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Biogeographic bases for a shift in crop C : N : P
stoichiometries during domestication
Abstract
We lack both a theoretical framework and solid empirical data to understand domestication
impacts on plant chemistry. We hypothesised that domestication increased leaf N and P to support high plant production rates, but biogeographic and climate patterns further influenced the
magnitude and direction of changes in specific aspects of chemistry and stoichiometry. To test
these hypotheses, we used a data set of leaf C, N and P from 21 herbaceous crops and their wild
progenitors. Domestication increased leaf N and/or P for 57% of the crops. Moreover, the latitude of the domestication sites (negatively related to temperature) modulated the domestication
effects on P (+), C (), N : P () and C : P () ratios. Further results from a litter decomposition
assay showed that domestication effects on litter chemistry affected the availability of soil N and
P. Our findings draw attention to evolutionary effects of domestication legacies on plant and soil
stoichiometry and related ecosystem services (e.g. plant yield and soil fertility).
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INTRODUCTION

The domestications of certain wild plants were pivotal cultural
and evolutionary events for humankind (Larson et al. 2014).
During the process of domestication, humans selected plant
phenotypes to promote yield and traits that were beneficial to
their own interests (Evans 1993; Hancock 2004; Doebley et al.
2006). These traits included, but were not limited to, size of
harvestable organisms, plant growth rates, loss of seed dispersal and plant defence mechanisms and loss of photoperiod
sensitivity (Harlan et al. 1973; Meyer & Purugganan 2013;
Milla et al. 2014; Turcotte et al. 2014). For example, domesticated plants have been recently reported to have higher final
aboveground biomass than their wild progenitors when both
of them are grown under common garden regimes for equal
time spans (Milla et al. 2014; Turcotte et al. 2014). Because of
selection for agronomic traits and breeding in resource-rich
and predictable systems, such as agricultural fields, domestication also promoted multiple indirect and unintentional effects
on plant phenotypes (Milla et al. 2015). For instance, human
selection for increased crop productivity reduced plant
defences against generalist herbivores (Turcotte et al. 2014)
and increased plant nutrient uptake (Denison 2012; Bogaard
et al. 2013; Araus et al. 2014; but see Milla et al. 2014),
potentially altering plant C : N : P ratios. Plant stoichiometry plays a critical role in controlling ecosystem functions and
services, such as soil fertility and plant yield (Elser et al. 2000;
Sardans et al. 2012; Zechmeister-Boltenstern et al. 2015).
Thus, understanding the side effects of domestication on plant
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elemental stoichiometry, and whether environmental factors
modulate such effects, is of paramount importance to assess
agricultural impacts on ecosystem functioning. Although a
novel theoretical framework based on ecological principles is
emerging to explain unintentional effects of domestication on
plant phenotypes (e.g. Milla et al. 2015), we still lack solid
empirical data to put it to work.
During the early stages of agriculture, humans selected fastgrowing and productive wild plant species (Tribouillois et al.
2015) that, after evolving under cultivation, generally became
larger plants than their progenitors (Milla et al. 2014) which
invested less in resistance against pests, diseases and herbivory
(Meyer et al. 2012). Fast-growing organisms require high
levels of nitrogen (N) and phosphorus (P) to maintain high
production rates of P- and N-rich organelles and molecules
such as ribosomes, ATP, DNA, RNA and rubisco. Hence, N
and P are common co-limiters of plant growth (Growth rate
hypothesis; Reich et al. 1991; Elser et al. 2000; Pe~
nuelas &

