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Summary

® The terminal branch orders of plant regstemshave been proposed as sHoréd
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‘ephemeral’ modules specialized for resource absorplio@.occurrence of
ephemeral root modules has so far only been reported for a temperate tree species
and it is unclear if the conceglso applies to other woody (shrub, tree) and herb
species.

® Fineroots of 12 perennial dicotyledonous herb, shrub anddesges were
monitored for two growing seasons using a bramcter classificaon, sequential
sampling anahizotrons in the Taklamakan desert

® Two root modules existed in all three plant functional groups. Among the first
five_branch orders, the first tw{perennial herbs, shrubs) or three (trees) root
orders were ephemeral and had a primary anatomical structure, high nitrogen
concentrations, high respiration rates and very short life spans of 1-4 months,
whereas the last two branch orders in all functignaups were perennial, with
thicker diameters, no or collapsed cortex, distinct secondary growth, low nitroge
concentrations, low respiration rates, but much longer life spans.

® Ephemeral, short-lived root modules and long-lived, persistent root methaes
to be.a.general feature across many plant functional groups and may represent a

basic roat system design.

Key words:*anatomical traitsepheneral root module, fine roots, functional groups,

life span, modified rhizotron, nitrogen concentrationpiregion

Introduction
Plantsacquire water and nutrients through the root system and the bulk of this uptake
is through fine roots, which has historically been defined as all radt®m in
diameter. To achieve this uptake function, plants invest substantial amount of carbon
to build the fine roots and up to 30% of the global annual terrestrial net primary
production’(NPP) may be devoted to fine root production, if assuming roots turn over
once peryear (Jacksenal., 1997).

However, it has increasitygbeen recognized that the traditional fine root concept
is deeply*flawed (Pregitze2002; McCormackt al., 2015).Smaller diameter roots in
trees had much shorter life spans compared to larger roots @Elssenstat2001;
King et al., 2002), whichimplied that the life expectancy of an individual root is
related to its position on the branching root system, contrary to the fine root toncep

in which all individual roots have the same life spRregitzey 2002). The link
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between branch order and t@matomy was further explorég several studies (e.g.,
Withingtonet al., 2006; Guaet al., 2008a), which establishadpotential relationship
between root branch order and physiological func#asuch, treating all fine roots
(<2 mm) as those that turn over rapidly is an ovesimplification (Guoet al., 2008h
Espeleteet-ali, 2009) and we now need more sophisticated approaches to understand
root turnoveriynchet al., 2013; Warreret al., 2015). One approach is to separate
roots into groups that differ in both function and turnover rates, such as the
ephemeral root module approach proposed byeX#h. (2010).In this approach,

Xia et al..(2010) studied demography and physiology of different root branch orders
of a temperate tree species and denmmatexd that the three most distal branch orders
of the root'system operated like modular units. These distal root branch orders had
similar life-spans, but much shorter liggpans (22 yr) as a group than the higher
order woody roots (multiple years) (Xeéhal., 2010). Additionally, these distal branch
orders displayed similar nitrog€N) concentrations and respiration rates (tial.,
2010). Because the distal branch orders turned over frequently as intact lateral
branches.en/their higher-order mother roots the authors termed these structures
ephemeral.root modules.

It is possible that this modular organization of root system structure and function is
widespreadin perennial plants, but this has not been widely tested. There are
similarities in the rel@onship between anatomy and branching architecture across the
woody_species examined so far, but these species were either temperate tree species
(Guoet al., 2008a or a temperate shrub (Valenzuélstradeet al., 2008). We still
know very little abouthe structurefunction relationship and about the form and
longevity of the ephemeral root modules (if they do exist) in perennial plants of other
biomes.and plant functional groups.

The.investigation of root demography is methodologically challenging. One
method used frequently is minirhizotroMinirhizotrons can be used to directly
monitorthesgrowth and deaths of fine roots (Yuan & Chen, 2012). The widespread
use of minirhizotrons have greatly improved our understanding of the production and
mortality“mecesses of fine roots in various ecosystems such as grasslands, forests,
farmlands and deserfislcCormacket al., 2013; Tayloet al., 2014) but their small
viewing windows limit theability to observe higher order roots, some of which may
be larger thathe viewing area (typicallg. 1.3 x 2.0 cm). Isotopic methods are also

frequently applied but are very costly, among other limitations @al, 2008h
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Strandet al., 2008). One method that may work well is large rhizotrons in

combination of sequential sampling of a root cohort. This method is inexpensive and
allows observations of thousands of individual roots for several years and thus allows
direct observations of the full development of fine root systems for stadlired
plants*(Xiaet'al., 2010)

