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Summary

 Strategies for deep soil water acquisition (WA deep) are critical to a species’ adaptation to

drought. However, it is unknown how WAdeep determines the abundance and resource econ-

omy strategies of understorey shrub species.
 With data from 13 understorey shrub species in subtropical coniferous plantations, we

investigated associations between the magnitude of WAdeep, the seasonal plasticity of

WAdeep, midday leaf water potential (Ψmd ), species abundance and resource economic traits

across organs.
 Higher capacity for WA deep was associated with higher intrinsic water use efficiency, but

was not necessary for maintaining higher Ψmd in the dry season nor was it an ubiquitous trait

possessed by the most common shrub species. Species with higher seasonal plasticity of

WAdeep had lower wood density, indicating that fast species had higher plasticity in deep soil

resource acquisition. However, the magnitude and plasticity of WAdeep were not related to

shallow fine root economy traits, suggesting independent dimensions of soil resource acquisi-

tion between deep and shallow soil.
 Our results provide new insights into the mechanisms through which the magnitude and

plasticity of WAdeep interact with shallow soil and aboveground resource acquisition traits to

integrate the whole-plant economic spectrum and, thus, community assembly processes.

Introduction

The degree to which whole-plant performance is governed by
suites of coordinated functional traits among organs is a core
question in plant functional ecology (Baraloto ., 2010;et al
Freschet ., 2010), with different patterns of functional inte-et al
gration expected to result in different pattern s of whole-p lant per-
formance (Pigliucci, 2003; Olson ., 2009; Met al endez-Alonzo
et al ., 2012). Functional traits consistently co-vary within and

across organs, in what has been descri bed as an ‘econom ics spec-
trum’ that broadly summ arizes trade-offs between ‘slow’ and
‘fast’ plant grow th strat egies (Westoby ., 2002; Wright .et al et al
2004; Fortune l ., 2012; Reich, 2014), providing insights intoet al
trends in species distributions and ecosystem processes along
environmental gradients (Kraft and Ackerly, 2010; Fort unel
et al ., 2012).

The economic spectra of aboveground plant organs have been

well-documented (We stoby & Wr ight, 2006; Fort ., 2016).et al
Generally, shrub species with high spec ific leaf ar ea (SLA) and
leaf nitrogen content (leaf N) have efficient light harvesting,

leading to high growth rates and consequent low wood density

(Ruız-Robleto & Villar, 2005; Freschet ., 2010 ; Mommer &et al
Weemstra, 2012; Reich, 2014). Species with fast-grow th strate-
gies tend to be more dominant in moist and fertile environments
(Grime ., 1997; Reich ., 1999), whe reas slow-grow thet al et al
strategies (Chapin ., 1993; Wright ., 2004; Reich, 2014)et al et al
allow species to minimize nutr ient loss, thereby increasing their
competitiveness in dry and low fertility environments (Hobbie,
1992; Aerts, 1995; Perez-Ramos ., 2012). There is risinget al
interest in considering root traits in the context of plant eco-
nomic spectra (B ardgett ., 2014; Reich, 2014), because rootset al
are responsible for nutrient and water uptake and likely play a
key role in mitigating nutrition and water stre ss effects on plant

growth and specie s interactions (M ommer ., 2011; Fort .,et al et al
2015, 2016). Generally, fast-growing species tend to have smaller
root diameter , higher specific root length (SRL), lower root tissue
density (RTD), shorter root life span, consistently low mycor-

rhizal colonization (Comas & Eissenstat, 2004; Withington
et al et al et al., 2006; McCormack ., 2012; Rei ch, 2014; Kong .,
2015; Li ., 2017), and have the advantage of effic ient nutrientet al
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and water uptake (Eissenstat, 1992; Roumet ., 2006; Prietoet al
et al ., 2015). Root economic traits also may explain a specie s’ suc-
cess in ecosyst ems with diff erent resource ava ilabilities (Prieto
et al et al., 2015; Fort ., 2016). For example, plant communities

in nutrient-poor regions display an overall ‘slow’ strategy with
low SRL and root length density, high root tissue density,
whereas communities in nutrient -rich areas display a ‘fast’ strat-
egy with opposite trait values (McCormack ., 2012; Liu .,et al et al
2015; Prieto ., 2015; Fort ., 2016; Li ., 2017).et al et al et al

The preceding studies have focused almost entirely on the con-
tributions of fine root traits in shallow soil to species’ operating
ranges along plant econom ic spec tra and to community assembly.

Globally, however , woody plants (tre es and shrubs) are reported
to distribute 60% of their root s below 20 cm depth (Canade ll
et al et al., 1996; Jackson ., 1996) and could have maxim um root-
ing depths of 20 70 m with a distribution peak at 1 2 m (Schenk– –

