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Different responses of leaf and root traits to changes in soil
nutrient availability do not converge
into a community-level plant economics spectrum
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Abstract
Background and aims Spatial heterogeneity in soil can
influence the distribution of plant communities because
plants differ in their ability to acquire resources. In
nutrient-poor soils, plants should bear traits that priori-
tize conservation of resources over growth, whereas the
opposite is expected in nutrient-rich soils. A coordinated
response to soil fertility, in which leaves and roots
converge into the same strategy, would lead to a
community-level plant economics spectrum (PEScom).
Here, we examine how nutrient availability across dif-
ferent soil types shapes the functional structure of desert

shrub communities and how much of this variation is
explained by species turnover or intraspecific variability
(ITV).
Methods We measured leaf and root traits of 16 shrub
species in four sites with contrasting soil nutrient avail-
ability in the southern edge of the Atacama Desert.
Results In leaves, changes in soil nutrient availability
were associated with a leaf economics spectrum,
shifting from communities with more acquisitive strate-
gies to communities with more conservative strategies
with increasing nutrient limitation. No such pattern of
co-variation was observed for roots; thus, the relation-
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ship between above and below-ground traits did not fit
the PEScom. Variation of leaf traits was mainly deter-
mined by species turnover, while for root traits it was
determined equally by species turnover and ITV.
Conclusion The lack of a PEScom appears to be related
to the co-limitation of multiple resources, which pro-
motes different responses in root traits. We highlight the
importance of incorporating leaf and root traits to un-
derstand how multiple resource limitation shapes plant
ecological strategies.

Keywords AtacamaDesert . Nutrient limitation . K
limitation . Soil N:P ratio . Resource acquisition
strategies . Leaf economics spectrum . Root economics
spectrum

Abbreviations
LES Leaf economic spectrum
RES Root economic spectrum
PES Plant economic spectrum
SLA Specific leaf area
LDMC Leaf dry matter content
SRL Specific root length
RDMC Root dry matter content
β index Root depth distribution
LNC Leaf nitrogen concentration
LPC Leaf phosphorus concentration
LKC Leaf potassium concentration
LC:N Leaf C:N Ratio
RNC Root nitrogen concentration
RC:N Root C:N ratio
N Nitrogen
P Phosphorus
K Potassium
N:P Soil N:P ratio
PCA Principal component analysis
ITV Intraspecific trait variation

Introduction

Understanding patterns of variation in soil nutrients
across landscapes and their relationship with patterns
of plant distribution has become the focal point of much
ecological research (Fu et al. 2004; Stevens and Carson
2002; El-keblawy et al. 2015). Landscape-level varia-
tion in soil resource availability can change due to
variation in soil properties resulting from the nature of

the parent material (Yavitt 2000; Augusto et al. 2017), or
from variation in edaphic factors that occur during soil
development (Walker and Syers 1976; Vitousek
and Howarth (1991) ; Coomes et al. 2013). Such spatial
heterogeneity in soil nutrients affects the distribution of
plant communities (Maestre and Reynolds 2006) be-
cause plants differ in their ability to acquire and exploit
soil resources (Grime 1977; Aerts and Chapin 2000a).
In the context of the trade-off between acquisition and
conservation of resources, contrasting nutrient availabil-
ities can lead to changes in plant resource acquisition
strategies, which are reflected by relationships among
functional traits in both leaves (leaf economics spectrum
[LES], Wright et al. 2004) and roots (root economics
spectrum [RES], Roumet et al. 2016). Plant species
growing in nutrient-poor soils are expected to bear leaf
and root traits that allow them to prioritize conservation
of resources over growth (e.g., low SLA, low SRL and
low nutrient concentrations, with low uptake capacity,
high nutrient-use efficiency and longer-lived organs); in
contrast, in nutrient-rich soils plants should favor traits
that enable faster resource acquisition and growth at the
cost of a lower resource conservation (e.g., high SLA,
high nutrient concentrations and short-lived organs,
Chapin et al. 1993; Aerts and Chapin 2000b; Westoby
et al. 2002; Comas and Eissenstat 2004). A coordinated
response between leaf and root traits to changes in soil
resources should thus lead to a “plant economics spec-
trum” (PES), in which all plant organs converge into the
same strategy (Freschet et al. 2010; Reich 2014).

