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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Understanding how plants respond to water defi cits is becoming 
increasingly important given that many areas of the globe are pre-
dicted to become drier ( Dai, 2011 ). Drought has a strong eff ect on 
plant survival and seed germination, and it limits plant growth and 
ecosystem productivity in many areas of the world, but particularly 
in arid and semiarid environments ( Sivakumar et al., 2005 ). Primary 
productivity in these environments is already strongly limited by 
precipitation; consequently, even a small decrease in the dura-
tion or magnitude of drought can markedly reduce plant activity 

( Miranda et al., 2009 ;  Vicente-Serrano et al., 2013 ). In the Atacama 
Desert, summer drought is considered the main constraint to plant 
biomass production and is therefore, the primary limitation to the 
distribution and abundance of many plant species ( Squeo et al., 1998 ; 
 Jiménez et al., 2011 ). 

 Th e Atacama Desert is characterized by a rainfall gradient along 
a North–South transect between 23 ° S and 30 ° S, where rainfall in-
creases from <1 mm·yr −1  to >100 mm·yr −1  ( Rundel et al., 1991 ). 
Most of this rainfall falls in very few pulses with discrete precipita-
tion events interspersed with long dry periods. Th us, a small de-
crease in rainfall can have strong eff ects on plant species, particularly 
on early plant stages (i.e., seedlings and saplings), which are more 
sensitive than seeds or adults to dehydration ( Cavender-Bares and 
Bazzaz, 2000 ;  Mediavilla and Escudero, 2004 ;  Lloret et al., 2009 ). 

 Under short-term drought stress, plants typically close their sto-
mata, resulting in reduced transpiration rates and a decrease in 
photosynthesis and relative growth rate (RGR) ( Yordanov et al., 
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  PREMISE OF THE STUDY:  Drought is the most limiting factor for plant growth and recruitment in arid environments. For widespread species, however, plant 

responses to drought can vary across populations because environmental conditions can vary along the range of the species. Here, we assessed whether 

plants of  Encelia canescens  from diff erent populations along an aridity gradient in the Atacama Desert respond diff erently to water-defi cit conditions. 

  METHODS:  We conducted a common-garden experiment using plants grown from seeds from three populations distributed along an aridity gradient to 

test for diff erences in relative growth rate (RGR), biomass, root to shoot ratios, and photosynthesis between watered and water-defi cit plants. Additionally, 

we examined the relationship between root to shoot ratios with RGR and total plant biomass along the gradient. 

  KEY RESULTS:  Water defi cit aff ected root to shoot ratios, biomass, and RGR, but not photosynthesis. Populations varied in RGR and biomass; plants from the 

most arid population had higher RGRs, but lower biomass than those from the least arid population. In watered conditions, root to shoot ratios did not vary 

with RGR or biomass. Conversely, with the water defi cit, root to shoot ratios were negatively and positively related to biomass and RGR, respectively. 

  CONCLUSIONS:  Response to water defi cit diff ered among  E. canescens  populations; plants from the lowest rainfall environment adjusted root to shoot ra-

tios, which may have allowed for equal biomass production across treatments. In contrast, plants from the wettest population did not adjust root to shoot 

ratios, but were reduced in biomass. These morphological and physiological changes to water availability showed that populations can use diff erent 

strategies to cope with water defi cit. 

    KEY WORDS      aridity gradient; Asteraceae; Atacama Desert; biomass;  Encelia canescens ; photosynthesis; relative growth rate; root to shoot ratio 
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2000 ). As drought progresses, plants also start to undergo morpho-
logical changes. In this sense, one of the most frequent responses of 
plants to water defi cit is to increase the relative amounts of biomass 
allocated to roots instead of shoots to promote more soil water up-
take ( Markesteijn and Poorter, 2009 ). However, there is a trade-off  
between a high investment in root biomass and a high aboveground 
RGR, which may explain why many high-RGR species are less re-
sistant to drought ( Fernández and Reynolds, 2000 ). 

