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senesced leaves and plant height. These traits were highly 
correlated. We concluded that (1) plant height is a relevant 
synthetic variable, (2) growth forms adequately summarize 
ecological strategies of species in arid ecosystems, and (3) 
the inclusion of plant morphological and chemical traits 
related to defenses against environmental stresses and her-
bivory enhanced the potential of species grouping, particu-
larly within shrubby growth forms.

Keywords  Desert plants · N concentration · Plant height · 
Seed mass · Soluble phenols · Specific leaf area

Introduction

The main biomes of the world show a remarkable degree 
of convergence in physiognomy, despite of the great differ-
ences in the taxonomic composition of their floras (Craw-
ley 1998; Moncrieff et al. 2015). This convergence of plant 
physiognomy reflects the importance of climatic factors as 
agents of natural selection (Crawley 1998) and facilitates 
the simplification of the diversity of plant species to a few, 
easily-defined categories based on attributes with meaning-
ful ecological significance (Golodets et al. 2009). In the last 
decades, there has been an ongoing effort to identify plant 
functional groups based on attributes related to tolerance 
and avoidance to environmental stresses (e.g. Bertiller et al. 
2006; de Bello et  al. 2010; Díaz and Cabido 1997; Díaz 
et al. 2004; Körner 1994; Pérez- Harguindeguy et al. 2013; 
Vesk and Westoby 2001; Westoby 1998). Grouping species 
sharing similar structure and functioning would increase 
our ability to predict vegetation dynamics and ecosystem 
functioning under natural or man-induced environmen-
tal changes at a global scale (e.g. Díaz et al. 2004; Körner 
1994; Rusch et  al. 2003; Woodward and Cramer 1996). 

Abstract  Grouping species may provide some degree 
of simplification to understand the ecological function 
of plants on key ecosystem processes. We asked whether 
groups of plant species based on morpho-chemical traits 
associated with plant persistence and stress/disturbance 
resistance reflect dominant plant growth forms in arid eco-
systems. We selected twelve sites across an aridity gradient 
in northern Patagonia. At each site, we identified modal size 
plants of each dominant species and assessed specific leaf 
area (SLA), plant height, seed mass, N and soluble phenol 
concentration in green and senesced leaves at each plant. 
Plant species were grouped according with plant growth 
forms (perennial grasses, evergreen shrubs and deciduous 
shrubs) and plant morphological and/or chemical traits 
using cluster analysis. We calculated mean values of each 
plant trait for each species group and plant growth form. 
Plant growth forms significantly differed among them in 
most of the morpho-chemical traits. Evergreen shrubs were 
tall plants with the highest seed mass and soluble phenols 
in leaves, deciduous shrubs were also tall plants with high 
SLA and the highest N in leaves, and perennial grasses 
were short plants with high SLA and low concentration of 
N and soluble phenols in leaves. Grouping species by the 
combination of morpho-chemical traits yielded 4 groups 
in which species from one growth form prevailed. These 
species groups differed in soluble phenol concentration in 
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Several plant traits summarize the major dimensions of var-
iations in plant ecological strategies and provide insights on 
the main opportunities and selective forces that shaped life 
history, architecture, resource allocation, and physiology 
of plants (Lambers et al. 2000; Navas et al. 2009; Westoby 
1998; Westoby et al. 2002). Some of these traits converge 
across a wide range of environments and were success-
fully used to identify plant functional groups across broad 
environmental gradients (Cornwell et al. 2008; Díaz et al. 
2004; Fortunel et al. 2009; Reich 2014). However, variation 
of meaningful functional traits potentially useful to group 
plants in narrow environmental gradients such as those 
characteristic of arid ecosystems were scarcely described.

In arid ecosystems, drought exerts a strong selective 
pressure on morpho-chemical traits and plant life histo-
ries (Aerts and Chapin 2000; Bertiller and Bisigato 1998; 
Díaz et al. 2004; Lambers et al. 2000; Niu et al. 2010; Noy 
Meir 1973; Vesk and Westoby 2001; Violle et  al. 2007). 
In these environments, vegetation is dominated by shrubs 
and perennial grasses (Bertiller et  al. 1991; Bertiller and 
Bisigato 1998; Sala et  al. 1989; West 1983). These plant 
growth forms display strong morphological and functional 
differences (Bertiller et al. 1991; Carrera et al. 2003; Díaz 
et  al. 2004; Lambers et  al. 2000; Noy Meir 1973). Trait 
variation across aridity gradients may be related to spe-
cies replacement and/or plant phenotypic plasticity hav-
ing different effects on the patterns of relevant ecosystem 
processes such as primary production, litter decomposition, 
and nutrient release and cycling (Carrera et al. 2009; Golo-
dets et al. 2009; Lambers et al. 2000; Moreno et al. 2010; 
Moreno and Bertiller 2015; Pazos et al. 2010; Weiher et al. 
1999; Wright et  al. 2004). Accordingly, the selection of a 
meaningful set of plant traits reflecting differential ecologi-
cal functions of plants may increase our ability to predict 
vegetation functional responses to environmental changes 
across arid ecosystems (de Bello et  al. 2010; Díaz and 
Cabido 1997; Díaz et  al. 2004; Rusch et  al. 2003; Wood-
ward and Cramer 1996).