When the dominant species in a community have
similar strategies for their resource acquisition, the re-
source economics spectrum at the species level can scale
up to the community level for leaves (LEScom; Ordoñez
et al. 2009; Fernandez-Going et al. 2013; Jager et al.
2015; Carvajal et al. 2019), roots (REScom; Prieto et al.
2015; de la Riva et al. 2018; Hou et al. 2019), and the
whole plant (PEScom; Liu et al. 2010; de la Riva et al.
2016), respectively. Although some studies have dem-
onstrated the existence of a PEScom in response to con-
trasting soil resource availabilities (e.g., Holdaway et al.
2011; Pérez-Ramos et al. 2012), very few have exam-
ined whether leaf and root traits converge at the com-
munity level in resource-poor environments (Liu et al.
2010). One of such studies found no consistent integrat-
ed whole-plant trait coordination among communities
distributed along a strong water availability gradient in
the Atacama Desert (i.e., no PEScom), probably be-
cause the LEScom and REScom were responding to
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different environmental factors (Carvajal et al. 2019).
However, whether variation in soil nutrient availability
in this desert can lead to integrated changes in leaf and
root traits of plant communities (PEScom) or not still
needs to be tested comprehensively. Evidence from
more temperate ecosystems revealed a weak or lack of
coordination between leaf and their analogue root traits
(e.g., between SLA and SRL) in a soil fertility gradient,
suggesting that soil resources may not lead to a PEScom
(Kramer-Walter et al. 2016). This weak or lack of coor-
dination may occur because leaves and roots are ex-
posed to different selective pressures (e.g., leaf growth
and development may be constrained by light and water
availability, whereas root development may be more
constrained by soil nutrients, water availability and/or
by soil structure) or because they have dissimilar re-
sponses to the same selective pressure (Kembel and
Cahill 2011; Weemstra et al. 2016; Carvajal et al.
2019). In desert ecosystems aridity not only leads to a
strong limitation in water availability, but also promotes
slow biogeochemical cycles, which ultimately results in
low soil nutrient P and K availability in plant commu-
nities (Noy-Meir 1973, Schlesinger et al. 1996, Hartley
et al. 2007). Particularly soil P and K largely constrain
plant growth and development in these systems because
their limited availability reduces plant metabolic activity
and photosynthesis (Lambers et al. 2010 ; Sardans and
Peñuelas 2015). Therefore, plants in these ecosystems
are typically exposed to multiple selective pressures.

Changes in the functional structure of plant communi-
ties along resource gradients (e.g., water or nutrient) are
driven by changes in species turnover and intraspecific
variability (ITV) (Lepš et al. 2011; Siefert et al. 2015; Read
et al. 2017). Most studies thus far have focused on changes
in leaf traits, revealing that, along edaphic or nutrient
gradients, traits are mainly determined by changes in spe-
cies turnover (Pérez-Ramos et al. 2012; de la Riva et al.
2016a. Nonetheless, there is also empirical evidence show-
ing that SLA, LDMC and LPC express high ITV in
response to changes in environmental conditions (e.g.,
Lepš et al. 2011; Siefert et al. 2015; Fajardo and Siefert
2018). The role of ITV in shaping root traits has rarely
been addressed; however, the few studies that have exam-
ined this revealed that root traits have comparatively higher
ITV than do leaf traits (Freschet et al. 2015; Kramer-Walter
and Laughlin 2017; Read et al. 2017). This may be be-
cause changes in soil resources could be more limiting for
roots than for leaves, and hence promote higher ITVin root
that in leaf traits.

In this study, we used 11 leaf and root traits that have
a functional significance for woody shrub species to
determine how nutrient availability shapes the function-
al structure of plant communities in the southern edge of
the Atacama Desert. We hypothesize that under similar
climatic conditions (i.e., precipitation and temperature),
differences in soil nutrient availability shape the re-
source acquisition strategies of the shrub communities.
Specifically, we predict that: 1) resource acquisition
strategies of shrub communities will shift from more
conservative to more acquisitive with increasing soil
nutrient availability, promoting a LEScom and a REScom;
that 2) community-level leaf and root traits will be
coordinated and that 3) changes in the community func-
tional structure via ITV will be higher for root than for
leaf traits.

Material and methods

We conducted this study during 2016 in the southern
edge of the Atacama Desert, within a shrubland located
21 km N of La Serena, Chile (El Romeral, 29° 43’ S,
71°14’ W, 150 m.a.s.l.). Mean annual precipitation in
this area is 82.9 mm and mean annual temperature is
11.4 °C (1956–2003; Squeo et al. 2006). According to
De Martonne’s aridity index (De Martonne, 1926,
DEMAI =MAP/[MAT+10)]), the region is classified
as hyper-arid (DEMAI = 3.87). Most of the rainfall falls
in few pulses during the winter (May to September),
interspersed with drought periods and a long summer

Table 1 Site names, geological origins, age, rock type and species
richness (number of species) of the four study sites. Geological
origin, age and rock type are given according to Emparán and
Pineda (2000)

Sites names Geologic
formations

Age Rock type Numer
of
species

Piedras
Hombre
(PH)

Fluvial
deposits

Miocene Sandstone 8

Quebrada
Romeral
(QR)

Fluvial
deposits

Quaternary Gravel 9

Siciliano 1
(S1)

Eolic
deposits

Pleistocene Sand 7

Siciliano 2
(S2)

Alluvial
deposits

Quaternary Sedimentary 7
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drought with little, or no precipitation fromDecember to
March (Squeo et al. 2006).