The /motivation for the current study was to test if ephemeral root modules also
exist in different functional groups of perennial plants in a desert bivviager
availahility is an important factor that may have both a positive and negative effects
on oot lifespan (Eissenstat al., 2013).Deserts cover large areas of the planet and
contain,a vast array of different plant functional groups that display different
ecological’ strategies and may therefore also exhibit different root dgphizga
Trees andshrubs in deserts maintain aboveground biomass throughout the year
whereas herbaceous perennials maintain their root system but grow a new shoot every
year. It _is therefore possible that perennial desert species also exhibit different
strategies in regar their root demography. Thus, our main objectives for this study
were: to.test/if ephemeral root modules exist in trees, shrubs and perennial teerbs of
desert ‘ecasystem in the Taklamakan desert, to assess if root life spans of ephemeral
roots were diferent across these different functional groups, and to evaluate if
ephemeralsroot modules had similar structural and physiological traits (diameter,
tissue density, stele : diameter ratibgoncentration and respiration) in comparison to

the perennial roots in these three plant functional groups.

Materials and Methods
Study site and species selection

The “study site was located at tiele National Station of Observation and
Research. for Desert and Grassland Ecosystdbr ( Cele Station, 37°00'56.37"N,
80°43'43:81"[c at the southern fringe of the Taklamakan deserthe Xinjiang
UrumgisrAutonomous Regioaf China. Cele oasis is surrounded by-a®km belt of
sparsesvegetation dominated by phreatophytic species (Brueét@ide2003, 2010).
The studysite has an elevation of 1366 above sea levelagl), a mean annual
temperature of 11.9°C, a mean annual potential evaporaticn2800 mm, and a
mean annual precipitation of only 35 mm with rare and unpredictable rainfalsevent
(Gui et al., 2013). Tle climate is thus hyperarid, with hot and dry summers and cold

and dry winters, and the growing season typically lasts from April to October. Depth

This article is protected by copyright. All rights reserved



to the groundwater in the study area was 15 m, whichuated very little over time.
The soils are sandy with low organic matter content and-dvaihed (Arndtet al.,
2004). Soil organic matter ranged fradh®4 to 0.48 g Kg in the top 60 cm. More
details of soil properties and study site information can be found iet biu (2013).
Werselected 12 different plant species from three different plant functional groups
that occur in\the region (Table Ihe 12 dominanperennialspeciescovered four
herbaceous dicotshérbs), four shrubs and four treesnfr® families, 10 genera.
Populus alba var. pyramidalis andMorus alba L. are two tree species that are grown
for commercial reasons in the oagtseuphratica Oliv. and Eleagnus angustifolia L.
are native trees in the Taklamakan desert. The four shrubtharfour herbaceous
perennial were all part of the native vegetation of the plant stgtesurrounding
the oasis. The shrubs may grow up +@ 2n in height and at various diameters. The
leaves of the shrubs are shed in October but the abovegrourty wads persist
through_the winter. The four herbaceous perennials grow a newaomay shoot

every April that persists until the onset of autumn in October.

Establishment of rhizotrons

In‘the beginning of May 2010, we built 12 square concrete pods, with dimension of
3 mx 3 mx1 m (length x width x depth). Each concrete pod contained four rhizotron
boxes of 1 fin each of the four corners of the pod and each rhizotron box had two
viewing windows (Supporting InformatioRigs S1, S2). The key steps imiloling
rhizotrons are shown in Figs S3-S7. The specific procedures are detailed below.

A level field c. 100 m south of Cele Station was selected for this study. The soils
within an_area of 9 m x 22 m were dug to the depth of 1 m. The excavated soil was
stacked.in layers (20 cm per layer), and any live roots in the soil were removed to
ensure’ that roots scanned were of the target species. On the flat surface of the
excavatedrarea, 12 square pods were built with four walls made of concrete with a
strengthegade of C20. The area of each pod was 3 m x 3 m, with the depth of 1 m and
the walkwidth of 20 cm.