Plant grouping by growth form has been widely used in 
eco-physiological studies encompassing a wide range of 
environmental variation (e.g. Cornwell et  al. 2008; Pérez- 
Harguindeguy et al. 2013, Shaver and Chapin 1980; Zhao 
et  al. 2014). However, other studies showed a large over-
lapping in attributes related to C fixation and N conserva-
tion among plant growth forms (Aerts and Chapin 2000; 
Cornelissen 1999) mostly in narrow gradients of aridity 
(Bertiller et  al. 2006; Moreno et  al. 2010). Alternatively, 
classifications based on leading dimensions of varia-
tion of easily measurable traits summarizing fundamental 
plant trade-offs were proposed to assess plant functional 
groups (e.g. Westoby 1998). In this context, we explored 
whether plant grouping based on morpho-chemical traits 
related to the persistence, stress/disturbance resistance, 

and functioning (e.g. specific leaf area, plant height, seed 
mass, concentrations of N and soluble phenols in green and 
senesced leaves) is consistent with plant grouping by domi-
nant growth forms (perennial grasses, evergreen shrubs, 
and deciduous shrubs) in constrained gradients of arid 
ecosystems.

Materials and methods

Study area

We selected twelve study sites (Table  1a) evenly sepa-
rated across an area of 300 km lenght and 165 km width 
in northern Patagonia (Argentina), including the southern 
portion of the Monte Phytogeographical Province and the 
northern portion of the Central District of the Patagonian 
Phytogeographical Province (León et al. 1998). Vegetation 
corresponds to xeromorphic tall shrublands in the Patagon-
ian Monte and to shrub or shrub-grass steppes dominated 
by medium shrubs in the Central District (Ares et al. 1990). 
Mean annual temperature ranges from 9.8 to 13.5 °C, the 
mean annual precipitation varies from 125 to 150  mm 
(Barros and Rivero 1982; Mitchell and Jones 2005), and 
the aridity index (AI) ranges from 4.5 to 7.3 (Table  1a) 
(Le Houérou 1990; Moreno et  al. 2010). The study area 
has been grazed by sheep since the early 1900s (Ares 
et  al. 1990) with a mean historical stocking rate (period 
1960–1991) of 0.20 ±  0.02 sheep ha−1 (Chubut Province 
1960–1970–1978–1991).

Sampling

Sampling was carried out in summer 2011–2012 and 2012–
2013, corresponding to the late vegetative-early reproduc-
tive growth and seed dispersal periods of shrubs and peren-
nial grasses (Bertiller et al. 1991; Campanella and Bertiller 
2008). Vegetation sampling was done at physiognomically 
and floristically homogeneous stands representative of each 
site in an area of about 3 ha (minimal area sensu Mueller-
Dombois and Ellenberg 1974). We recorded species rich-
ness and plant species cover (Mueller-Dombois and Ellen-
berg 1974) at each site. Cover was visually estimated using 
1 % cover intervals (Bär Lamas et  al. 2013; Bertiller and 
Ares 2008). At each site, we randomly selected between 
9 and 14 adult plants of modal size (most frequent crown 
diameter and plant height) of each dominant perennial 
plant species (those species accounted for more than 75 % 
of the total cover of the site). Annual plant species were not 
included in the analysis since the abundance of this plant 
group is very low in all Patagonian ecosystems contributing 
with 0.1–3 % of the total plant cover (Bertiller and Carrera 
2015; Golluscio and Sala 1993; Larreguy et al. 2014).
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Selection of plant traits