Sardans 2009; Agren
2008). As a consequence of selection for
fast growth rates, domesticated plants may have evolved to
increase overall nutrient uptake (e.g. N and P). Moreover,
domesticated plants may also invest relatively less C and N in
structures such as cell walls and structural proteins (e.g. structural defences against pests) and require more P (thus lower
C : P and N : P), to support higher energy demands of photosynthesis, respiration, storage, solute transfer and cell division, than their wild progenitors. Intriguingly, a previous
study comparing 24 crops with their wild progenitors did not
find any consistent effects of domestication across taxa on
3
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total N and P concentrations in leaf litter (Garcıa-Palacios
et al. 2013), although an overall decrease in C in plant litter
was observed with domestication. Instead, Garcıa-Palacios
et al. (2013) found that domestication effects on leaf litter N
and P were highly taxon dependent, ranging from crops where
N, but not P, was higher in domesticated lines than in their
wild progenitors (e.g. chilli pepper) to crops where P, but not
N, increased during evolution under cultivation (e.g. wheat).
Exploring the ability of environmental factors to explain how
the effects of domestication on plant N and P are taxon
dependent may shed some light on the apparent inconsistency
of the Growth rate hypothesis when accounting for elemental
stoichiometry in crop species.
To account for the inconsistent response of plant chemistry
to domestication events across crop species, we make use of
the large body of ecological theory and empirical evidence
illustrating biogeographic and climatic constraints on global
nutrient stoichiometry (Reich & Oleksyn 2004; Pe~
nuelas &
Sardans 2009). On average, tropical soils are older and have
less P compared to soils from mid-latitudinal regions, where
N is the major growth-limiting nutrient (Reich & Oleksyn
2004). Consequently, soils and plants from tropical latitudes
have lower P and N availability, and higher C : P and N : P
ratios, than those from middle and high latitudes (Soil age
hypotheses; Reich & Oleksyn 2004). Besides latitudinal gradients in soil substrate age, temperature-related plant physiological constraints can also drive C : N : P plant and soil
stoichiometries at a global scale (T-plant physiology hypothesis; Crews et al. 1995; Reich & Oleksyn 2004). Thus, biogeographic and climatic constraints related with the geographic
location (i.e. distance from the equator) of the domestication
events may help to explain why the effects of domestication
on plant N and P are taxon dependent.
Herein we hypothesise that domestication promoted an
increase in N and P in plant tissues, but a decrease in C : P
and N : P, to support fast production rates (i.e. lower investment in structure vs. high energy demands; Growth rate
hypothesis; Elser et al. 2000; Pe~
nuelas & Sardans 2009;
Fig. 1). However, considering the importance of biogeography
and climate in controlling soil and plant C, N and P stoichiometry (Reich & Oleksyn 2004; Fig. 1), we further hypothesise that distance from the equator and temperature at
domestication areas modulated the domestication effect on
soil and plant chemistry, ultimately driving shifts in C, N and
P stoichiometry during crop evolution (Substrate age and TPlant physiology hypotheses; Reich & Oleksyn 2004; Fig. 1).
As a result, we posit that even though domesticated plants are
expected to generally have a higher leaf N and P contents
than their wild progenitors, increases in leaf P during domestication are more likely to happen in the middle latitudes where
soil P is more abundant, but soil N is a major limiting nutrient (e.g. wheat in Fig. 1). Similarly, increases in leaf N during
domestication may have been more common for crops in the
tropical regions, where soil N is more abundant, but P is
often depleted (e.g. chilli pepper in Fig. 1). As plant stoichiometry largely drives relevant ecosystem services and functions like nutrient cycling, litter decomposition and plant
productivity (Zechmeister-Boltenstern et al. 2015 for review),
we also expect the previously described plant chemical shifts
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Figure 1 Conceptual framework exploring the effects of domestication on
leaf C, N, P concentrations and ratios. Distance from the equator
modulates the availability of leaf C, N and P (Reich & Oleksyn 2004).
The further from the equator the lower the leaf C and C : P and N : P
ratios (blue and black lines), but the higher the availability of leaf N and
P (red and green lines). Hypothesis: Domestication may push an increase
in N and P in plant tissues, but a decrease in C, to support high plant
production rates (energy vs. structure; Growth rate hypothesis); however,
distance from the equator of the domestication site and temperaturerelated plant physiological constrains (i.e. the colder, the lower the C
fixation via photosynthesis per unitary N and P investment in productive
tissue) modulates the domestication effect on soil and plant chemistry,
ultimately driving shifts in C, N and P stoichiometry during plant
domestication (T-Plant physiology and Substrate age hypotheses).
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to impact ecosystem processes. Thus, we further explore
whether shifts in plant chemistry during domestication might
have a legacy impact on ecosystem processes such as nutrient
cycling (i.e. via litter decomposition) on the lands where these
crops are currently growing.

METHODS

Study design

We selected 21 taxonomically diverse herbaceous crops
(Table S1). For each crop we obtained seed lots of two accessions: one representative of a modern, domesticated stage of
the species, and another of its most probable wild progenitor
(Table S1). The focal domesticated and wild progenitors were
grown under the same soil conditions during the spring of
2011 in a common garden at the plant growth facilities of
Rey Juan Carlos University, located in M
ostoles, central
Spain (40°180 4800 N, 38°520 5700 W, 632 m a.s.l.; see GarcıaPalacios et al. 2013 for details on this set up). Our species
belong to families Poaceae (30%), Solanaceae (20%), Asteraceae (20%), Fabaceae (15%), Amaranthaceae (5%), Malvaceae (5%) and Brassicaceae (5%). About 72% of these
species are forbs (i.e. herbaceous flowering plants that are neither graminoids nor legumes) and 28% grasses. These species
have C3 photosynthesis, except Amaranthus, Pennisetum and
Zea that have C4 photosynthesis. Moreover, all annual or
biennial plants and most of the species (~72%) are cultivated
for their fruits or seeds.
Total N and P in green leaves and in litter