& Jackson , 2002; Fan ., 2017). Fine roots in shallow soil lay-et al
ers generally have sm aller diameters and lower RTD to adapt to
the less predictable water availab ility (Prieto ., 2015; Fortet al
et al ., 2016, 20 17); however, deep fine roots (branchin g from tap

roots and deep lateral roots) have a thicker stele with wider xylem
conduits to minimize flow resistance and maximize deep water
uptake and transpor t efficiency (McElrone , 2004; Wanget al.
et al ., 2016). Dimorphi c root systems enable woody plants to

switch their major water source from shallow layers in the wet
season to deep layers in the dry season (Dawson & Pate, 1996;
Andrade ., 2005; Quesada ., 2008). A widely used frame-et al et al
work for classifying whole-plant hydr aulic strategi es is the deg ree

of plant iso/anisohydr y. Broadly, plants have been ranked along a
continuum of isohydry to anisohydry, according to their strin-
gency of control of midday leaf water poten tial (Ψmd) as soil
water potential decreases (Klein, 2014; Martınez-Vilalta .,et al
2014; Skelton ., 2015; Mein zer ., 2016). Deep roots mayet al et al
help plants to avoid drought stress by buf fering the dec lines of
Ψmd during dry periods (Bucci ., 2009), and are thus likely toet al
be present in more isohydric species (Martınez-Vilalt a & Garcia-
Forner, 2017). Because deep roots can contribute more water to
transpiration than sha llow roots during drought (Bleby .,et al
2010, Yang ., 2017), a flexible soil water acquisition strategyet al 
along th e soil profile appears to b e vital for species growing in

water-limited environments, especially in seasonally dry regions
(Dawson & Pate, 1996; Chen ., 2015).et al

The developmen t of hydrogen and oxygen stable isotope tech-

niques has revolutionized our understanding of plant acquisition
and use of dee p soil water (Eh leringer & Dawson, 1992; Dodd
et al et al., 1998; Dawson ., 2002). Because isotopic fractionation
does not occur during water uptake by roots, the isotopic compo-
sition of stem xy lem water can provide an estima te of relative

water uptake from different soil depths when vertical gradients of
d18O a n d dD in soil water are sufficiently large and consisten t
across the rooting depth (Phillips ., 2005). The depth of soilet al
water extraction by roots may show considerable seasona l varia-
tion within species (Schwinning, 2008; Bendevis ., 2010; Nieet al
et al Juniperus ashei., 2011). For instance, growing adjacent to a
spring in Texas switched its major water source from deep soil

during the dry summer to shallow soil during the moist winter

(McCole & Stern, 2007), where as its water sources on an upland
site with no springs or other evidenc e of deep water were gener-
ally shallow and unstable even during the dry season (Schwin-
ning, 2008; Heilman ., 2009). Water sources also vary acrosset al
plant growth forms and species (Jackso n ., 1999; Schwinninget al 
et al et al., 2004; Liu ., 2010). Generally, trees and shrubs tend to
tap water from dee per soil than grasses in mixed woody-herba -
ceous systems (Le Roux ., 1995; Asbjornsen ., 2008;et al et al
Goldstein ., 2008). Among co-occurring woody species, how-et al
ever, some utilize only shallow or deep soil water , whereas others
tap both shallow and deep soil water (West ., 2007; Egge-et al
meyer ., 2009; Liu ., 2010). Interspecific differences inet al et al
the ability to utilize deep soil water were found to be strongly
driven by deep fine root morphologica l traits (Fort ., 2017).et al
Such hydrological niche partitioning among coexisting species
plays a crucia l role in minimizing competition and improving

stability of community structure in water-limited ecosystems
(Moreno-Gutierrez ., 2012; Yang ., 2015). However, theet al et al
extent to which the ability to switch between shallow and deep
water acquisition contributes to species’ resource economic spec-

tra and distributions has yet to be addressed. Addressing these
questions would broaden understanding of individual ecolog ical
strategies and vegetation community assembly proc esses.

Understorey vegetation, as a forest ecos ystem driver, plays a

key role in influencing soil microbial community and nutrien t
dynamics, tree growth and regeneration , and forest species diver-
sity and succession (Nilsson & Wardle, 2005; Diaz ., 2006;et al
Wu ., 2011; Mitchell ., 2012; Fu ., 2015). Althoughet al et al et al
the understorey veget ation may have larger influences on ecosys-
tem functionin g than its relative biomass suggests, the resource
acquisition strategies an d spatial growth of understorey vegeta-
tion are much less studied than those of trees in forest comm uni-

ties (Nilsson & Wardle, 2005; Wu ., 2011; Mariotte, 2014).et al
In this study, we first quantified shallow (0 20 cm), inte rmed iate–

(20 60 cm) and deep (60 200 cm) water source ac quisition over– –

the dry and wet seasons , and their seasonal plasticity for 13

woody shrub species in subtropical coniferous plantations with a
marked dry season (Yang ., 2015). We then exami ned theet al
role of deep water sourc e acquisition in the dry season as a com-
ponent of species’ overall hydraulic strategies as indicated by reg-

ulation of leaf water potential and as a determinant of species
abundance. We also investigated the relative reliance on deep soil
water sources during the dry season and its seasonal plasticity in

relation to plant economic traits ac ross organs (intrinsic and
instantaneous photosyn thetic water-use efficiency, firs t-order root
diameter, SRL, and RTD in shallow soil, wood density, SLA and
leaf N). First, we expected deep wat er use in the dry season to be
an importa nt com ponent of shrub hydraulic strategi es. In partic-

ular, species with greater reliance on dee p water sourc es were
expected to have higher leaf water potential during the dry sea-
son. Second, we expected the proportion of deep water source

utilization by the most common shrub species to be neither very
high nor very low compared with the rare shru b species, because
common species usually occupy core positions within commu-
nity trait space, whereas rare species are functionally periph eral
(Uma~na ., 2015). Third, we expected the shrub species withet al
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higher seasonal plastici ty of deep water acquisition to have rapid
shallow resource capture (finer roots, lower TD , high er SRL),
greater efficiencies of light harvesti ng (higher SLA and leaf N)
and water use, and higher relat ive growth rates (lower wood den-

sity), bec ause an integrated analysis suggests that being fast or
slow is a specie s-level strategy (Reich 2014).