When“the, concrete pods were built, square steel frames of 1.02 m x 1.02 m were
welded together and contained toughened glass. Each of the two frames ldeck we
vertically at the edge of frames and fixed on the concrete wall with setscrews. An
opentop box structure of 1.02 m x 1.02 m x 1.02 m was formed by the iron frame

and concrete wall. After the toughened glass was instafigd §3, the soil was
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backilled according to the original layerEig. S9. The same glass was installed on
the four side of each podhe steel frames were painted white to minimize solar
heating (Fig. S5)Curtains were installed outside thieizotronin order to shelter
againstthe sunshine. We also installed polystyrene boards with thickness of 10 cm
(density=15-kg i) close to each curtairFig. S§. One 2yr-old seedling that was
grown from seed and raised in pots was transplanted into each rhizotr{fidndX?)

on 30 May2010. We planted a total of 12 species, each species had four replicates.
All 48 rhizotron boxesvere watered by sprinklers with 0.2 m?per month during
growing.season from April to October. The quantity of water was measured by a flow
meter that wasttched to a water tap. Any emerging weeds were removed Rithin
Clear root hairs and different orders of roots emerged on the glass windows of the

rhizotronsc."'50 dafter the plants wergansplantedRigs S8S10.

Collection and analysis of root ages

From, April 2011 to October 2012, all root images of the 96 rhizotron windows
were collectéd by a flat scanner (FileScan 1600xI plus, Microtek, Shai@tiag)
of A3 size at intervals of 13 d to 46 d (15 d mostly) during the growing season
(April=Octdber). Scanning usually beganat21:00 h at night and lasted for10
h, which_helped to reduce the impact of sunlight on the roots in the rhizotrons. The
root images were scanned a total of 21 times during the observation period.

The _roots on the colied images were classified into different orders, as
described by Pregitzeat al. (2002), and analyzed using root analysis software
(Digiroot 2.6, Digital Processing Solutions, USA) to track the life histories o
individual roots of the first four or five orders. The life spans of individual roots
were defined as the time elapsed from the first appearance to death. A root was
considered.dead when it turned black, shriveled or disappeared (Wells & Eassens
2001; Matamalat al., 2003), and these visualies were subsequently confirmed
by root=anatomy and vital stainingtdins in 0.050.25% evan’s blue aqueous
solutionsfor 5 min, living cells remain unstained, dead cells become Hkie.
Neergaaragt.al., 2000).

Measurements of root anatomical traltconcentration and respiration
We established additional 12 plotdose to rhizotronszone for destructive

harvestingon 30 May 2010. The plot size for each species was 10 m x 10 m and we

This article is protected by copyright. All rights reserved



planted 25 individuals of each species with each individual 2 m apart from each other.
We also established a 3 m buffer zone between plots. The transplanted seedlings had
the same age and were subjected to the same irrigation scheme as those established in
the rhizotronsThe roots for anatomical trait®y concentrations andespirations
analyses'were sampled at those additional 12 plots at the same time the root scans
were taken, a total of 21 times. We sampled roots only on 202019 for the
anatomical analysis in this study considering tloatdt iameter, cortex thickss

and stele diameter showed strong phylogenetic signal across s@i¢oigset al.,

2014). Once sampled, roots were brushed free of adhering soil and orgamic matt
each root sample was divided into two subsamples. One was gently washed in
deionized‘wateand immediately fixed in FormaHlAceto-Alcohol (FAA) solution

(90 ml of 50% ethanol, 5 ml of 100% glacial acetic acid and 5 ml of 37% ma)ha

for anatomical analysis. The other was immediately put in a plastic bag and
transported toa 4°C refrigeratorin laboratory, where respiration measurements
were performed within 2 h (Pregitzer al., 1998; Xiaet al., 2010; Lynchet al.,

2013). In.the laboratory, roots were divided by different orders, using tveeandr
scissors, as.described by Pregiteeal. (2002), and thoroughly rinsed in deionized
water. Roots were carefully examined to be soil free by visual inspectio
(Polverigiantet al., 2011; Cheret al., 2013). Subsamples of at least 0.5 g (FW)
were prepared for respiration measurements Xial., 2010; Jiaet al., 2013).

Root respiration was measured until a steady slope displaying,therSumption

rate could be identified at 2@ using liquidphase Q@ electrode (Oxytherm,
Hansatech, Norfolk, UKClark et al., 2010). Following respiration measunents,

root subsamples wemried in an oven (70°C, 48 land weighedthen transported

to the'.Elementary Analysis Laboratory at Xi'an where measurements of N
concentration were carried out using an elemental analyzer (Vario Micro cube,

ElementaryHanau, @&many).

Data analysis

A total"of,43435 individual lateral roots were tracked across > 8000 A3 size
images ¢. 700 images per species, 300 DPI), and the detailed information of
observed roots for each species is shown in Table S1. Roots with unclear visua
images €. 2.6% of the total numbewere not included in this analysis. The

detailed survival probability of 12 species is shown in Fig. S11.
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A Kaplan-Meier model was used for survivorship analysis, from which the
median life span was estimated (Kap&iMeier, 1958; Majdiet al., 2001). The
log-rank test was used to compare the survival distributions of different branch
orders. Differences in root diameter, secondary growth rate and cortkrdbsc
wereranalyzed using orveay ANOVA with Dunnett’s test for multiple
comparisons, and by a nonparametric test (Kruskallis test) when the normal
assumption was not met. Pearson correlation coefficients were calculated for N
concentration and respiration among different branch orders. All stdltistica
analysesvere performed using SPSS software (version 20.0, SPSS Inc., Chicago,
IL, USA).