Green leaves at vegetative maturity were collected from three
individuals per accession; later at the end of the growing season, naturally senescent leaf litter was also collected from
these accessions. Green leaves were oven dried at 70 °C for
48 h before chemistry analyses. Litter was air dried for
1 month. Total C and N were analysed in an Elementar varioMAX N/CN (Hanau, Germany), and P using vanadomolybdic colorimetry (Garcı́a-Palacios et al. 2013). The
C : N : P ratios were calculated from these variables at the
sample level.
Impact of litter chemistry on soil properties

A total of 30 soil cores (0–10 cm deep) from two soil types
were randomly sampled from two roadside grasslands from
central Spain. The first site was a 2-year-old roadside grassland, and represents an early successional stage (soil A;
39°470 N, 3°120 W, 731 m a.s.l.); the other was a > 20-yearold roadside grassland representing a late successional stage
(soil B; 40°220 N, 03°530 W; 615 m a.s.l.). These two soils
were selected because of their contrasting characteristics
(Garcıa-Palacios et al. 2013). For the top 10 cm, soil pH ranged between 8.3 and 7.2 and organic C between 0.8 and 2.3%
for soils A and B, respectively. Soil samples were bulked by
site to get a representative microbial community, homogenised, sieved (2-mm mesh) and kept cold in the fridge until
laboratory preparation. We used leaf litter from a subset of 7
© 2016 John Wiley & Sons Ltd/CNRS
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of the 21 crops (i.e. a total of 14 litter types belonging to
domesticated and wild progenitor accessions of Beta,
Helianthus, Lactuca, Pennisetum, Zea, Amaranthus and Lycopersicon). The litter decomposability assay is fully explained in
Garcıa-Palacios et al. (2013) and Delgado-Baquerizo et al.
(2015). Here, we used the experimental setup of those studies,
supplemented with de novo analyses of available C, N and P
in the soils, to explore whether a shift in litter chemistry
derived from domestication impacts upon the availability and
stoichometry of C, N and P in soils. In brief, sixty grams of
two soil types (A and B) were introduced into 250-mL airtight mason jars and moisture adjusted to 50% water holding
capacity. A total quantity of 0.75 g of air-dried litter was then
placed on top of the soil surface. We established five microcosms for each crop (7) 9 accession (2) 9 soil type (2) combination, rendering a total of 140 microcosms. The microcosms
were placed in a plant growth chamber at 20 °C, 95% air
humidity and dark conditions for 9 weeks (Garcıa-Palacios
et al. 2013). The use of leaf litter instead of green leaves is
more pertinent to investigate afterlife plant effects on ecosystem processes (Cornelissen et al. 2004), especially in agroecosystems where crop residues are key sources of organic
matter inputs. Importantly, total C, N and P in green leaves
were highly correlated to those in leaf litter (P < 0.05 in all
cases; Table S2).
After incubation, the concentration of dissolved organic C
was measured from K2SO4 0.5-M extracts by using a TOC
analyser (TOC–Vsch, Shimadzu, Kyoto, Japan). Total available N (i.e. sum of dissolved organic and inorganic N) was
determined from these K2SO4 0.5-M extracts by using the
indophenol blue method (read absorbance at 655 nm). Then,
the potassium persulphate digestion was placed in an autoclave at 121 °C over 55 min and, finally, the digested extract
subsamples were incubated with Devarda alloy overnight
(Delgado-Baquerizo & Gallardo 2011). Total available P (i.e.
sum of organic and inorganic Olsen P) was determined as
described in Tiessen & Moir (1993), based on its reaction with
ammonium molybdate. The ratios of available C : N : P were
calculated from these variables at a sample level.
Latitudinal patterns in plant domestication

One of the main goals of this study is to explore the role of
absolute latitude (i.e. distance from the equator) of domestication sites in controlling the effects of domestication on plant
stoichiometry. To obtain information on the most probable
location for the domestication events of each crop, we used
the online Global Biodiversity Information Facility (http://
www.gbif.org/). Within that database, we searched for the
location of each wild progenitor species using only georeferenced data and with no issues on coordinates. We filtered the
output of those searches keeping only coordinates within the
native range of each of the species. We then calculated absolute latitude of the domestication site from those data, and
averaged it by species. Our proxy for the location of the
domestication events was highly congruent (Pearson’s
r = 0.953; P < 0.001; Fig. S1) with data from Meyer et al.
(2012), supporting the reliability of our approach. We further
grouped the different crop species into two categories based
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on the geographical location of their domestication sites:
tropics (absolute latitude 0–23°) and middle latitudes (absolute
latitude > 23˚).
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effect-size metrics were computed for testing consistency of
our selected size effect (LnRR): Percentage Change ((XdomXwild)/Xwild 9 100), RII ((Xdom-Xwild)/(Xdom+Xwild))
and Cohen’s D ((Xdom-Xwild)/SDpooled).