 Along environmental gradients, widespread species are exposed 
to diff erent environmental conditions ( Ramírez-Valiente et al., 
2010 ). Th erefore, plant responses to drought may or may not vary 
across populations within widely distributed species (e.g.,  Li and 
Wang, 2003 ;  Zhang et al., 2004 ). For example, in terms of root bio-
mass allocation, individuals in the dry end of their distribution may 
exhibit greater changes in response to drought than those from 
more mesic environments ( Gianoli and González-Teuber, 2005 ) 
because in increasingly arid environments, a higher root to shoot 
ratio allows plants to explore more soil volume and ultimately to 
absorb more water ( Aroca and Ruiz-Lozano, 2012 ). Similarly, 
growth reductions in response to water defi cit can also diff er among 
populations; however, it is expected to be more pronounced in 
populations from more mesic environments than those from more 
dry ones ( Chapin, 1991 ) because, in general, plants from the latter 
have less aboveground growth, which confers higher tolerance to 
drought conditions by reducing whole plant carbon demands and 
allowing more resource allocation to roots ( Grime, 1977 ,  2001 ; 
 Bornhofen et al., 2011 ). In contrast, although carbon assimilation 
rates are expected to drop under a water defi cit ( Schulze et al., 
1987 ), in general, photosynthesis does not vary among populations 
from contrasting environmental conditions (e.g.,  Heschel et al., 
2004 ;  Marchin et al., 2008 ;  Gimeno et al., 2009 ). 

 Here, we used a common garden experiment with plants from 
three populations of  Encelia canescens  distributed along an aridity 
gradient in the Atacama Desert to assess diff erences in growth, total 
biomass, root to shoot ratios, and net photosynthesis under wa-
tered and water-defi cit conditions. Additionally, we examined the 
relationship between the root to shoot ratios and (1) RGR and (2) 
total plant biomass. We hypothesized that plant responses to water 
defi cit would diff er among  E. canescens  populations in relation to 
their position along the aridity gradient; specifi cally, we predicted 
that plants from the driest populations would exhibit higher 
changes in the root to shoot ratios and that biomass and growth 
responses to water defi cits would be stronger in more mesic popu-
lations. In contrast, we expected no among-population diff erences 
in photosynthesis. Finally, we predicted that root to shoot ratios 
would be negatively correlated with both RGR and total plant bio-
mass because there is a trade-off  between root vs. aboveground bio-
mass investment. 

 MATERIALS AND METHODS 

 Study species —    Encelia canescens  Lam. (Asteraceae) is a native 
Chilean sunfl ower distributed along ca. 600 km within the Atacama 
Desert ( Ehleringer et al., 1981 ). Th is drought-deciduous shrub can 
reach up to 80 cm ( Squeo et al., 1994 ), blooms between September 
and October, and produces pubescent achenes from November to 
January. Seeds of  E. canescens  were collected in December of 2010 
from three localities ( Table 1 ):  Chañaral, Los Choros, and Puerto Aldea 
(referred hereon as the northern, central, and southern populations, 

respectively). Th e northern population is the driest, with a mean 
annual precipitation of 18 mm, followed by the central and south-
ern with means of 64 and 106 mm, respectively. At each popula-
tion, we randomly selected 30 shrubs and collected 3–5 fl ower 
heads per shrub. 

 Common garden experiment —   To determine how growth and bio-
mass allocation change in response to water defi cit, we established 
a common garden experiment at Universidad de La Serena (Chile; 
 Table 1 ). Sixty seeds (two per plant) from each population, were 
individually weighed, and then sown separately in 3.5-L pots fi lled 
with sandy soil. Seedlings were kept under well-watered conditions 
for 6 mo before starting the experiment to ensure establishment. 
Aft er this period, height was recorded for all plants to the nearest 
millimeter, and each individual plant was randomly assigned to 
one of two experimental water treatments, which were maintained 
for 45 d: (1) watered (W+), individual plants received 76 mL daily; 
(2) water-defi cit (W–), which consisted of 10 mL of water daily. 
Th ese regimes are equivalent to 100 and 18 mm of annual rainfall 
and represent the wettest (southern) and driest (northern) popula-
tions. Because rainfall in the Atacama Desert is highly episodic and 
typically falls only over a few days during the year, the duration that 
plants were exposed to the water treatments was long enough for a 
plant under natural conditions to receive the full amount of annual 
rainfall. At the end of the experiment (i.e., 45 d) plant height was 
recorded again, and plants were harvested and oven-dried (Binder 
FED 53–720, Tuttlingen, Germany) at 60 ° C for 48 h. We calculated 
aboveground RGR as: RGR = [ln (fi nal seedling height) − ln (initial 
seedling height)]/time, where time was expressed as number of 
days since the initial height measurement. Finally, we quantifi ed 
total leaf, shoot and root dry mass to estimate total biomass (g) and 
calculated the root to shoot ratio [g·g −1 ]. Additionally, before plants 
were harvested, we measured net photosynthesis ( A ) from a single 
leaf of all plants. Th ese measurements were taken between 10:00 
and 13:00 hours using an open gas exchange system (Li-6400, Li-
Cor, Lincoln, Nebraska, USA; 1500 μmol photons·m −2 ·s −1 , chamber 
temperature = 25 ° C, and ambient CO 

2
  concentration = 380 μmol 

CO 
2
 ·mol −1 ). 

