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ARTICLE
Plant growth dynamics and root morphology of little-known
species of Chenopodium from contrasted Andean habitats
Ricardo Alvarez-Flores, Thierry Winkel, David Degueldre, Carmen Del Castillo, and Richard Joffre

Abstract: Plant morphology determines the access to soil resources, a feature crucial for early growth in annual species. Plant
growth and root traits in little-known species of Andean chenopods were compared with the hypothesis that plants from
low-resource habitats show traits that enhance resource capture. Three cultivated Chenopodium populations (two populations
of the tetraploid Chenopodium quinoa Willd., one population of the diploid Chenopodium pallidicaule Aellen) and one population of
their wild tetraploid relative Chenopodium hircinum Schrad. were grown in pots under nonlimiting conditions over nine weeks of
early vegetative growth. All populations followed the same sequence of biomass allocation and showed similar maximal values
of shoot and root relative growth rates (RGR). Population differences in plant biomass, net assimilation rate, total root length,
and speciﬁc root length were associated with seed mass ranking and species ploidy level. Chenopodium quinoa produced less
branched stems and maintained high root RGR for a longer time than the other two species, and the C. quinoa population from
low-resource habitat showed a faster main root growth. These results show that C. pallidicaule developed a plant growth
syndrome adapted to cold, high-altitude habitats, while C. quinoa from low-resource habitats showed an improved capacity to
explore soil at depth in early growth stages.
Key words: biomass allocation, phenotypic variation, plant growth analysis, root growth, root morphology, wild and cultivated
species.
Résumé : La morphologie des plantes détermine l’accès aux ressources du sol, un élément crucial pour la croissance juvénile des
plantes annuelles. La croissance des plantes et les traits racinaires de chénopodes peu connus des Andes ont été comparés avec
l’hypothèse que les plantes d’habitats pauvres en ressources présentent des traits qui améliorent la capture des ressources. Trois
Chenopodium cultivés (deux populations tétraploïdes de Chenopodium quinoa Willd., une population diploïde de Chenopodium
pallidicaule Aellen) et une population de leur parent sauvage tétraploïde Chenopodium hircinum Schrad. ont été cultivés en pots en
conditions non limitantes durant neuf semaines de croissance végétative. Toutes ces populations montrent la même séquence
d’allocation de la biomasse et des valeurs similaires des taux de croissance relative (RGR) des tiges et des racines. Les différences
inter-populations de production de biomasse, taux d’assimilation nette, longueur racinaire totale, et longueur spéciﬁque des
racines sont associées à la masse des graines et au niveau de ploïdie des espèces. Chenopodium quinoa produit des tiges moins
ramiﬁées et maintient des RGR de racines plus élevés durant plus longtemps que les deux autres espèces, et la population de
C. quinoa issue de l’habitat pauvre en ressources présente une croissance plus rapide de la racine principale. Ces résultats
montrent que C. pallidicaule développe un syndrome de croissance adapté aux habitats froids de haute altitude, tandis que
C. quinoa de l’habitat pauvre en ressources montre une meilleure capacité d’exploration du sol en profondeur pendant la phase
de croissance juvénile.
Mots-clés : allocation de biomasse, variation phénotypique, analyse de croissance des plantes, croissance racinaire, morphologie
racinaire, espèces sauvages et cultivées.

Introduction
The morphology of individual plants largely controls the balance between resource capture and resource use during the
plant’s life cycle (Garnier 1991; Reich et al. 1998). Both natural and
human selection have produced a range of plant forms and organ
allometry that result in plant growth, biomass allocation, and
morphological traits varying systematically among species originating from contrasted habitats (Reich et al. 1998; Ross-Ibarra
et al. 2007). In low-resource habitats, plant survival and growth
depend directly on these morphological root traits that allow the
plants to capture limited or ephemeral resources from the soil (Yu