Sampling design

Using the geological map developed by the Chilean Na-
tional Geology and Mining Service (SERNAGEOMIN),
we selected four sites within an area of approximately
10 km2, differing in soil age and/or geological origins
(i.e., rock type) (Table 1, Fig. S1) (Emparán and Pineda
2000). At each site, we randomly established ten 50 × 2 m
plots separated by at least 50 m. Within each plot, we
recorded shrub species composition, the number of indi-
vidual plants per species, and species-specific plant cover
to estimate the relative abundance of each species (see
Table S1 for species identity and cover data per site).

Soil variables

To collect soil samples, within each site we randomly
selected five points separated by at least 100 m from
each other. At each point, we collected five soil cores at
a depth of 0–20 cm from bare ground areas to avoid any
potential influence of the vegetation. These cores were
combined into a single composite sample per point (N =
5 points per site). Soil samples were analyzed in the Soil
Analysis Laboratory of the Technological Center of Soil
and Crops at Universidad de Talca (Talca, Chile) using
standard procedures (INIA 2006). For each sample, we
determined the proportion of groove sand (Ø 2–1 mm),
fine sand (Ø 1–0.5 mm) and lime/clay (Ø < 0.5 mm), as
well as total soil organic matter (%, wet digestion meth-
od), available N (mg kg−1, 2 M KCl extraction method),
available P (mg kg−1, Olsen method), total K (mg kg−1,
Flame spectroscopy method) and pH (1:2.5 soil: water
suspension).

Plant trait measurements

Following standardized protocols (Pérez-Harguindeguy
et al. 2013), in spring of 2016 we measured a set of 11
morphological and physiological leaf and fine root
(diameter < 2 mm) traits that are linked with ecological
strategies related to the plant economics spectrum (see
Table S2 for the description of traits and their functional
roles). In each of the sites, we selected 10 individuals of
each of the dominant species (i.e., those that comprised
90% of the species community abundance; Pakeman
and Quested 2007) for trait measurements. These

individuals were selected outside the plots where the
relative abundance of each species was measured but in
interspaces between plots to have a more representative
measure of mean trait values of these communities.

Morphological traits

We collected between 1 and 20 fully expanded sun-
exposed leaves per individual (depending on the spe-
cies) to measure specific leaf area (SLA) and leaf dry
matter content (LDMC). To measure morphological
root traits, we excavated roots under the crown of the
same individuals in which we collected leaves and col-
lected fine root samples (< 2 mm diameter, correspond-
ing to the diameter threshold for the first- and second-
order roots for most shrub species at our site) from a
depth between 10 and 20 cm. We chose this depth
interval because shrub roots are very scarce in the top
10 cm; thus, not enough material can be collected from
this layer. Leaf and root samples were placed in a sealed
bag immediately after collection in the field, stored in a
cooler and taken to the laboratory within 8 h of sam-
pling. Once in the laboratory, we recorded their fresh
weight (FW, g), scanned them (600 dpi resolution, HP
Scanjet 200) and oven-dried all samples at 60 °C for
48 h to determine their dry weight (DW, g). The
resulting images were processed with ImageJ
(Schneider et al. 2012) to determine leaf area (LA,
cm2) and root length (RL, mm). We then calculated
specific leaf area (SLA, m2 kg−1) and specific root
length (SRL, m g−1) as LA/DW× 1000 and RL/(DW/
1000), respectively, and LDMC (mg g−1) and RDMC
(mg g−1) were calculated as DW/(FW× 1000).

We measured the root depth distribution (β index) in
three out of the ten selected individuals per species and
site. In these individuals, we excavated a trench 1.6 m
long × 1 m width × 1 m deep starting at the center of
each shrub. Beginning in the top left corner of the
trench, we then collected 100 blocks of soil (20 × 20 ×
10 cm) from the trench walls, both down- (1 m) and
sideways (1.6 m) (see Fig. S2). We collected all roots
within each block and classified them according to their
diameter into very fine (Ø <1 mm), fine (1–2 mm) and
coarse roots (>2 mm). We then oven dried root samples
at 60 °C for 48 h and determined the biomass of each
diameter class. We estimated the total root mass of each
individual shrub according to Morales et al. (2014). The
β index was calculated using the asymptotic equation:
Y = 1 – βd, where Y is the accumulated proportion of
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root biomass from the soil surface down to a d depth
(Gale & Grigal 1987). Higher values of β indicate a
greater proportion of roots are allocated deeper in the
soil (Gale & Grigal 1987).

Chemical traits

We measured leaf nitrogen (LNC), phosphorus (LPC)
and potassium concentrations (LKC), as well as leaf
carbon to nitrogen ratio (LC:N). In roots, we measured
nitrogen concentration (RNC) and carbon to nitrogen
ratio (RC:N). Leaf and root C and N were measured in
the Laboratory for Biogeochemistry and Applied Stable
Isotopes (LABASI) at the Pontificia Universidad Católica
de Chile (Santiago, Chile) using a Thermo Delta VAd-
vantage IRMS coupled with a Flash 2000 Elemental
Analyzer. Foliar P and K concentrations were measured
using inductively coupled plasma optical emission spec-
trometry (ICP-OES, Thermo Elemental Iris Intrepid II
XDL, Franklin, TN, USA) after a microwave-assisted
digestion with HNO3:H2O2 (4:1, v:v) at the Ionomics
facility of CEBAS-CSIC (Murcia, Spain). Leaf and root
chemical traits were measured in five of the ten individ-
uals selected per species per site for the morphological
measurements. For some species, in each site (PH = 4 sp.,
QR = 5 sp., S1 = 7 sp., S2 = 3 sp.), LPC and LKC were
measured in only one individual.

