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Abstract Fine root growth in natural vegetation is

difficult to predict due to its regulation by soil and

plant factors. Field studies in arid ecosystems show a

variety of root responses to soil resources and to plant

aboveground phenology that sometimes differ from

root responses predicted by controlled experiments.

There is a pressing need to cover a greater diversity of

plant species and ecological scenarios in field studies.

In this paper, we have studied fine roots of Prosopis

flexuosa trees living with or without access to phreatic

water in an inter-dune valley and a dune flank,

respectively, in the Central Monte Desert, Argentina.

We have described fine root growth over time and at

different depths by rhizotron observations and soil

core auger samples in relation to soil water and

nutrients, tree crown phenology, plant water and

nutrient status. We have found that surface soil

moisture from rainfall is the variable that best predicts

seasonal topsoil fine root growth. Access to ground-

water advanced leaf sprouting with respect to rainfall,

but did not advance root growth that stayed linked to

rainfall in valley and dune flank trees. Trees without

access to phreatic water produced deeper and thicker

or denser roots, which is consistent with the poor soil

resource content of dunes. Variations in rainfall

dynamics due to global climate change may have a
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particular impact on fine roots and ecosystem pro-

cesses such as biogeochemistry and carbon budget in

dune flank trees as well as in valley trees.

Keywords Root proliferation � Phenology � Soil
fertility � Soil water content � Rhizotron � Soil core
auger

Introduction

Arid ecosystems are characterized by low water and

nutrient levels varying in time and space. Desert plants

exhibit a host of adaptations enabling them to cope

with such scarcity and variability. These adaptations

afford plants the ability to tolerate and avoid drought

along with high efficiency in acquiring water and

nutrients. Size, architecture and plasticity of root

systems contribute to these adaptive features affecting

seedling establishment, plant growth, species distri-

bution and competitiveness (Caldwell et al. 1996;

Casper and Jackson 1997; Schenk and Mahall 2002;

Hodge 2003; Padilla and Pugnaire 2007). Desert

vegetation is usually dominated by woody plants

(trees and shrubs) with extensive root systems that

give access to deep nutrient and water reservoirs more

stable than shallow deposits (Schenk and Jackson

2002; Vonlanthen et al. 2010). In spite of the central

role of root systems in desert vegetation, we have little

information about their dynamics and regulation in

natural habitats. The present work aims at filling up

this gap of knowledge.

Root systems of woody plants exhibit a wide range

of root diameters and branching orders varying from

coarse lignified roots at the base to fine lignified or

non-lignified roots in the distal section. Fine roots

(B 2 mm in diameter) are functionally heterogeneous

and constitute the most dynamic fraction of woody

root systems (Pregitzer 2002, Guo et al. 2008). The

most distal and finest roots do not develop secondary

growth, are involved in water and nutrient absorption

and have a short lifespan, whereas the others develop

secondary growth, are involved in water and nutrient

transport and have a longer lifespan than absorptive

roots (McCormack et al. 2015; Liu et al. 2016).

Root systems are plastic organs that respond to their

environment by means of variations in growth and fine

root location. Where water or nutrients are

heterogeneously distributed in soil, fine root growth

is induced locally inside resource-rich patches, result-

ing in precise foraging for soil resources (Pregitzer

et al. 1993; Wang et al. 2005; Péret et al. 2012). At the

same time, fine root response to soil resources is

modulated by the shoot through long-distance signal-

ing with the root. This shoot–root communication can

repress fine root growth in nutrient-rich patches when

plants are well-nourished, adjusting root growth to

whole plant nutrient demand (Zhang et al. 1999;

Alvarez et al. 2012). Root system plasticity tied to soil

resource availability has positive effects on plant

growth and survival, mainly when plants are growing

with few resources or under resource competition

(Drew 1975; Malamy 2005; Hodge 2010).