Climate at plant domestication sites

To evaluate the role of ancient temperature records in controlling changes in plant chemistry during domestication, we
obtained information on the average temperature in the midHolocene (about 6000 years ago) for each location, using global climate models. We selected this date as many plant
domestication processes were taking place during that period
(Larson et al. 2014). In particular, we used the Beijing Climate Center Climate System Model (BCC_CSM1.1) available
from http://www.worldclim.org (Hijmans et al. 2005; Wu
et al. 2013) at a ~1 km resolution, which provides climatic
information from the mid-Holocene. We used coordinates
obtained from the online Global Biodiversity Information
Facility (http://www.gbif.org/) for each domestication site to
generate average temperature data. The selection of the average temperature in the mid-Holocene as our climatic proxy
was supported by further analysis (Appendix S1).
Testing differences in plant chemistry between crop and wild
progenitors

We first tested for differences in green leaf chemistry and stoichiometry among crops (i.e. taxa) and domestication statuses
(i.e. domesticated vs. wild progenitor) by using a two-way
ANOVA with accession as a fixed factor and crop identity as a
random factor. We then explored differences in green leaf
chemistry and stoichiometry (leaf C, N and P concentration
and ratios) within each pair of crop/wild progenitors using a
one-way ANOVA with crop identity as a random factor. Please
note that our data followed assumptions of normality and
homoscedasticity required for these analyses (Table S3).
Residuals from one-way ANOVA analyses were also normally
distributed (Table S4). Moreover, we repeated statistical analyses using two alternative approaches: Generalised Linear
Model using gamma distribution and one-way PERMANOVAs
(Anderson 2001) using the Euclidean distance.
Domestication effect on plant chemistry and stoichiometry

To evaluate the relative importance of domestication on leaf
nutrient concentrations and ratios across latitudinal and temperature gradients, we calculated the effect size of C, N, P
and C : P, N : P and C : N ratios as LnRR (X) = ln
(Xdom + 1)ln(Xwild + 1), where Xdom and Xwild are mean values for either C, N and P or C : P, N : P and C : N ratios in
green leaves for domesticated and wild progenitor accessions
for each crop, respectively. LnRR is a unitless index, which
ranges from ∞ to +∞ and estimates the size of the impact
and its direction (Hedges et al. 1999). A zero lnRR value
means no domestication effect on plant stoichiometries compared to the wild progenitor. Positive/negative values indicate
an increase/decrease in plant C, N, P and C : P, N : P, C : N,
compared to the wild progenitor. Original LnRR data were
normally distributed (Tables S5). Moreover, three other

Testing relationships between latitude and climate with
domestication effects on plant chemistry

We analysed the linear relationship between absolute latitude
and average temperature (i.e. in the mid-Holocene) of each
domestication site with the effect size of domestication on
total N, P and N : P ratio in green leaves (i.e. relative difference between crop and wild progenitors, as calculated using
the size effect of domestication, LnRR). Residuals from the
explored regressions between distance from the equator and
averaged temperature in mid-Holocene with LnRR data were
normally distributed (Tables S6). Moreover, we explored the
correlation (Pearson’s r) between absolute latitude and average temperature (i.e. in the mid-Holocene) with Percentage
Change, RII and Cohen’s D indexes.
RESULTS