et al. 2007). These traits inﬂuence the productivity of both natural
and agricultural ecosystems (Wolfe et al. 2008), and in many crop
species, selection for grain production has deliberately modiﬁed
the aerial plant parts but also, in an unconscious way, the root
system (Siddique et al. 1990; Palta et al. 2011).
In the Andes, under contrasted and often extreme habitats, a
diversity of Chenopodium species has ﬂourished, some as spontaneous chenopods (e.g., Chenopodium hircinum Schrad., Chenopodium
petiolare Kunth, Chenopodium carnosolum Moq.), others as cultivated
species such as quinoa (Chenopodium quinoa Willd.) and cañahua1 Fn1
(Chenopodium pallidicaule Aellen) (Wilson 1990; Bonifacio 2003).
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Table 1. Geographic origin and mean (±SE) seed mass (n = 120) of the four studied Chenopodium populations.
Species

Code Provenance

Rainfall
Seed mass
Latitude Longitude Altitude (m) (mm·year−1) SOM range (%)a (mg·seed−1)

C. quinoa
C. quinoa
C. hircinum
C. pallidicaule

QC
QB
HI
PA

38°56=S
19°51=S
16°33=S
17°30=S

Cunco, Chile
Jirira, Bolivia
Aranjuez, Bolivia
La Paz, Bolivia

72°03=W
67°34=W
68°36=W
68°36=W

200
3700
3200
3600

1200
250
550
550

7–29
0.2–0.4
0.4–1.5
0.4–1.5

2.09±0.04
4.89±0.10
1.50±0.04
0.60±0.01

Note: SOM, soil organic matter; SE, standard error.
aSources: QC, Alvear et al. (2005) and Reyes et al. (2011); QB, HI, and PA, Lebonvallet (2008).

Chenopodium hircinum grows today in lowlands, as well as highlands, of Bolivia and Argentina and might be the wild progenitor
of cultivated quinoa, both being allotetraploid relatives (Mujica
et al. 2001; Bonifacio 2003; Pearsall 2008). Quinoa is supposed to
have been domesticated in the semiarid and cold highlands of
Peru and Bolivia. This grain crop shows an ample niche diversiﬁcation from cold highland deserts down to tropical intermontane
valleys and temperate ocean littoral, resulting in dozens of local
varieties and landraces (Bonifacio 2003) with a promising potential outside its original area of distribution (Bertero et al. 2004).
Cañahua may have originated as a grain and forage crop in dry
areas of extreme elevation and shallow soils (Gade 1970; Bonifacio
2003; Bruno 2006; Pearsall 2008). According to Wilson (1990) and
Mujica et al. (2001), the diploid genome of cañahua could have
combined with that of C. petiolare or C. carnosolum to produce the
allotetraploid C. hircinum.
Comparative studies of plant morphology and growth dynamics can bring some insights regarding different plant traits developed under natural and human selection among these Andean
chenopods. In quinoa, genetic differentiation corresponding to
broadscale ecogeographic patterns has been inferred from molecular markers (Del Castillo et al. 2007; Costa Tártara et al. 2012),
morphological traits (Rojas 2003; Bertero et al. 2004; Bhargava
et al. 2007), or both (Anabalón Rodríguez and Thomet Isla 2009).
However, this information is still lacking for its relatives, and in
all cases, the root traits of these Andean chenopods remain largely
unknown despite their crucial role for the capture of soil water
and nutrient resources. Particularly in harsh and variable environments, in which fast and early rooting is vital to capture ephemeral soil nutrients and deep water, root traits such as total root
length, maximum rooting depth, and root diameter are critical
for the successful establishment of the plants (Materechera et al.
1992; Lamb et al. 2012).
The present study addresses the differences in plant morphology and growth patterns of one wild and two cultivated Andean
chenopod species with the hypothesis that plants from lowresource habitats have developed traits that enhance soil resource
capture. To test for this, a comparative study was conducted to
investigate plant growth and rooting patterns during the vegetative growing phase to identify contrasting plant traits and their
ecological signiﬁcance in contrasted habitats.