Seasonal fine root growth is coordinated with

seasonal shoot growth as well. In woody plants, this

coordination may be more or less dephased by

processes that promote root growth before leaf growth

or that arrest root growth temporarily. Examples of

these processes are early mobilization of carbohydrate

reserves for root growth, development of flowers or

fruits that may compete with roots as sinks for

photosynthates (Reynolds et al. 1999; Steinaker et al.

2010; Abramoff and Finzi 2015).

How to predict fine root dynamics of natural

vegetation in different ecological scenarios remains

unclear due to the complex regulation of fine root

growth driven by exogenous and endogenous signals

(Osmont et al. 2007). Field studies of arid ecosystems

show that in herbaceous and woody plants from

natural flora, water or nutrient enrichment is not

always followed by fine root growth, despite extreme

shortage of both resources in deserts. The published

literature indicates that fine root response to soil

resource availability in arid ecosystems depends on

plant species, seasonality of root growth, seasonality

of soil resource availability, type of nutrient and light

level (Jackson and Caldwell 1989; Reynolds et al.

1999;Wilcox et al. 2004; Salguero-Gómez and Casper

2011; Verburg et al. 2013).

We must broaden the scope of our field studies to

cover a greater diversity of plant species, ecosystems

and ecological situations, so as to deepen our under-

standing of fine root growth regulation in desert

vegetation. This project is aimed at studying topsoil

fine root growth of Prosopis flexuosa trees living with

or without access to the water table in an arid

ecosystem known as the Central Monte Desert in
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Argentina, in relation to plant and soil factors. P.

flexuosa trees grow in woodlands at inter-dune valleys

with access to phreatic water and also grow sparsely

on dune flanks without access to phreatic water

(Guevara et al. 2010; Jobbágy et al. 2011).We

hypothesize that topsoil fine root growth follows leaf

growth in valley trees, which develops independently

of rainfall dynamics due to groundwater access and

that root and leaf growth are tightly coupled to rainfall

in dune flank trees. We also hypothesize that dune

flank trees assign more biomass to fine root growth,

producing thicker or denser roots than valley trees,

associated with the lower level of soil resources in

dunes, and the higher water stress of dune flank trees.

We have followed root growth at rhizotron windows

and by soil core auger sampling, together with

description of tree crown phenology, plant water and

nutrient status, soil moisture and nutrient dynamics.

Materials and methods

The study site

This research work was carried out in the Central

Monte Desert, in the northeastern region of Mendoza,

Argentina. This is an arid ecosystem, with yearly

rainfalls averaging 159 mm (1972–2007), mostly

occurring in late spring and summer. The average

annual temperature is 18.5 �C, with a record high of

48 �C in summer and an all-time low of - 10 �C in

winter (Alvarez et al. 2012). An extensive system of

sand-dunes (* 20 m in height) that alternate with

inter-dune valleys characterizes landscape physiog-

nomy. Inter-dune valleys are covered by open wood-

lands dominated by the winter deciduous tree P.

flexuosa, while dunes are covered in shrubs and

grasses with P. flexuosa trees only sparsely dotting

their flanks (Contreras et al. 2011). P. flexuosa trees

access phreatic water at depths of 7–14 m in valleys,

whereas trees on the flanks lack access to groundwater

and grow entirely depending on rainfall (Guevara et al.

2010; Jobbágy et al. 2011).

The experimental site was set up near ‘‘Puesto La

Penca’’ (32�250S 68�000W) inside Telteca Natural

Reserve. It comprised a valley and an adjacent dune

flank, encompassing a study area of approximately

6 km2. Seven adult P. flexuosa trees were selected at

each landscape unit with similar basal diameter (DAB,

16.05 ± 1.12 cm), crown diameter (4.25 ± 0.20 m)

and height (3.74 ± 0.25 m). These trees had been

studied in the past, and isotopic, physiological and

tree-ring evidence emerged that valley trees access

phreatic water, whereas dune flank trees do not

(Jobbágy et al. 2011; Giordano et al. 2011; Giantomasi

et al. 2013). Some observations and measurements

were performed on the whole set of selected individ-

uals, while others were done on a subset of individuals.