Statistical analysis

To examine differences among sites for each of the soil
variables, we conducted a general linear model (GLM),

using a Gaussian error distribution (link function “iden-
tity”) and Tukey HSD post-hoc tests. For proportional
data (i.e., soil texture), values were square root-arcsine
transformed prior to analysis.

Within each of the four sites and for each leaf and
root trait we calculated the community-weighted mean
(CWM) in each community (i.e., plot). The CMW was
calculated following Garnier et al. (2004) as: CWM
¼ ∑s

i¼1pikxik , where pik is the relative abundance of
species i at site k and xik is the trait value of species i
at site k. We used plant cover as a measure of the relative
abundance of each species in each community. Follow-
ing Carvajal et al. (2019), we searched patterns of co-
variation in leaf traits and in root traits at the community
level according to the economics spectrum by
conducting two independent principal component anal-
yses (PCA): one for leaves (PCAleaf) using CWMvalues
of the six leaf traits measured (SLA, LDMC, LC:N,
LNC, LPC and LKC) and one for roots (PCAroot) using
CWM values of the five root traits measured (SRL,
RDMC, RNC, RC:N and β index). We used the first
PCAs axis because it captured a high proportion of the
CWM variation; consequently, its scores can be used as
a proxy of the economics spectrum given that they
represent gradients of trait variation across sites. We
extracted the scores of the first axis from the PCAleaf

and PCAroot of each community at each site and used
them as a continuous variable defining the LEScom or
REScom. To assess differences in the functional structure
of shrub assemblages in plant communities across sites
(i.e., differences in resource use strategies along the
plant economics spectrum), we performed one-way

Table 2 Mean and standard deviation (Mean ± SD) of the soil
properties measured at each site. P values of the linear models
testing differences across sites are indicated (see material and

methods section) and different lowercase letters indicate signifi-
cant differences among sites (Tukey post-hoc test, P < 0.05)

Soil variable Piedras Hombre Quebrada Romeral Siciliano 1 Siciliano 2 P value

Total N (mg kg−1) 9.0 ± 2.9b 13.5 ± 3.9c 4.6 ± 1.5a 3.2 ± 0.8a <0.001

Available P (mg kg−1) 6.8 ± 1.6a 14.8 ± 1.9bc 11.6 ± 1.5b 15.6 ± 2.8c <0.001

N:P ratio 1.4 ± 0.6c 0.9 ± 0.2bc 0.4 ± 0.2ab 0.2 ± 0.1a <0.001

Total K (mg kg−1) 101.2 ± 24.0a 126.0 ± 39.6ab 162.6 ± 12.1bc 245.8 ± 83.4c <0.001

MO (%) 0.8 ± 0.1b 0.8 ± 0.3ab 0.4 ± 0.2a 0.8 ± 0.3ab 0.02

pH 7.1 ± 0.2a 7.8 ± 0.4b 7.7 ± 0.1b 7.5 ± 0.3ab <0.001

Groove Sand (%) 41.2 ± 8.9c 43.2 ± 12.8c 0.9 ± 0.5a 25.2 ± 9.9b <0.001

Fine Sand (%) 45.2 ± 6.6a 47.7 ± 6.06a 91.5 ± 1.3b 50.9 ± 6.5a <0.001

Lime/Clay (%) 13.5 ± 2.9b 9.1 ± 10.3a 7.5 ± 1a 23.9 ± 3.7c <0.001
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ANOVAs using the first axis of the PCAleaf and PCAroot

as dependent variables and site as a factor, followed by
Tukey HSD post-hoc tests to assess differences among
sites.
The degree of coordination between leaf and root covariation was

assessed using standardized major axis regressions (SMA) (Warton
et al. 2012). Because we observed a clear differentiation within the
resource economics spectrum only for leaf traits, we regressed the
scores of the first PCAleaf axis against the CWM of each individual
root trait. To explore relationships between the LEScom and soil nutrient
variables, we performed linear regressions with the scores of the first

axis of the PCAleaf as the dependent variable and each of the soil
variables as the independent variable.
Following Lepš et al. (2011), we quantified the relative contribu-

tion of species turnover and intraspecific trait variation (ITV) in the
variation of the functional structure of shrub assemblages by cal-
culating three parameters for each plant organ: 1) “fixed” commu-

nity trait values ¼ ∑s
i¼1pixi, where pi is the relative abun-

dance of each species in a given community, and xi is
the mean trait values of each species across all sites
(i.e., site-independent trait values), and vary only due
to changes in species turnover; 2) “specific”