Material and methods

T1

Studied species and experimental design
The study was conducted in a glasshouse at the CEFE (Centre
d’Écologie Fonctionnelle et Évolutive, Montpellier, France; 43°38=19==N,
3°51=46==E) under uniform, nonlimiting growth conditions. Considering a population as a group of interbreeding individuals from
the same area, four Chenopodium populations from contrasted
habitats were compared: cultivated C. quinoa from temperate,
rainy lowlands in Chile (high-resource habitat), cultivated
C. quinoa from arid and cold highlands in southern Bolivia (lowresource habitat), and cultivated C. pallidicaule (cañahua) and wild
C. hircinum, both from semiarid and cold highlands in northern
Bolivia (Table 1). Planning weekly harvests from 7 days after sowing (DAS) until 63 DAS with seven replicates in each population,
seeds were sown in 252 free-draining pots containing 7 L of a

sandy substrate (extra silica, 99%; pH 7.5) and watered with
1.2 L·pot−1 of a nutrient solution (N, 16%; P, 10%; K, 24%; MgO, 3%;
micronutrients, 2.5 g·L−1). Over the course of the experiment, the
same nutrient solution was applied to maintain the substrate
water content near 90% of the ﬁeld capacity. Air temperature
(range, 10–29 °C; mean, 25.1 ± 0.6 °C), soil temperature (range,
15–29 °C), air relative humidity (range, 55%–75%), and light intensity at midday (range, 870–4115 mol·m−2·s−1; mean, 2890 ±
142 mol·m−2·s−1) were recorded at half-hour intervals. After seedling emergence, pots were thinned to 1 plant·pot−1 and placed in a
randomized design with a density of 16 plants·m−2.
Plant sampling and measurements
At each harvest date, individual plants were divided into roots,
main stem, secondary stems, leaves, and, when present, ﬂoral
buds. Leaves were scanned at 600 dpi and the total leaf area per
plant (LA, cm2) was determined with the SigmaScan Pro 5 software
(Systat Software Inc., Chicago, Illinois, USA). Shoot samples were
then oven-dried at 70 °C for 48 h and weighed. Roots were gently
washed of sand and stained with methylene blue (4 g·L−1) to increase contrast before scanning. The entire root system of each
plant was digitized to 28 DAS. From that harvest on, a representative subsample of the root system was selected on a mass basis.
Roots were prepared according to Roumet et al. (2006) before
scanning at a resolution of 400 dpi and analyzing with WinRhizo
Pro 2003a software (Regent Instruments Inc., Sainte-Foy, Quebec,
Canada) to measure main root length (MRL, m), lateral root length
(LRL, m), total root length (TRL, m), average main root diameter
(MRD, mm), average lateral root diameter (LRD, mm), and total
root projected area (RA, cm2). Finally, roots were dried at 70 °C for
48 h and weighed.
Plant morphology and growth parameters
From the various mass and length measurements, the following
values were calculated: mass fractions of the leaves, stems, and
roots (LMF, SMF, RMF, respectively, %) relative to the total plant
dry mass (TPM, g), root to shoot mass ratio (R/S, g·g−1), leaf area to
whole-plant mass ratio (LAR, m2·kg−1), root area to leaf area ratio
(RA/LA, cm2·cm−2), speciﬁc leaf area (SLA, m2·kg−1), and speciﬁc
root length (SRL, m·g−1). The relative growth rates (RGR, mg·g−1·day−1)
for the shoots and the roots for successive harvests were calculated following Hoffmann and Poorter (2002). The net assimilation rate (NAR, g·m−2·day−1) was determined using the equation of
Vernon and Allison (1963).
Data analyses
Statistical procedures were applied using Statistica version 7.1
software (StatSoft Inc.). Except for RGR and NAR (see below), differences in plant traits among populations were tested using factorial analysis of variance (ANOVA) after log transformation of the
data when necessary. Tukey’s honestly signiﬁcant difference
(HSD) test was used to compare population means. The means and
standard errors of shoot and root RGR were calculated using the
method of Causton (1991). Following Coleman et al. (1994), plant
growth data were plotted as a function of the logarithm of the
whole-plant biomass to avoid size effects when comparing populations. To account for these size effects, analyses of covariance
were performed to compare plants growth traits among populaPublished by NRC Research Press
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tions, with shoot RGR, root RGR, and NAR as the dependent variables, plant biomass as a covariate, and testing for a possible
interaction between the covariate and the factor “populations”.