As a whole, measurements were taken in two consec-

utive spring–summer seasons, from 2009 through

2011.

Seasonal root growth and tree crown phenology

With the aim of studying seasonal root growth, and its

relationship with tree crown phenology, we recorded

root growth by relying on rhizotron window observa-

tions and described tree crown phenology through

direct observation.

Root growth observation at rhizotron windows

Of the 14 trees preselected, 6 individuals (3 in the

valley and 3 on the dune flank) were chosen for root

growth monitoring. To this effect, one rhizotron was

installed under each tree crown. Rhizotrons consisted

of 1 m 9 1 m 9 0.75 m wooden boxes with one

1 m 9 0.75 m side replaced by a transparent acrylic

panel (Fig. 1a). Rhizotrons were buried into the

ground in such way as to leave the viewing win-

dow * 1 m away from the tree trunk and * 40 cm

parallel to a coarse root of * 2.5 cm in diameter,

extending from the south side of the tree trunk (Fig. 2).

We localized the pathways of these coarse roots by

inserting stakes that were left on the ground in 2008,

after coarse root temporary excavation had been

performed for research purposes (Guevara et al.

2010). In addition, we removed grasses and shrubs

in the proximity of the rhizotrons, to prevent intrusion

of roots belonging to other plant species. In this

manner, unhindered observation of P. flexuosa fine

roots was guaranteed. The topside of the box was a

removable cover allowing access for root observation

(Fig. 1b). The acrylic viewing window and the top

removable lid were covered with low density

expanded polystyrene panels and black polyethylene

sheets for thermal insulation and protection against

sunlight (Fig. 1b, c). Metallic structures were fastened
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on top of each rhizotron in order to prevent animals

from falling inside (Fig. 1d). The rhizotrons were

placed in the field in winter (August 2009), as trees

were dormant. Observations at rhizotron windows

were done every 20 days during the first growing

season and every 30 days during the second growing

season.We started observations in October 2009. New

root segments were traced with water proof markers at

each observation date. We recorded cumulative root

length at the rhizotron window and expressed it as root

segment length per rhizotron window area (cm cm-2).

Tree crown phenology

We monitored tree crown phenology of the six trees

whose roots were being observed at rhizotron win-

dows, to correlate root growth with tree crown

phenology. At the same time, we monitored crown

phenology on the rest of the selected trees in the study

area (14 individuals), to determine whether the subset

of six root-observed individuals followed the pheno-

logical trend of the tree populations in each landscape

unit. P. flexuosa branches have nodes with multiple

buds that give origin either to a crown of leaves

separated by short internodes (‘‘short branches’’; the

most numerous); or to a branch with fewer leaves and

longer internodes than short branches (‘‘long

branches’’); or to multiple inflorescences. We selected

ten branches of similar length per tree around the tree

crown at a height of * 1.7 m, which were marked

and observed on every measurement date. On each

selected branch, we marked the apical third and

recorded the phenological state of every node within

this branch portion. This was done because P. flexuosa

Fig. 1 a Rhizotron settled up in the field, completely uncov-

ered, showing the acrylic window (1), wooden structure (2) and

the observation position (3). b Acrylic window covered with

expanded polystyrene and black polyethylene (4) for thermal

insulation and sunlight block. Top removable lid made of 10 cm

wide expanded polystyrene (5). c Rhizotron top at ground level

covered with black polyethylene sheet (6). dMetallic structure

over the rhizotron to prevent animals from falling inside (7)
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trees expand leaves in nodes that are proximal to the

branch apex, leaving numerous nodes with dormant

buds, which results in leaf flushing at the periphery of

the tree crown.

Leaf expansion

We followed the presence of expanded leaves by

counting the number of nodes that showed short

branches with more than 50% expanded green leaves

and calculating the proportion of nodes with green

leaves per tree as follows: # of nodes with[ 50%

green leaves/# of nodes observed.

Leaf senescence

We followed the presence of senescent leaves by

counting the number of nodes that showed short

branches with more than 50% of their leaves exhibit-

ing[ 50% abscised or yellow leaflets and calculating

the proportion of nodes with senescing leaves per tree

as follows: # of nodes with[ 50% senescing leaves/#

of nodes observed.