 Statistical analyses —   To assess whether water treatment, popula-
tion, and their interaction aff ected the RGR, total biomass, root to 
shoot ratio, and net photosynthesis, we conducted independent 
analyses of covariance (ANCOVA). For all cases, we considered 

  TABLE 1.  Climatic characteristics and geographic coordinates of the three 

localities where seeds of  Encelia canescens  were collected and at La Serena, 

where the common garden was established. 

Locality Coordinates

Mean annual 
 precipitation 

(mm)
CV % 

(precipitation)

Mean annual 
temperature 

( ° C)

Chañaral 26 ° 18  ′  28  ″  S, 
70 ° 26  ′  23  ″  W

18 214.3 17.2

Los Choros 29 ° 17  ′  53  ″  S, 
71 ° 17  ′  33  ″  W

64 129.3 16.2

Puerto Aldea 30 ° 18  ′  27  ″  S, 
71 ° 35  ′  26  ″  W

106 75.1 16.2

La Serena 29 ° 54’53  ″  S, 
71 ° 14’31  ″  W

80 82.9 15.3

  Notes:  Coeffi  cient of variation (CV) was calculated as CV = (mean precipitation /standard 
deviation of the precipitation)  ×  100. Higher values of CV indicate higher variability in 
interannual precipitation. 
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  TABLE 2.   F  values for the two-way analysis of covariance for the eff ect of 

source population, water treatment and their interaction on RGR, total plant 

biomass, root to shoot ratio and net photosynthesis of  Encelia canescens  with 

plant height and seed mass as covariates.  

Variable
Population 

 (P)

Water 
 treatment 

(T)
P  ×  T 

 interaction
Plant 
 height

Seed 
mass

RGR  11.13  4.16 2.36  13.45 2.25
Total plant biomass  37.22  5.44 1.47 1.53  7.80 
Root to shoot ratio 2.78*  42.54  5.25 1.86 0.95
Net photosynthesis ( A ) 0.42 0.005 1.42 0.03 0.02

  Notes:  Signifi cant eff ects ( P  < 0.05) are in boldface. * P  = 0.07. 

water treatment and population as main factors, and seed mass and 
initial plant height as covariates (the fi rst to control for maternal 
eff ects and the second for diff erences in plant size). Data that were 
not normally distributed were log-transformed before the analysis. 
Diff erences between treatments and populations were examined 
with Tukey post hoc tests. Finally, we examined the relationship 
between the root to shoot ratio and (1) RGR and (2) total biomass 
using simple regressions. Statistical analyses were performed using 
R version 3.0.3 ( R Core Team, 2014 ). 

 RESULTS 

 Water-defi cit signifi cantly aff ected root to shoot ratios, total bio-
mass, and RGR, but had no eff ect on photosynthesis ( Table 2 ).  Spe-
cifically, in water-deficit conditions, plants from the northern 
population allocated more biomass to roots than shoots; there were 
no diff erences in the root to shoot ratios between water treatment 
in plants from the central and southern populations ( Fig. 1A, B ).  
Water treatment had an eff ect on biomass only for the southern 
population, where plants from the water-deficit treatment had 
lower biomass than those from the watered treatment ( Fig. 1C ). 
Source population had an eff ect on RGR and total biomass and a 
marginal eff ect ( P  = 0.07) on the root to shoot ratio ( Table 2 ). Plants 
from the southern population had a mean lower RGR than those 
from the northern population (mean  ±  SE: 0.008  ±  0.001 cm·cm −1 ·d −1  
vs. 0.003  ±  0.0004 cm·cm −1 ·d −1 ;  Fig. 1D ). Th e RGR, however, was 
also aff ected by plant size at the beginning of the experiment; spe-
cifically, larger plants (i.e., from the southern population) had 
lower RGRs. Total biomass tended to increase from north to south 
( Fig. 1C ), but was also related to seed size, which was larger in the 
southern population (mean  ±  SE: northern = 3.0  ±  0.05 mg, central = 
3.0  ±  0.07 mg , southern = 4.4  ±  0.1 mg ;  F  = 109.64,  P  < 0.001). 
The interaction between source population and water treatment 
was signifi cant only for the root to shoot ratio ( Table 2 ). Under 
watered conditions, there was no relationship between root to 
shoot ratios with either RGR ( r  2  = 0.017,  n  = 3,  P  = 0.92) or total 
biomass ( r  2  = 0.102,  n  = 3,  P  = 0.79). Under water defi cit, however, 
population mean root to shoot ratios were negatively ( r  2  = 0.99, 
 n  = 3,  P  = 0.02) and positively ( r  2  = 0.99,  n  = 3,  P  = 0.03) related to mean 
total biomass and mean aboveground RGR, respectively ( Fig. 2 ).  