Results
Root median life span

The root branch ordsof herbs, shrubs and trees displayed fundamental
differencesdn traits. The first two root orders of all herb and shrpécses showed
the traits.of.€phemeral roots (shbf¢ span, no secondary growth; Fig. STaple
2), whereas root orders three and four displayed the traits of perennial roots
(longer life'san, secondary growth, no cortex; Fig. SIZble 2).By contras, the
tree species all had at ledisie root orders, with the first three orders displaying
traits ofephemeratoot and the last twordersdisplaying perennialoot
characteristics.

The first two root orders in herbs and shrubs were similar in their mortality patterns
(Fig. 1). The cumulative survival rate of first and second order roots decreastyl rapi
with increasing time, 98% of these roots died by the end of the study (Fig. 1). The
first three orders of roots in trees were similar in their méytphtterns (Fig. 1). The
cumulative survival rate of first, second, and third order roots decrease rajid|
increasingtime, 95% of these roots died at the end of the study (Fig. 1). Tha media
life spans=for the first two orders of roots of herbs was 31-48 d, of shrubs was 76-116
d and.that of the first three orders of roots of trees was 95-154 d (Fig. 1; Table 2).

By contrast, the thirdand fourtherder roots in herbs were similar in their mortality
patterns. They showed a much higher cumulativeisal rate than roots of the first
two orders in all herb species (Fig. 1). However, the cumulative survival ratiedsf t
and fourth-order roots also declined sharply with time, 93% of these roots died at the
end of the studyFigs1, S11), the mediaifé spans were between 1823 d. The
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third- and fourtherder roots in shrubs were similar in their mortality patterns; they
consistently had a much higher cumulative survival rate than roots of the @rst tw
orders (kgs 1, S11). The cumulative survivate of third and fourth-order roots of
shrub species declined moderately with time and only 5% of these roots died in the
end ofthesstudy (Fig. 1), the median life spans were > 5BGiilar situation was
observed in trees, where the fourdind fifth-order of roots were also very similar in
their mortality patterns: they consistently showed a much higher cumulative $urviva
rate than roots that the first three orders (Fig. 1). By the end of this study, the
mortality,rate of two higher order root classwvas< 6%, as a consequence, the
median life spans were550 d(Table 2).

Root anatomical traits

The mean root diameter increased significantly with root order in all species but
herbaceous perennials overall had thicker roots compared to shrubeasikires
(Table 2; Fig S12 S13. The mean root diameter from the fistler roots to the
fourth-orderfoots of herbs was 0.75 + 0.07 mm to 3.95 + 0.33 mm, of shrubs 0.25 +
0.10 mm te,1.35 £ 0.13 mm, and the mean diameter from thefdst-to the
fif th-order roots of trees was between 0.36 £ 0.17 mm to 1.27 + 0.27 mm, respectively
(Table 2; Fig. S12). We observed similarities in anatomical structures in the first two
orders of roots of herbs and shrubs (342 S13. Both branch orders maintained
primary. structure and cortex, without secondary growth and continuous cork layer. By
contrast, the thirdand fourth-order roots of herbs and shrubs developed secondary
structure and continuous cork layer, and lacked cortex. In trees we also observed
primary structure and cortex in the first two root orders of trees, and found no
secondary growth and continuous cork layer. Cork layer, cortex, secondary growth
and continuous cork layer existed in the third-order roots, and obvious secondary
structure;'secondary growth and continuous cork layer existed in the fourth- and
fifth-ordersroots in trees (Table 2; Fig. S12).

The.root diameter of ephemeral root modules was negatively correlated tderoot li
span in allthree plant functional grou8=£0.39,P < 0.05, Fig. 2). The variation
across functional groups was higher than the variation of roots diameter within a
group (Table S2By contrast, root tissue density of ephemeral root modules was
positively related to life span (herti®=0.56; shrubsR’=0.74; treesR’=0.64; total

speciesR?=0.69, Fig. 3)The regression analysis showed that tissue density, diameter,
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functional group accounted for 43%, 39% and 14% of total variation in median life
span, respectively, tissue N explained the residual variation ().(THdle S2).