Flowering and fructification

We marked the start of the flowering or fructification

period when the presence of at least one flower or fruit

was noted in the observed nodes.

Root growth: soil exploration and depth

distribution

In order to quantify root growth per soil volume and

depth distribution, we measured length of root

segments per soil volume known as root length density

(RLD; cm cm-3) and root dry biomass per soil volume

(g cm-3). Then, we divided the total length of root

segments in a given soil volume by their biomass and

obtained the specific root length (SRL, m g-1), an

indicator of root thickness or density. We measured

root parameters in 10 trees (5 valley trees and 5 dune

flank trees), including those whose roots were being

studied in rhizotrons. To this effect, we took soil

samples with an 800-ml core auger under each tree

crown. In all cases, the sampled soil surrounded a

coarse root that extended from the northern side of

each trunk (Fig. 2), localized as explained before.

Samples were taken in mid-summer during the

2009–2010 growing season (in January). Samples

were taken at three depths: 0.15–0.30 m, 0.30–0.45 m

and 0.45–0.60 m in two parallel columns at a distance

Fig. 2 Schematic representation of the coarse root system of a valley tree and a dune flank tree. There are indicated position and

dimensions of rhizotron windows, together with sites of core auger samples for root growth measurement
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of 1/2 and 3/4 tree crown radius from the tree trunk,

respectively (Fig. 2). Same depth samples were mixed

together. Samples were kept cold in the field, and once

at the laboratory, they were sieved using a No 18 mesh

to separate roots from soil. We kept the fraction of the

roots B 2 mm as these matched the average thickness

of roots observed on rhizotron windows and fitted the

definition of fine roots based on size used in several

research publications. We separated living from dead

roots after a tetrazolium vitality test (Sturitre et al.

2005). Living roots were put in a water-filled trans-

parent container to be separated by floating and

scanned with a standard scanner (Epson Scan

TX115�). Root segment length was measured with

the DatInf� Measure 2.1 program (DatInf GmbH,

Tübingen, Germany), to calculate RLD. After scan-

ning, roots were oven-dried at 60 �C for 48 h and

weighed on a precision scale (OhausPio-

neerTMPA214) to determine their dry biomass. Armed

with these two parameters, we calculated the specific

root length.

Rainfall, soil moisture, and soil nutrients

Rainfall was recorded with a rain gauge connected to a

data logger (HOBO event, Onset) placed at the Park

Rangers Headquarters, 8 km west of the experimental

site. Soil moisture and soil nutrients were measured

around rhizotrons in most of the dates of root length

recording. We took soil samples with a 200-ml core

auger at a distance of 2 m from the rhizotrons and at a

depth of 0.6 m. Samples were subdivided in 2 batches

intended for moisture and nutrient determination,

respectively. Soil moisture was calculated gravimet-

rically. Ammonium (NH4
?) and nitrate (NO3

-) were

extracted by a KCl 2 M solution. NH4
? content was

determined by the phenol-hypochlorite method

(Weatherburn1967), and NO3
-content was deter-

mined by the Spongy Cadmium method (Jones

1984). Phosphate (PO4
-3) content was measured by

carbonic extraction following the Arizona technique

(Mc George 1939).

Plant water and nutrient status

We measured water and nutrient status in the set of 14

trees. During both growing seasons, we measured pre-

dawn leaf water potential (wL PD) in the dry period

before the rains (December) and during the wet period

after the rains (February). To this effect, we selected 3

branches per tree at a height of * 1.7 m, covered

them with bags during the night to prevent transpira-

tion and measured leaf water potential before dawn

with a pressure chamber (Bio-Control, Buenos Aires,

Argentina) following Scholander et al. (1965). Plant

nutrient status was determined at the end of summer

(February) for both growing seasons, when leaves

were fully expanded. For every tree, 30 leaves were

collected around the tree crown, oven-dried at 70 �C
and ground to powder. Samples were separated in two

batches, one for phosphorous (P) quantification and

the other for total nitrogen (N) determination. P

concentration was determined by inductively coupled

plasma atomic emission spectrometer (Shimadzu,

ICPE-9000) after digestion in hot concentrated

HNO3/HClO4 (2:1), at LANAQUI, CERZOS-CON-

ICET Bahia Blanca.’’ Total N was determined by

semi-micro Kjeldahl (Nelson and Sommers 1973).