We found a strongly significant interaction between the two
main factors (crop identity 9 domestication statuses) in all
cases: C (F = 12.90, P < 0.001), N (F = 7.34, P < 0.001), P
(F = 17.49, P < 0.001), N : P (F = 10.78, P < 0.001), C : N
(F = 16.95, P < 0.001) and C : P (F = 10.33, P < 0.001), suggesting that the effects of accession on plant chemistry and
stoichiometry are indeed highly taxon dependent, supporting
the results of Garcıa-Palacios et al. (2013) for leaf litter.
Domestication tended to promote an increase in green leaf
P (48% of cases), but a decrease in leaf C and C : P and
N : P ratios (48% of species pairs; Figs 2 and S2; Tables 1
and S7). However, 9, 14, 14 and 9% of the cases showed stoichiometric patterns opposed to expectations, for leaf C, P,
C : P and N : P, respectively (Figs 2 and S2). We did not find
generalised patterns for domestication-driven shifts in leaf N
or C : N ratios (Figs 2 and S2; Tables 1 and S7). Leaf N
either increased (33%), decreased (19%) or remained statistically constant (38%) during the 21 domestication processes
examined. Similarly, C : N ratios showed diverse reactions to
domestication (24% increase, 24% decrease and 52% stationary) (Tables 1 and S7; Fig. S2). Moreover, P-values from
one-way ANOVA analyses were highly correlated to those with
Generalised Linear Model (Pearson’s r > 0.97; P < 0.001;
Table S8) and one-way PERMANOVAs (Pearson’s r > 0.92;
P < 0.001; Table S8) providing further scientific rigour to our
results.
Location of the domestication events played a key role
modulating the effect of domestication on plant chemistry and
stoichiometry. Shifts in plant chemistry and stoichiometry differed between crops raised at middle latitudinal (absolute latitude ≥ 23°) and tropical regions (absolute latitude ≤ 23°;
Marsh & Kaufman 2013). Crops domesticated in the middle
latitudes showed higher green leaf P, but lower leaf C, N and
C : P and N : P ratios, compared to their wild progenitors
(Fig. 2; Table 1; Fig. S2). From the 12 middle latitude species
pairs evaluated, 50% of the crops showed significantly higher
© 2016 John Wiley & Sons Ltd/CNRS
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Figure 2 Mean values (SE) for C, N and P concentrations in green leaves for 21 taxonomically diverse herbaceous crops and their wild ancestors (n = 3).

Differences between domesticated and wild progenitor accessions are as follows: aP ≤ 0.10, *P < 0.05 and **P < 0.01.

P concentrations, and 50, 42, 50 and 67% of them showed
lower C, N and C : P and N : P ratios, respectively, compared to their wild progenitors (Figs 2 and S2; Table 1).
Results for the nine tropical crops evaluated (absolute latitude ≤ 23°) were less consistent. We found both significant
increases and decreases in green leaf C (22 vs. 44%), N (33
vs. 22%), P (44 vs. 33%) and C : P (33 vs. 55%), N : P (22
vs. 22%) and C : N (22 vs. 33%) ratios.
Supporting our conceptual framework (Fig. 1), and in line
with Reich & Oleksyn (2004), we found positive relationships
between absolute latitude and leaf N (Pearson’s r = 0.314;
P = 0.043) and P (Pearson’s r = 0.397; P = 0.009), and negative relationships between absolute latitude and C : P (Pear© 2016 John Wiley & Sons Ltd/CNRS

son’s r = 0.388; P = 0.011) and C : N ratios (Pearson’s
r = 0.328; P = 0.034, n = 42 in all cases). Similarly, higher
temperatures in the mid-Holocene decreased leaf N (Pearson’s
r = 0.336; P = 0.029), but increased C : P (Pearson’s
r = 0.384; P = 0.012) and C : N (Pearson’s r = 0.420;
P = 0.006).
Notably, the way plant chemistry and stoichiometries of
each crop species reacted to domestication was significantly
related to the latitude of domestication sites and to the old climate in those regions (Figs 3 and 4). Absolute latitude was
positively related to LnRR-P and negatively related to LnRRC and LNRR-N : P and -C : P ratios (Figs 3 and 4;
P < 0.05). Moreover, the mid-Holocene temperature at

Tropics

Grasses

Middle
latitude

Forbs

Grasses

Forbs

Type

Zone

Gossypium hirsutum L.
Solanum pimpinellifolium L.
Nicotiana sylvestris Speg. &
S. Comes
Vigna unguiculata (L.)
Walp.

Capsicum anuum ssp.
Glabriusculum (Dunal)
Heiser & Pickersgill
Capsicum bacattum L.

CAP1

CAP2

Capsicum anuum L.

Capsicum bacattum var.
pendulum (Willd.)
Eshbaugh
Gossypium hirsutum L.
Solanum lycopersicon L.
Nicotiana tabacum L.
Vigna unguiculata (L.)
Walp.

Corn
Red
amaranth
Pepper

ZEA
AMA

VIG

GOS
LYC
NIC

Cabbage
Chicory
Artichoke
Sunflower
Lettuce
Broad bean
Millet

BRA
CIC
CYN
HEL
LAC
VIC
PEN

Brassica oleracea L.
Cichorium endivia L.
Cynara cardunculus L.
Helianthus annuus L.
Lactuca sativa L.
Vicia faba L.
Pennisetum glaucum (L.)
R.Br.
Zea mays L.
Amaranthus cruentus L.

Cowpea

Cotton
Tomato
Tobacco

Chilli
pepper

Chard

BET

Peanut

Rye
Wheat

Beta vulgaris L.