We selected 7 plant traits (specific leaf area: SLA, plant 
height, seed mass, N concentration in green and senesced 
leaves, and soluble phenol concentration in green and 
senesced leaves) which are associated with the persistence 
and stress/disturbance resistance. These traits may influ-
ence the rates of ecosystem processes (Bertiller et al. 2006; 
Chapin et  al. 2000; Díaz and Cabido 1997; Moreno et  al. 
2010; Pérez-Harguindeguy et  al. 2013; Westoby 1998). 
The SLA represents a fundamental trade-off between 
resource acquisition and conservation (Moog et  al. 2005; 
Westoby 1998). Moreover, this trait is related to the pat-
terns of plant growth, carbon and nutrient investment in 
tissues, development of structural and chemical defenses, 
leaf life span, nutrient resorption rates, and litter chemistry 
(Aerts and Chapin 2000; Bertiller et  al. 2006; Cornelissen 
1999; Mediavilla and Escudero 2003; Moreno et al. 2010; 
Saraví Cisneros et  al. 2013). The SLA could also be used 
as an indicator of structural chemical components such as 
lignin (Pérez-Harguindeguy et  al. 2013). Plant height at 
maturity indicates a trade-off between the competitive abil-
ity for light and the construction cost of stem biomass, and 
it is associated with the ability to tolerate or avoid environ-
mental stress (Pérez-Harguindeguy et  al. 2013; Westoby 
1998). The seed mass represents a trade-off between seed 
dispersal and seedling establishment ability (Murray et  al. 
2002). Nitrogen is one of the most limiting nutrients for 
plant growth (Lambers et al. 2000). The concentration of N 
in green leaves is associated with photosynthetic proteins 
(Lambers et al. 2000) while N in senesced leaves is strongly 
related to patterns of N conservation in plants (del Arco 
et al. 1991; Niinemets and Tamm 2005). In arid and semi-
arid ecosystems, plant species exhibit different mechanisms 
of N conservation (Aerts 1996; Aerts and Chapin 2000; 
Carrera et  al. 2000; Lambers et  al. 2000). In the Patagon-
ian Monte, evergreen non-leguminous woody species show 
long-lived leaves with low N concentration and high con-
centration of secondary compounds in green leaves. These 
latter induce low N resorption from senescing leaves and 
consequently N concentration in senesced leaves is higher 
than that in non-woody species such as perennial grasses 
(Mazzarino et al. 1998; Mazzarino and Bertiller 1999; Car-
rera et al. 2000). Soluble phenols are the secondary metabo-
lites most widely distributed in plants (Hättenschwiler and 
Vitousek 2000). The concentration of soluble phenols in 
green leaves is involved in the absorption of UV radiation, 
tolerance to water shortage, thermal protection, allelopa-
thy, and defenses against herbivores or pathogens (Hätten-
schwiler and Vitousek 2000). The concentration of soluble 
phenols in senesced leaves may negatively affect soil micro-
bial activity, and soil organic matter decomposition and 
mineralization (Aerts and Chapin 2000; Hartley and Jones 

1998; Lambers et al. 2000). Moreover, Saraví Cisneros et al. 
(2013) provided evidence that the diversity and amount of 
phenolic compounds in green leaves of coexisting shrubs 
of an arid ecosystem of Patagonia was related to plant traits 
such as rooting depth, leaf turnover, and leaf N.

Plant sampling

We measured the height of each selected plant exclud-
ing the reproductive structures in the case to be present 
(Westoby 1998), and harvested three branches of the exter-
nal canopy crown (with sunny and partially sunny leaves) 
from each dominant woody plant, and three tillers of each 
dominant perennial grass plant. The harvested material was 
air dried. Then, we randomly selected five totally expanded 
green leaves per plant, rehydrated them up to full expan-
sion, placed each of them on the flat bed of an HP ScanJet 
ADF scanner and scanned them. Leaf area was assessed by 
analyzing the images with the AxioVision 4 software. After 
that, leaves were oven dried at 60 °C for 48 h and weighed 
to assess leaf dry mass (Bertiller et  al. 2006). We further 
calculated the mean SLA in green leaves of each species 
at each site as the leaf area divided by the leaf mass. The 
rest of the totally green leaves without signs of deteriora-
tion (uniformity in coloration and absence of damage by 
herbivores or pathogens) was oven dried at 60  °C during 
48 h. We also harvested senesced standing leaves (without 
deterioration signs) from 20 to 40 modal size plants of each 
dominant species at each site. Senesced leaves were subse-
quently pooled in a single sample per species and site. We 
assessed N concentration in green and senesced leaves by 
semi-micro Kjeldahl, and soluble phenol concentration by 
the Folin-Ciocalteu method using 50 % methanol as extract 
solution and tannic acid as standard (Waterman and Mole 
1994). Additionally, we collected 10–20 seeds of at least 
three reproductive branches or tillers of each plant and site 
at the end of the reproductive season (January–February 
2012 and 2013). Seeds were air dried to constant weight and 
weighed (Pérez-Harguindeguy et al. 2013; Westoby 1998).