Materials and Methods

Site description

This study was conducted at the Qianyan zhou Ecological Station

of the Chin ese Academy of Sciences, located in a typic al hilly
red-soil region of subtropical China. This area is strongly influ-
enced by the subtropical ea stern Asian monsoon climate, with
frequent seasona l droughts due to the unevenly distr ibuted rain-

fall. Acco rding to the multi-year mean monthly Budyko aridity
index from 2003 to 2010, drought periods were defined from
July to October, and the nondrought periods spanned from
November to June (Yang ., 2015). The mean annual temper-et al
ature and precip itation are 18.0 C and 1509.0 mm, respectively.°

The soil is an iron-rich red soil classified as Typic Dys trudept
and Udept Inceptisols of the USDA soil taxonomic system. In
1983, pure coni ferous plantati ons (includ ing Pinus masso niana
and ) were planted on barre n grassland at theP. elliottii
Qianyanzhou Ecologica l Station. By 2003, the forest cover at the
station had increased from 0.43% to . 70% and the number ofc
shrub species reach ed 100 (Hu ., 2006).et al

Basic information on sampling sites

Thirty three plots (30 30 m, 18 for and 15 for9 P. massoniana
P. elliot tii) were established and separated by 10 m. The main>

shrub species in plots were ,Eurya muricata, Adinandra millettii
Vaccinium bracteatum Rhaphiolepis indi ca Came llia oleifera, , and
Quercus fabri (Table 1).

The stand structures of each plot (stem density, diameter at
breast height, light transmis sion), and allocation of fine -root
biomass at different depths (0 20, 20 40, 40 60, 60 80, 80– – – – –

100, 100 150, 150 200 cm) were investigated in August 2015.– –

Details can be fou nd in Jiang . (2018) . Structural traits foret al
the and stands are shown in Suppor tingP. massoniana P. elliottii
Information Table S1 . The structural traits for the 13 shrub
species in the two stand types are shown in Table S2. A pre-test

experiment conducted in the wet season (January to May) and
dry season (July to October) showed that across all the sampling
plots, there was a significant difference in soil water content
(SWC) down to 100 cm depth between the wet season

(24.08 0.74% ) and dry season (17.38 0.60%) ( 0.001,  P <

t = 7.071). The coeffi cient of variation (CV) of SWC across
plots during the dry season was 17.82%.

Water sampling and isotopic analys is

Because the presence of roots may not be a reliable indicator of
actual water uptake dynamics in either time or space (Ehleringer

& Dawson, 1992; Dawson ., 2002; Volkmann ., 2016),et al et al
we determin ed relian ce on deep vs sha llow water sources using
stable isotope analyses of xy lem and soil water. Although a previ-
ous study at the study site showed that d18O and D had similard

trends along the soil vertical profile, when xylem water isotope s
were compared with vertic al profi les of d18 O and D in the soil,d

they yielded inconsistent inferences conc erning depths of water
uptake (Yang ., 2015). Oxygen stable isotopes were shown toet al
be more sensitive than hydrogen isotope s in detectin g uptake of
deep soil water, because the accurac y in D analysis was relativelyd

lower as compare d to d18O whe n the Isotopi c Ratio Infrared
Spectroscopy (IRIS) method is applied (Wen ., 2012). There-et al
fore, we used oxygen isotopes to evaluate the depths of water
uptake.

Plant and soil sampling were carried out in August 2016 (dry

season) and April 2017 (wet season) , respectively. For the mea-
surements of plant water isotopic composition, plant samples

Table 1 Species abbreviations, families, life forms, wood density (SE, g cm 3) and sampling number for plant water isotopic composition measurement of

each species.

Species Abbreviation Family Life form Code Wood density N Wet seasosn NDry season

Rhus chinensis RC Anacardiaceae DB 0.297 (0.008) 12 19
Choerospondias axillaris CA Anacardiaceae DB 0.467 (0.010) 12 5

Michelia maudiae MM Magnoliaceae EB 0.469 (0.023) 17 16

Adinandra millettii AM Theaceae EB 0.518 (0.009) 32 30

Liquidambar formosana LF Hamamelidaceae DB 0.520 (0.010) 15 13
Schima superba SS Theaceae EB 0.558 (0.014) 26 20

Camellia oleifera CO Theaceae EB 0.596 (0.001) 26 19

Quercus fabri QF Fagaceae DB 0.598 (0.009) 13 7
Vaccinium bracteatum VB Ericaceae EB 0.600 (0.004) 25 19