Statistical analysis

Differences in root biomass, RLD and SRL between

valley and dune flank trees and between depths were

tested by two-way ANOVA. Differences over time in

soil moisture, PO4
-, NO3

- and NH4
- concentration

between valley and dune flank were analyzed by

repeated measures ANOVA. The measurements in all

sampling sessions from both landscape units were

compared using a Bonferroni posttest. Differences in

wLPD, leaf N and P concentration between trees with or

without access to phreatic water were tested by a two-

tailed t test. We analyzed differences in wLPD before

and after the rains using a paired t test. When the

homoscedasticity assumption was not met, we used a

Welch correction. Relationship between root length

from rhizotron observation and soil variables was

tested with time series cross-correlation analysis for

each experimental unit. For this, we calculated the net

amount of root length, soil moisture, soil PO4
-3 and

soil N (NO3
- plus NH4

?) for each time period

between two consecutive sampling dates, as the

difference between the variable value at the end of

the time period and the variable at the beginning of it.

This resulted in series of 8 (2009–2010) or 7

(2010–2011) time periods that were matched and

analyzed in phase (lag 0) or dephased (lag 1, lag 2). In

the latter case, we matched root length of a given time

period with the soil variable of the previous ones. We
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obtained the magnitude and significance of the corre-

lation between root length and a soil variable at

different time lags and showed the most significant for

each experimental unit. The whole range of analyses

was done using the InfoStat statistical package (2008

version, InfoStat group, FCA, UNC, Argentina).

Results

Seasonal root growth and tree crown phenology

Roots observed at rhizotron windows revealed that

root growth initiation was coordinated in valley and

dune flank trees and delayed with respect to leaf burst.

This delay was more marked in valley trees, as a result

of crowns developing earlier and faster than dune flank

tree crowns. Root growth followed flowering without

overlapping and went on during fructification and the

beginning of leaf senescence in both tree types. Two

pulses of root growth were evident in valley trees and

less evident but distinguishable in dune flank trees

during the first growing season. A single and slow

pulse of root growth was registered during the second

season that overlapped with defoliation by larvae of

Colias lesbia F. (Lepidoptera). The whole root growth

period extended from late spring to autumn, with

maximum rates in summer. Mean growth profile of the

whole season shows higher root growth during

2009–2010 than during 2010–2011 in both tree types

(Fig. 3). These results indicate that access to phreatic

water may affect timing and magnitude of tree crown
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Fig. 3 Seasonal fine root growth and crown phenology of

valley trees (a) and dune flank trees (b). The graphics show root

growth from rhizotron measurements (black squares, solid line),

tree crown development (gray closed circles, solid line), leaf

senescence (open circles, dashed line), flowering (full bar

below) and fruiting (dashed bar below). The period when Colias

lesbia attack caused tree defoliation is indicated with the dotted

line above each graphics. Symbols are means ± 1 s. e. m
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leaf development, but may not affect timing of root

growth. Fructification did not stop root growth.

Roots observed in rhizotron windows were white,

between 0.2 and 2 mm thick, with the first-, second-

and third-order branches organized in a herringbone-

like topology (Online Resource 1), consistent with

previous observations (Guevara et al. 2010). Trees

undergoing root observation followed the same phe-

nological pattern as the rest of similar-sized adult trees

at each landscape unit (Online Resource 2), indicating

that they were representative of their corresponding

populations.