Statistical analysis

Plant species were grouped according to (1) growth forms, 
(2) plant morphological traits (plant height, SLA, seed 
mass), (3) SLA (as indicator of structural chemical com-
ponents such as lignin) and chemical traits (N and soluble 
phenol concentrations in green and senesced leaves), (4) 
morphological traits (plant height, SLA, seed mass) and 
chemical traits of green leaves (N and soluble phenol con-
centrations), and (5) morphological traits (plant height, 
SLA, seed mass) and chemical traits of senesced leaves (N 
and soluble phenol concentrations). Plant grouping (4) was 
aimed to identify plant species groups based on traits related 
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to different key ecosystem processes such as plant growth 
and light capture while plant grouping (5) was attempted 
to identify species groups sharing attributes closely related 
to decomposition processes. Consistency among the three 
groupings would indicate the feasibility to expedite assess 
groups of plant species sharing traits related to main key 
processes. Moreover, consistency between groupings 
(4) and (5) would indicate that plant groups sharing traits 
related to decomposition processes could be addressed by 
grouping species accordingly to green leaf traits. Green leaf 
traits are easier to assess than those of senesced leaves with-
out deterioration signs due to green leaves being more abun-
dant than senesced ones in arid ecosystems. By grouping 
according to growth forms (1), we assigned each species to 
one of the following plant growth forms (Pérez-Harguinde-
guy et  al. 2013): shrubs with green leaves during summer 
(evergreen shrubs during drought: ES), including evergreen 
tall and dwarf shrubs and a winter deciduous shrub; sum-
mer deciduous shrubs (deciduous shrubs during drought: 
DS); and perennial grasses (PG) (Table 1b). To perform the 
other groups (2–5), we used cluster analysis with Euclidean 
square distances and the un-weighted paired group method 
with arithmetic average (UPGMA) (Sneath and Sokal 
1973). We selected this statistical analysis since it is widely 
used in ecological studies to identify plant functional groups 
based on single plant traits, independently of growth forms 
(e.g. Belbin and McDonald 1993; Casanoves et  al. 2011; 
Leishman and Westoby 1992). Before the analyses, plant 
traits were standardized. We used the level of 10 % of the 
maximum distance to identify plant species groups at each 
dendrogram (2–5). After grouping, the mean values of the 7 
plant traits of each group were calculated. The significance 
of differences in mean values of plant traits among plant 
groups within each grouping procedure (growth forms, 
and 4 groups of species resulting from cluster analyses) 
was assessed by one way ANOVA. Relationships between 
all traits were assessed by Spearman correlation analysis 
to identify those traits that summarize fundamental trade-
offs related to ecological strategies independently of plant 
groupings. In those cases in which assumptions of ANOVA 
were not met, variables were logarithmic transformed 
(Sokal and Rohlf 1981). Least significant difference test (in 
the cases of homogeneity of variances) or Dunnett’s T3 test 
(in the case of non-homogeneous variances) were used for 
multiple comparisons (Norusis 1997).

Results

Plant groups based on plant growth forms

Growth forms differed in plant height (F2,47  =  14.48, 
P < 0.01, Fig. 1a), specific leaf area (SLA) (F2,47 = 8.25, 

P  <  0.01, Fig.  1b), seed mass (F2,47  =  3.96, P  =  0.03, 
Fig. 1c), concentration of N and soluble phenols in green 
(F2,47  =  11.86, P  <  0.01, Fig.  1d; and F2,47  =  19.74, 
P < 0.01, Fig. 1f, respectively) and senesced (F2,47 = 16.92, 
P  <  0.01, Fig.  1e; and F2,47 =  17.07, P  <  0.01, Fig.  1g, 
respectively) leaves. We found differences among the three 
growth forms in most of the traits, except for plant height 
and SLA, in which mean values were overlapped between 
evergreen shrubs (ES) and deciduous shrubs (DS), and 
DS and perennial grasses (PG), respectively (Fig.  1a, b). 

Fig. 1   Mean values of a plant height (cm), b specific leaf area (SLA, 
mm2 mg−1), c seed mass (mg seed−1), d N concentration in green 
leaves (mg  g−1), e N concentration in senesced leaves (mg  g−1), f 
soluble phenol concentration in green leaves (mg g−1), and g soluble 
phenol concentration in green leaves (mg g−1) by plant growth form. 
DS deciduous shrubs, ES evergreen shrubs, PG perennial grasses. 
Lowercase letters indicate significant differences among plant growth 
forms. Vertical lines indicate one standard error
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Despite this, each growth form was characterized by a par-
ticular combination of traits. ES were tall plants with the 
lowest SLA, the highest seed mass, the highest concentra-
tion of soluble phenols in green and senesced leaves and 
intermediate concentrations of N in leaves. DS were also 
tall plants with high SLA, the highest concentration of N in 
both green and senesced leaves and intermediate values of 
soluble phenols in leaves. PG were short plants with high 
SLA and low concentration of N and soluble phenols in 
green and senesced leaves.