Symplocos confusa SC Symplocaceae EB 0.601 (0.010) 8 3●

Eurya muricata EM Theaceae EB 0.617 (0.010) 33 31

Viburnum dilatatum VD Caprifoliaceae DB 0.681 (0.021) 9 16M

Rhaphiolepis indica RI Rosaceae EB 0.731 (0.005) 19 5□

NWet seasosn , N Dry season , sampling number in wet and dry season, respectively. Life form: EB, evergreen broadleaf; DB, deciduous broadleaf.
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from the nonphotosynthetic tissues were collected during mid-
morning, 10:00 h, when transpiration was high and plants hadc.
reached stable isotope equi librium status (Rong ., 2011; Cuiet al
et al ., 2017). We selected 13 woody shrub species (247 and 203

samples in the we t and dry season, respectively) from the 33 plots
based on the following criteria. First, the basal diameter of the
individuals sampled ranged from 10 to 25 mm to minimize
potential effects of plant age on deep soil water upta ke. Second,

each species was represented by at least three replicate samples
(Table 1) in both the wet and dry season, and each sample con-
tained two or three indiv iduals. Leaves and green tissue surround-
ing the xylem were removed from th e twigs sampled to avoid

contamination by isotopicall y enriched water (Ehleringer &
Dawson, 1992). The stem samples were then immediately placed
in glass vials sealed with parafilm, and placed in a cooler. Soil
cores down to 200 cm depth were sampled in the centre of each

plot. Samples from these core s were collected at depths of 0 20,–

20 60, 60-100, 100 150 and 150 cm (dep ending on the maxi-– – >

mum sampling dep th).
In the laboratory, soil and plant samp les for isotopic analysis

were kept frozen at 20 C in a freezer before water extraction. °

Water was extracted fro m samples using an automatic cryogenic
vacuum distillation system (Li-2100, LICA, Beijing, China).
Extraction times were 2.5 h for soil samples and 3 h for plant

samples. Water samples we re analyzed for isotopic ratios of d18 O
using a liquid water isotope analyzer (912-0050, LGR, San Jose,
CA, USA). The IsoSource model (the multi-source mass balance
approach, http:// www.epa.gov/wed/pages/mod els/stableIsotopes/

isosource/isosource.htm ) was used for the calculation of the rela-
tive contribution of soil water at different depths to plant xylem
water (Phillips ., 2005). For the IsoSour ce analysis, the frac-et al
tional inc rement was set at 1%, and the mass balance tolerance at

0.1 (Phillips & Gregg, 2003).&

Measurement of plant physiological parameters and
economic traits

Midday lea f water potential (12:00 13:00 h,– Ψmd ) was measured
on sunny days in four sampling rounds during the dry season of
2017 (from July to October). To minimize the effects of day-to-

day variability in environmental conditions and capt ure values of
Ψmd close to the seasonal minimu m, ea ch samp ling roun d of two
or three consec utive days was initiated at least 1 wk after rainfall

events. On each sampling day, Ψmd of two replicate ind ividuals
of fou r to six species was measured psychrom etrically. For each
individual, discs excised from different leaves were sealed inside
two cleaned and calibrated ther mocouple psychrome ter chambers
(83-2VC, Merrill, Logan, UT, USA). The cham bers were

immersed in a water bath and the psychrome ters were activate d
every 30 min and the data recorded by a high -speed data ac quisi-
tion system (CR6, Campbell Scientific Inc., Logan, UT, USA)

until water potential equilibrium had been attained.
Net photo synthetic rates ( ), leaf transpi ration ( ) and stom-A E

atal cond uctance to water vapou r (g s) were me asured usingin situ
a portable photosyn thesis system (Li-640 0XT, Li-Cor, Lincoln,

NE, USA). The system was set to maint ain a cons tant CO 2

concentration of 400 mol moll
1 , leaf temperature (20 C and°

30 C in the wet and dry seasons, respectively), PAR°

(800 mol ml 2 s 1, which was roughly twice mean values in the
understorey during gas exchange measurements) and leaf-to-air

vapour pre ssure deficit (1 kPa). These leaf gas exchange traits
were measured in at least 10 sun leaves from at least five individu-
als per species during the mid-mo rning (09:00 11:00 h) on–

sunny days in August 2016 and April 2017. After the gas

exchange meas urements, the leaves enclosed in the cham ber were
collected and scanned. Leaf areas were calculated using IMAGEJ
software (v.1.51j8, National Institutes of Health, Mary land,
USA). Leaf gas exchange parameters were then re-calculated

based on the true leaf area. Intrinsic and instantaneous water -use
efficiency (WUE) were calculated as /A g s and / , respectivelyA E
(Maseyk ., 2010).et al

For SLA determin ations, at least 20 fully expanded sun leaves

were collec ted fro m at least five individuals per species in August
2016 and April 2017, respectively. After measuring their ar eas
using IMAGEJ, the leaves were oven- dried at 70 C, weighed and°

then groun d in a ball mill (WS-MM301, Germany). The SLA

was calculated as the ratio of leaf area and leaf dry mass. Leaf N
was determined on a continuou s-flow isotope ratio mass spec-
trometer (Delta PlusXP, Thermo Finnigan, Bremen, Germany).
Area-based leaf nitrogen conte nt (Narea) was calculated as the

ratio of leaf N and SLA.
Wood density was measured in August 2016. Stem segments

from at least six individuals of each spec ies were excised at 20–
30 cm above groun d level. After removing the bark and pith with

a razor blade, wood density was determined from volumetric dis-
placement and oven- dried mass.