Fig. 1 a) Principal components
analysis (PCA) for six leaf traits at
the community level
(community-weighted mean
values) and b) mean (± SE) scores
of the first PCA axis for leaves for
the four different sites. Vectors
represent plant traits and symbols
denote plant communities sam-
pled in each site. Different lower-
case letters above bars indicate
significant differences among
sites. Trait abbreviations are as
follows: SLA = Specific leaf area,
LDMC= Leaf dry matter content,
LNC = Leaf nitrogen concentra-
tion, LPC = Leaf phosphorus
concentration, LKC= Leaf potas-
sium concentration and LC:N =
leaf carbon to nitrogen ratio
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Fig. 2 a) Principal components
analysis (PCA) for root traits at
the community level (communi-
ty-weighted mean values), b)
mean (± SE) scores of the first
PCA axis for roots of the four
different sites and c) mean (± SE)
scores of the second PCA axis for
roots of the four different sites.
Vectors represent root traits and
symbols denote individual plant
communities sampled at each site.
Different lowercase letters above
bars indicate significant differ-
ences among sites. Trait abbrevi-
ations are as follows: SRL = Spe-
cific root length, RDMC=Root
dry matter content, β = Beta in-
dex, RC:N = Root carbon to ni-
trogen ratio and RNC=Root ni-
trogen concentration
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community trait values¼ ∑s
i¼1pixi site, where xi _ site is

the mean trait values of each species within each site,
which include both species turnover and ITV and; 3)
“intraspecific variability” community trait values,
which are calculated from the differences between
the “specific” and “fixed” average traits and allow
an estimation of the pure effects of ITV. We then
performed individual PERMANOVAs for each pa-
rameter using sites as the independent factors to ex-
tract the sum of squares (SS) from each model
(SSspecific, SSfixed, and SSintraspecific variability). Because
species turnover and ITV could be responding to
environmental factors in the same (= positive covari-
ation) or opposite directions (= negative covariation),
we calculated the covariation component (SScov) by
subtracting SSfixed and SSintraspecific variability from
SSfixed. All statistical analyses were performed using
the R statistical environment (R Core Development
Core, 2014).

Results

Sites differed in their soil physical and chemical prop-
erties, revealing differences in N, P and K availability
across our study area. Our results show that P availabil-
ity was lowest at the oldest site (PH) compared to the
other three sites (χ2 = 231, P < 0.001, Table 2). Total N
was higher in PH and QR compared to S1 and S2 (χ2 =
288.68, P < 0.001). This resulted in differences in N:P
ratios that were highest in PH ≥QR ≥ S1 ≥ S2 (χ2 =
4.05, P < 0.001). Sites also differed in their total K,
which was significantly lower in PH and QR than in
S2 (χ2 = 2.08, P < 0.001).

The first axis of the PCAleaf accounted for 85.3% of
the total variation in CWM traits (Fig. 1a). Coupled with
significant correlations amongst traits, this suggests the
existence of a LEScom (Table S5 and S6). Traits associ-
ated with an acquisitive strategy (e.g., high SLA, LNC,
LPC and LKC) had positive loadings on the first PCAleaf

axis. Conversely, traits linked with a conservative strat-
egy (e.g., high LDMC and high LC:N) had negative
loadings on the first PCA

leaf
axis (Table S5). Soil prop-

erties (i.e., site) had a strong effect on leaf trait attributes;
sites with the lower P and K and higher N:P ratios (PH
and QR) were associated with the conservative side of
the PCAleaf (i.e. high LDMC and LC:N) and thus had
the lowest score values (Fig. 1b). In contrast, sites with

higher P and K and lower N:P ratios (S1 and S2) were
associated with the acquisitive side of the PCAleaf (i.e.,
high SLA, LNC, LPC and LKC) and had higher score
values (Fig. 1b; site effect F3,36 = 291.8, P < 0.001).

The covariation pattern for root traits was less clear
(Fig. 2a, Table S5) and CWM traits for fine roots
showed multiple associations along two axes of varia-
tion in the PCAroot (Fig. 2a). The first axis accounted for
59.4% of the total variability and was related to changes
in root morphology (SRL and RDMC) and root N (RNC
and RC:N). We observed a shift along this axis from
communities dominated by species with high RDMC
and RNC (i.e., negative values on the PCAroot), to com-
munities dominated by species with high SRL and high
RC:N (i.e., positive values on the PCAroot). In the case
of fine roots, the site with lowest soil P and K and
highest N:P ratios (PH) was dominated by communities
with high RDMC and RNC, whereas S1, a site with high
P and K and low N:P ratios, was dominated by commu-
nities with high SRL and high C:N (Fig. 2a). The other
two sites (QR and S2) had slightly positive and negative
score values on the first PCAroot axis respectively, but
these did not differ from each other (F3,36 = 44.653, P <
0.001; Fig. 2b). The second PCAroot axis, which
accounted for 24.1% of the total variability, was posi-
tively associated to communities with species with high
β and RNC and negatively with RDMC. Additionally,
the distribution of the four sites along the second axis of
variation revealed significant differences among sites
(F3,36 = 4.796, P = 0.006; Fig. 2c).