Plant groups based on morphological traits

We identified three groups of species based on morphologi-
cal traits (plant height, SLA and seed mass). The species Col-
liguaja integerrima (Ci), with the highest seed mass (216 mg 
seed−1), was not grouped. All groups clustered species 

from different plant growth forms (Fig.  2a) and they dif-
fered in plant height (F2,46 = 52.09, P < 0.01, Fig. 2b), SLA 
(F2,46 = 33.77, P < 0.01, Fig. 2c), seed mass (F2,46 = 3.95, 
P = 0.03, Fig. 2d), concentrations of N in senesced leaves 
(F2,46  =  4.66, P  <  0.02, Fig.  2f), and soluble phenols in 
green and senesced leaves (F2,46 = 11.36, P < 0.01, Fig. 2g; 
and F2,46 = 14.99, P < 0.01, Fig. 2h, respectively). We found 
differences among the three groups only in the SLA, while 
mean values of plant height, seed mass, N concentration in 
senesced leaves and soluble phenol concentration in green 
and senesced leaves were overlapped between two groups. 
Moreover, we did not find significant differences in N con-
centration in green leaves among groups (F2,46  =  2.52, 
P =  0.09, Fig.  2e). Despite this, each group was charac-
terized by a particular combination of traits. Group 1 con-
sisted of species of all growth forms, having low values of 
all traits except for seed mass (Fig. 2d). Group 2 consisted 

Fig. 2   Plants groups based 
on morphological traits: plant 
height, specific leaf area (SLA), 
and seed mass. a Dendrogram, 
groups of plant species: 1, 2, 
3. Acronyms of plant growth 
forms as in Fig. 1, aridity 
index (AI) in parentheses, and 
acronyms of plant species as 
in Table 1. Mean values of 
b plant height (cm), c SLA 
(mm2 mg−1), d seed mass (mg 
seed−1), e N concentration 
in green leaves (mg g−1), f N 
concentration in senesced leaves 
(mg g−1), g soluble phenol 
concentration in green leaves 
(mg g−1), h soluble phenol 
concentration in senesced 
leaves (mg g−1) by plant group 
1, 2 and 3. Lowercase letters 
indicate significant differences 
among plant groups. Vertical 
lines indicate one standard error
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of evergreen and deciduous shrub species (relative contribu-
tion of 60 and 40 %, respectively) with high mean values of 
most traits, and intermediate values of SLA (Fig. 2c). Group 
3 clustered one evergreen shrub, deciduous shrub and peren-
nial grass species (relative contribution of 9, 18 and 73 %, 
respectively) with the highest value of SLA (Fig.  2c), and 
low values in the rest of the traits.

Plant groups based on SLA and chemical traits in green 
and senesced leaves (N, soluble phenols)

We recognized four groups of species (Fig. 3a) and the spe-
cies Prosopis alpataco (Pa) that had the highest mean val-
ues of N concentration in green and senesced leaves (36.29 
and 27.06  mg  g−1, respectively) was not clustered. Spe-
cies groups showed significant differences in plant height 
(F3,46 =  10.58, P  <  0.01, Fig.  3a), SLA (F3,46 =  12.85, 

P  <  0.01, Fig.  3b), seed mass (F3,46  =  5.42, P  <  0.01, 
Fig.  3c), N concentration in green and senesced leaves 
(F3,46 = 13.59, P < 0.01; F3,46 = 24.14, P < 0.01; Fig. 3e 
and f), and soluble phenol concentration in green and 
senesced leaves (F3,46 =  30.70, P  <  0.01, F3,46 =  68.39, 
P  <  0.01; Fig.  3g, h). We found significant differences 
among three groups in the SLA, while one group exhibited 
intermediated values in this trait. Mean values of soluble 
phenols in senesced leaves were overlapped between two 
groups and mean values of the rest of the plant traits were 
overlapped in more than two groups. Despite this overlap-
ping, species groups showed particular combinations of 
traits. Group 1 consisted of species of all growth forms 
(Fig. 3a) having low values in all traits (Fig. 3b–h). Group 
2 clustered tall deciduous shrub species (Fig.  3b) having 
high N concentration in green and senesced leaves (Fig. 3e, 
f), intermediate values of SLA (Fig.  3c), low seed mass 

Fig. 3   Plants groups based 
on chemical traits: concentra-
tions of N and soluble phenols 
in green and senesced leaves, 
and specific leaf area (SLA). a 
Dendrogram, groups of plant 
species: 1, 2, 3, 4. Acronyms of 
plant growth forms as in Fig. 1, 
aridity index (AI) in paren-
theses, and acronyms of plant 
species as in Table 1. Mean 
values of b plant height (cm), c 
SLA (mm2 mg−1), d seed mass 
(mg seed−1), e N concentration 
in green leaves (mg g−1), f N 
concentration in senesced leaves 
(mg g−1), g soluble phenol 
concentration in green leaves 
(mg g−1), h soluble phenol 
concentration in senesced leaves 
(mg g−1) by group of species 1, 
2, 3, and 4. Lowercase letters 
indicate significant differences 
among plant groups. Vertical 
lines indicate one standard error
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and low concentration of soluble phenols in green leaves 
(Fig. 3d, g). Group 3 gathered deciduous shrub and peren-
nial grass species (relative contribution of 25 and 75  %, 
respectively, Fig.  3a) showing the highest SLA (Fig.  3c), 
intermediate concentration of N in green leaves and low 
values in the other traits. Group 4 clustered evergreen shrub 
species (Fig. 3a) and had the highest values of seed mass 
(Fig.  3d) and soluble phenol concentration in green and 
senesced leaves (Fig. 3g, h).