First-order root traits in shallow soil were measured in May
2018. Root branches with intact terminal branch orde rs in top-

soil (0 20 cm) were traced back to at least five ind ividuals of each–

of the study species following the procedure described in Pregit-
zer . (2002) . The root branches were gently washed with tapet al
water to remove adhering soil, then stored at 20 C until the °

measurement of root traits. At least 30 first-order roots of each
individual plant were collected as one subsample. The first-order
roots of each subsam ple were arranged in water with minima l
overlap and scanned on an Epson Expression 10 000 XL desktop

scanner. Root samples were then oven-dried at 65 C for 48 h and°

weighed. From the scanned imag es, the average first-order roo t
diameter and length were measured using WINRHIZO software

(Regent Instruments Inc., Quebe c City, QC, Canada). RTD was
calculated as the ratio of root dry mass to its volu me assuming
that a root was a cylinde r. SRL was calculated as the root length
divided by its dry mass.

Data analysis

Across all plots, the 0 20 cm and 20 60 cm layers of th e upper– –

2 m of soil conta ined 63 86% and 10 26% of the total fine root– –

biomass, respectively, amongst different growth forms (Fig. S1).
Moreover, the d18O values for soil water in the upper 60 cm were
different from those below 60 cm depth (Fig. 1 b). Therefore, we

divided the soil profile into three layers: 0 20 (shallow layer),–
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20 60 (intermediat e layer) and 60 200 cm (deep layer). The– –

deep soil water source was represented by the sum of soil water
sources in the ranges 60 100, 100 150 and 150 cm dep th.– – >

Because and had similar root distribu-P. massoniana P. elliottii
tion and water acquisit ion along the soil profile during both the
dry and wet seasons (Yang ., 2015; Yang ., 2017) and soilet al et al
water source partitioning for each of the 13 understorey shrub

species was simila r, regardless of which pine species was pre sent
(Table S3), we pooled the data for the shrub species from
P. ma ssoniana P. elliottiiand plantati ons.

The plasticity of reli ance on dee p water sourc es between the

wet and dry seasons (DW p ) was calculated as:

DW p ¼
2  ð DW d  DW w Þ

DWd þ DWw
Eqn 1

(DW d , mean of the deep water source proportion in the dry sea-
son; DW w , mean of the deep water source proportion in the wet
season). Similarly, plasticity of / and SLA also were calculatedA E
in this way. A negative plasticity value ind icates that the mean
value in the dry season is less than that in the wet season. To
characterize intersp ecific an d intraspecific variation reliance on
deep water sources, we calculated the CV of the deep water

source proportion across and within species during the dry and
wet season. A two-way ANOVA was used to determine effects of
species, season and their interactions on deep water source pro-
portions. Deep water source proportions between seasons across

species were compa red by -test. All statistical process ing was con-t
ducted in S PSS (2010, v.19.0; SPSS Inc., Chicago, IL, USA).
Species importance values were calculated as the sum of the rela-
tive coverag e, relative density and relative occurrence frequency

divided by 3 (Li ., 2017). To eval uate the relative position ofet al
each shrub species with respect to the deep wat er source propor-
tion at the comm unity level, we calculated the communi ty
weighted mean (CW M) of the deep water source proportion:

CWM t ¼
XS

i ¼1
ai  t i Eqn 2

(ai , relative importa nce value of species ;i ti, median of dee p water

source propor tion of species ). The distanc e of a species from thei
CWM ( CWM) for deep water so urce was calculated as theD

absolute difference between the specie s-median deep water source

proportion for species and the CWM of deep water source pro-i
portion. A sm all distanc e value ind icates that a species is close to
the mean trait value of the communi ty, whereas a large dista nce

value indicates that a specie s occupies an extrem e position in the
community-wide trait distribution (Uma~na ., 2015). We alsoet al
calculated Pearson’s correlation coeffi cients between the absolute
values of the distance and the importance value. Correlations

between deep water reliance parameters and plant hydraulic and
economic traits (leaf water potential, leaf gas exchange traits,
first-order root diameter , SRL, RTD, wood density, SLA and leaf
N) across species were tested in SIGMAPLOT software (v.12.0, San

Jose, CA, USA). Highly significant and mod erately significant
were defined as 0.05 and 0.10, respectively .P <

Results

Soil water content and soil water d18 O values

During the field sampling for d18 O measurements, soil wat er
content througho ut the 0 200 cm depth was signific antly lower–

in the dry season than that in the wet season (F ig. 1a). The d18 O
values of soil water down to 100 cm were sign ificantly lowe r in
the dry seaso n than in the wet season (Fig. 1b). Moreover, the

d18O values of soil water significantly increased with depth in the
dry season, but significantly decreased with increasing soil depth
in the wet season (Fig. 1b).

