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# OE HEDRE R BT 5% R S BLAS [ RE )1 T YRS BRI A b (P AT SR, R TR N S AR AR A 5 BA 5 ) AR A I AL
HLRA BB R S (H T RS B M R F B RR M, B rh TR R ThRE PR K A B G R B SR X f5 T i
O REMER IR A . AIARIE TR B <2 mmTHR, AP LI SRR RIS R AR T AR R, EES . AER A E —
ZA\DhaeE M, Hrh O RE AR 5 AR R AR RSN -3 TR S B AIAR R &5 25 8] (root economics space) 3R IHAE )
TE G SR 5 Y Rf BUAS 2 (] AU SRR A AE SR, B G Gt s (o 2 B AT AR 30 AN 4R 18 (o 2 4 5 ) 1 B [l 4R 2.
V] AU 4 5 A, S AFAE DA ey EUAR A N RFAE (1) B 30 T 3R B YRR 't A Bk 23 e 45 1A AR L A1 11 /B0 B8 YIRUIR B P AL Al 4
o BARB D) Re otk EIN R IR R MR S AR B S AT R ThRE EAN R R, K2 B0 AR A (AT 58 R I ARAR B
/N Fh 3 ZE e I 1 0 P AR R B T IR R e U R B8 77, T 4B B DK Rl ) = AR e A B B SRR IR, AR T dE
A AT Z TR R 5 e A IR R 2 A TRV 1Y) B R AT 5 o AR OG T 4HAR D B MR (R AT 7T BLZ N5 BA R L
ANITHEETE: DI b, BYIREET BRI R W 77775 LA E R R T Re PR IR 8 S LA
FITE; )TEERTE bR b, 3G AIARAE MR (WTR R - R R AR BB M) AT 7L 3)7E ThRE MR AU % R I 92 L,
T AR SRR ONIR TR AR R0 T R 0 11 2 1) g J AR I B RS PR R R
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Resear ch advances on trade-off relationships of plant fineroot functional traits
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Abstract

Trade-offs among plant functional traits reflect the trade-off relationships between resource acquisition and
conservation of different plants, which are of pivotal importance for understanding the mechanisms by which
plants adapt to the environment. However, due to the heterogeneity of the soil environment and the limitations of
technical means, the study of below-ground root functional traits and their interrelationships is currently lagging
behind that of above-ground functional traits. Traditionally, fine roots have been defined as all roots <2 mm in
diameter. The acquisition and utilization of soil resources by plants depends on architectural traits, morphological
traits, chemical traits and biotic traits of fine roots and so on, including fine roots associations with mycorrhizal
fungi. Recently, the root economics space has been proposed, which demonstrates the existence of trade-offs
between the do-it-yourself strategy of plants increasing their own root surface area and the outsourcing strategy of
investments into fungal symbionts for enhanced nutrient mobilization from hyphal expansion, in addition to the
traditional trade-offs between fast (high nitrogen content and metabolic rate) and slow (high tissue density)
investment return. It was found that thin-root species obtained soil resources mainly by increasing specific root
length, whereas thick-root species relied more on mycorrhizal fungi. However, the carbon economy of resource
acquisition through the root and mycorrhizal hyphal pathways remains unclear. In future research, the key issues
of root functional traits were suggested as follows: 1) for research methods, it is urgent to establish a unified set of
definitions and research methods for root classification, sampling, storage, functional traits and their research
methods; 2) for research traits, the research of “hard” traits of fine roots should be strengthened; 3) for the
trade-offs between functional traits of fine roots, it is of great significance to strengthen the study of the trade-offs
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between construction costs and resource benefits between plant roots and mycorrhizal fungi.
Key words fine root; functional trait; mycorrhizae; trade-off strategy
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YD EE IR (plant functional trait) 2 FE ) MA
FEIS K AR AN A A R B i T e 5 A
B B3 A0 K 1) — R Y% O & 1 (Reich
et al., 2003; Wright et al., 2004; #5154 2007;
Violle et al., 2007), FEAFEMR MR ZEHAR 11
W& MBS RGE T, EMES K IE
— R 5D RE MR DU B A IR AR AL, IX R
ST R B IR IR 5 A A 2 T A A
(Wright et al., 2004; Reich, 2014; Kong et al., 2015).
WE 4 BRI AR S AR R AT TR AWHR AN, 16
VIDIRETEIR R MM IMETE A . WAE A BE MR AN
DURE R EE B G, )iz H S T 5 B A ST A T
L) e T R AN [R) 34 85 0 Wi B 5 5@ B % (Diaz &
Cabido, 2001; Lienin & Kleyer, 2012; Zhang et al.,
2019; He et al., 2020). ZATMEPI D HEVEIR ] 2 B %
R AR, M)A S iod 23 A B — R SR i S 3
AR, 2 E I — RPIPER A AT DLIE 24
AR, ZMBIROA G IE T YL
SEENE, HE TR M A A A AR S R R Dy RE
(Grime €t al., 1977; Reich et al., 2003; Diaz et al.,
2004; Hodge et al., 2004; Bardgett et al., 2014,
Shipley et al., 2016). 8 & 47 7] ) AR 5% e B 72
AR, HEYHE DR EIR R EHRANEZ, B
W IR DR FAB T RE AR 1 BE RN, 2 DA
UG Ak D R TR 1) ) Sl R T R A4 AR S A Bt
F—DigetiR. A RMTIEA S, MYSEA
[ DhREMR Z A HEAT BRI AL I &, RI“sbi i 1>
FIAE BT S (Stearns, 1992). M EIhfE IR
B ) B YRS AT B R A A SR AL A B AR A A
— AN EE IR RNY, OO AEREAS [F R I PR A
LR T o AL A2 e 7 v e s | Wl
(Wright et al., 2004, 2007; Diaz et al., 2016), {HH T
T T HHEIABE 0 7 B S TR T B Jmy IR
PE, AR~ DhRe MR B W SRR X S, S8
M B R B ST A XS R (Kattge et al., 2011;
Weemstra et al., 2016; Laliberté, 2017; Freschet et al.,
2021), ™ 5 PR & 7 R AN 5] Dy RE PR 1] AH TR 5
LA PR 1 B R A TR (Laliberté, 2017;
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McCormack et al., 2017; Ma et al., 2018; Asefa et al.,
2022).

