur content of am-
monium sulfate (24 wt%) and its comparatively low δ34S val-
ue (+6.1‰) are consistent with this explanation. The results
of the field study do not, therefore, provide any data that are
useful with respect to paleodietary studies but serve as a cau-
tion for future studies examining similar questions. The sulfur
isotope compositions of crops grown in fields, such as this, are
more likely to be overwhelmed by modern fertilizer applica-
tions because of the relatively low abundance of sulfur in the
soil and the extremely high abundance in ammonium sul-
fate—similar problems should not be encountered if fertilizers
lacking sulfur were used (e.g., ammonium nitrate, potassium
nitrate, or urea).

Paleodietary implications

The results of this study demonstrate that the use of an organic
fertilizer of marine origin can significantly alter the δ34S
values of plants. There are, however, several caveats to this
general conclusion. First, the extent to which a marine fertil-
izer might impact plant δ34S values will be dependent on the
sulfur isotope compositions of biogenic soil sulfur, its abun-
dance and availability. In some environments, such as New
Zealand and Ireland, large areas of land are characterized by
soil δ34S values that are quite high, suggesting a widespread
sea spray effect (Kusakabe et al. 1976; Zazzo et al. 2011). In
situations such as those, the application of a marine fertilizer
might have a much less significant effect (or no discernable
effect at all) on plant δ34S values. Second, the marine fertilizer
must contain an appreciable quantity of sulfur. An Bapprecia-
ble quantity^will vary depending on the availability of endog-
enous sulfur in the soil as well as the amount of aerosolized

Fig. 3 Sulfur isotope compositions for maize leaves sampled at
bimonthly intervals (points between 18 and 138 days after
planting) and maize grains sampled at the end of the experiment
(points at 157 days). Data for leaves at 18, 76, and 138 days are
the mean and standard deviation of three different leaves, while

all other points are for single leaves. Data for grains are the mean
of grains sampled from three different cobs. The data points for
the four different treatments at 18, 76, 138, and 157 days have
been slightly offset along the x-axis for the sake of readability but
were sampled on the same day

Table 3 (continued)

Lab ID Organ Treatmenta Dateb δ34S δ15Nc %S

9459 Leaf C0 138 +1.1 +2.1 0.27

9460 Leaf C0 138 +0.9 +4.1 0.24

9461 Leaf C0 138 +3.3 +4.4 0.32

7454 Grain C0 157 +0.7 +6.1 0.13

9478 Grain C0 157 +0.4 +6.1 0.12

9479 Grain C0 157 −0.7 +6.0 0.12

9441 Leaf SG 18 +6.4 +12.5 0.47

9442 Leaf SG 18 +2.5 +10.6 0.37

9443 Leaf SG 18 +4.3 +14.7 0.45

7460 Leaf SG 31 +4.8 +22.9 0.40

7488 Leaf SG 46 +3.1 +38.3 0.24

7492 Leaf SG 61 +2.0 +30.4 0.32

9453 Leaf SG 76 +1.6 +33.3 0.28

9454 Leaf SG 76 −0.6 +31.3 0.23

9455 Leaf SG 76 +1.2 +25.8 0.23

7496 Leaf SG 91 +1.2 +26.8 0.29

9471 Leaf SG 107 +1.8 +32.2 0.12

9475 Leaf SG 122 +3.2 +29.3 0.27

9465 Leaf SG 138 +0.4 +20.8 0.23

9466 Leaf SG 138 +0.2 +23.4 0.28

9467 Leaf SG 138 +2.2 +25.9 0.39

7456 Grain SG 157 −0.2 +21.4 0.11

9482 Grain SG 157 −2.7 +21.2 0.11

9483 Grain SG 157 −0.5 +21.1 0.10

a Treatments: DU (alpaca dung), AS (ammonium sulfate), C0 (control,
unfertilized), SG (seabird guano)
b Date of sampling in number of days after planting
c Data are from Szpak et al. (2012b)
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sulfur available for plants, although the latter of these is un-
likely to have been quantitatively significant prior to industri-
alization. As the amount of sulfur available to plants from
non-fertilizer sources increases, the amount of sulfur absorbed
and assimilated from fertilizers will necessarily decrease.
Since excessive concentrations of sulfur in plant tissues can
be toxic (Rennenberg 1984), plants will not absorb excess
sulfur indefinitely and instead, regulatory mechanisms will
limit uptake and assimilation (Hawkesford and De Kok
2006). In general then, for plant δ34S values to be impacted
by marine fertilizers, the sulfur isotope composition of the
fertilizer must be significantly different than that of the endog-
enous sulfur sources (soil and atmospheric) and the amount of
sulfur from the fertilizer must not be completely overwhelmed
by endogenous sources.