Root growth: soil exploration and depth

distribution

To quantify depth distribution of roots per soil volume,

we measured root growth parameters at three depths,

during active root growth in mid-summer (January

2010) with a soil core auger. We found that valley and

dune flank trees showed similar RLD within the upper

60 cm of soil (0.19 ± 0.03 and 0.20 ± 0.03 cm

cm-3, respectively, P = 0.89), but distributed differ-

ently in the soil profile. Valley trees showed the

highest RLD within the top 30 cm of soil, while dune

flank trees showed the highest RLD at depths of

30–45 cm (Fig. 4a). Dune flank trees allocated more

biomass to roots than valley trees (0.09 ± 0.01 and

0.04 ± 0.01 mg cm-3, respectively, P = 0.002).

Depth distribution of root biomass followed the same

profile as RLD in both tree types (Fig. 4b). Roots of

dune flank trees were coarser or denser than roots of

valley trees (Fig. 4c).

Rainfall, soil moisture and nutrient dynamics,

water and nutrient status of trees

Soil moisture profiles within the top 60 cm of soil

mirrored rainfall events since December (first season)

or January (second season) (Fig. 5a, b) Soil moisture

was higher in the valley than in the dune flank. This

difference was more pronounced during the driest

season (2010–2011) than during the wettest one

(2009–2010) (Fig. 5b). The valley and the dune flank

showed similar NO3
- and NH4

? concentrations, but

different PO4
-3 concentrations, with the valley show-

ing higher PO4
-3 values in both growing seasons.

Seasonal profiles of NO3
-, NH4

? or PO4
-3 concentra-

tion did not follow soil moisture profiles (Fig. 5c, d, e).

In December, at the beginning of the rainy season,

trees without access to phreatic water on the dune flank

were more water-stressed than trees with access to the

water table in the valley. Dune flank trees were

released from water stress in February of the wettest

season (2009–2010) and alleviated from water stress

in February of the driest season (2010–2011), when
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Fig. 4 Fine root growth parameters of valley (gray bars) and

dune flank trees (white bars), calculated from soil core auger

samples taken at three different depths (0.15–0.3 m, 0.3–0.45 m

and 0.45–0.6 m). a Root length density (RLD), b root biomass

and c specific root length (SRL). Bars are means ± 1 s. e. m.

P values from two-way ANOVA are reported. Different letters

represent significant differences after Bonferroni posttest
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they remained slightly more stressed than valley trees

(Table 1). Valley and dune flank trees did not differ in

N and P leaf content by the end of summer (Table 1).

Our results indicate that the soil around roots in the

valley was richer in resources (water and PO4
-3) than

the soil around roots on the dune flank. Access to

phreatic water decoupled water status of valley trees

from rainfall and surface soil moisture availability,

while rainfall and soil moisture dynamics were

determinant of dune flank tree water status. Differ-

ences in soil PO4
-3 between landscape units were not

reflected in leaf P levels, which were similar in both

tree types.

Relationship between seasonal root growth, root

depth distribution and soil and plant water

and nutrient status

To determine which soil variable correlated positively

with seasonal root growth, we carried out a cross-

correlation analysis between pairs of time series from

rhizotron determinations: root length versus a soil

variable, calculated as their net variation between two

consecutive sampling dates (see ‘‘Materials and

methods’’ for detail). We found that the soil variable

that correlated positively and significantly with root

length the most of the cases was soil moisture, in both

valley and dune flank trees. In the majority of the

cases, significant correlations between root growth

and soil moisture were obtained when root length

records were compared with soil moisture records

from the preceding sampling date (lag 1). In contrast,

soil nutrient dynamics did not correlate positively and

significantly with root growth dynamics as frequently

as soil moisture did (Table 2). Access to phreatic

water and a good water status in valley trees were not

enough to speed up root growth before the rains, which

stayed linked to rainfall dynamics in the same way as

in dune flank trees.