Soil water use patterns and mid day leaf water potential

Soil water source propor tions of the thre e soil layers varied signif-

icantly among species and seasonally (Fig. 2). All species relied
mainly on shallow soil water during the we t season (Fig. 2a).
During the dry season, 11 of 13 species relied mainly on deep soil
water, with the exception of andSymplocos confusa R. indica
(Fig. 2c). For , 48.0% of soil water upta ke wa s from theS. confusa
intermediate layer (Fig. 2b) an d 21.4% from the deep layer
(Fig. 2c). For , the intermed iate and deep layers eachR. indica
contributed . 30.0% to the total soil water uptake (Fig. 2b,c).c
The higher relative contribution of the intermediate depth water
resource in and resulted in their small seasonalS. confusa R. indica
variation in reliance on the deep water source (Figs 2c, S2). The
13 shrub specie s studied showed a wide range of relative reliance

on deep soil water sources in the dry sea son, rangi ng from 21.4%

(a) (b)

Fig. 1 Soil water content (a) and d18 O values
for soil water (b) along the soil profile during

the dry and wet seasons. Values are shown

as means SE.
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in to 71.3% in . The plastici tyS. confusa Liquidamb ar form osana
of deep water source utilization between seasons varied 11-
fold, from 0.126 in to 1.366 inS. confusa Rhus chinensis
(Fig. S2). Considering that 12 of 13 spec ies showed no seasonal
variation in reliance on the intermed iate depth soil water source
and 11 of 13 species showed significant seasonal variation in

reliance on th e deep water source (Fig. 2b,c), we focused on the
contribution of the deep water source to the spec ies’ wat er use
strategies, dominance and economics spectra. In the dry season,
the seasonal minimu m Ψmd varied 2.2-fold among specie s,

ranging from 1.80 MPa in to 0.82 MPa in R. indica  
S. confusa (Fig. 3). However, the proportion of deep water source
utilization in the dry season was not related to dry season Ψmd

( 0.193, 0.526, Fig. 3).r = P =

Deep water source variation in the dry season and species
abundance

We found a moderately negative correlation between intraspecific
variation in reliance on deep water sources in the dry season and
species’ relative occurrence frequ ency across the sampling sites
( 0.546, 0.054), indica ting that comm on species tendedr =  P =

to show lower variation in reliance on deep water in the dry sea-
son. The relative position s of the 13 study species within the
entire range of deep water utilization parameters were quantified
across sampling sites. For the deep water source proportion in the

dry season, , and occupied coreV. bract eatum A. millettii Q. fabri
positions within the community, whereas ,S. confusa R. indica
and occupied the periphery position s (Fig. 4a).L. form osana
Across species, there wa s a moderately negative correlation

between CWM of deep water source in the dry season again stD

the species’ importance value (Fig. 4b), ind icating that com mon
species tended to have neither very high nor very low reliance on
deep water in the dry season.

Deep water utili zation and plant economi c traits

Across species, the propor tion of deep water utilization in the dry

season was not sign ificantly associated with the light-harvesting
traits SLA ( 0.026, 0.934) an d leaf N ( 0.179,r = P = r =
P r P= 0.558), or with wood density ( = 0.368, = 0.216), or the
shallow resource uptake traits first-order roo t diameter ( 0.233,r =
P r P r= 0.444), SRL ( = 0.115, = 0.709) and RTD ( = 0.011,
P = 0.973). Interestingly, intrinsic WUE was positively associated
with Narea (Fig. 5a) an d deep water reliance in the dry season

(Fig. 5b); however, higher deep water source proportion was not
associated with higher Narea ( 0.301, 0.318). Reliance onr = P =

(a)

(b)

(c)

Fig. 2 Shallow (a), intermediate (b), deep (c) soil water source proportion

( SE) in the dry and wet seasons for 13 shrub species. Asterisks indicate
significant differences in deep water source proportion between seasons

within species: , 0.05; , 0.01. Species were ordered by wood* P < ** P <

density from low to high. See Table 1 for species abbreviations.

Fig. 3 Relationships between deep water source proportion and midday

leaf water potential (Ψmd ) in the dry season. See Table 1 for species
abbreviations and symbol codes. Values are shown as means SE.
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deep water sources was not significantly related to the instanta-
neous WUE in the dry season ( 0.141, 0.647). However,r = P =

the plastici ty of deep water source utilization betwee n seasons
was negatively associated with seasonal plastici ty of instanta neous

WUE (Fig. 6), but was not associated with plasticity of intrinsic
WUE ( 0.03 5, 0.909).r = P =

The plasticity of deep water source utilizat ion between seasons
was negatively correlat ed with wood density across the 13 shrub
species (Fig. 7), indicat ing that specie s with higher variance in
reliance on dee p water between seasons tended to exhibit lower

wood density. The plasticity of deep wat er source utilization
between seasons was negative ly correlated with seasonal plasticity
of SLA (Fig. 8). Across the 13 shrub species, ho wever, plasticity
of deep water source utilization between seasons was not signifi-

cantly correlated with first-order root diameter ( 0.281,r =
P r P r= 0.353), SRL ( = 0.025, = 0.935) and RTD ( = 0.201,
P = 0.509).

Discussion

Deep water source reliance and plant hydraulic strategy

We found that the specie s differed significantly in their reliance
on deep water sources during the dry season and in the plasticity
of reliance on deep wa ter sources between seasons (Fig. 2c).
Inconsistent with our hypothe sis, high er relian ce on deep water

sources did not lead to higher values of dry season Ψmd (Fig. 3).
The unexpected lack of relationship between reliance on deep
water and Ψmd could reflect alternative strategies for adaptation
to seasonal drought, such as maintainin g or increasing whole-

plant leaf-specific hydraulic conductance through part ial leaf
shedding (Bucci ., 2005; Met al endez-Alonzo ., 2012;et al
Pineda-Garcıa ., 2013), or diff erences in stringency of stom-et al
atal regulation of Ψmd.