The seabird guanos used in this study had δ34S values of
+15.4‰ (growth chamber) and +16.5‰ (field). Given that
marine nutrients, plants, and animals tend have consistently
high and relatively similar δ34S values regardless of trophic
level, other marine fertilizers should have similarly high δ34S
values (Fry 1988; Gaston et al. 2004; Ostrom and Fry 1993).
Thus, while the extremely high nitrogen isotopic and elemen-
tal compositions of seabird guano translate to higher plant
δ15N values than would be observed with any other marine
fertilizer (Szpak et al. 2012a), the more homogenous δ34S
values that should occur in other marine fertilizers suggest that
the results presented in this study are not anomalous.

Aside from seabird guano, which was of great economic
importance globally in the nineteenth century (Cushman
2013) and was likely a significant fertilizer prehistorically on
the west coast of South America (Julien 1985), a number of

other marine fertilizers may have been used in the past.
Generally, direct evidence for the use of these fertilizers is
limited and instead relies on documentary or ethnohistoric
records. Based on these sources, the following marine fertil-
izers were used in antiquity: fish heads; offal or entire fish
(Ceci 1975; Rowe 1969); marine algae, such as kelp or sea-
weed (Davidson et al. 1986; Entwistle et al. 2000; Simpson
1985); and bone meal from large marine mammals, such as
whales (Reese 2005; Takahashi et al. 1989). An additional
source of marine sulfur delivered to agricultural plants may
have come from manures derived from domestic mammals
provisioned with marine foods. Numerous examples of these
practices have been interpreted on the basis of faunal isotopic
data for pigs (e.g., Guiry et al. 2012), cattle (e.g., Müldner
et al. 2014), and sheep (e.g., Balasse et al. 2009). The poten-
tial, therefore, exists for agricultural plants to be systematical-
ly enriched in 34S because of marine fertilization in a number
of different contexts.

The application of marine fertilizers makes the quantifica-
tion of protein derived from marine or freshwater sources
(both of which tend to have higher δ34S values than terrestrial
plants and animals on average) problematic. The differentia-
tion of protein derived from marine sources and marine-
fertilized plants should still be straightforward, except in cases
where the plants use the C4 photosynthetic pathway. Under
normal conditions, C4 plants and marine foods both have high
δ13C values but distinct δ15N and δ34S values. When a marine
fertilizer is used, however, these distinctions are obscured and
this differentiation is no longer straightforward (Szpak et al.
2012b). With respect to C3 plants, the use of marine fertilizers
presents a more significant problem in terms of quantifying

Fig. 4 Bivariate plot of δ34S and
δ15N values for maize from the
field experiment: leaves (circles)
and grains (triangles)
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the contribution of freshwater fish. Freshwater fish have δ13C
values that approach or exceed the range of δ13C values ob-
served in terrestrial plants (Katzenberg et al. 2009; van der
Merwe et al. 2003; Vander Zanden and Rasmussen 1999), but
δ34S values that are typically higher than terrestrial plants
(Nehlich 2015). Sulfur isotope studies have therefore been used
specifically to address freshwater fish consumption in the past.
When relatively high δ34S values are observed in prehistoric
human populations, particularly in conjunction with relatively
high δ15N values, this may be interpreted as indicative of diets
rich in freshwater fish (Bollongino et al. 2013; Nehlich et al.
2010; Nehlich et al. 2011). Because a fertilizer of marine origin
would have the effect of increasing both the δ15N and δ34S
values (but not the δ13C values) of plants, the potential exists
for the consumption of C3 plants fertilized with a marine fertil-
izer to be confusedwith the consumption of freshwater fish. That
said, significant amounts of freshwater fish consumption have
typically been interpreted for inland populations, and the ease of
access to marine products for these groups must be considered.

Summary and conclusion

Plants are depleted of 34S relative to the sulfur source by 4–6‰.
The application of a marine fertilizer can increase the δ34S values
of agricultural plants and in turn humans or animals consuming
these plants. This creates a complication in the quantification of
different foods to the diet: C4 plants fertilized with marine fertil-
izer vs. marine foods and C3 plants fertilized with marine fertil-
izer vs. freshwater fish. Even if δ34S values can be reliably mea-
sured from archaeobotanical remains, it would be difficult if not
impossible to differentiate between the passive distribution of
oceanic sulfate into coastal agricultural fields via sea spray and
the active distribution of marine fertilizers. Therefore, this type of
fertilization does not lend itself to specific detection via tradition-
al isotopic techniques (e.g., Bogaard et al. 2013), which further
underscores the need to expand the scope of paleodietary analy-
ses beyond two or three bulk isotope systems. The possibility of
the application ofmarine fertilizers adds further uncertainty to the
quantitative interpretation of isotopic data in paleodietary studies.
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