SEC
TRI

Secale cereale L.
Triticum durum (Desf.)

Barley

ARA

HOR

Hordeum vulgare L.

Hordeum spontaneum
(K.Koch)
Secale cereale L.
Triticum dicoccoides (K€
orn.
ex Asch. & Graebn.)
Schweinf.
Arachis monticola (Krapov.
& Rigoni)
Beta vulgaris ssp. maritima
(L.) Arcang
Brassica oleracea L.
Cichorium intybus L.
Cynara cardunculus L.
Helianthus annuus L.
Lactuca serriola L.
Vicia narbonensis L.
Pennisetum glaucum (L.)
R.Br.
Zea mays L.
Amaranthus hybridus L.

Oat

Common
name

Arachis hypogea L.

AVE

Abbreviations

Avena sativa L.

Domesticated

Avena sterilis L.

Wild

0.015

0.287

0.399
0.045
0.082

0.115
0.226
0.027
0.048
0.014
0.045

0.167
0.359

0.039

0.000

0.046
0.198

0.010

0.145
0.164
0.039
0.008
0.445
0.003
0.125

0.049
0.031
0.028
0.021
0.130
0.017
0.298

0.211

0.624
0.130
0.182

0.678

0.062

0.532
0.329

0.765

0.640

0.159
0.826

0.390

0.313

LnRR-C : P

0.437

0.036

0.191

0.111

0.202

0.044

0.136

0.032

0.086
0.440

0.189
0.071

0.022
0.036

0.035
0.044

0.075

0.012
0.075

0.254

0.007

0.275

0.041
0.080
0.092
0.050
0.187
0.042
0.310

0.035

0.016

LnRR-P

0.005
0.031
0.002
0.005
0.055
0.004
0.001

LnRR-N

LnRR-C

Table 1 Summary of the effects of plant domestication on the concentration of C, N, P and C : P, N : P and C : N ratios in green leaves

0.195
0.245
0.111
0.385

0.127

0.474

0.009

0.349
0.147

0.063
0.068
0.119
0.049
0.191
0.048
0.535

0.122

0.154

0.014
0.001

0.283

0.054

LnRR-C : N

0.925
0.117
0.295

0.380

0.058

0.276
0.536

0.099
0.113
0.074
0.072
0.356
0.056
0.714

0.860

0.618

0.212
0.964

0.167

0.460

LnRR-N : P
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Figure 3 Relationship between absolute latitude (distance from the equator) of the domestication sites and average temperature in mid-Holocene with
LnRR-C, -N and -P in green leaves. Solid lines represent the fitted linear or inverse regressions.

domestication sites was negatively related to LnRR-P, and
positively related to LnRR-C and LNRR-N : P and -C : P
ratios (Figs 3 and 4; P < 0.05). Interestingly, crops that
increased leaf P during domestication also decreased leaf C
(Pearson’s r of LnRR-C vs. -P: 0.725; P < 0.001; Fig. S3).
We also found a trend for an inverse negative relationship
between absolute latitude and LnRR-N (Fig. 3; P = 0.061),
suggesting that LnRR-N increases from the middle latitude to
the tropics. The relationships between temperature and LnRR
indexes were robust to the choice of climate metric
(Table S9). Moreover, domestication effects on leaf nutrient
concentrations and ratios calculated as LnRR were highly
© 2016 John Wiley & Sons Ltd/CNRS

related to the same variable calculated using alternative effect
size metrics such as Percentage Change (Pearson’s r > 0.95;
P < 0.001), Cohen’s D (Pearson’s r > 0.80; P < 0.001;
Table S10) and RII indexes (Pearson’s r > 0.98; P < 0.001).
Most importantly, the reported relationships between the distance from the equator and average temperature with domestication effects on leaf nutrient concentrations and ratios are
robust to the choice of size-effect index (Table S11).
Finally, results from the litter decomposition experiment
tested in two widely different soils showed that shifts in leaf
litter N, P and C : P and N : P ratios impacted soil available
N as well as P, C : P and N : P ratios (P ≤ 0.05; Fig. 5;
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Figure 4 Relationship between absolute latitude (distance from the equator) of the domestication sites and average temperature in the mid-Holocene with
LnRR-C : P, -N : P and -C : N in green leaves. Solid lines represent the fitted linear regressions.