Our findings also high light the role of belowground resource-
use strategies in gover ning whole-plant hydraulic strategies. The
reliability of the plant iso/a nisohydry framework in predicting
species’ vulne rability to drought-in duced mortality has been chal-

lenged recently (Martınez-Vilalta & Garcia-Forner, 2017;
Hochberg ., 2018). However, iso/anisohydry is still a stronget al
predictor of plant drought respons es (Novick ., 2019) whenet al
water stress is moderate and before growth cessation occurs

(Volaire, 2018). The degree of plant iso/anisohydry has been
shown to be asso ciated with a series of coordinat ed stem and leaf
functional traits (Klei n, 2014; Martınez-Vilalta ., 2014; Fuet al 
& Meinzer, 2019). H owever, the role of belowgrou nd functional

traits in dete rmining specie s’ hydraulic strategies is seldom evalu-
ated in an experimental context (Fort ., 2017), despite theet al
contribution of deep water access to drought avoidance thereby

(a)

(b)

Fig. 4 (a) The relative positions of species with respect to the deep water
source proportion in the dry season. The -axis represents the differencex

between median deep water source proportion for the species and

community weighted mean (CWM) deep water source proportion across
sampling sites. The -axis arrays species from bottom to top based on howy

close they are to the CWM value. Each boxplot represents the distribution

of deep water source proportion by species: the bars represent the
maximum and minimum, the ranges represent the upper and lower

quartile, the vertical lines represent the median, and the dots represent the

outliers. (b) Relationship between CWM of deep water source in the dryD

season (the absolute difference between the species-mean value and the
CWM value) against the relative importance across species. See Table 1 for

species symbol codes.

Fig. 5 Relationship between intrinsic water-

use efficiency ( /A g s ) and (a) area-based leaf

nitrogen content (Narea ), and (b) deep water

source proportion in the dry season. See
Table 1 for species symbol codes. Values are

shown as means SE.
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conferring a potential competitive advantage in terms of water
use strategy (St ark ., 2015; Brum ., 2019). Wood densityet al et al
and the sensitivity of intrinsic water-use efficien cy (WU E) to
environmental variation are proxies for the degree of plant iso/

anisohydry, with lower wood density and high er sensitivity of
intrinsic WUE implying more isohydric behaviour (Fu &
Meinzer, 2019; Yi ., 2019). In our study, plasticity of relian ceet al 
on deep water sources was negatively correlated with wood den-

sity and plasticity of insta ntaneous WUE (Figs 6b, 7), indicating
that lower plasticity of dee p water utilization is asso ciated with
more anisohyd ric behaviour. However, a previous study reported
that more anisohyd ric specie s had greater plasticity of leaf

hydraulic parameter s (Johnson ., 2018). Although theet al
mounting evidence suggests that plastici ty of drought tolerance
traits in diff erent organs is integrat ed, the paradoxical results

indicated that overall plant hydraulic strategi es may be organ-de-
pendent.

Correlation between deep water source reliance and
species abundance

Consistent with our hypothesis, we found that common spec ies

tended to have lower intraspecific variation in their deep wat er
source reli ance in the dry season com pared to rare species
across the sampling sites in the study area. Our res ults indicate
that common species optimized their deep water reliance to

adjust to local conditions, despite the modest variation of soil
water conte nt ac ross the sampling plots. Our results support
the assumption that species having low trait variation around

optimal trait values are able to easily dominate the local envi-
ronment (Uma~na ., 2015). However, at a regional scaleet al
with larger envi ronmental hete rogene ity, species relative abun-
dance was reported to be positively related to intraspecific vari-
ation in root branching inte nsity and mycorrhizal colonizati on

but not related to first-order root diameter (Li ., 2017).et al
Considering that first-order root diameter is a phylogenet ically
conserved root trait (Kong ., 2014), whereas deep wateret al
reliance showed highly plastic responses to the environme nt
(Fig. 2; Snyder & Williams, 2007), we mi ght expect an impor-
tant role of deep water utilization in adapting to water
resource gradients at regiona l scales. Although a recent study

suggests that species traits are not necessar ily near ‘optimum ’
in habitats whe re they occur frequently and abundantly
(Mitchell ., 2018), our results further showed that com-et al
mon species tended to have neither very high nor very low

deep water reliance in the dry season, complementin g a grow-
ing body of evidence that rare species tended to occupy the
periphery of the community traits space (Ship ley ., 2011;et al
Uma~na ., 2015; Li ., 2017) when specie s occu rred inet al et al
locations facing strong stabilizing selection for particular traits
(Muscarella & Uriarte , 2016).

Fig. 6 Relationship between plasticity of deep water source proportion

and plasticity of instantaneous water-use efficiency ( / ) betweenA E
seasons. See Table 1 for symbol codes.

Fig. 7 Relationship between wood density and plasticity of deep water
source proportion between seasons. See Table 1 for symbol codes. Values

are shown are means SE.