Plant groups based on morphological traits 
and chemical traits of green leaves

We identified four groups of species based on morphologi-
cal traits and chemical traits of green leaves (Fig. 4a), and 

three species were not grouped (Colliguaja integerrima: 
Ci, Prosopis alpataco: Pa, and Schinus johnstonii: Sj from 
the site with aridity index of 6.44 that had low height). 
Species groups differed in plant height (F3,44  =  40.83, 
P < 0.01, Fig. 4b), SLA (F3,44 = 16.49, P < 0.01, Fig. 4c), 
seed mass (F3,44 = 4.36, P = 0.01, Fig. 4d), N concentra-
tion in green (F3,44 = 10.82, P < 0.01, Fig. 4e) and senesced 
(F3,44 = 24.19, P < 0.01, Fig. 4f) leaves, and soluble phenol 
concentration in green (F3,44 =  48.03, P  <  0.01, Fig.  4g) 
and senesced (F3,44 = 77.65, P < 0.01, Fig. 4h) leaves. We 
found differences among the four groups in plant height 
and soluble phenols in senesced leaves traits. Mean val-
ues of SLA, N in senesced leaves, and soluble phenols in 
green leaves traits were overlapped between two groups 
while mean values of seed mass and N in green leaves were 

Fig. 4   Plants groups based on 
morphological and chemical 
traits in green leaves: plant 
height, specific leaf area (SLA), 
seed mass, concentrations of N 
and soluble phenols in green 
leaves. a Dendrogram, groups 
of plant species: 1, 2, 3, 4. Acro-
nyms of plant growth forms 
as in Fig. 1, aridity index (AI) 
in parentheses, and acronyms 
of plant species as in Table 1. 
Mean values of b plant height 
(cm), c SLA (mm2 mg−1), d 
seed mass (mg seed−1), e N 
concentration in green leaves 
(mg g−1), f N concentration in 
senesced leaves (mg g−1), g 
soluble phenol concentration 
in green leaves (mg g−1), h 
soluble phenols concentration 
in senesced leaves (mg g−1) by 
group of species 1, 2, 3, and 4. 
Lowercase letters indicate sig-
nificant differences among plant 
groups. Vertical lines indicate 
one standard error
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overlapped in more than two groups. Regardless of this 
overlapping, species groups differed among them in the 
combination of traits. Group 1 clustered evergreen shrub 
and grass species (relative contribution of 78 and 22  %, 
respectively, Fig.  4a) with low SLA and N concentration 
in green leaves (Fig.  4b, e). Group 2 gathered deciduous 
shrubs and one evergreen shrub (relative contribution of 
89 and 11 %, respectively, Fig. 4a) with high N concentra-
tion in green and senesced leaves (Fig. 4e, f). Group 3 had 
only perennial grasses with the highest SLA (Fig. 4c), and 
low values in the other traits. Group 4 clustered evergreen 
shrubs and one deciduous shrub (relative contribution of 90 
and 10 %, respectively, Fig. 4a) and exhibited high values 
in all traits.

Plant groups based on morphological traits 
and chemical traits of senesced leaves

We recognized four groups of species (Fig.  5a) and 
three species were not grouped (Colliguaja inte-
gerrima: Ci, Prosopis alpataco: Pa, and Schinus john-
stonii: Sj from the site with aridity index of 6.44). Plant 
groups differed in plant height (F3,44 = 46.89, P < 0.01, 
Fig.  5a), SLA (F3,44 =  15.23, P  <  0.01, Fig.  5b), seed 
mass (F3,44  =  3.43, P  =  0.03, Fig.  5c), N concen-
tration in green and senesced leaves (F3,44  =  8.96, 
P < 0.01; F3,44 =  25.72, P < 0.01; Fig. 5e, f) and solu-
ble phenol concentration in green and senesced leaves 
(F3,44 = 22.38, P < 0.01, F3,44 = 50.45, P < 0.01; Fig. 5g, 