Root N concentration and respiration

The'mean'N concentration declined significantly with increasing root brancts order
of herbs, shrubs and trees (Fig. 4); however, the trend of decline was not consistent. In
herbs and shrubs, the N concation of the first two root orders was significantly
higherthan the third- and the fourth-order. In trees, tlke¢entration of the first
three orders of roots was significantly higher than the foarid-the fifthorder. The
meanN congentratiorof non-woody distal lateral branch orders of herbs was 22.85 +
0.89 g k§''of shrubs 19.00 + 0.36 g Kgand of trees 21.37 + 0.51 g kgFig. 4;

Table 2). " The mean N concentratioihwoody distalateral branch orders berbs
was 11.76 +0.41 g k§ of shrubs 10.66 + 0.21 g Kgand of trees 12.10 + 0.27 g
kg (Fig. 4; Table 2).

Similar to N concentration, the mean respiration of roots declined significaritly wi
increasing.branch order of herbs, shrubs, trees (Fig. 4), however, the trend of decline
was not.consistent. In herbs and shrubs, the respiration of the first two orders of roots
was/significantly higher than the third- and the fowtter. In trees, the respiration of
the first three orders of roots was significantly higher than the fourth- and the
fifth-order. The mearespirationof nonwoody distalateral wanch orders of herbs
was 47.87 + 3.97imol O, g* s*, of shrubs was 35.70 + 1.hnol O, g* s* and of
trees was 35.09 + 1.14 nmob @™ s* (Fig. 4; Table 2). The mearspirationof
woody(distalateral branch orders tierbs was 20.06 + 1.28nol O, g* s, shrubs
16.89 + 0.6hmol O, g s?, and trees was 18.48 + 0.6810l O, g s* (Fig. 4; Table
2).

Discussion

Our datassupport the hypothesis that ephemeral root modules exist in all thtee pla
functional groups tested. We could clearly distinguish short-lived, ephemesahtoot
the distalFend of the root system from longer-lived, perennial roots at the higher
branch orders. This was apparent for all species and there were no exceptions.
Ephemeral roots were in the form of lateral branchegosed of first two branch
orders in perennial herbs and shrubs, and of first three branch orders in triegseed|

(Fig. 1). Given that the occurrence of ephemeral root modules have so far only been
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reported for one temperate tree species é&ah., 2010) (although the concept was

also implied for twentsthree temperate tree species woGt al. 2008b), our findings

on arid woody and herbaceous plants greatly expand the generality of ephemeral root
module concept.

Ephemeral root modules in all plant functional groups had significantly greater root
N congentrations and faster respiration rates compared with perenniaadotes.
Ephemeral and perennial root modules therefore formed two distinct groups in regard
to N cancentration and respiration, confimgthe functional similarities within each
module_group. In all species we studied, ephemeral roots had a large proportion of
cortical cells/(Fig. S12; Table 2), which generally have greater metabolic activity, as
indicated by fast respiration rates (Fg.Table2). Similar results have been observed
frequently before (Pregitzet al., 2002; Gucet al., 2008c) By contrast, the
permanent root modules were composed of secondary tissue, with no cortical cells,
and had a greater proportion of cork layers, which can explain the lower N
concentrations and lower respiration rates. In addition, these perennial woody roots
had mueh.lenger life spans as the secondary features can protect the roots from
environmental pressures and herbivory (@ual., 2008b).

The median life spans of ephemebench ordersvere 3148 din herbs, 76-116 d
in shrubs,.95-154 d in tree seedlings (Fig. 1; Tablth&)differences between
different functional groups were significa €0.001, Table S2)lhe perennial root
branch orérs had median life spans of between-428 d in herbs and over 550rd
shrubs and trees. However, the life spans of the ephemeral root modules were always
much shorter than 1 yr for all functional groups, whereas the median life spans
reported for fingoots are often greater tharyr (seeFinéret al., 2011; Chen &

Brassard, 2013). The differences in life spans between the two types of modules are
another.clear indication of functional differentiation in perennial plantsystems,
as have'reported previously for temperate species ¢Galg 20080).

The lifesspan of the ephemeral root module of the three functional groups found in
our study’is generally shorter than those reported for woody species in terapamte
(ValenzuelaEstradeet al., 2008 Xia et al., 2010), probably indicating an adaptation
to the harsh desert environment (annual mean precipitation 35.1 mm) and pulse
supply of critical resources such as water in the form of rainfall or temporary floods
resulted from snow melt of the negnmountains. In the natural desert environment,

soil water content is often very low because flood and precipitation inputs are erratic
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pulse events. The perennial herbs have to grow fast in order to use soil wadgr quic
and efficiently (Verburgt al., 2013) The distal roots are likely to die with the
reduction of the soil water in desert environments (SalgGémez & Casper, 2011).
Most of the trees and shrubs examined in this study occur mainly near riverbeds
where‘groundwater table and soil water content are high. As such, the distal roots of
those plants'had longer life span than perennial herbs.