 DISCUSSION 

 Under water-deficit, root to shoot ratios increased only for 
plants from the northern population and they did not change for 

plants from the central or southern population. Higher biomass al-
location to roots under water-defi cit conditions has been related to 
increased seedling survival during summer droughts in arid ecosys-
tems ( Donovan et al., 1993 ;  Heschel et al., 2004 ) because plants 
with more root biomass can access higher soil volumes and thus 
have a greater potential to acquire water. For Atacama Desert shrub 
species, however, higher survival of the initial plant stages may de-
pend more on other root traits. For example,  León and collaborators 
(2011) , studying the establishment of nine Atacama Desert shrub 
species, found that seedling survival in drought conditions was 
explained by an increase in root length and not by root to shoot 
ratios, which did not diff er between plants in the control and water-
defi cit conditions. Similarly,  Martinez-Tillería et al. (2012)  found 
that among six coastal desert shrub species, only  Flourensia thurif-
era  seedlings allocated more biomass to roots than shoots in water-
defi cit treatments. Th ese results suggest that in general, Atacama 
Desert shrub seedlings do not modify biomass allocation patterns 
in response to water defi cit. Th e fact that only plants from the 
northern population allocated more biomass to roots relative to the 
aboveground transpirational tissue under water-defi cit conditions 
suggests that this population is more plastic than the other two in 
root to shoot ratios ( Carvajal, 2013 ). Higher plasticity has been pro-
posed as an adaptive response to drought conditions ( Gianoli and 
González-Teuber, 2005 ), and in general, the degree of phenotypic 
plasticity of traits related to drought responses are expected to be 
greater in populations subjected to more variable environmental 
conditions ( Alpert and Simms, 2002 ;  Gianoli, 2004 ;  Gianoli and 
González-Teuber, 2005 ). In our study system, rainfall in the north-
ern population is not only ca. four and six times lower than in the 
central and southern populations, respectively, but also much more 
variable. Th erefore, plants growing in this environment should be 
able to respond more quickly to changes in water availability than 
can plants growing in less stressful environments ( Padilla et al., 
2009 ). Overall, these results suggest that for future studies, root ar-
chitecture (e.g., rooting depth) and diff erences in plasticity among 
populations should be explicitly considered in addition to changes 
in biomass allocation. 

 Water defi cit aff ected mean total biomass, but only in plants 
from the southern population, which are less prone to experience 
severe drought in natural conditions. Lower biomass can result if 
plants have lower carbon assimilation rates under drought; at the 
time carbon assimilation was measured, however, net photosynthe-
sis did not diff er between water treatments. One hypothesis to ex-
plain this result is that, compared with watered conditions, under 
water defi cit, plants from the southern population closed their sto-
mata for a longer period during the day (i.e., during aft ernoon hours), 
which would reduce daily carbon assimilation as well as water loss 
( Chaves et al., 2002 ) but would not be necessarily detected in a one-
time morning measurement of photosynthesis. Accession-specifi c 
changes in diurnal photosynthetic rates and stomatal conductance 
under water-defi cit have been reported for  Bituminaria bitumi-
nosa  and ultimately associated with differences in drought resis-
tance among accessions ( Foster et al., 2013 ). Th erefore, diff erent 
 E. canescens  populations could respond to water defi cit by adjusting 
diurnal patterns of photosynthesis and stomatal conductance in a 
similar manner. Nonetheless, further research is needed to confi rm 
this hypothesis. 