3

Fig. 1. Time variation in plant biomass (a), leaf area (b), and main root
length (c) in C. quinoa from low-resource habitat (o), C. quinoa from
high-resource habitat (Œ), C. hircinum (), and C. pallidicaule (Œ) (mean ±
SE, n = 7, vertical bars show SE unless eclipsed by the symbol).

Results

F1

Fn2

Plant growth, biomass allocation, and leaf traits
Average seed mass differed 8.1-fold among the four populations,
with quinoa of low-resource habitat and cañahua showing the highest and the lowest values, respectively (Table 1). At all harvests,
cañahua had the smallest plants, whereas the other three populations showed comparatively small differences among them (Fig. 1).
At 63 DAS, plants of cañahua were about one-tenth the size of the
other populations (LA = 0.029 m2·plant−1 and TPM = 1.6 g·plant−1
compared with averages of 0.28 m2·plant−1 and 22.2 g·plant−1, respectively, in the other three populations).
The general patterns of leaf, root, and whole-plant growth were
similar in the four populations, with a slow growth until 35 DAS,
followed thereafter by an accelerated biomass production and leaf
area expansion (Figs. 1a, 1b). Main root elongation showed an
accelerated growth period limited to 42 DAS, followed by a halting
incañahua and a slow growth in the other three populations
(Fig. 1c). In general, the quinoa from low-resource habitat showed
a faster root growth than in the other populations, with MRL
reaching 1 m between 42 and 49 DAS, one to two weeks earlier
than in quinoa from high-resource habitat and in C. hircinum. At
each harvest, MRL in cañahua remained less than half that of the
other three populations.
Initially, the biomass allocation to leaves, stems, and roots was
similar in the four populations, with a dominant part (≥50%) allocated to leaves (Supplementary Fig. S12). At 14 DAS, the leaf mass
fraction (LMF) was maximum in all populations, reaching values
near 70%. It decreased from then on, to the beneﬁt of the roots for
the next two or three weeks and later to the beneﬁt of the stems
up to 56 DAS. The stem mass fraction (SMF) reached about 40% by
the end of the growing period, without noticeable difference
among populations. However, in both quinoa populations, the
proportion of secondary stems remained negligible, whereas it
accounted for up to one-third of the total stem biomass in
C. hircinum, and two-thirds of it in cañahua. Under nonlimiting
conditions, the root mass fraction (RMF) never exceeded 25% of
the total plant mass in the four populations. Floral bud development remained negligible in all populations.
The root to shoot mass ratio (R/S) was highly variable in the ﬁrst
two weeks when plant size was very small, and the ratio between
minute biomass quantities resulted in erratic R/S values (Supplementary Fig. S2a). R/S reached maximum values at 28 DAS (35 DAS
in cañahua) and declined thereafter. The increase at 28 DAS was
much more pronounced in the quinoas than in the other two
populations (R/S ≈ 0.25 on average in these populations compared
with 0.4 in the quinoas) and resulted in constantly higher R/S
values in the quinoa populations until the end of the growing
period. The root area (RA) was one to two times larger than the leaf
area (LA) in the ﬁrst week (Supplementary Fig. S2b). After 7 DAS,
LA expanded rapidly and RA/LA declined to nearly 0.5, with values
remaining fairly constant until 49 DAS without difference among
populations. In the last two weeks of the experiment, the beginning of leaf senescence led to higher, but also more variable,
RA/LA values.
The speciﬁc leaf area (SLA) ranged between 30 m2·kg−1 and
65 m2·kg−1 over the whole period (Supplementary Fig. S3a). Showing relatively high values in the smallest plants, SLA maintained
values near 45 m2·kg−1 at medium plant sizes (ln-transformed TPM
(ln TPM) between 5 and 9) before dropping again in the largest
plants. After an initial increase over the ﬁrst two harvests, the leaf