Fig. 5   Plants groups based on 
morphological and chemical 
trait in senesced leaves chemi-
cal traits: plant height, specific 
leaf area (SLA), seed mass, 
concentrations of N and soluble 
phenols in senesced leaves. a 
Dendrogram, groups of plant 
species: 1, 2, 3, 4. Acronyms of 
plant growth forms as in Fig. 1, 
aridity index (AI) in paren-
theses, and acronyms of plant 
species as in Table 1. Mean 
values of b plant height (cm), c 
SLA (mm2 mg−1), d seed mass 
(mg seed−1), e N concentration 
in green leaves (mg g−1), f N 
concentration in senesced leaves 
(mg g−1), g soluble phenol 
concentration in green leaves 
(mg g−1), h soluble phenol 
concentration in senesced leaves 
(mg g−1) by group of species 1, 
2, 3, and 4. Lowercase letters 
indicate significant differences 
among plant groups. Vertical 
lines indicate one standard error
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h). We found differences among the four groups in plant 
height and soluble phenols in senesced leaves traits. The 
mean values of SLA, N in senesced leaves, and soluble 
phenols in green leaves traits were overlapped between 
two groups while mean values of seed mass and N in 
green leaves traits were overlapped in more than two 
groups. Regardless of this overlapping, each species 
group was characterized by a particular combination 
of traits. Group 1 clustered evergreen shrub and peren-
nial grass species (relative contribution of 67 and 33 %, 
respectively, Fig. 5a) with low SLA (Fig. 5c) and N con-
centration in green leaves (Fig.  5e). Group 2 gathered 
evergreen and deciduous shrub species (relative contribu-
tion of 18 and 82 %, respectively, Fig. 5a) and had high 
N concentration in green and senesced leaves (Fig. 5e, f). 
Group 3 included perennial grass species (Fig.  5a) with 
the highest SLA (Fig.  5c) and the lowest values in the 
rest of the traits. Group 4 clustered tall evergreen shrub 
species (Fig. 5b) with the highest soluble phenol concen-
tration in green and senesced leaves (Fig. 5g, h).

Relationships among morpho‑chemical traits and the 
aridity index

Plant height was positively related to all morpho-chem-
ical traits except for SLA. Seed mass was negatively 
related to SLA and positively associated with N con-
centration in senesced leaves and soluble phenols in 
both green and senesced leaves. Both N and soluble 
phenols in green and senesced leaves were positively 
correlated between them (Table  2). All morpho-chem-
ical traits did not significantly vary with the aridity 
index (Table 2).

Discussion

Grouping species might provide some degree of simplifi-
cation to scaling up from species to vegetation, to under-
stand the ecological function of plants on key ecosystem 
processes, and to predict how vegetation and ecosystems 
respond to natural or man-induced disturbances (Cornwell 
et  al. 2008; de Bello et  al. 2010; Díaz and Cabido 1997; 
Körner 1994; Pietsch et al. 2014). In doing this, the selec-
tion of traits reflecting ecological strategies closely linked 
to ecosystem functioning (i.e. soil organic matter turno-
ver and nutrient cycling) is quite relevant (Fry et al. 2013; 
Hillebrand and Matthiessen 2009).

Our results showed that grouping plants by growth 
forms (perennial grasses, evergreen shrubs and deciduous 
shrubs) yielded homogeneous species groups in ecological 
meaningful traits related to persistence, stress/disturbance 
resistance and ecosystem functioning. Plant growth forms 
differed in seed mass and in all chemical traits showing 
convergence in the pattern of traits associated with plant 
lifespan, opportunistic behavior, defenses against herbivory, 
and tolerance or avoidance to environmental stress in con-
strained environmental gradients in arid ecosystems (Briske 
1996; Díaz et al. 2004; Grassein et al. 2010; Moreno and 
Bertiller 2015; Pazos et  al. 2010; Westoby 1998; Wright 
et al. 2004). Thus, high SLA and N concentration in green 
leaves of deciduous shrubs could be associated with short-
lived leaves which are produced during a relative short 
period in the wet season (Campanella and Bertiller 2008; 
Chesson et al. 2004). In contrast, evergreen shrubs had long 
lasting leaves with high concentration and diversity of sec-
ondary compounds protecting them against environmental 
stress and herbivory (Campanella and Bertiller 2008; Díaz 

Table 2   Relationships among plant height, SLA, seed mass, N concentration in green and senesced leaves, soluble phenol concentration in 
green and senesced leaves, and the aridity index (AI)

* P < 0.05, ** P < 0.01

AI Plant height SLA Seed mass N in green leaves N in senesced 
leaves

Soluble phenols in 
green leaves

Soluble phenols in 
senesced leaves

AI 1 0.11 0.04 0.11 0.15 0.12 −0.12 0.02

Plant height 1 −0.13 0.48** 0.40** 0.67** 0.52** 0.69**

SLA 1 −0.50** 0.22 0.01 −0.28 −0.25

Seed mass 1 0.07 0.41** 0.50** 0.59**

N in green leaves 1 0.72** 0.35* 0.43**

N in senesced 
leaves

1 0.57** 0.71**

Soluble phenols in 
green leaves

1 0.91**

Soluble phenols in 
senesced leaves

1
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et  al. 2004; Hartley and Jones 1998; Moreno et  al. 2010; 
Saraví Cisneros et al. 2013; Zunzunegui et al. 2005). In the 
case of perennial grasses, high SLA and low soluble phenol 
concentration in leaves could be associated with opportun-
istic behavior and high phenological plasticity (Couso and 
Fernández 2012; Tieszen and Archer 1990). Furthermore, 
differences in seed mass could be related to higher repro-
ductive allocation (as numerous small seeds) in short-lived 
perennial grasses compared to long-lived shrubs (Crawley 
1998; Westoby et al. 1999; Wright et al. 2004).