 Th at the population source had an eff ect on total biomass and 
that plants from the northern and central populations did not in-
crease their biomass in watered treatments support the existence of 
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ecotypic diff erentiation for plant size among  E. canescens  popula-
tions along the rainfall gradient ( Carvajal, 2013 ). Overall, plant size 
(i.e., total plant biomass) increased clinally as aridity decreased. 
Populations will diff erentiate when there are consistent selection 

pressures that cause directional trait changes, which can erode ge-
netic variation (but see  Sandquist and Ehleringer, 2003 ), and ulti-
mately result in locally specialized ecotypes ( Van Tienderen, 1990 ; 
 Donohue et al., 2001 ) that enhance survival. For example, having a 

  FIGURE 1  Changes in (A) root to shoot ratios, (B) below- and aboveground biomass allocation, (C) total biomass, (D) relative growth rate (RGR), and 

(E) net photosynthesis of three clinal populations of  Encelia canescens  in watered and water-defi cit treatments. Aridity decreases along the clinal 

gradient from the northern to the southern populations. Lowercase letters indicate signifi cant diff erences between treatments. Bars show  ± 1 SE.   
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small size in water-limited environments may be advantageous to 
plants because it confers greater tolerance to drought stress by re-
ducing carbon demands at the whole plant level and by allowing 
more resource allocation to other organs that favor water uptake, 
particularly roots (e.g.,  Grime, 1977 ;  Smith and Huston, 1989 ). In 
our study, the strong negative relationship between the root to 
shoot ratio and plant size constitutes evidence for this strategy 
along a water availability gradient. Conversely, larger plant size for 
the southern population may confer a higher probability of estab-
lishment when exposed to moderate drought. In this sense,  Donovan 
and collaborators (1993)  studied summer survival rates of  Ericam-
eria nauseosa  (formerly  Chrysothamnus nauseosus ; Asteraceae) in 
the Great Basin and found that larger seedlings had higher proba-
bilities of surviving the summer drought. Th ese seedlings were not 
only taller but also had deeper roots, which presumably increased 
their access to moisture in deeper soil layers. In this study, we did 
not examine survival patterns of the three populations in the diff er-
ent water treatments; however, given that seedling size is an impor-
tant trait related to survival and establishment ( Gilbert et al., 2001 ), 
the larger seedlings of the southern and central populations may 
have higher establishment probabilities under moderate drought. 
Whether large seedling size confers a survival advantage under 
severe drought remains to be tested. 

 Relative growth rate was highest for plants of the northern popu-
lation and lowest for those in the southern. Th ere are several possible 
explanations for this result. First, the RGR was also related to plant 
height; that is, taller plants (i.e., from the southern population) had 
lower RGRs than did the shorter ones. Because RGR is known to 
decrease with increasing plant size ( Gibson, 2014 ), most plant growth 
for plants of the southern population may have occurred during the 
pretreatment growing conditions, which would have been highly fa-
vorable to this population. Second, the higher RGRs of plants from 
the northern—more arid population—may have resulted from the 
fact that RGR is a measure of relative increase; thus, the shortest 
plants always have a high RGR in spite of small changes. Finally, the 
higher RGRs of plants from the northern population may be due to 
their higher root to shoot ratios. In this sense, it has been suggested 
that plants in wet environments have higher RGRs than those in arid 
ones, because it increases their competitive abilities ( Grime, 1977 ). 
Moreover, there is a recognized trade-off  between RGR and water-
use effi  ciency (WUE) ( Angert et al., 2007 ;  Kimball et al., 2013 ), 
whereby plants with higher RGRs have lower WUE. Here, the north-
ern population had the lowest WUE ( Carvajal, 2013 ), which is con-
gruent with what is predicted by the RGR–WUE trade-off . However, 
the geographic pattern was contrary to what is theoretically expected. 
Th e few studies that have found plants with lower WUE in more, in-
stead of less arid environments suggest that lower WUE is compen-
sated by higher root to shoot ratios (e.g.,  Heschel et al., 2004 ). Th is 
fi nding is consistent with our results, which show a positive relation-
ship between root to shoot ratio and RGR. Th us, the higher root to 
shoot ratio in the northern population may explain its higher RGR. 

 In summary, we showed that plant root to shoot responses to 
water-defi cit conditions diff ered among  E. canescens  populations in 
relation to their position along the aridity gradient. Interestingly, 
we found higher RGRs at the drier end of the gradient, which is 
contrary to what is generally expected for plants in environments 
with low water availability. However, this pattern can be explained 
by changes in biomass allocation. Ultimately, knowledge of how 
diff erent populations of a widespread species such as  E. canescens  
are aff ected by water defi cit—an environmental stress that is ex-
pected to occur with greater frequency—is important for under-
standing plant survival strategies across large distribution ranges. 
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