Across sites, we found a positive relationship between
the LEScom (i.e., communities dominated by species with
acquisitive traits) with SRL, RC:N andβ (Fig. 3a–e), and a
negative relationship with RNC (Fig. 3b); RDMC did not
exhibit a correlation with the LEScom (Fig. 3c). The slopes
of all these correlations deviated from the 1:1 relationship
(P < 0.05) revealing that fine root traits were not perfectly
coordinated with the LEScom. In addition, the relationship
between analogous leaf and root traits only exhibited a
positive relationship between SLA and SLR, whereas the
LNC – RNC and LC:N – RC:N relationships were nega-
tive, which is opposite to what is expected under a PES
(Table S6, Fig. S5).

Overall, the observed changes in the acquisitive strat-
egies of leaves at the community level along the re-
source gradient were driven mainly by species turnover
(53.7%), rather than by changes in ITV (6.9%) (Fig. 4).
Moreover, a proportion of the total variability in leaf
trait values was related to a positive covariation between
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species turnover and ITV, indicating similar responses to
environmental or soil factors across the four sites
(14.6%). This pattern was consistent when considering
individual traits with between 38.9–55.2% of the vari-
ability explained by turnover depending on the trait and
between 4.4–33.7% by ITV (Fig. S6). In the case of
roots, variability of trait values along the gradient was
almost equally explained by species turnover (34.1%) or
by ITV (29.0%), the latter being four times higher than
for leaves (i.e., 29.0% vs. 6.9%) (Fig. 4). When

considering individual traits, SRL, RNC and RC:N
followed this pattern with a larger percentage of the
variability explained by species turnover (45.8, 59.3
and 31.7%, respectively compared to 24.4, 5.1 and
6.4% explained by ITV), whereas the variability in
RDMC and β-index were mainly driven by ITV (36.9
and 41.6%, respectively compared to 14.9 and 16.4%
explained by species turnover, Fig. S7).

Across sites, the dominant plant strategies were
strongly associated to soil properties and linked mainly

Fig. 3 Standardized major axis (SMA) regressions between the
first PCA axis of leaf traits (LEScom) and a) specific root length
(SRL), (b) root N concentration (RNC), (c) root dry matter content
(RDMC), (d) root C to N ratio (RC:N) and (e) β index at the

community level. When significant, black lines represent SMA
regressions. Colored lines represent significant SMA regressions
within sites. Shown are the R2 and significance (P < 0.001) of the
regressions
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to variation in P and K availability (i.e., soil N:P ratio
and total K). The scores of the PCAleaf (LEScom) were
negatively associated to soil N:P ratios (R2 = 0.92,
P < 0.0001) and positively associated to soil K (R2 =
0.72, P < 0.001, Fig. 5). Thus, plant communities with
negative scores in the LEScom (i.e., conservative strate-
gies) were associated with higher soil N:P ratio (i.e.,
with P limited soils) and higher soil K, whereas com-
munities with positive scores in the LEScom (i.e., acquis-
itive strategies) were associated with lower N:P ratios
(e.g., higher P availability) and high total soil K.

Discussion

Our results revealed that at the landscape scale, differ-
ences in soil nutrient availability mediated mainly by
changes in K and P availability, promote the existence of
a LEScom in shrub assemblages across sites in the south-
ern limit of the Atacama Desert, which shifted from
more acquisitive to more conservative resource acquisi-
tion strategies as the environment became more nutri-
ent-limited. In contrast, the response of root traits did not
show a clear pattern of covariation according to the
resource economics spectrum; we found two axes of
variation, one associated to root morphology and root
N, and another to rooting depth (β index). We also
found that except for RDMC, most of the individual
root traits covaried with the LEScom. However, only
SRL exhibited a coordinated response with the LEScom
according to what is expected by the PES theory; that is,

lower and higher SRL in more conservative and more
acquisitive communities, respectively. Finally, our re-
sults show that the shift in covaration of leaf traits across
sites was determined mainly by species turnover, while
the shift in root traits was determined by both species
turnover and intraspecific variability.