However, groups resulting from those groupings 
including either morphological or chemical traits showed 
scarce differences among them mainly in those plant 
traits not included in the respective cluster analysis. In 
contrast, plant groupings including both morphologi-
cal and chemical traits yielded species groups internally 
consistent in relation to relevant functional traits such 
as soluble phenols in senesced leaves and plant height 
(Pérez-Harguindeguy et  al. 2013; Saraví Cisneros et  al. 
2013; Westoby 1998). Moreover, these groups were simi-
lar to those identified by growth forms and further dis-
criminated subgroups of evergreen shrubs and perennial 
grasses. Within evergreen shrubs, we identified two sub-
groups showing different combinations of plant traits (a 
subgroup represented by short plants with low SLA and 
low or intermediate concentrations of N and soluble phe-
nols in leaves and other subgroup consisting of tall plants 
with intermediate values of SLA, and high concentra-
tions of N and soluble phenols in leaves). Both subgroups 
could indicate different adaptive advantages to natural 
and anthropic disturbances and environmental stresses 
(Wright and Westoby 2003; Moreno et  al. 2010; Saraví 
Cisneros et al. 2013). Plant height at maturity indicates a 
trade-off between the competitive ability for light and the 
construction cost of stem biomass and is usually associ-
ated with the ability to avoid or tolerate environmental 
stress (Pérez-Harguindeguy et  al. 2013; Westoby 1998). 
On the other hand, long lasting leaves with low SLA and 
large accumulations of secondary metabolites (e.g. solu-
ble phenols) not only increase N-residence time in the 
plant but also enhance the tolerance to water shortage, and 
resistance to solar radiation and herbivores (Grace 1998; 
Hartley and Jones 1998; Lambers et al. 2000). This rein-
forces the evidence that evergreen shrubs are a structurally 
and chemically heterogeneous plant group as previously 
reported in relation to the amount and diversity of chemi-
cal and structural defenses against drought and herbivory 
(Moreno et  al. 2010; Saraví Cisneros et  al. 2013). More-
over, plant height was highly correlated to almost all the 
other morpho-chemical traits considered in this study. This 
finding highlighted that plant height is a trait that summa-
rizes fundamental trade-offs associated with the ability to 

tolerate or avoid environmental stress and grazing distur-
bance (Briske 1996; Jardim and Batalha 2008; Moles et al. 
2009; Westoby 1998). Unlike shrubs, perennial grass spe-
cies only showed heterogeneity in relation to plant height. 
However, plant height is a plastic trait in several perennial 
grass species of arid ecosystem (Couso and Fernández 
2012) mostly in relation to the proximity to shrub cano-
pies (i.e. plants growing underlying or in the periphery of 
shrub canopies vs. those occupying open areas) (Moreno 
and Bertiller 2015). These findings emphasize that peren-
nial grasses are mostly morphologically and functionally 
more homogeneous than shrubs (Carrera et al. 2003; 2009; 
Díaz et al. 2004; Lambers et al. 2000; Moreno et al. 2010).

Additionally, grouping plants by morpho-chemical traits 
failed to include some species (Colliguaja integerrima, 
Prosopis alpataco, and Schinus johnstonii) with extreme 
values in particular traits. Moreover, in some cases, group-
ings based on morphological and/or chemical traits clus-
tered the same species in different groups, depending on 
the growing site (i.e. the deciduous shrub Lycium chilense, 
the evergreen shrubs Atriplex lampa, Schinus johnstonii 
and Larrea divaricata, and the perennial grasses Jarava 
neaei, Poa ligularis, Pappostipa humilis and Nassella ten-
uis). These results could be related to adaptations or plas-
tic responses to differences in water shortage among sites. 
We discarded differences due to domestic grazing pressure 
among sites based on the similar grazing pressure across 
the aridity gradient and studies reporting no changes in 
mean values of some plant traits due to herbivory in arid 
ecosystems (Adler et  al. 2005; Bär Lamas et  al. 2013; 
Lázaro-Nogal et  al. 2013; Milchunas et  al. 1998; Moreno 
et al. 2010).

We concluded that growth forms adequately summarize 
ecological strategies of species across the aridity gradient 
and that the inclusion of plant morphological and chemi-
cal traits related to defenses against water shortage and her-
bivory may clearly enhance the power of species grouping 
particularly within shrubby growth forms. This result high-
lighted the importance of using additional sets of traits to 
those used to identify growth forms when the objective is 
grouping species with different ecological function in rela-
tion to relevant ecosystem processes in narrow aridity gra-
dients. Furthermore, our findings indicated that plant height 
is a key trait that could be used as an expedite indicator of 
plant ecological function in arid ecosystems.
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