g b, Wt RFEELEEAR<2 mmiRRE
SN YR (fine root) (Hendrick & Pregitzer, 1992,
1993; Hendricks et al., 1993), AMAR{EYIK 5> FIFE
Iy WS SRR R TR P A R A
(Ostonen et al., 2011; McCormack et al., 2015). [Al1t,
MR TEA . G5k, AR ARHIEAE DR B A4
FET RGN — RIVAFRIKF R AE A S D Red 2
TR 155 & O BB 4E F (Freschet & Roumet, 2017;
Freschet et al., 2021). H#l, AMTAIAIAR MR Z
() () B8 0% &R JE AN v ISR W DR R o — A
— YL ARG R BT, T e A AU 2T
PR 17 24 & (Weemstra et al., 2016; McCormack &
Iversen, 2019; Bergmann et al., 2020). Bergmann%s
(2020) 5 H7 £ H B HR & 28 5% 25 8] (root economics
space) AJ DU i M fifi iR A5 490 75 73 3K HUCSR WS 1) 22 FEAE,
W90 285 S R WA Dh Re AR 2 TR Bk T 3RES DR ~1 1Y
B RARS, AR ERRERS 50 1E
e )T, FEMIRRALT TR P EE ESIEH.
TEARZ AR DR EIR 20 B AR FU B LAk
I - 458 BE YR AL AHAR DX T HAh 2 B 1) O BEARRALE,
PR AR L TR 432 % i AR A AT R AL T A 1 R S S (P
JF %4, 2013; Chaudhary et al., 2022). Fifi b _E 46 K553
EYRA XA ERAERRYE, ARAEESE
FAEYIAR FIE B T AR A AR AR iR &R B
Wk, RN IR ZIHEE R IR RIEA . S5 A1Th
AE, BETTAARA b 228 7 A 3R 3 7 43 FK 53
()75 3 (Fitter, 2004; Smith et al., 2004). K, S50
W Tl e 5 DA 5 1 B AR L R A 4R TR O 2R 1)
fF 55t 2 40 AR Ty BE MR B 78— A E 2 5
(Weemstra €t al., 2016; Bergmann et al., 2020), XX
TR B AR YA BT IR $5E 5 A G b AU R &R,
T PR AE R ERAAL TS 5 N AR HEAAE B
BLHIEE DT R T EESENME.

BT, ASTEEXT MR 53 K07 AR
DR RIE bR AT T 55 5 08, T RIABA
SERE RS T H A R AIR D BE IR 2
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[ R AL 5 28 LA B AR TR 15 AR T RE PR R LA
KA, PR YA A A BRI 58 5
i FOREU A ARG . i, WARSKRABIR DhRE MR
MR FLREAT TR, DUt T AR R D RE VIR
WHARR AT SIS HE G R

1 IR ETZE

70 AR 2 AW AR R A R I B AR <2 mm AR
(Hendrick & Pregitzer, 1992, 1993; Hendricks et al.,
1993), s R H ERIE IR B UK P ES 73 (Burton et al.,
2000; Nadelhoffer, 2000). 4HHRTERIY)A: 3 AT RE
Hite o CHEE ), AR REREIRISIK 7%, SREUA. .
PEEZFNIRIy TR, WEIRLL R 7 — R WA
(i, HAEK. FETS. s R el R B
Wi 3 i b A2 25 2R SR RN ) A P BR A 2 A (Gl
& Jackson, 2000; Norby & Jackson, 2000; Matamala
et al., 2003; Meier & Leuschner, 2010). 4HARIEF
TR0 b R L5 SRR B B BRI BE )« A SE 4 RE
i HEYAE T 5RAEYILEEA R DR R DL
TR ENE. MR AT L B ESE 2 M A
DAY IE(Strand et al., 2008; Hodge et al., 2009;
Bardgett et al., 2014; Bardgett, 2017; Freschet et al.,
2021). BeAb, FERDRIEEA A, RARIE
A RN A PR A A AE S 18] AT ) b #5G Fr AS TR,
HHAT Z FhTh A (Freschet et al., 2021). Kk, 785>
AR RIIBE R — & LI AR, 5] an U I [a]
(WVRAEZ=TIEEA . HEIR) BUREGL B (AN E £ 2)
KA R MR RIFF) HRARER it T

F1 AR ERRE 2U(5] EMcCormack et al., 2015)

IMERSE: MR R B S RO TR 1057

)&% (Freschet et al., 2021). % TR R 102 244,
TR R LIk — BARE TR NS B HIR R 7
FI7vk, BUERH A3 7 TR
TRERD.

LI AR T B8 AR 1R 23 B, 22 M m) T AR
VER—ADhReBeAAk, Bad s /2 AH [ERH 40 ) 20 AR
(B2 <2 mm) B A IR 45/ F D) (Jackson et al.,
1996; Wells & Eissenstat, 2001). Ffi & i 70 1A WBHE
N, IR FEFE AT X b ] BRI 2 2 8 T A5 AN AR
MR AFEERNREAE TR L%, 4~
FMTAFEDFEARIEE . EEZ R
(Pregitzer et al., 2002; Guo et al., 2008), HI¥&H % jE
B FIRE YD AR 7] Re R I H A [R5 >S5 AN D Re,
FEASREAR o Hb ) BB AR 25 0 5 D) Be SR AH OCH Fi &5
(McCormack et al., 2015). fifij5, Pregitzer (2002)H2 4%
WL SCRR AR T 73 90k, FETHRT 70 SC R G0 4
TRHEATRI I3, AL T AR 5 5 AR i RV A7) 42 ez i L.
WA o X AR 8 SUCH— R, I — iR I %
B RAR, I ARSI S = A, IR
H b, RE IS T 4R Uy Rtk B 70 #48 LLAR /37 9 32
BRI MR 34T e FF(Hajek et al., 2014; Xiong et al.,
2017; McCormack et al., 2020), FFiESEAFIFR )
AR 450 5 ThRE AN [F] (Wang et al., 2006; Valenzuela-
Estrada et al., 2008; Cochavi et al., 2020; 5Kt in%E,
2022). %U1, WangZF(2006) % H [ 7 5 2 AN Fb (1148
MRAG TR SR 70 R I, AR Y B4R B AR 7 1)
FmmEE R, AR K AR A 25 R it A5 AR 7 1 v T
BAIR, HRAH 2 BB A AR P T s K. Cochavi

Tablel Advantages and disadvantages of fine-root classification approaches (referred from McCormack et al., 2015)

932771% Approach i Description

it s Advantage

fit 4 Disadvantage

TG HKIT % HA<2 mm4IRES
Traditional Roots <2 mm in diameter grouped FI¥F
classification together

TP 4y KI5
Order-based
classification

HA<2 mmIRFEAR T 7 25
into individual root orders

hRE S 2K 057
Functional
classification

F F AR Enables

AT LS EAF AT 1 AR TR
Roots <2 mm in diameter separated Consistent and accurate comparisons Labor-intensive and time-consuming
of root traits across species and sites

PROZE, AR TR A MR MEDR AN A 2 R A1 X B W R A R AT AR R

ANELER, NG T2 WA IR ELAR O R 2R LR

Fast, requires no prior knowledge of Root trait and biomass data are difficult to interpret and
site or species

compare across species and sites, it is not applicable to
the comparison of root systems with the same diameter
of multiple species