Our first hypothesis that shrub communities should
shift from more conservative to more acquisitive with
increasing soil nutrient availability was partially sup-
ported. Resource acquisition strategies of shrub commu-
nities at the leaf level differed among soils of different
ages; in the oldest site (PH), which had the lowest P and
K availability, plant communities had the most conser-
vative strategy (high LDMC and C:N). In contrast, in
the youngest sites where P and K were less limiting,
plant communities had more acquisitive strategies (high
SLA and nutrient concentration). These results suggest
that leaf resource acquisition strategies are responding
mainly to limitations in soil P and K, with N colimiting
the availability of P (N:P ratios). This may be because P
and K are rock-derived nutrients, which gradually dis-
appear through leaching and erosion as the soil ages
(Lambers et al. 2010); in contrast, N is gradually incor-
porated into the ecosystem via atmospheric deposition
and biological N-fixation and is usually higher in older
soils (Walker and Syers 1976; Vitousek and Sanford
1986; Vitousek and Howarth 1991; Baribault et al.
2012; Coomes et al. 2013). Therefore, older sites have
typically lower P and K availability than younger sites.
A similar pattern was reported across a chronosequence
where temperate forest species growing in younger soils

Fig. 4 Decomposition of
changes of leaf and root
community trait averaged values
into species turnover, intraspecific
variation and their covariation

Plant Soil (2020) 450:463–478472



had traits associated to an acquisitive strategy, whereas
in older, P-limited sites, plant traits were associated to
conservative strategies (Holdaway et al. 2011). Further-
more, in an experiment examining nutrient deficiency in
perennial grasses, Minden and Venterink (2019) found
that when K was not limiting, plant species exhibited
more acquisitive leaf traits. From a functional perspec-
tive, plants with high SLA and leaf nutrients also have
high CO2 assimilation rates and high transpiration rates,
which allows them to acquire and use resources more
rapidly (Wright et al. 2004; Reich 2014; Prieto et al.
2018). Additionally, because P and K control gas ex-
change through stomatal regulation (Jones 1992), hav-
ing high LPC and LKC has a strong functional

significance in arid ecosystems since it can enhance
photosynthetic processes and the C uptake capacity of
plants (Reich et al. 2009; Thomas et al. 2006), as well as
increase water use efficiency and drought resistance
both at the plant and community-level (Tomlinson
et al. 2012; Sardans and Peñuelas 2015; Prieto et al.
2018). It was surprising that LNC was lower in sites
with high soil N, departing from what is expected by the
resource economics theory (Chapin et al. 1993; Aerts
and Chapin 2000a; Westoby et al. 2002; Comas and
Eissenstat 2004). This decoupling between soil and leaf
N may be associated with the strong P limitation also
limiting N uptake in plants (Richardson et al. 2004). In
our study leaf N:P ratios were higher than 15 in most

Fig. 5 Linear regressions
between the leaf economic
strategies at the community level
(LEScom) and a) soil N:P and b)
soil K. Shown are the R2 and
significance (P < 0.001) of the
regressions
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sites and greater than 20 in PH, an indication of P
limitation for plant growth (sensu Güsewell 2004, Fig.
S3). Since both N and P uptake by plants are influenced
by soil P, rather than N availability (Drenovsky and
Richards 2004; He et al. 2014), our results suggest that
soil P availability is an important constraint in this desert
ecosystem.

We did not find evidence supporting the existence of
only one axis of variation in line with the RES; instead,
we found that root trait covariation was multidimension-
al (Chen et al. 2013; Weemstra et al. 2016; Kramer-
Walter et al. 2016; Wang et al. 2017). Our results
showed a first axis of variation where SRL was nega-
tively related to RDMC, as expected by RES predictions
(Roumet et al. 2016; Prieto et al. 2015), but this axis was
also positively related with RC:N and negatively related
with RNC, revealing an opposite pattern to what would
be expected in light of the RES (see Weemstra et al.
2016). Furthermore, we found a second axis of variation
linked to plant rooting depth (Fig. 2a). Low SRL and
high RDMC values have been linked to communities
with a conservative acquisition strategy, characterized
by low root turnover rates and long lifespans, which in
turn allows roots to conserve nutrients and even to act as
a “nutrient sinks” for other organs (Withington et al.
2006; McCormack et al. 2012; He et al. 2015;Weemstra
et al. 2016). In addition low SRL can result from larger
root diameter or higher tissue density (e.g., RDMC),
which could have different implications for a root to
be acquisitive or conservative (Chen et al. 2013). Spe-
cifically, roots with low SRL and high RNC and root
diameter have a greater capacity of colonization by
mycorrhizal fungi (Kong et al. 2014). The association
with mycorrhizal fungi may enhance the ability of roots
with an a priori low foraging capacity (e.g., low SRL), to
acquire more resources (Kong et al. 2019; McCormack
and Iversen 2019). Considering that several species of
the Atacama Desert have shown affinity for arbuscular
mycorrhizal fungi (Dhillion et al. 1995; Aguilera et al.
2016), this constitutes a plausible alternative strategy for
plants to take up nutrients in our study system. Nutrient
root traits, however, also changed along with soil N
availability, because RNC was positively linked to N
soil availability (Table S7) and negatively correlated to
RC:N (Table S6). A possible explanation for this result
is that RNC in shrub communities depends strongly on
the concentration of soil N (Zangaro et al. 2008; Zhang
et al. 2018; Chapin et al. 1993). Similar to what has been
reported elsewhere (Poorter et al. 2012, Freschet et al.