2

area ratio (LAR) declined continuously as plant size increased and
did not differ among populations (Supplementary Fig. S3b). Considering the four populations and the entire vegetative growth
period, SLA and LAR showed a high positive correlation (r = 0.72,
n = 36, P < 0.001).
RGR and net assimilation rate
In the four populations, RGR showed similar patterns of variation in relation to the total plant biomass (Fig. 2), with a highly F2
signiﬁcant correlation between root and shoot RGR (r = 0.89, n =
32, P < 0.001, for all populations). In all cases, shoot and root RGR
had similar high values around 300 mg·g−1·day−1 at small plant
sizes and stabilized near 150 mg·g−1·day−1 at medium plant sizes
(shaded area in Fig. 2), before decreasing again by the end of the

Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjb-2013-0224.
Published by NRC Research Press

rich2/cjb-cjb/cjb-cjb/cjb99914/cjb0160d14z xppws S⫽3 1/10/14 9:46 Art: cjb-2013-0224 Input-1st disk, 2nd ??

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)
4

Botany Vol. 92, 2014

Fig. 2. Relationship of shoot relative growth rates (RGR) (dashed lines) and root RGR (solid lines) to the total plant mass (ln-transformed) in C. quinoa
from low-resource habitat (QB), C. quinoa from high-resource habitat (QC), C. hircinum (HI), and C. pallidicaule (PA) (mean ± SE, n = 7, vertical bars show
SE unless eclipsed by the symbol. Data points in the shaded area are statistically different from those in the neighbouring areas).

F3

F4

growing period. The gradual decline in both shoot and root RGR
was associated with decreases in SLA and LAR at similar plant
sizes (Supplementary Fig. S3). Interestingly, in the two quinoa
populations, the decline in shoot RGR did not parallel that of root
RGR because shoot RGR dropped at ln TPM > 5 (TPM > 0.15 g) while
root RGR remained at or near their high initial values up to
ln TPM = 6 (TPM = 0.40 g). The transition from high to intermediate shoot RGR at ln TPM ≈ 5 was similar for C. hircinum and the two
quinoa populations, whereas in cañahua, shoot (and root) RGR
dropped for ln TPM as low as 3 (TPM = 0.02 g). Thus, the studied
populations differed less in their absolute values of shoot or root
RGR than in the dynamics of RGR in relation to plant size, with
cañahua showing RGR reductions at smaller plant sizes than in
the other three populations and cultivated quinoas maintaining
high root RGR in plants of medium sizes when this trait was
already reduced by half in C. hircinum and cañahua.
NAR varied between 1.7 and 12 g·m−2·day−1 for all populations,
with declining values as plant biomass increased (Fig. 3). Cañahua
showed signiﬁcantly lower NAR (P < 0.001) than the other three
populations, which did not differ signiﬁcantly among them.
Root growth and distribution
Cañahua had a much smaller root system than the other populations throughout the experiment (Fig. 4a). At 63 DAS, TRL
reached about 60 m·plant−1 in cañahua compared with an average
of 620 m·plant−1 in the other three populations, which did not
differ signiﬁcantly among themselves (Fig. 4a). In all populations,
the accelerated growth period for the whole root system was between 35 and 56 DAS. This corresponded to a slowing of the main
root elongation from 42 DAS onwards (Fig. 1c) compensated for by
the fast development of the lateral roots, which represented up to
98% of TRL and the total root biomass from 14 DAS onwards. SRL
varied among populations and over time (Fig. 4b). From 21 DAS
onwards, SRL in cañahua was signiﬁcantly higher than the mean

Fig. 3. Relationship between net assimilation rate (NAR) and total
plant mass (ln-transformed) in C. quinoa from low-resource habitat
(o; dashed line; y = −0.68x + 10.25, r2 = 0.54**) quinoa from highresource habitat (Œ; dotted line; y = −0.68x + 10.58, r2 = 0.56**),
C. hircinum (; solid line; y = −0.63x + 11.35, r2 = 0.46*), and
C. pallidicaule (Œ; dotted-dashed line; y = −0.75x + 8.05, r2 = 0.54**)
(*, signiﬁcant at P < 0.1; **, signiﬁcant at P < 0.05; n = 8; each point is
the mean of seven samples).