The systematic variation of root tissue density and root diameter in different
functional groups appear to be an important factor correlating with trephfes, as
proposed previously (Bardgettal., 2014). The mean root tissue density of
ephemeral roots of four herbs was lower (0.15 + 0.01 ) ¢han in the eight woody
species’(0i25 + 0.02 g ¢t The low dry matter content of herb ephemeral roots ma
be advantageous under persistent water stress, where water capture efficiency is likely
to be maximized by large vessels, thick cortical cells (Fig. S12; Table 2), low roots
tissue density, high N concentrations and fast respiration rates. These firtcaits
may facilitate greater water uptake capacity (@val., 2008a) but with high root
maintepanee cos{®ostma& Lynch, 2011;Lynch, 2015). Therefore, it may be
costefficientfor herbs to shed roots and regrow them when favorable conditions
retum, rather than sustaining the maintenance respiration of inefficient roots (Lynch,
2015), as.has been reported for a desert perennial in the SW US (S&dueza&
Casper2011). In addition, continuous replacement of ephemeral roots allows plants
to explore the soil more thoroughly (Janssetras., 2002).By contrast, high tissue
density of woody ephemeral roots would be more favorable underemoist
environments. High construction costs are associated with the longer life spans of
distal roots. Buildingnew roots not only require carbon skeletons to produce cellulose,
lignin and other structural compounds, it also requires metabolic energy (katsse
al., 2002).

Overall;the variation of root diameter and tissue density across differectional
groupssmay-represent distinct strategies of root construction, maintenance, and
persistence. Herbs with thicker absorbing roots devote mpes Nnit mass. These
species may. be more efficient in assimilating nutrients at higher respiration rates in
their short life histories. By contrast, shrubs and trees with thinner absorbiag root
devote les® per unit mass. These species may be more efficient in assimilating
nutrients by lengthening life sparshas long been recognized that root life spans

were positiely related to functional traits, such as root diameter, calcium content, and
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tree wood density (McCormaekal., 2012). However, in our study diameter of
ephemeral root modules could not predict life span across different functional.groups
It appears tht the linkage between root life spans and traits related to construction
(e.g., diameter and root N concentrations) may apply only in the same functional

groupwithssimilar habitat and life form.

Implications and uncertainties

Our study clearly demonstesd that two different classes of root modules exist in
fine roots in.a variety of plant functional groups of desert species. The first two or
three root orders in perennial herbs, shrubs and trees are constrained to primary
growth@and may be shed withirfew weeks td months in this desert environment
and form an ephemeral root module. Although differed in their size dimensions
(second order and third order roots are thicker than the first order), all root orders
within the ephemeral root module had $anbasic anatomical features and
physiolegical functions, which differ fundamentally from woody persistent transport
roots. Itis.clear that these ephemeral roots function mainly in resource acquisitions.
By contrast,.the woody roots had greater diameters and no cortex, showed secondary
growth and cork cells, had lowerddéncentrations and respiration rates but much
longer life.spans. In addition, the perennial root modules serve as a mother root for
new ephemeral modules and thus can persist for long periods of time. Our data also
demonstrate that the classification of the perennial root systems into ephemeral and
perennial root modules may apply to more perennial plants than previously
recognized. This classification should also simplify the samplingai§of different
functions agzompared to coarséne root dichotomies (which does not accurately
differentiating root of different physiology and function) and finely-defined branch
orders/(which is highly labor intensiv@ylcCormacket al., 2015). Thugar
ephemeralroot modules have only been observed in temperate $@ecesal .,
2008a ValenzuelaEstradeet al., 2008; Xiaet al., 2010). However, it is likely that
ephemeral root modules are actually widespread in perennial plants, given that we
observed'ephemeral root modules in this extreme desert environment and across all
plant functional groups studield.is possible that the concept of ‘absorb fast and die
young’ ephemeral roots is ecologically advantageous across a larger range of
environmersg because the availability of essential resources will fluctuate in almost

every environment.

This article is protected by copyright. All rights reserved



Our experiment was conducted on seedlings and it is currently unknown if the
expression of ephemeral root modules will change as plants mature. The plasticity of
root trait expression has not been widely studied and there are indications that som
traits (Tobneet al., 2013). The plasticity of ephemeral root expression in regard to
different-environmental conditions (soil type, watarnutrient availability) islso
currently unknown and need further study.