TAFREHOC R

IRAEAR R 20 05 MR BIRRAE, BRG] T IUREAR RO LRI HEAT LU, A5 L2 T AR AR MR BRAAIE, AR M BRI E 2>
<2 mm4IRDARARIAISH  HRT D IIERE

comparisons

SR DRI 2>

among Might require a prior assessment of root anatomical

Roots <2 mm in diameter were functionally similar roots, faster than traits to determine functional divisions within branching

separated into absorptive and transport Order-based
fine roots according to root orders and
anatomical traits

hierarchy
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£(2020)%F 7 751 (Lycopersicon escul entum)fE ik 1-3 2%
R 2R 110 i) R A B 45 W (ORI TS R B, B AR T i,
MRARTA B2 J2 58 BE LUK o AR 3, R R X
40 5 AR AL B 70 FAR R PR T3 R PR . Zhang 55
(2022) % . Aty 5 & il R AR T 9O M RER GHAR T S
L AR 5T R, Bl AR I I, AR AR
KA 3, AR KRR A & R, BmAR
IR 7 BB A RUX 4 AN R WP 2 (B AR &
A fEEL RN ES, ERERIRES
ARy RE 22 T AR T BEAAR 0 Gk, iR
FP Ay BB AIRR iy AOAR SR il . ARIPIR A
YHAR DI & PEAR N T BLAR 7 B IR I ) SR
A §E(Liu et al., 2018; Han et al., 2022), {H/&7E52pR
EAEL R, Rt e 2 ), TAERECR.
GuoZ5 (2008 )38 i X Hh [ 23 4N I B o 41 AR 0 A 351
REAE N R AR AR G 77 TR T2 B0, AR R AN [+
WAL RIEEARFIIIIRE, — /R AR HIR
FUDE = AR NI, BARE . B ER R
L2 MR USCRE 77, T2 T 550U 2R LA B B AR
BUNIRAR, WA B R FEAR B = 4, TR
TERA R, T2 T A F I Th RS, 75k
fili b, AN 53 SRR Dh e A Bk 40 AR 43 D9 R SRR
iz A, BP I g 7 2K 9% (Kong et al., 2010;
McCormack et al., 2015). Bk, KEZHARAE
W It B AR P SO — M 1R R R R i 1)
= ZRIRUL R = R, XA R S A EkE
SRS, R ZAE R, AR,
WREFHmE, ARESWHEBERTEE, FEHRAT
T EIRECR I D Re . AR, ISR E A
VU K DA AR, X AR R A AR B A,
AFEMAR, RAFARK, FEPITEIFSH R
S S P AR AR A R IR 58 K 77 1) Th g (Kong
etal.,2010; Long et al., 2013; Zhou et al., 2022).
R T RE > KO IELR A T BAREANR TR
R BT AR A A RN B A ) S5 AR R PR AT
AEBR I FI A 47 P (McCormack et al., 2015). SR1f, =
LR A 2 5 iE f AR 2 8] AR R o AE A [
YFh 2 (824 FrAS Al (McCormack et al., 2012). 14
Wi, LongZ5(2013)HfF FTIESE, MR EALBAMARA
(Paramichelia baillonii)H 1-5 2% HR ¥ 77 75 58 5 1 )
JEH AT BA FERRYRHIE . Zhous(2022) % X &
KA FRI, BRI R I FTA R R AT

www.plant-ecology.com

FERZANEAMRAZ B, TR E AR KT =, W BRI
2 P BE o JSERE AN R I L) T i, X SR B e
DB R E B AR e, HEERZ T,
R 2R BB SC Th BE SR 55 T AR A Dh RE BT e i T XL T
R (AR 28 D REAE v SR F R SO A8 Ja e, AR
REEERBT i, BB R AR R G B35 T R,
PRI RZE TR B, R T ARAREY M A
V25 AR PR (KO BIE TR TR0 2SR5 VEI, 34 75 25
75 18 LAY B 4 RE % TE A A b I B A0 AR 1) Zh fE
JEE .

2 IRATNEEMHIRIESR

R R DI REMER S e 1 HE P N BE (R)ad R v
L I — R AT AS A0 AR 38 4 T 1 ) ml SR PR e B2,
LT R ) A Ty BE R AE (Hodge et al., 2009).
Bardgett“5 (2014 R R YR/ AR AL, LA, A3
VLSS B A G E VIR R AR (GR2) . 1
BUPEIR 2 TR A A BN R ) B AN 254, AR
K& RRSRE . WMASMEESE . RKH
J& (root length density per unit volume, RLDy)Z& R %
K25 A AR g o 2 LU AE, S BRAAR (1) 4% [A]
FRo-HERAE Sy, YRR =R bR
— (Gregory et al., 1978) . R & 4 32 5& JE (root
branching intensity, RBI). 1R & 7> 4% ¥ (root depth,
RD) 4, 2 77 5 P 30 B B8 5 ) B 24 b, AR T A
Wi 2 (AR FH SRS IR O, BB TR E T A
W 58 F LI BT IR I R ), FLAR AL B3 R AR
iR 354 77(Manschadi et al., 2008; FIEZE, 2008;
Cheng et al., 2009). JEAMRZFEREY) AR
fiE, WARE AR AR, PEARTA . ARSI R,
R TR & E% . R EF(diameter) &R & i B E
T TEbR . —, HORH 20 S A [R] P e ) 235 44 Al A=
PRI g (Fitter, 1996; Guo et al., 2008), FZMiH R 3k
HY BRI AR /). B0 T BRI A
BRI AR, SRE R0 MK 73 e S k. B
R K (specific root length, SRL) & FEA7 i & AR K B,
RE8 I LA R USOK 0 RN TR I RE 7T, TR R 1
WFES A, SR EAMRRE L E VMK, e
A T AR 58 6 I 358 8 A 110 A R 0 R0 1) 25 il 2
(Roumet et al., 2016; Miyatani et al., 2018). fiff 77 % I,
e ) UAR A 252 ) S AR M) S 45 0% i BRI
Rz, WA R MWOSCRE 77, AR fi 25 SRR AR
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F 75 i P& A% (Ostonen et al., 2007). ELHE T FH (specific
root area, SRA)s & 5§07 )it & AR AR, [FIAF S AR
ZN YR FRELAE /) (Lohmus et al., 1989).
ZH 2% (root tissue density, RTD) 2 HA ARFR AR
B, SR &R BE IR SR BORT 5 4 B8 77 (Eissenstat &
Caldwell, 1988; Craine et al., 2001). i 7TIEH, HR4L
S B B A TR o0 A S R B N PR A, RUAE LAY
5 IR 4 2 % ¥ % (Holdaway et al., 2011;
Kramer-Walter et al., 2016). T4 & & (root dry
matter content, RDMC){ARIL 1 FEA%) H 47 )53 Al g
BT, ELUEN L, EHY— R T
T B BRI = B B X PR O B g
(Diaz et al., 2016). Az EPRR I AR R 775 W13
T~ WRERDWYFE . RIPI ., ARFF SRR .
R 73 iy (root  lifespan) #2 HE A VT fiti 40 A2 Jo] 2 1) G
HAKFHE 18 Ee 2] 3 b A2 0 1 & 8T
IKEREE, 2020). AR R (root respiration)E A Y
AR —ANERCE SR, AHAEK, SRS T
WSS e R RE S (Atkin et al., 2015; O’Leary
et al., 2019), &R E AR TR R — A o h AR 3
PEIR(Clement et al., 1978; Lynch, 2015). 1R & 74
(root exudation) & i il I A= ) 40 fle R AR e FE A X
FE WA R B8 71(Sun et al., 2021), R RBERREEE
£ (root phosphatase activity, RPA)tH i&: S B AE ik 3k