of the other three populations (290.7 ± 10.6 m·g−1 compared with
174.0 ± 12.6 m·g−1, P < 0.001).
Over the growing period, the average MRD remained limited to
0.5 mm in cañahua, which was nearly twice as low as in the other
three populations (Fig. 4c). In these populations, the main root
went through two phases of root thickening: ﬁrst in the young
Published by NRC Research Press
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Fig. 4. (a) Total root length (TRL), (b) speciﬁc root length (SRL), (c) main root diameter (MRD), and (d) lateral root diameter (LRD) (mm) in
C. quinoa from low-resource habitat (o), C. quinoa from high-resource habitat (Œ), C. hircinum (), and C. pallidicaule (Œ) (mean ± SE, n = 7,
vertical bars show SE unless eclipsed by the symbol).

F5

plants (until 21 DAS) and then in plants older than 42 days. The
second phase of main root thickening coincided with the period
of slow main root elongation (Fig. 1c) and fast lateral root elongation (Fig. 4a). Compared with the main root, lateral roots had a
lower average diameter (ca. 0.3 mm) without much variation either among populations or over time (Fig. 4d).
Most of the initial roots were ﬁner than 0.3 mm, representing
up to 75% of TRL in C. hircinum and cañahua at 7 DAS (Fig. 5). Then,
the fraction of thick roots (diameter > 0.3 mm) increased rapidly
up to 50% until 21 DAS, except in cañahua where it remained
nearly constant and limited at 25%. This increase corresponded
with the elongation and ﬁrst thickening phase of the main root
(Figs. 1c and 4c) and was one week faster in the two quinoa populations compared with C. hircinum. The ﬁnest root fraction (diameter < 0.2 mm) increased continuously, reﬂecting the progressive
branching of the root system in all populations (Fig. 5).

Discussion
The present work postulates that Chenopodium populations
show consistent phenotypic traits related to natural and human
selection under contrasted soil resource availability. The speciﬁc
hypothesis is that, to allow for survival in low-resource habitats,
plants show morphological and growth traits that enhance soil
resource capture. This comparative study is thus framed by two
contrasts: one between wild and cultivated species, the other one
between low- and high-resource habitats.
Wild versus cultivated species
Seed mass, plant morphology, and seedling growth clearly differentiated the four studied populations, with the two quinoa
populations showing the largest seeds, the least branching stems,
and the most vigorous seedlings in terms of biomass accumulation (Fig. 1, Supplementary Fig. S1). Considering the morphological and growth traits, the quinoa populations appeared closer to
their wild progenitor, C. hircinum, than to their cultivated relative,
cañahua (Figs. 1–4), as already noted by Bruno (2006). Interest-

ingly, the branching stems characteristic of the wild C. hircinum
developed within the same “pool” of total stem biomass as for the
quinoa populations (ca. 40% of the total plant biomass at 63 DAS in
both species; Supplementary Fig. S1). It thus appears that domestication of quinoa did not change the overall proportions of leaf,
stem, and root mass already present in the wild progenitor but
resulted in a signiﬁcantly reduced proportion of secondary stems
(Supplementary Fig. S1). In cañahua, the total SMF was similar to
that in the other two species, but stem branching remained
largely dominant. This branched growth habit in cañahua is still
present, although marginally so, in the quinoa populations and
should give these cultivated species a higher potential of adaptability against microsite, weather, and biotic variations (Janssens
et al. 1990). The four populations shared a large number of morphology and growth traits, starting with the dynamics in biomass
allocation. From germination to ﬂoral bud bursting, all populations
followed a three-phase sequence of growth processes: (i) progressive
onset of the autonomous carbon ﬁxation by the leaves in the ﬁrst
14 DAS, (ii) fast exploration of deep soil layers by the main root
until 28 to 35 DAS, and (iii) proliferation of lateral roots sustaining
an accelerated shoot growth by the end of the vegetative period
(Supplementary Fig. S1). This sequential pattern of biomass allocation observed under nonlimiting conditions in wild, as well as
cultivated, populations conforms the general ontogenetic trend
described for vegetative eudicots (Poorter et al. 2011). It also corresponds with the fast early growth of quinoa seedlings observed
by Rufﬁno et al. (2010). This pattern is in agreement with the
ﬁndings of Janssens et al. (1990) assuming that cultivated species
in low-input agriculture retain a high proportion of ancestral
characteristics. The initial priority to leaf growth in terms of biomass did not imply a reduced role of the root system: high RA/LA
values at the earliest growth stage show that, in emerging seedlings, the exchange area was equal or larger in roots than in
leaves, suggesting a balance between soil foraging and light capture during the early stages of plant life (Supplementary Fig. S2b).
Published by NRC Research Press
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Fig. 5. Time variation in the total root length distribution among ﬁve classes of root diameter in C. quinoa from low-resource habitat (QB),
C. quinoa from high-resource habitat (QC), C. hircinum (HI), and C. pallidicaule (PA).