Our results also highlight that the life spans of three plant functional groups across
12 species were much lower than the estimation of Jaeksbn(1997). It means that
the fine_root turnover rates of skt species may be underestimated.

The finalimplication d our study is that single finesot diameter class cannot be
used to'define functional root groups across multiple species. All roots in shrubs and
trees would'have been classed fine roots under the < 2 mm classification because all
root branch arders in these functional groups were < 2 mm. Moreover, there were
wide variations in root diameter within the same order. The herbs had first root order
diameters of between 0.6 and 0.8 mm, which wouldhegto a %8 (shrubs) or %
order roet(trees) that belong to the permanent module. Hence our data provide further
evidence to.conclusions of McCormaatlal. (2015) that branch order classification
of roat systems should give much better insights iotd functionality than diameter
classes regardless of how fidevided these diameter classes are.
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Fig. SkDiagrammatic sketch of concrete pod with four rhizotrons

Fig. S2Diagrammatic sketch of a rhizotron.

Fig. S3Rhizotron boxes were installed in concrete pods.

Fig. S4Seils.were filled back to rhizotrons

Fig. S5Plants were transplanted to rhizotron boxescéspicaPall.) Less).

Fig. S6Curtain installation outside the rhizotron box, and then thelliasta of two
polyeinnamene boards to each curtain.

Fig. S7Growth statusafter 20 d of transplantion.

Fig. S8Root hairs in rhizotronT{ ramosissima Lebed).

Fig. S9Raot branch orders in rhizotroW(albalL.).

Fig. STORoots image oK. caspica (Pall.) Less

Fig. S11Root survival probability of the first four orders in herbs and shrubs, and the

first four orders in trees during the study period from April 2011 to October 2012.

Fig. S12Anatomical traits of 12 speciesn@omical traits of the firsour orders of

roots intherbs and shrubs, the first five orders of roots in trees).

Fig. S13Representative examples of fine root systems of 12 species.

Table"S1The detailed amount of analyzed roots of 12 species in all rhizotrons

Table S2 Regression angsis: life span versus tissue density, diameter, functional

group, tssue

Please,note: Wiley Blackwell are not responsible for the content or foalityoof any
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material) sbuld be directed to thidew Phytologist Central Office.

Fig. 1 Root median life span of the first four orders in herbs and shrubs, the first five
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orders in trees during the study period from April 2011 to October 2012. Box plots
showing mean (+), median (—), quartiles, and outliers (-) of each order. Few of the
roots of the third- and fourtbrder in grasses and shrubs, the fouatid fifth-order in
trees died in the end of the study, the median life spansw&56 d.Letters indicate
significant-diffeences between orders for each grounpg (P < 0.05).

Fig. 2 Thecorrelation between ephemeral root diameter and median life span across
three functional groups. The 8 points for each functional group represented the first
two orders of roots in herbs and shrubs, 12 points represented two the first three

orders'of roots in trees.

Fig. 3 Thecorrelation between ephemeral root tissue density and median life span
across three functional grougse 8 points for each functional group represented the
first two orders of roots in herbs and shrubs, 12 points represented two the first three

orders'of roots in trees.

Fig. 4 The meamitrogen (N) concentrations and respiration of different fine root
orders in herbs, shrubs and trees. Each point connected byepliasents the mean

+ SE of four'species in a functional group. The separated points on the right show the
mean £SE of 21 means of four replicate in a functional group sampled during the
study period from April 2011 to October 2012.

Table 1 Taxonomic lis of 12 perennial herb, shrub and tree species in this study

Functional groug Species Family

Herbs Alhagi sparsifolia Shap. Leguminosae
Apocynum venetum L. Apocynaceae

Scorzonera divaricata Turcz Asteraceae

Karelinia caspica (Pall.) Less Asteraceae
Shrubs Calligonum caput-medusae Schrenk Polygonaceas
Calligonum roborovskii A. Los. Polygonaceas
Tamarix ramosissima Lebed Tamaricaceae
Caragana microphylla Lam. Leguminosae

Trees Populus euphratica Oliv. Salicaceae
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Populus alba var. pyramidalis Salicaceae