HY € 77 1 25 A B & A% F8 A% (Turner, 2008; Han et al.,

2022)o AWK I B A5 AR 2R AN IR A e 2 T
UM G IR, BRI AR 2000 95 40 3R, 491
FR. MR, EFEHRARSREAKHEERH.
UEAN, NATE SR AR R AR5 Ak 2 AR A
FEFIPEIR(FR2). RAMMFIEIRER AN AEKKE
SEAHOC, MRZH 2 rb b 22 2 RS R KT A R I I T
B, JRERERAEELW, EMENMERS
(PR BAEIA A2 5 Z 52 (Ruffel et al., 2011). [l
I, AR EMIROCH A & &) 2 2R 2 BHIT A 57
M. BAE NED KBTS, WEASE
(root nitrogen content, RN)-5 A HRAR 5 A1 3 2 55
BRI, BIRFERR S, AR IR R Ak, 4HAR E
R (Makita et al., 2009; Ruffel et al., 2011; Xiao
etal., 2022), A% 7 & (root carbon content, RC)tH 5
AR S A VI R, AR AR, e
i, SRR 2 (Guo et al., 2008). R FR ]
k] LB HL AR AR R AE K R B KT, 545

IMERSE: MR BETER B S RO TCEEE 1059

S ) B A E I R (Guo et al., 2008). 7115 =
[¥1J5L ) (cortical thickness, CT)fAHL T AR R ILFE 5
KA B8 7, T AR (4EE R B AT (stele diameter,
SD)HI R/ 2 T R R IIZ $i BE /I (Peterson et al.,
1999; Guo et al., 2008). [Klitk, & FHR R #4514
FEAECER PR (soft traits)) K A8 1EAR 2 1 A8 21 & P (R
YRR (hard traits)).  CHEIRIE H FR AN 25 2 3R A5 A TR
IR TER, Bl RER . RS, mhd
PEARFEAH LA IR B8 REAE N S WU %] 71 S35
A my e R, KR M B R K =& ) — R MR
(Cornelissen et al., 2003), a4 RZIE . R R 50
VLA BR YR AR . BT AR A, TS AN
P2 XRS5 AR R D) RE S UIAH ¢ HAS A 55 il
2 (Bardgett et al., 2014; Valverde-Barrantes €t al.,
2017), Jir DARAAE 5 T4 &R PR B 00F 5 B 22 ok
RN

3 YIRTHREMEIR B RN K &

Y DI RE VAR AAFAEE & A S PRI R, FL
Fh F i P 2 AU G &R (Bernard-Verdie et al., 2012;
XUBEAE AN T 56 °F, 2015). X FIAUET % R AL 3R
T30 J5 T IR &, AR AR . WA
AR 5 B, RIS PR A AR A SRR A
B B 1) 07 TR RR 9 HE ) B U AN T i (Ordofiez et
al., 2009; Wright et al., 2017). Hf 7Y THREHAR A]
AT o8 RAMMBENS 1 i ) A 25 SRS AEAN R A 85
WA A) () 22 5, B0 A DUR AR R AR AL 4046
VIM LN AENLE], ANTTA B TR N B R A S R
G YRG5 BE R Vi3I (Butler et al., 2017). %
TAEY) DN RE R E L R B AN B, N AT
J& 7 R EAM I FE R4 TAR . BRI eh—
LEOCERTZAS « Al AN AR FRAHR R) A7 76 2 35 A DGR
A, HIZE LR« &35 (leaf economics spectrum,
LES)"ME& . fEM & BFIGI — i, MY MEMAKE
[ri) G YR BRI R ) SR, g PR R B -l e L R,
BARRIN I 118 ARG I B AR 72 e,
TR PR IE K . TR FH AN A 2 5
T FE 2 51 o — i, AR I AR K [ B YR 3R
HUS R FH RS I SR BE, N A8 0t - a2 b,
RIAM MG A R A 1R, g1
(A K AT ZH 2 22 (Hallik et al., 2009; Reich, 2014;
Mason & Donovan, 2015). % F M- F 3= E IR (B A7 AR

DOI: 10.17521/cjpe.2022.0456

©U 00000 Chinese Journal of Plant Ecology



1060 FEYE 24 Chinese Journal of Plant Ecology 2023, 47 (8): 1055-1070

®2 WATRE

Table2 Indexes of root functional traits

PR bR

PEIRFE PEIRTE bR A5 Eiiipa
Type of trait ~ Trait index Abbreviation (unit) Description
[AEERERIN WK RLD (emeem ™) SArARBH e AR, SRR 2% 3575 3REL A g
Architectural  Root length density The length of roots per unit soil volume, reflects the ability of the roots to acquire nutrients
rait H S RBI(em™) G2l K 11 BARHCL, SR AL SRR 1700
Root branching intensity The number of laterals on a given length unit of parent root, reflects the ability of the root
to explore the soil for water and nutrients
H I RD (em) R e R - R
Root depth Reflects the ability of the plant to acquire soil resources
Btk RER D (mm) BRI, AT
Morphological Root diameter Affects the root resource acquisition and physiological function
trait HEAR K SRL (mg ") AR, RBRRBBOK S MIRD IR, SrERRREES G
Specific root length The length of root per unit dry mass, reflects the potential extent of soil exploration (for
nutrients and water) per unit cost (in terms of plant biomass allocation) and measures the
root consumption and benefits
FEAR I SRA (grem™®)  BARIEMPRINIRITR, R At BRI A 77
Specific root area The area of root per unit dry mass, reflects the ability of the root to acquire soil resources
AL RTD (grem”)  SGrABUORUR B, WA R R SR e
Root tissue density Root mass per unit volume, reflects the root resource acquisition and defense capability
R 2 & RDMC (mg-g™)  HLATEEGR RIOHT IR, R MU 2R 10 B3R A
Root dry matter content The dry mass of root per unit fresh root mass, reflects the ability of root system to acquire
soil resources
AR TR A i (d BA YRR RASUFERIN (], PR RTR MBI FE SRR RdZ, & TR
Physiological ~Root lifespan The survival time of root tissue per unit of biomass, determines the rate at which root
trait nutrients and carbon are consumed and recycled, hard trait
MR R Rr (umol-g"s™") &AL AN ) 4 COL3 B, JiT BEPEAR
Root respiration rate The flux rate of CO; per unit root mass and time, hard trait
WRR WA RER (mg-g "*h™) SRR 7] AR R - MR, 8 TREMER
Root exudation rate The flux rate of root exudates was calculated by dividing the total carbon content by
incubation time and root dry mass, hard trait
MR BB T RPA = B (R AR B AT (1] P B SRl 5
Root phosphatase activity (umol-g™-h™) The content of phosphomonoesterase in per unit root dry mass and time
AR BRI GeR RLC (%) TR AR L T AR e e A
Biotic trait Mycorrhizal fungal colonization The proportion of mycorrhizal colonization
EEEA HLD (mg")  Sf T Riihg i K
Hyphal length density The length of fungal hypha per unit of dry soil mass
(A= TR & & RC (mg-g ) AT RS R, R BRI R A
Chemical trait Root carbon content The mass of carbon content per root dry mass, affects the root resource acquisition and
metabolic rate
REE = RN (mg-g ') BAART RN RS R, R BIRIRINAg
Root nitrogen content The mass of nitrogen content per root dry mass, affects the root resource acquisition and
metabolic rate
SRR R CT (mm) SR Z0 IR B R BRI e
Anatomical Cortical thickness Reflects the ability of the root to acquire soil resources
trait R SD (mm) FUSTESSRE SN e