Other growth parameters such as SLA, RA/LA, LAR, and maximum root or shoot RGR showed similar values in the four populations (Fig. 2; Supplementary Figs. S2b, S3a, and S3b). The
decrease in SLA over time agrees with the trend reported by
Jensen et al. (2000) for ﬁeld-grown quinoa, although the values
observed in the present study were nearly twice as high. Lower
light irradiance and higher air temperature in glasshouse compared with ﬁeld experiments could be the cause of this difference
in SLA (Poorter et al. 2009). The high correlation between LAR and
SLA over a range of plant size suggests that the inﬂuence of SLA on
variations in LAR observed across species (Poorter et al. 2011) also
holds when considering the ontogenetic variations in LAR related
to changes in plant size and leaf morphology during the vegetative growth phase.
In view of the many similarities in the morphology and growth
patterns in the studied species, the major contrast between them
appeared related to ploidy, the tetraploid C. hircinum and quinoa
being much more productive than the diploid cañahua in terms of
TPM, NAR, and TRL (Figs. 1a, 3, 4a). Both tetraploid species had
root axes that were signiﬁcantly thicker than in cañahua, which
results in lower SRL values (Figs. 4b, 4c, 4d). These traits contribute
to the penetration capacity of the roots and, thus, to the competitive ability of the plants to explore the soil proﬁle (Materechera
et al. 1992). Plants with roots of low SRL tend to have lower root
respiration and lower root turnover rates than those with roots of
high SRL (Roumet et al. 2006). The two tetraploid species showed
generally the highest values of R/S (Supplementary Figs. S1, S2a).
This higher investment in the root system together with a lower
cost of root maintenance might explain the higher overall productivity and slower RGR decrease in C. hircinum and quinoa compared with cañahua.
Depending on the species, the correlation between RGR and
seed mass can be positive, negative, or null (Grime and Hunt 1975;
Bell 2005; Villar et al. 1998). In the present study, the small-seeded
cañahua and the medium-seeded C. hircinum showed maximum