Biomass allocation to roots is usually favored when

soil resources are scarce. We found that soil moisture

and PO4
-3 concentration around roots were lower on

the dune flank than in the valley (Fig. 5b, e). Low

resource levels at the topsoil layer on the dune flank,

together with inaccessibility to phreatic water, were

reflected in leaf water status but not in leaf nutrient

content in dune flank trees (Table 1). Dune flank trees

allocated more biomass to roots at the topsoil layer and

produced thicker or denser roots than valley trees,

consistently with predictions for poor resource envi-

ronments and water-stressed plants.

Discussion

Our study shows that surface soil moisture from

rainfall pulses is the best predictor of seasonal topsoil

fine root growth of P. flexuosa trees in the Monte

Desert. Access to phreatic water had an impact on tree

crown phenology, but did not affect root growth.

Valley trees that access phreatic water were exposed to

less water stress before the rains, which resulted in

earlier and more profuse development of tree crowns

during the season than in dune flank trees without

Table 1 Water and nutrient status of P. flexuosa trees

Tree type WL PD
a (Mpa) Leaf P (ppm) Leaf N (% N/g)

December February P value

2009–2010 season

Valley trees - 1.8 (± 0.11) - 1.5 (± 0.15) 0.0158 1181.6 (± 174.16) 3.1 (± 0.43)

Dune flank trees - 2.3 (± 0.08) - 1.6 (± 0.11) 0.0007 1132.6 (± 143.91) 3.2 (± 0.18)

P value 0.002 ns ns ns

2010-2011 season

Valley trees - 1.8 (± 0.08) - 1.2 (± 0.09) 0.0014 1048.7 (± 182.67) 3.3 (± 0.23)

Dune flank trees - 4.4 (± 0.26) - 1.4 (± 0.06) \ 0.001 1177.2 (± 177.88) 3.5 (± 0.39)

P value \ 0.0001 0.004 ns ns

ns, not significant
awL PD was measured in December and February, before and after major rain events, respectively, in both seasons. Values represent

means (± 1 s.e.m). P values from two-tailed t test are reported
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access to the water table. However, root growth did not

follow tree crown phenology, but stayed linked to

surface soil moisture dynamics in both tree types.

Variations in soil nutrients such as N and PO4
-3 did not

explain seasonal root growth rate. Dune flank trees

allocated more biomass to fine roots and produced

thicker or denser roots than valley trees, consistently

with low soil resources on the dune. They also grew

roots deeper into the soil profile than valley trees, in

coincidence with deeper surface coarse roots in dunes

(Guevara et al. 2010).

In arid ecosystems, access to underground water

reservoirs, a more stable hydric source than rainfall,

can decouple plant vegetative or reproductive phenol-

ogy from rain pulses. This was evident in the tree

crown phenology of valley trees, which started to

develop two months before the first seasonal rains.

Consistent with our observations, phreatophyte shrubs

from North-America deserts, flowered, fruited, and

grew uncoupled from the influences of precipitation

(Nilsen et al. 1987; Pavón and Briones 2001).

Nevertheless, although tree crown phenology uncou-

pled from rainfall dynamics in valley trees, root

growth did not. Root growth can precede seasonal

shoot growth fueled by stored non-structural carbo-

hydrates, as reported in perennial woody plants from

arid ecosystems. Instances of such process can be

observed in the deep-rooted shrub Lithraea caustic,

the shallow-rooted shrubs Cryptocarya alba, Artemi-

sia tridentata, Atriplex confertifolia and Ceratoides

lanata (Fernandez and Caldwell 1975; Montenegro

et al. 1982). However, this is not the case with P.

flexuosa trees, not even in those that access ground-

water, whose relatively high hydric status in spring

before the rains might enable root growth. Consistent

with our observations, root growth was also linked to

rainfall in two shrubs from a semiarid habitat, the

deciduous Trevoatri nervis and the semideciduous

Colliguaya odorifera (Montenegro et al. 1982).

However, in those species root growth was also

synchronic with shoot growth, in contrast with our

results.

Although root growth may be stimulated by soil

moisture and nutrients, it ultimately depends on the

interaction with other factors, such as shoot phenol-

ogy, plant water and nutrient status. We found that soil

moisture dynamics from rainfall is the best predictor

of P. flexuosa root growth dynamics in both tree types.