Stele diameter

Reflects the ability of the root to transport soil resources

H R WAL, AN R ITmFEELRR AR
T Ty fie MR TR] A7 78 55 ALK 28 5% 5 s AN AL A
KR
31 {MIRINEETEIR BRI R &R

T AR S I BI 90 52 BRAE TR I R ], V7
Z IREMEIR, WAR RFF Ay FAR R IPIL S5, M DL E
WMl (Eissenstat & Yanai, 1997). 1E ELEU I ZE KA
ARIEOUR, R T DhRe PSR Tk, R
Parh E D REPEIRR TTIAR R ThEEHIRAAT N . KL
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THZTE, V250 Re 8 S WOR 2 555 3R B
HEFFIN F Z IR R OB S MR 546 R 147 W
&, R P AR A T YR R B - R S B ) 5K
W& (1), BP—4ERR R 451 1 (one-dimensional toot
economics spectrum) (Reich, 2014). 7EAR 58 R 1%
T, M PEAR SR I S AR T B B A A i (R 3R HY
TFEWE) B 215 56 AT i (B R < SR ) (R 6 B2 A2 A
(Zhou et al., 2022). FEPMKF b, HRAEVFIE R T
MRAE 577 SR 5 TR AERF AR PR & 2 [R) IR,
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SR T2
Multi-dimensional root economics space
YR AT A
Two-dimensional root economics space
— AR AT
One-dimensional root economics spectrum
KA R [ Ap— o L
AR WA Specific root length Acquisitive [E Conservative  “Do it yourself Outsourcing
Morphological trait 4345 418 B Root tissue density (—=m)
AR E 42 Root diameter [“E E]
HARTE AR Specific root area E‘]
¥ F A& Root dry matter content [E]
AR Chemical trait #3454 & Root nitrogen content [E
FBIPER Architectural trait 43433758 BF Root branching intensity
ML % Number of root hairs =)
R AERE Root depth ?
IR Biotic trait AR ELE 244 % Mycorrhizal colonization E]
fEHIMEAR Anatomical trait 7 ZJEFF Cortical thickness E]
A= HMEIR Physiological trait 42 %4 Root lifespan [E]
HR Z& FFIF 3 & Root respiration rate [E.]
R IR Root exudation rate C? )
MR BEERRETE 4 Root phosphatase activity (==

Bl ARYER A R A&

Fig. 1 Trade-offs among fine root traits.

WS Re TR AR — M LU, R AR B AN
WL, AR A= iy JE LR AR &, EFR IR
W\ BEUER O TH AR SR R — O RAR, FLERAR
KA A ENBAR, 7t K (McCormack et
al., 2012). RoumetZ5(2016)#1de la RivaZs(2018) I fiff
T 45 ARUE B — 4E R R 4 BRI (A7 7F . Roumet %
(2016)XF 3/ MEVIHEVE (g . TR HHT) 1) 74 F
T (e AR M AIRTEAS . A2 TEIR
LETREMEIR B FUSE OB, AUARTES . fh2E IR
DA R I R e 246 6 7 i ol 56 (. 38 AH G, R R IR IR
REHRKME S BAEIEHALKR, HE5KER/
ATE. WTYRETEEAMIKR. 74MED
YRR IR BEAT T2 B2 0 BT AN, AR R E AR AR
FR I TEUR S - O 57 BT IR SRS, PR
T PR R A A A B A A e PR AU 2 (7 TR 2R )
AR A LUARK D S B B Re ), B SREUR
WS TEIAR RAFAE; TEANAREBEIE I o — i, KBS
(RVEA U SR EX T B8 fR~y ) Sfe g, AR ELAR A, AR
FYRE R, RRR/AS e, RAEIKMER
IyfRIE R, HA K. de la Riva®:(2018) £ TG HEF
T 05 K DX 3R (g AR AR B E ) N B8N A
[FAE P Ve T S34 PR AR R AR FE AR, %)
AT REMR(EUARAC . R EAS . ARAZUE B LLAR

T & &)L, SRS, K RRE
AR NAAFAE BRI A O, AR IR AR 57 32
TG GO AR B S TR sy (AUBT 4E i, AR AH 2% B R
EREY), R RS T8 S BB EE AR

P, I ORAT S T 53— xSz PR A5 B8 -5
an BRI, B AR S RRE, HRZH U A
T & 'R, (A2 RIRE S . 2, de la
RivaZ%(2018) I 7838 & IR ELAR 35 1% A 58 A VS 4
R TS AHZEHED, AR RE TG T Re s
ZANYETE .
32 HIREFIEMFINLSHkE

AR AR MR S B L REAR
RIS AR R ZE R, BT IO R A 7 R
PE. BRI AR QAR L 2 7, AR D Re
K23 2w IL RN, 2R DR R A
R SRIR AR I PR — FE B 2, B — R 3R IO <7 il
Jo ik A T b IR 4 AR AU 9% R (MeCormack et al.,
2012; Kong et al., 2014; Eissenstat et al., 2015; Liu et
al., 2015; Weemstra et al., 2016), T/& kT & HAF1E
FACAI 22 553 (1) — AE AR 22 B 1T J LA R 5 AR K
14+ . 1%, Holdaway“5(2011) F1Kong%:(2019)
W LSS R A AR A TS A E . fEANIRE T
RN, RER SHLNREZ A IEHR KR,
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5RAEG®ZAFEAM KK R, MHoldaway 55
(2011) B 7T 25 R B /R AR AT 5 A0AR 2H 2% FE
DY REPEIRAFAE B35 I A GG R, AR EAR AN
MR B B (AR IEAH OGO &R, X P A T 100 #8154
FRE2 DB ARR A J o [R)BSS FH T 0 ROBE (191 Gn A o
AFDRHEE /N 0 4 B0 L A PR BR 1) 1 12 bR 38 S S
XA A REAE R 1 AHAR T A R PRASAET O 2 (10 25 i 14
KongZ#(2019) 7341 1 800 2 Ff i Wi S A Fé i) T
BALEMIR, B IRTE AR B IE R 257
T P 3 o AF TT 5 SR R I TR R (R 2 R
5ok BAR) 2 18] B i A KOG R T B Fh 2 T AR
RITBEMEIR K R R ZHR AR, A SCHFR
GUFIHRL. BRILZ Ah, Kong%5(2014, 201515 4HHR
(EAE<2 mm)#t— BRI AR IR (<247 pm) 5
FHR SR, 45K, AHECT R SOR ELAR /N R A,
W SR ELAR R R AL SR TR 73 5 B 22 A5 B T AR,
[F I SRR 73 B B SR, Fqdn B G, JERERE K
BEMFE A TR Zh, R SOR B R
T 73 DR AR (8] 1 OC JR AN SCRF AR 8 53k
HH ) BE YRR SR