Table S3; see Methods section for soil properties). However,
we did not find any significant relationship between leaf litter
C and dissolved organic C after the decomposition assay
(Table S12).
DISCUSSION

Domestication pushed increases in leaf N and/or P for a
majority of the studied crops (Fig. 1), partially supporting
the Growth rate hypothesis (i.e. fast-growing organisms
increase their nutrient concentrations to support high pro-

ductivity; Elser et al. 2000; Pe~
nuelas & Sardans 2009). Those
crops may have evolved to increase their overall nutrient
uptake, in order to support high energy demands (e.g. ribosomes, ATP, DNA or RNA) at high productivity rates promoted by human selection. However, they may also allocate
less C to structural support (e.g. structural defences against
pests), as suggested by a highly significant negative relationship observed between LnRR-C and -P. Backing that claim,
Garcıa-Palacios et al. (2013) showed that domesticated plants
often have lower leaf litter lignin contents than their wild
progenitors. Moreover, shifts in plant chemistry and stoi© 2016 John Wiley & Sons Ltd/CNRS
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Figure 5 Relationship between mean values of leaf litter and soil N and P concentration from the leaf litter decomposition assay (n = 14).

chiometries accompanying domestication were highly related
to the biogeography and climate of the domestication sites.
In line with the Soil Substrate Age (i.e. latitudinal patterns
drive C, N and P in plant tissues) and T-Plant physiology
hypotheses (i.e. lower temperature at higher latitudes constrain plant physiology), the temperature in the mid-Holocene and/or distance from the equator of the domestication
sites modulated domestication effects on plant C, N and P
stoichiometry (Reich & Oleksyn 2004; Fig. 1). In addition,
our crop data from middle latitudes vs. tropical zones are
consistent with the ‘greater stability of the most limiting
nutrient hypothesis’ put forth by Han et al. (2011), which
might suggest that, during domestication, plants adjusted
their physiology to increase uptake of both N and P. The
greater availability of the less limiting nutrient means that it
will increase more than the most limiting nutrient, which is
consistent with evidence of strong shifts in P in mid-latitudes
(where N is limiting and P rarely is) and not consistent with
shifts in the tropics where both N and P are usually limiting.
Therefore, although pressure for increasing N and P tissue
concentrations may have existed during domestication, the
effect of this process on plant chemistry was potentially
© 2016 John Wiley & Sons Ltd/CNRS