Elaeagnus angustifolia L. Elaeagnacear

Morus alba L. Moraceae

Table"2 Root traits of different branch orders of 12 perennial species

Median Tissue Respiration
' . Root Stele: root
Functional _ Root life . _ rate
Specie diameter  diameter
group order span _ (9 nmol G,
(mm) ratio 1 14
(d) kg ") g-s
Herbs 1 32  0.64+0.05 0.2620.0? 24.24 50.1%F
Alsparsifolia 2 32  0.83+0.04 0.33+0.02 22.60 4522
Shap. 3 362 1.42+0.08 0.61+0.083 11.30  22.3¢
4 379 3.47+0.16 0.82+0.04 10.2¢ 16.99
1 31  0.81+0.08 0.24+0.02 25.3¢  54.42
K. caspica 2 32  1.36%0.08 0.35+0.02 23.72 51.2%
(Pdl)) Less 3 188  2.69+0.09 0.65+0.03 12.63  25.73
4 347  4.23+0.08 0.79+0.04 10.97 20.16
1 37  0.75+0.04 0.27+0.0f 22.1¢  40.56
2 48  1.21+0.04 0.40+0.03 20.68  38.7¢
A. venetum L.
3 278  2.41+0.08 0.58+0.083 13.1f 18.8F
4 423  3.98+0.16 0.85+0.04 11.27 17.17
1 34  0.78+0.04 0.21+0.02 23.09¢ 45.94
S divaricata 2 46  1.28+0.06 0.32+0.02 21.37 43.18
Turcz 3 204 2.53+0.09 0.60+0.083 11.2%3 19.2%
4 331  4.10+0.1f 0.75+0.04 10.27 16.3%
Shrubs . 1 76  0.39+0.02 0.23+0.02 20.24  37.4%
2 84  0.44+0.02 0.34%0.02 18.80  34.9F
ramosi ssima
ebed 3 >550 0.86+0.04 0.62+0.03 10.48 18.08
epe
4 >550 1.50+0.08 0.85+0.04 9.84 16.42
1 96  0.23+0.0f 0.33+0.02 19.5¢  35.4C¢
C. microphylla 2 108  0.28+0.0f 0.45+0.08 17.78¢  33.33
Lam. 3 >550 0.72+0.04 0.66+0.03 11.37 17.57F
4 >550 1.23+0.08 0.79+0.04 10.38 15.83
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Trees

C.

caput-medusae

Schrenk

C. roborovskii

A. Los.

P. alba var.

pyramidalis

P."euphratica

Oliv.

M. alba L.

E.
angustifolia
L.

A WO N PP OO B WODNPFEP OO B ODNPEFP OO B WODNMP P ODNPEP >~ WOWDNDPR

5

92
116
>550
>550
78
108
>550
>550
125
140
154
>550
>550
124
133
147
>550
>550
133
139
150
>550
>550
95
108
122
>550
>550

0.20+0.0%
0.25+0.0%
0.78+0.08
1.26+0.07
0.18+0.0%
0.22+0.0%
0.82+0.04
1.41+0.07
0.24+0.01
0.30+0.0f
0.39+0.0%
0.79+0.08
1.10+0.08
0.22+0.0%
0.25+0.0%
0.34+0.0%
0.71+0.08
0.98+0.07
0.40+0.01
0.47+0.03
0.68+0.04
0.95+0.04
1.49+0.07
0.58+0.0f
0.67+0.02°
0.83+0.04
1.16+0.08
1.52+0.07

0.31+0.0%
0.55+0.03
0.66+0.03
0.81+0.04
0.27+0.0%
0.37+0.0%
0.65+0.03
0.78+0.08
0.17+0.0%
0.41+0.02
0.49+0.08
0.70+0.08
0.77+0.04
0.35+0.0f
0.42+0.02
0.53+0.02
0.71+0.03
0.77+0.04
0.25+0.0%
0.28+0.0%
0.35+0.0%
0.58+0.02
0.84+0.04
0.21+0.0%
0.25+0.0%
0.28+0.0%
0.62+0.03
0.74+0.04

21.18
19.50
10.80
9.9%
18.28
17.13
11.80
11.02
20.96
19.52°
17.80°
11.48
10.52
19.57
18.03
16.26
9.9¢
8.8%
25.47F
23.90
22.3F
14.58
13.18
25.37
23.94
22.47
14.9T
13.59

40.28
37.40
18.74
16.86
32.38
30.38
15.62
13.84
37.66
34.91°
33.07
18.7F
16.43
32.62
30.38°
28.46
17.16
15.4%
37.18
35.37°
32.64
19.53
18.33
39.68
37.78
35.42
20.94
19.49

Mean values SE are shown; different superscript letters indicate a significant difference among
values fomDunnett's-test, two tailed, aP < 0.05.

Root nitrogen concentration andspiration rate are shown as mearsk across all 21 sample
dates during the study period from April 2011 to October 2642].

Root secondary growth rate, diameter aodex thicknesare shown as meanSE of 6 replicates

sampled on 20 July 201256.
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