Fig. 8 Plasticity of deep water source proportion in relation to plasticity of

specific leaf area (SLA) between seasons. See Table 1 for symbol codes.
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Deep water use pa tterns along a ‘fast-slow’ plant
economics spectrum

We found that species’ deep water use patte rns contributed to

their carbon capture and wat er econ omy. Species with higher
intrinsic WUE had better access to dee p water in the dry sea-
son (Fig. 5). Moreove r, our results showed that there was a
positive relat ionship between Narea and intrinsic WUE, which

is cons istent with previous studies showing that carbon iso-
tope discrimination decre ased with increasing N area (Clearwa-
ter & Meinzer, 2001; Adams ., 2016), but inconsisten tet al
with the finding that intrinsic WUE decreased with inc reasing

Narea across specie s representing a spectru m of iso/anisohydry
(Meinzer ., 2017). The contrasting pattern observed hereet al
could be explained by an uncoupling between deep water
reliance in the dry sea son and N area . Specificall y, species with

higher intrinsic WUE may resort to higher N area , or higher
deep water reliance in the dry season, but do not need to
have both high er N area and higher deep water reliance in the
dry season. The intra- and interspecific variations in deep

water source utilization also provide insight into how specie s
with different belowground resource-use strategies may cope
with the trade-off between carbon uptake and water loss. Our
results suggest that the capacity for utilization of deep soil

water and its plasticity yield different scenarios depending on
the measure of species-sp ecific WUE employed (Figs 5b, 6).
Increasing capacity for deep water utiliza tion was positively
associated with intrinsic WUE (Fig. 5b). By contrast, plasticity

of deep water utilizatio n was negatively associated with plas-
ticity of instantaneous WUE (Fig. 6).

Our results may represent the firs t evidence that species with
fast strategies (low wood density) also have a plas tic deep root

mode, ind icated by the negative correlation between stem density
and plasticity of deep water reliance between seasons across
species (Fig. 7). Our results suggest that a deep root system plays
an important role in the plant economic spectrum an d that the

plant economic spectrum is related not only to the values of plan t
functional traits, but also to the plasticity of plant functiona l
traits across envi ronmental variation (Figs 6 8).–

For the shallow portion of the root system, a global datase t

showed that species with thinner first-ord er roots had a fast
strategy of the shallow fine root system with respect to resource
acquisition (Ma ., 2018). Inconsisten t with our hypot hesis,et al
we fou nd no significant correlation betwee n shallow fine root
economy traits (first-order root diameter, SRL, RTD) and deep
water utilization par ameters across specie s, suggesting indepen-
dent dimensions of soil resource acquisition between deep and
shallow soil. This is cons istent with previous studies showing

that the form and function of deep fine roots may exhibit
some diff erences from shallow fine roots (Prieto ., 2015;et al
Wang ., 2016; For t ., 2016). These variations of rootet al et al
traits along the soil profile are likely the result of root special-
ization to acquire different resources (Fort ., 2016),et al
because nutrient availability often declines, where as bulk den-
sity tends to incre ase with soil depth (Schenk, 2005; Ugawa
et al ., 2010).

However, the decoupling observed between shallow and deep
root system traits along the soil profile does not necessar ily imply
that the vertical tren ds in an integra ted series of trai ts are func-
tionally discontinuous. Inst ead, there is a trend of unified evolu-

tionary chang es in resource transpor t efficiency of interdepende nt
organs within species (Martınez-Vila lta & Pi~nol, 2002;
McElrone ., 2004; Fortunel ., 2012). Similarly, Li .et al et al et al
(2015) found two independent trait dimen sions at the lea f level

in that leaf economics traits related to light capture and photo-
synthesis were decouple d from hydraulic traits related to leaf
water transport capacities and temperature regulation. These
results collectively suggest that independent trait dimensions

within plant organs may be an intr insic mechanism for plants to
adapt to mu ltiple envi ronment gradients and may facilitate
species coexisten ce.

Conclusion

Our data highligh t an important role played by deep water uti-
lization patterns in plant economic spectra for the understorey

shrubs at our study site. Higher capacity for deep resource acqui-
sition was associated with higher intrinsic WUE but was not nec-
essary to maintain less negative midday leaf water potentials.
Thus, the common species in the study site may not have experi-

enced selective pressure for high reliance on deep water sources in
the dry seaso n. Howev er, we fou nd that fast strategy specie s (ind i-
cated by lower wood density) showed greater plasticity of soil

water resource utilization between seasons. If the notion that fast
species grow best and dominate under higher res ource availability
(Reich, 2014) is broadly applicab le, our results suggest that plas-
ticity of plan t functional traits and deep resource acquisition
strategy have important implication s for und erstanding plant per-

formance and thus com munity assembly processes. Because this
study was conducte d in subtr opical plantations, the broader
applicability of our findings should be investigat ed in natural

forests. Mycorrhizal symbiose s and root morphology traits
together shape the uptake capacities of roots (Chen ., 2016),et al
and mycorrhizal type may offset selection for featu res of the root
economics spectrum (Weemst ra ., 2016). Further investiga-et al
tions of the plasticity of mycorrhizal, morpholog ical an d archi tec-
tural trai ts of deep roots are needed to shed further light on the
role of dee p root functi on in shaping spec ies’ resource economy
spectra and distribution .
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