limited by the soil conditions and ancient climate at each
particular location.
All progenitor and crop plants were grown under common
environmental conditions in this study, hence, minimising the
effects of plasticity in response to heterogeneous in situ environments at field sites. Thus, the fact that we found stoichiometry legacies from the original domestication sites
suggests that crops should have evolved different nutrient
uptake strategies than their wild progenitors. Novel resource–
use strategies may include promotion of the release of extracellular enzyme activities (e.g. phosphatase) and carboxylic
acids (e.g. oxalic acid), both of them aiming to increase P
acquisition (Lambers et al. 2008). In this regard, it is likely
that tropical crops are more dependent on N-rich molecules
for P uptake (e.g. phosphatases), whereas plants that have
evolved under cultivation in middle latitudes, where P is a
much more abundant soil nutrient (relative to its demand)
than N, may have become more proficient in obtaining inorganic P from the bedrock-releasing carboxylic exudates. Consistent with this idea, crop species from genus such as
Brassica, Beta and Triticum, which were domesticated in the
middle latitudes, have an overall high capacity to mobilise
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inorganic P from soil (El Dessougi et al. 2003; Nuruzzaman
et al. 2005; Lambers et al. 2006). On the other hand,
Gossypium, which evolved as a crop in locations close to the
tropics, uptakes P at slower rates than other crop species such
as Triticum (Wang et al. 2009; Niu et al. 2012). Moreover, P
acquisition in Gossypium is linked to the production of N-rich
extracellular enzyme activities such as phosphatases (Wang
et al. 2009; Niu et al. 2012). These studies support the idea
that crops domesticated in the middle latitudes might be more
efficient in obtaining inorganic P from bedrock, whereas the
ability of plants domesticated close to the tropics to obtain P
may be linked to the availability of N (via production of
extracellular enzyme activities), often less limiting than P in
the soils from these regions. Remarkably, we lack studies
assessing the impact of domestication on root traits favouring
diverse nutrient-acquisition strategies; and this serious gap of
knowledge needs to be filled in future studies.
Interestingly, only the domestication of Amaranthus promoted a simultaneous increase in both leaf N and P compared to its wild progenitor. For all other crops leaf N and P
evolved independently. The lack of a simultaneous increase in
both N and P during domestication may be a direct consequence of the underlying control of biogeographical and climatic patterns on C, N and P soil and plant chemistries,
reported here and by others (Reich & Oleksyn 2004). Here,
we argue that the higher uptake and accumulation of the
more abundant (in relation to demand, see Han et al. 2011)
nutrients (i.e. P in middle latitudes and N in the tropics) may
be critical to support an increase in the uptake efficiency for
other limiting nutrients, allowing fast plant growth rates promoted by human selection (Elser et al. 2000; Pe~
nuelas & Sar
dans 2009; Agren
et al. 2012). Multiple-element control on
plant production has been recently reported in natural ecosystems (See et al. 2015), thus, is likely occurring in agroecosystems. For example, a higher uptake and accumulation of P in
plant tissues is critical to support N-fixation in the mid-latitudinal regions (e.g. legumes such as Arachis and some grasses
and cereals such as Triticum, Secale and Avena; Boddey &
Dobereiner 1995; Vitousek et al. 2002). Nitrogen fixation is
an energetically expensive process and requires high amounts
of P to support the production of adenosine nucleotides
needed to provide energy used in the nitrogenase reaction/in
notrogenase reactions (Vitousek et al. 2002). Moreover, N
uptake by plants has been reported to increase via high affinity transporters, which depend on its phosphorylation status,
and, in turn, on the availability of P in soil (Garnett et al.
2013; Nacry et al. 2013). Hence, by increasing the accumulation and uptake of P in mid-latitudes, domestication may
have also altered the capacity of plants to obtain the scarcer
nutrient, such as N in mid-latitude regions.
Contrary to our hypothesis (i.e. domestication increase leaf
N and P), we also found decreases in leaf N concentration
with domestication in 42% of the crops evolved in middle latitudes (Fig 2; Table 1). Significant decreases in N and P were
also found in 17 and 33%, respectively, of the crops domesticated in tropical latitudes. Those results may relate to the
local environmental context where each crop was raised.
Humans not only imprinted significant effect on the selected
species for cultivation but also on the ecosystems where wild
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plants were domesticated (Milla et al. 2015). For example,
cultivation, particularly in recent times, is known to generally
reduce the amount of soil organic matter, promoting C and N
losses to the atmosphere and reducing nutrient availability
(Schlesinger 1996). Thus, reductions in crop leaf N might have
been modulated by the reduction in organic matter (i.e.
organic N) and high N leaching, derived from human activities in the low-fertilisation environment (i.e. ancient local middle latitude N-poor manure vs. current globally available
industrial N-rich fertilisers from Haber process) where these
crops where cultivated (but see Bogaard et al. 2013; Araus
et al. 2014). Interestingly, decreases in leaf P during domestication were only detected at tropical regions (Fig. 2). A reduction in organic matter in cultivated environments may have
also impacted P uptake by domesticated plants in these
regions where organic P is an important source of P (i.e. via P
mineralisation).
Our results also indicated that shifts in plant chemistry with
domestication can alter ecosystem processes such as nutrient
cycling. The chemistry (P, N, N : P and C : P) of leaf litter
decomposing in soils was highly related to nutrient cycling
properties of those soils (Fig. 4). As a result, domestication
legacies on plant chemistry may influence soil fertility via (1)
changes in soil chemistry during plant growth, linked to shifts
in nutrient-acquisition strategies emerged during domestication
and/or later crop evolution; and (2) build-up of soil fertility via
litter decomposition, particularly relevant to growing agricultural practices such as in situ management of crop residues or
tillage (Guerif et al. 2001). Domestication legacies thus add to
other human impacts on agroecosystem soils, such as inorganic fertilisation and the use of pesticides (Vitousek et al.
1997). Furthermore, the phenotypic variation component (e.g.
plant stoichiometric shifts) of the domestication process is
linked with the decreased genetic diversity in crops relative to
the wild ancestors (e.g. tomato, Miller & Tanksley 1990),
although such reduction varies between species (Flint-Garcıa
2013). However, studies on maize have proved that only 2–4%
of maize genes experienced selection after 9000 years of
domestication from teosinte, leaving vast room for crop phenotypic improvement by breeding. Thus, genome-wide
approaches (Wright et al. 2005) coupled with automated phenotypic platforms (Granier et al. 2006) have the potential to
lead to important discoveries in the relationship between
genetic diversity and phenotypic variation.
Altogether, our findings provide novel evidence that unintentional changes in plant chemistry during domestication
may be influenced by the climatic and soil environment in
which these crops evolved. Latitudinal gradients in soil N and
P stoichiometries, driven by soil substrate ages and temperature constraints on plant physiology, play a major role in
modulating shifts in leaf stoichiometry during plant domestication. Our results further indicate that domestication legacies
on plant chemistry can have a measurable impact on soil
nutrient availability through critical processes such as litter
decomposition. In general, we posit that the evolutionary
legacies of domestication need to be considered together with
other agriculture impacts such as fertilisation to accurately
assess key ecosystem services (e.g. plant yield and soil fertility)
delivered by agriculture.
© 2016 John Wiley & Sons Ltd/CNRS
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