McCormackAlIversen (2019)F F 4= BRE K14
FR AR 24 2 (Fine Root Ecology Database, FRED)
EEXT— AR ARG . MR A% R, IR EAAIR
RAZ YRR AL AR IR A PR, 12 5%
A ANAR PR 22 5% 7 18] B4 5 AR L AR ) AR L B 1)
YEFZBBAEN, A% R PR T4% G2 (1) SR E 3 R 5
B —YERUETAEE . B TR R PR E5 1 DL S 5 1R &3k
W3 B e 1A S DhRe 3L R BRI 1 4B i —4E
PRIRZE R . Ah, BT 4EAR B 2 M B 5 5 U
(RN, QAR 2R s ml DA ik 38 5t h A
FORETL, B SR AR Y R T, JE RS I 4EAR XF
B W) 3R (Gardner et al., 1983; Lopez-Bucio
et al., 2000; Dakora & Phillips, 2002; Phillips €t al.,
2011; Bengtson et al., 2012). K, bATA NGRS
Ur A B AFAE Z PP YETE . Bergmann5(2020) 4] 4=
BR R 41 AR 4 R GRoo T 444 J (Fine Root Ecology
Database flITRY Plant Trait Database )X 4HAR LR K
RARZEEZ, WES, WEAEEU LR REZ G
JZ )2 JR R 1K e MR AU 0% JRBEAT i, IFAR iR
BT AR AR F AR 42 5% 7% (8] (two-dimensional  root
economics space). HF 7L R MR LV LA A& &
ZIAEE ARG &R, AR T AL G R P M 2218 4%
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B AR [ AU, BDefRspdEfe” - <H 28 3(do
it yourself)”, B NN EAERALHE. LA
MR R TR BT R B B e RS B A
T A PR PRI 2R PR BT IR AL 4R . AR L
WEKMBERLZEAMHEIERR, RETNED
3l F- 2| 40 (outsourcing ) 25 B AR L B 3K HU BT R (1)
“PMELERE” . Weigelt®(2021) ik BI7E —4EHR R4 5
23 [A) Al b A i 2R e e N — A e R A
VIR 5F 25 8], AT R BILRR T 28 3L R <3 4E B AN
PMELERE AL, HRARIREE M EETE BAE Y I AR 22 5F 7 1]
TSR AE RS . AR K Dh REVEIRZH & 2 BN 7E
SERANAMEI 55 2 5 K 3 1 3L R BR ), Y 4niR
I R P ATAE W T — R DL MR A S
AL 7 IR0, B) 2 4EAR R APEIR & 5 25 )
(multi-dimensional root economics space) (Kramer-
Walter et al., 2016; Weemstra €t al., 2016; Han et al.,
2022).

PAAE FRIAR SR PR AT 5% 2R 00T 98 B 22 6 T4 P
AR SR, o 4R AR BRI R D,
TR A= B AR AE 22 4EGRRR 22 5% 25 1] vp SR AE A0 ] 2
AFFMHT . TR, BFFEN AR AR IR RITR %
Gy A AR FMEIR R R T — e B AR
Makita 5 (2015) %F 3 # A [A] fE 7 F 9 H & R A
(Chamaecyparis obtusa)MR4HAR FEIE 2 . AR % &
B R KARA S AT 04, KIUAR R
AR RE S B ARG Mg oK, B R
YU FE R RGN IS, 2 g S BRI,
Y2 RIG IR RALEE, PR RE S B
YT AR I R 3 R P AL A7 SIS . HanF1Zhu (2020)%] Xt
45TV A AR VEAR BEAT BT 7T, 45 SR R RE A3
AR IEIR S5 AR A S B IEAE G, S AR 25 FE 41
SR, I HRBIARAKE ) B A0 IR AE 2 4E4H IR 22
Gl b 545 SR 2 S A S B 9 . SundE
(2021) 5 Williams55(2022)%f #0751 5 T 4HAR 70 W)
(1) 53 Wl ok 3 (1) IF 0 245 SR 3] S 7R R 0 b 3 5 A AR
YL (DR ST MR SR 5%, Sunf(2021) BT FE 45
RIERRRAR W HER SRR H R, AEEIL
R, TR AT R IR R R R 5T TR )
ATAEPR AN B b, AR R bl e 2 4RI 2 0%
2 (] R — PR ECRURAE, 1 B R A AR R 43k
YBE I 3% 73 A7 RO FT B8 2 7% 70 SR — kb 78 51
B . Han%%(2022) DA [ 25 e 5 VE I Ry 22 XU 4 R
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HFR 20N B BRI S0 0 G, R FUAR A2 BV AR (B
B BTG TR 5T A ML= R 2 B X R, B I)IE
7N T ANAR B ER B M AL T AR £ 5 2% 1) vh () B E 4
FE, AR - R (0 — P B s . AR
MR — e A= APRAR AR 2 TR KD, (AT
W 7RI R PR RS SR DK, A1 R A 2 IR 17
WHUT 0 A IR, AR B gk 48 in 5 % 5 4HAR 77 73 W)
SO D 11 L Ath A= R IR 5 AR FEAS R4 2 S IR 1)
Bl 2078, SHF R4 IWAEATIR R L4
252 1) Y B A MR 4 B 0 LR R 9743 3R
HORI T Y A o PR LA L A LA B S
33 HREFESHRIINEXRR

[, PR R I EEMER &L N TE R R IG5
FEOT A J T b b DhRe MR B 7L, AR 2 T 3K
AT R PR B 3 7 () B AR B AR RN AR 38 R Th Rl
FEATR AN IR (Hodge, 2004; Bardgett et al., 2014;
Bardgett, 2017). i~ DhRe R FEAR X A S 1 — A
LG R R 2R Z B R R S R AR R
AR SRR T R, BRI SR R IE R 3R
IR ZIFE MBI R TS . WIT DL R ThREME IR 2 8]
[F9R F, T GB35 T IR SR Y 520 42 5% 8
3 (Brundrett, 2002; Laliberté, 2017). 4 1E K Al
BT AR R T REMER KA TR DG R, BB AT
X5 HAAEMER ARG . BREGTFZIRE
T T A FEAEY SR AL 3 R ) SR, (H eI A R
FKIEMR R H S HI1EH (Adams et al., 2013; Padilla et
al., 2013; Caplan et al., 2017), B4 R LEFEREH
FREY 433255 4 5K 40 I BE 71 (Liu et al., 2012; Wu et
al., 2013a, 2013b; Zheng €t al., 2014; Augé et al.,
2015), XA A B 5T [ B 5 R W UAC R A0 B AR I B
Z A IRUAT 56 2R, AN PR 2 T) RO LA AT 5k =
E B 7L (Kong et al., 2014; Mason & Donovan,
2015). B ARAE A hE PAR 2 F0 1398 S 1 AH T4 A 3t
A, TR 25 FEAR 22 R TR AR BT 2 (11 58 2R S L)
TIEBRPRPEREOT 2, AT DAY e X HE Y IR EL L
YR R Z AR, A B TSR AR R 1
AZS . AR DL AR 5 AL RS B AL,
Tyt R R AE S R Y B3 R A S R
HIIR N EEf#(Chen et al., 2013; Roumet et al., 2016).