2015), our findings reveal that when several soil re-
sources are co-limiting, the response of root traits is
not entirely clear. Therefore, to classify resource acqui-
sition strategies of roots as acquisitive or conservative in
these environmental conditions, it is key to consider
different types of traits (e.g., morphological and nutrient
traits, mycorrhizal colonization and/or the presence of
cluster roots or exudates).

In our study, the community located in the poorest
soil also had the lowest β index (see Fig. S4), indicating
that a greater proportion of roots is allocated to soil
layers near the surface (Jackson et al. 1996). This pref-
erential root allocation to surface soils may compensate
the lower exploration capacity of roots with low SRL
and enhance nutrient acquisition in poor soils given that
P and K availability is highest in the top soil (Jobbágy
and Jackson 2001; White et al. 2013; Laliberté et al.
2015). In addition, in deserts this strategy may enable
plants to acquire water from small episodic rainfall
events (Fort et al. 2013; Prieto et al. 2014; Carvajal
et al. 2019). In contrast, in the most acquisitive site
(S2), shrubs had a greater proportion of roots allocated
to deeper soil layers, allowing access to more reliable
and stable water sources and potentially enabling plants
to sustain greater transpiration rates (Moreno-Gutiérrez
et al. 2012) through hydraulic lift (Prieto et al. 2010,
2012). Thus, adjustments in root biomass allocation
could be an efficient strategy to cope with the multi
resource limitation imposed by desert soils to plant
communities.

It has been suggested that harsh environmental con-
ditions, such as those characterizing the Atacama De-
sert, can generate strong selection pressures and pro-
mote the convergence of functional traits in distinct
organs (de la Riva et al. 2016), leading to a PEScom
(Reich 2014). In our study, however, we found a nega-
tive relationship between LEScom and RNC, which does
not have the functional significance that is proposed by
the PES hypothesis (Reich 2014). We associate this
result to an allocation of N (at the plant level) to leaves
in order to compensate for the limited N available in the
soil and enable plants to maintain a high photosynthetic
capacity in the most acquisitive communities (He et al.
2016). Similarly, the positive relationship between
LEScom and the β index may also bring leaf nutrient
ratios closer to values that are optimal for growth
(Chapin et al. 2011). We also found a positive relation-
ship between SRL and LEScom, revealing that a fast
resource use by leaves was associated with a fast
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resource uptake by roots. However, along an aridity
gradient in the Atacama Desert, Carvajal and collabora-
tors (2019) found the opposite pattern between LEScom
and SRL. This contrasting result may arise due to the
different spatial scales in which both our studies were
conducted since different assembly processes can oper-
ate at different scales to determine trait variation
(Cornwell and Ackerly 2009; de Bello et al. 2013).
For example, at a regional scale, the interaction between
aridity and biotic processes can result in different above-
and below-ground strategies (Carvajal et al. 2019); in
contrast, at a landscape level as revealed here, it is the
limitation of multiple soil resources that may drive the
different observed responses between root and leaf
traits.

The shift in the functional structure of leaves and
roots was mainly driven by changes in species turnover,
but the relative importance of ITVwas almost four times
higher for root than for leaf traits. These results suggest
that changes in nutrient availability act as an environ-
mental filter on both leaf and root traits, but are mediated
by different processes. Previous studies have found that
along edaphic or nutrient gradients, the shift in leaf traits
is mainly determined by changes in species turnover
(e.g., Pérez-Ramos et al. 2012; Siefert et al. 2015).
Conversely, the shift in root traits along the nutrient
gradient was driven almost equally by species turnover
and ITV, although it depended on the trait considered.
This suggests high within-species phenotypic variability
at the root level, either as a result of phenotypic plastic-
ity or ecotypic differentiation (Albert et al. 2011;
Carvajal et al. 2017). High root ITV could be explained
because root traits are subject to more simultaneous
constraints than leaves (Weemstra et al. 2016); thus,
high ITV may allow species to achieve an optimal
acquisition strategy in response to the co-limitation of
multiple resources, which is particularly important in
highly heterogeneous environments (Freschet et al.
2015; Read et al. 2017; de la Riva et al. 2018). In
summary, our findings suggest that whereas species
turnover is responsible for most of the variation in leaf
traits across sites (Perez-Ramos et al. 2012, de la Riva
et al. 2016a), ITV is an important driver of the shift of
root traits in plant communities in response to differ-
ences in soil nutrient availability in the southern edge of
the Atacama Desert and thus, likely plays a particularly
important role in structuring plant communities.

In conclusion, we provide evidence that a nutrient
availability gradient did not lead to community-level

coordination between leaf and root traits as predicted
by the PES framework. This lack of an integrated plant
economics spectrum appears to be related to the co-
limitation of multiple soil resources, which promote
different responses in different types of root traits. Con-
trary to leaves, roots also exhibited high intraspecific
variation, which may allow them to optimize resource
acquisition. In summary, our results highlight the im-
portance of including both leaf and root traits to achieve
a more thorough understanding how of the limitation of
multiple resources can determine plant ecological
strategies.
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