In particular, we found that the best positive correla-

tions were obtained when root growth records were

compared with soil moisture records from the preced-

ing measurement date. This, together with the fact that

roots started growth after leaf burst, indicates that P.

flexuosa roots are responsive to the local action of soil

water once leaves are present in the tree crown

providing photosynthates for root growth. Roots

appeared to be more responsive to soil moisture than

to plant water status, because roots of valley trees did

not grow before the rains, despite the good water status

of these plants. Studies about fine root responses to soil

moisture in plants from desert habitats report con-

trasting results that vary among species. In accordance

with our observations, the herbaceous subshrub

Cryptantha flava and the woody shrubs Ambrosia

dumosa and Ephedra nevadensis show a positive

correlation between root growth and soil moisture

content in their natural habitats (Wilcox et al. 2004;

Salguero-Gómez and Casper 2011). On the other hand,

root growth of the shrubs Larrea tridentata, Lycium

pallidum and Prosopis glandulosa did not correlate

with soil moisture content, indicating that in their

natural habitat, root growth is sensible to other factors

(Reynolds et al. 1999; Wilcox et al. 2004; Verburg

et al. 2013). While P. flexuosa root growth dynamics

correlated positively with soil moisture dynamics, it

did not correlate with variations in soil nutrients. Here,

it is important to highlight that trees from the valley

and the dune flank had similar nutrient status, so that

control of the plant over root responses to the local

action of soil nutrients can be considered equal in both

tree types. Field studies in arid environments indicate

that roots proliferate in response to soil nutrient supply

and that vary with species and nutrient identity

(Eissenstat and Caldwell 1988; Jackson and Caldwell

1989). In contrast, our observations indicate that roots

of P. flexuosa trees do not respond to fluctuations in

natural levels of soil N or PO4
-3.

bFig. 5 Rainfall and soil resources dynamics along 2009–2010

and 2010–2011 growing seasons. a Rain events (dashed line)

and cumulative precipitation (solid line) in the study area. b Soil

moisture; c soil NO3
- concentration; d soil NH4

? concentration,

and e soil PO4
-3 concentration. Data from the valley (closed

circles, solid line) and the dune flank (open circles, dashed line)

are shown. P values from repeated measures ANOVA are

reported. Asterisks represent significant differences after

Bonferroni posttest
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Soil water or nutrient scarcity may increase

biomass allocation to roots as a way to compensate

for resource deficiency and to increase resource

foraging and uptake. The dune flank has lower soil

moisture and PO4
-3 concentration than the valley.

Consistent with this, trees from the dune flank

allocated more biomass to topsoil layer roots than

trees from the valley. However, this root biomass was

not used to enhance soil exploration, because RLD

was the same for both tree types. Instead, it was used to

generate thick or dense roots that have a long lifespan,

are resistant to pathogen attack and increase biomass

use efficiency (Leuschner et al. 2004). These traits are

advantageous in resource-poor environments. In addi-

tion, trees from the dune flank grew roots deeper in the

soil profile than trees from the valley, in coincidence

with their coarse root position (Guevara et al. 2010).

In summary, leaf growth and tree crown develop-

ment of P. flexuosa trees is markedly affected by

groundwater subsidy, while topsoil fine root growth

remains coupled to rainfall dynamics in trees with or

without access to phreatic water. Fine roots are active

in water and nutrient absorption, and their production

and turnover contribute significantly to ecosystem

biomass cycling, primary productivity and carbon

budget (Jackson et al. 1997; Gill and Jackson 2000;

Mokany et al. 2006). The study of fine root growth and

the factors governing it is the first step toward building

a general picture at the level of whole plant or

ecosystem processes. In a context of global change,

the increase in precipitations predicted for the studied

area may increase fine root growth of P. flexuosa trees

in dunes as well as in valleys, with effects on water

dynamics, nutrients and carbon (Labraga and Villalba

2009). It may also advance aboveground phenology of

dune trees, with minor effects over aboveground

phenology of valley trees.
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