WIHT AR, BURN T MRAIAR 2 4E &0 25 6],
AT B AR L B 5 AR T e IR 2 TR G R I BE AL
(T R4, 2013). H HI K 2 B0 70 3 Z24 X 4 AR A4 Y

IMERSE: MWD REIER B S RB TEE 1063

PERAR 2 SR MTE SRR K. iRER. A
ZVE )5 R B O R IT R, JF HiXFh
BT 9% BT 9T EAR TP AR AR AR A /D B ) A
Y. Eissenstat35(2015)J & 1 6 ifi i 44 b 72 1t JE AN
ANTHt JE IR FRIAR 28 A Y PR 25 4 P IR 5 TR AR T T 11
KR, KIMELKRNEYEREFREE, )
BN AR B 1R 443K (Zheng et al., 2014;
Eissenstat et al., 2015). LiuZ(2015)%} 14754 0 B
FHAEAR RAB BT TR 73 A I AL 2R 5 AOAR SR AL BRI 254
PR LR E AR R AR G R 04T TR, [FIRE AR B
TR 55 T AR S A £ 1 B SR I P A A B S Y L
A, AR SOR P S SR R AR SRR 23 MK 7,
TREL R SCAR P o B 22 AR BRI L B o BRI 22
FRIESE 2 B, AR AR 22 D) REPPR R 17 AR B 11 2 1)
TEAERUT % Z(Ma et al., 2018; Wang et al., 2021; Xia
et al., 2021). KI R ELKRFIHEYIR R 7 30
i, RELED, HENREERREEE S, Hk,
WERNEDR RS R E e, REHEZ, H
PRI B B 12 Y 2 (R(B12) (Brundrett, 2002; Guo et
al., 2008; Kong et al., 2014; McCormack et al., 2015;
Eissenstat et al., 2015). X 72 Bk FE 470 W YSCHR T AR
H D REVEIR EAAAE W] B i BAME, BRSO B
AN B RE ) T 5 o 1 i AR A R SR 3R B - 33 B
T PR TS B A28 K AR A 3 S At T R B SR S B %
Ji(Liu et al., 2015; Cheng et al., 2016; Li et al.,
2017).
HARFAET, M) —A B BT iR
FSCER TR R IR - 458K 73 FI 255 o AR R AN BRI AR
HRAE RIS TR B &4, HEAYR L
R s 777 2 AR T A - WAL 28 BT, PR ()
KEEY], 2B RE T o« 5 B IR A8
DAER /N )45 5% A A58 R WSO T R L T T D 3 BB A
i i KA (Eissenstat & Yanai, 1997; Brundrett, 2002;
Kong et al., 2016). 7 387K 5 80 v F1| FH 37 43 76 2
WTETE T, MRAREG KR N EFSEMIR, I
H AR KR IR 2240 00 2 B 1Y ol 0t 5t
A T RN AR & (Hodge, 2004), {H 2 H
12 G R RN A A 22 % 1 18 2 B (K (Treseder &
Allen, 2002; Liu et al., 2012; Hu et al., 2013; Johnson
et al., 2013), 3mSR FIR T REZ H T4
AR B 5 g 2 BN SZ BRI, AR A
KEZMMR AR AT E, WARAERRY. 4E5F
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BERARBOR

Resource acquisition strategies

R BRAE Y

Thin absorptive root species

RIS

Root branching intensity

HREH ,Q@

Number of root hairs

e

Root diameter

BIRERRGR

Myecorrhizal colonization

B2 WA SARIERARUE R AR .

Fig. 2 Trade-offs between mycorrhizal fungi and fine root traits.

AN 1] 22 75 AR S 2 (0, S EUE Y AR
i AR VBT RS IR 00 SR BB A i o e T
AR FLTR R G, (HA2REH TR RA S 2 IR
NI, A L R R Bt 2 ANTR] 9, RS
Bk SR I IR 7 (INO3) AR 70 Wi, A e T
SRR AR K B B SR KR, X T30
P2 BB TR 73, R ) 3 S R B e e R

TR 2R 7753 WA Rt (Comas et al., 2012; Lynch,

2013). (HAEREAR BB = AR SE R, T P 2 10 R
FEPR, R A5 TR AR L B AR e R O 1) e AR 2
B v, LB RE A AT B2 ) R FH R SR AR 1 4B AR Bl
2 F:(Staddon et al., 2003; Holdaway et al., 2011). iX
BWRETTEARES RGP, FARIERIEE R %
PR, AP TE IR R R B 1) 2 A T e B AR
FAN R AR B 2 B] BT i S B0 . (H, HATOR
TR HSCRR R R T R A SR R AT 5 T AR R AR R

AAEY)(Chen et al., 2018)Fl/b & [ EAFEY)(Li et al.,

2017), 1 HIX LB ST 78 K AR J= BR 5 T AR 1 AN
SRF IR TS B KE. IRKSE)
X IR R L,k = 6 3 R R TR IR D g
CUHAH BT PRI R BRI as) 1 =T
FC AR SE P 2 8] PR % 2

4 nws —an%tﬁ

T Dy e AR S HAH B2 2 75 T IR 7T, MY
R DLOUL A AR AR o A1 B A 853 1) 38 1 i
CLRAE AR AN R D e 18] i kA 51 4, 5
A B T AEw TR DR R AN AR 25 R G T RE B AR
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AR

Thick absorptive root species

?C

ﬂ”/}‘

‘u\ MMM Extraradical structure

HR 451 Intraradical structure

71k, (Diaz et al., 2004, 2016; Lienin & Kleyer, 2012;
TAVESE, 2016). AT E U R 4URAE
VI D se R I R A58 CREH, JRRemE V2 4k
& & 4 i # (Hodge, 2004; Bardgett et al., 2014;
Bardgett, 2017). IR, HRAIIBEVEIRIIBE TS
T AT Z %0, BRI R 2R &0t
FRUHNE L, HEHACRE, H2Ih R ot
FOIBAFAENHAFET ISR . N R T 555
R 2 T e IR B FE AT a8 8 /N T B4y, 7 E A
LB FATN LB RG0R B BEEFR DAL, 1
AR RGO EAEHGR . B, AT
FEARKHIAR R Dy REMERF 78 n] DAEE fORVE LR L
J7 1 :

1) B 5 IR T) A 2 [ (1 A2 AL, TR RAE AN
fr I, R TR A R
% B4k (McCormack et al.,, 2017; Freschet et al.,
2021). PRI, mAp 3 oA 2 Th RE PR A 78 07 V50—
FOME AR E M, HR AR R D RE MR I & 1 A S 1 A
FILME, B )R EE ST BRI S — R R he
PRRTEFRE X, MRS E. B, A7 A IEIR
W B 0 JT V2, N R A AR 2 BURE B A, ﬁ%
R FIAH DGR 28, 04 HIURE b 5 R 4 R 2 5%, 1
it E ﬁMﬁ&u@ﬁmﬁ?ﬁ%MN*ﬁﬁfﬁ
SR IR -