values of root and shoot RGR similar to those in the large-seeded
quinoa, thus without correlation with seed mass. Other cases of
small seed mass associated with high RGR have been described in
wild and cultivated relatives (Grime and Hunt 1975; Chapin et al.
1989). Evans (1993) states that crop domestication did not result in
any consistent difference in RGR among wild and cultivated species. The present study showed that, despite similar maximum
values of root or shoot RGR, the four populations differed in the
changes of these growth parameters in relation to plant size
(Fig. 2). In cañahua, the lower threshold values for the progressive
decrease in root or shoot RGR were associated with the lower early
vigour and general lower productivity of this species, themselves
related to its lower seed mass. Ploidy level could play a role in the
association between seed mass and vigour in early plant growth,
although a direct relationship remains difﬁcult to establish (Evans
1993). Among the studied species of larger seed mass, prolonged
high values of root RGR at medium plant size (ln TPM between 5
and 6.5 in Fig. 2) were characteristic of the two quinoa populations
and were associated with a vigorous root growth for a longer time
period than in the wild C. hircinum. This could be related to the
higher main root diameter and higher proportion of coarse root
(>0.3 mm) in the quinoa populations until 21 DAS (Figs. 4c, 5), both
traits indicating a root system with stronger morphology in the
young quinoa plants compared with their wild ancestor.
The present work showing interspeciﬁc differences in root
growth rate and root morphology under a common environment
suggests that these traits are genetically controlled in the studied
species and that root systems in quinoa may have been positively
inﬂuenced by human selection. Similar conclusions have been
drawn comparing old and modern wheat cultivars grown under
drought-prone environments (Siddique et al. 1990; Palta et al.
2011). These studies on wheat, as well as the present experiment
on Andean chenopods, found that human improvement of seed
crops has indirectly favoured the development of a strong root
system during the early stages of the vegetative period, notably
Published by NRC Research Press
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through the rapid growth of a coarse main root and many secondary root branches. Such root morphology during early growth
stages is an advantage for the fast colonization of deep soil layers,
enhancing the acquisition of ephemeral soil resources (Wasson
et al. 2012; Lamb et al. 2012) and thus contributing to better seedling competitivity and early vigour in domesticated species compared with wild ones (Janssens et al. 1990; Wolfe et al. 2008).

was also changed in the cultivated populations, improving their
capacity to explore soil at greater depth during early growth
stages. Although this study in a common environment under nonlimiting conditions allowed inference of a genetic basis for the
phenotypic variations observed among species, the adaptive value
of these variations should still be assessed along agroenvironmental gradients.

Low- versus high-resource habitats
In the present study, the contrast in plant traits between populations from low- and high-resource habitats is mainly illustrated
by comparing quinoa from the dry highlands with quinoa from
the humid lowlands, while cañihua brings insights on plant traits
adapted to extremely high and cold habitats with shallow soils.
This comparison assumes that (i) differences in environmental
conditions have been consistent over time and plant dispersal
was limited enough to allow genetic differentiation among populations and (ii) genetic differentiation is expressed even under
uniform and nonlimiting growth conditions. Although the ﬁrst
assumption seems reasonably satisﬁed when comparing the arid
and cold Bolivian highlands with the rainy and temperate Chilean
lowlands ca. 2100 km apart, the fulﬁllment of the second assumption remains more uncertain. In fact, under nonlimiting conditions, the two quinoa populations showed only marginal differences
in their morphological and growth patterns despite contrasted
habitats of origin. The most notable difference between them lies
in the seed mass, which is signiﬁcantly higher in the quinoa from
the low-resource habitat. Baker (1972) states that large-seeded species tend to be found in environments where seedlings are exposed to drought, whereas Villar et al. (1998) reported a lack of
correlation. Phenotypic variation in quinoa seed mass has been
documented at the continental scale (Bhargava et al. 2007), but the
lack of precise location of the origin of the studied lines precludes
inferring any biological adaptation. Within the Bolivian germplasm, Rojas (2003) ﬁnds larger seeds in quinoa from the arid
southern altiplano compared with less dry habitats. Because seed
mass is directly related to energy availability in the endosperm
and early exposition of the cotyledons after emergence (Moles and
Leishman 2008), larger seeds should confer better plant vigour
and competitive ability in seedlings of quinoa from low-resource
habitats. The high MRL in this population, jointly with the high
fraction of coarse roots, might reﬂect a priority to fast and continued colonization of the soil at depth, an adaptive rooting pattern
for capture of soil water and nutrients in low-resource habitats.
Similar differences in root depth and distribution have been observed in wild legume species from climatically contrasted locations compared under uniform conditions (Bell 2005).
From an ecological perspective, the low productivity displayed
by cañahua, together with its branched growth habit, low NAR,
and high SRL, could be part of a syndrome of plant growth
adapted to cold, high-altitude habitats with shallow soils (Poorter
et al. 2011; Gade 1970). In fact, small, branched plants are less
exposed to the night frosts frequent in the Andean highlands
(Pouteau et al. 2011; Winkel et al. 2009). The high SRL value, indicative of a strategy of rapid resource acquisition, could partly compensate for the limited soil foraging capacity in this species.
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