2)ARAR A TR 5 A AR KRR B AR G, i
TR AR EC IR S RE A R AR AT A1 5
IRELIMA N o SRR, T TN SRS AR W R AR
RO W RGN R T — TR . (H2
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G5 F GHARAE MR AT ST SR e — MR, Rk
92 24k 5 45 AN [ A2 25 2R SRR 2T T AR A PR (51
53500 W s oA Sk B A B R ) B AR AL, 4
RE SR AR 7= L L3t R AR 25 RS IR MG A S
BB o
IWIRTHTE, 4K 2 Bk A EY) 5 BRI
FERAEA R AR, P BRI AR B R - 3 () 9= 23 A
Ko AR BRI B B4 AR 2 0
FUFEMRE X B 3, R AR E R Ay oK 32
AT BRIt A S BRAS [ (XA T (Chapin TIT et
al., 1987; Koide, 1991; Ma et al., 2018), {H&, 124
At Z R A S A AN B Y A a2 T A F) L
BT, R SORR R B2 R S s S L T AR
B (14 R AR - WA AR AU WL AR SR AR, 38 D) 7 25 A
FEABR I BE AR R AR AR L BRI B AR &R 77 73
SRIUAT EE WY 3 o 22 18] AR AL AT 5 28 S AL FE AL o

BEH

Adams TS, McCormack ML, Eissenstat DM (2013). Foraging
strategies in trees of different root morphology: the role of
root lifespan. Tree Physiology, 33, 940-948.

Asefa M, Worthy SJ, Cao M, Song XY, Lozano YM, Yang J
(2022). Above- and below-ground plant traits are not
consistent in response to drought and competition
treatments. Annals of Botany, 130, 939-950.

Atkin OK, Bloomfield KJ, Reich PB, Tjoelker MG, Asner GP,
Bonal D, Bonisch G, Bradford MG, Cernusak LA, Cosio
EG, Creek D, Crous KY, Domingues TF, Dukes JS,
Egerton JJG, et al. (2015). Global variability in leaf
respiration in relation to climate, plant functional types and
leaf traits. New Phytologist, 206, 614-636.

Augé RM, Toler HD, Saxton AM (2015). Arbuscular
mycorrhizal symbiosis alters stomatal conductance of host
plants more under drought than under amply watered
conditions: a meta-analysis. Mycorrhiza, 25, 13-24.

Bardgett RD (2017). Plant trait-based approaches for
interrogating  belowground function. Biology and
Environment, 117B, 1. DOI: 10.3318/BIOE.2017.03.

Bardgett RD, Mommer L, de Vries FT (2014). Going
underground: root traits as drivers of ecosystem processes.
Trends in Ecology & Evolution, 29, 692-699.

Bergmann J, Weigelt A, van der Plas F, Laughlin DC, Kuyper
TW, Guerrero-Ramirez N, Valverde-Barrantes OJ, Bruelheide
H, Freschet GT, Iversen CM, Kattge J, McCormack ML,
Meier IC, Rillig MC, Roumet C, et al. (2020). The fungal
collaboration gradient dominates the root economics space
in plants. Science Advances, 6, eaba3756. DOLI:
10.1126/sciadv.aba3756.

IMERSE: MWD REIER B S RB TTEE 1065

Bernard-Verdier M, Navas ML, Vellend M, Violle C, Fayolle
A, Garnier E (2012). Community assembly along a soil
depth gradient: contrasting patterns of plant trait
convergence and divergence in a Mediterranean rangeland.
Journal of Ecology, 100, 1422-1433.

Brundrett MC (2002). Coevolution of roots and mycorrhizas of
land plants. New Phytologist, 154, 275-304.

Burton AlJ, Pregitzer KS, Hendrick RL (2000). Relationships
between fine root dynamics and nitrogen availability in
Michigan northern hardwood forests. Oecologia, 125, 389-
399.

Butler EE, Datta A, Flores-Moreno H, Chen M, Wythers KR,
Fazayeli F, Banerjee A, Atkin OK, Kattge J, Amiaud B,
Blonder B, Boenisch G, Bond-Lamberty B, Brown KA,
Byun C, et al. (2017). Mapping local and global variability
in plant trait distributions. Proceedings of the National
Academy of Sciences of the United States of America, 114,
E10937-E10946.

Caplan JS, Stone BWG, Faillace CA, Lafond JJ, Baumgarten
IM, Mozdzer TJ, Dighton J, Meiners SJ, Grabosky JC,
Ehrenfeld JG (2017). Nutrient foraging strategies are
associated with productivity and population growth in
forest shrubs. Annals of Botany, 119, 977-988.

Chapin III FS, Bloom AJ, Field CB, Waring RH (1987). Plant
responses to multiple environmental factors: physiological
ecology provides tools for studying how interacting
environmental resources control plant growth. BioScience,
37, 49-57.

Chaudhary VB, Holland EP, Charman-Anderson S, Guzman A,
Bell-Dereske L, Cheeke TE, Corrales A, Duchicela J,
Egan C, Gupta MM, Hannula SE, Hestrin R, Hoosein S,
Kumar A, Mhretu G, et al. (2022). What are mycorrhizal
traits? Trendsin Ecology & Evolution, 37, 573-581.

Chen WL, Koide RT, Eissenstat DM (2018). Nutrient foraging
by mycorrhizas: from species functional traits to ecosystem
processes. Functional Ecology, 32, 858-869.

Chen WL, Zeng H, Eissenstat DM, Guo DL (2013). Variation
of first-order root traits across climatic gradients and
evolutionary trends in geological time. Global Ecology
and Biogeography, 22, 846-856.

Cheng L, Chen WL, Adams TS, Wei X, Li L, McCormack ML,
DeForest JL, Koide RT, Eissenstat DM (2016).
Mycorrhizal fungi and roots are complementary in
foraging within nutrient patches. Ecology, 97, 2815-2823.

Cheng XR, Huang MB, Shao MG, Warrington DN (2009). A
comparison of fine root distribution and water consumption
of mature Caragana korshinkii Kom grown in two soils in
a semiarid region, China. Plant and Soil, 315, 149-161.

Clement CR, Hopper MJ, Jones LHP, Leafe EL (1978). The
uptake of nitrate by Lolium perenne from flowing nutrient
solution: II. Effect of light, defoliation, and relationship to
CO; flux. Journal of Experimental Botany, 29, 1173-1183.

DOI: 10.17521/cjpe.2022.0456

©U 00000 Chinese Journal of Plant Ecology



1066 HEYEZ24 Chinese Journal of Plant Ecology 2023, 47 (8): 1055-1070

Cochavi A, Cohen IH, Rachmilevitch S (2020). The role of
different root orders in nutrient uptake. Environmental and
Experimental Botany, 179, 104212. DOIL 10.1016/].
envexpbot.2020.104212.

Comas LH, Mueller KE, Taylor LL, Midford PE, Callahan HS,
Beerling DJ (2012).
biogeochemical significance of angiosperm root traits.
International Journal of Plant Sciences, 173, 584-595.

Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchmann N,
Gurvich DE, Reich PB, ter Steege H, Morgan HD, van der
Heijden MGA, Pausas JG, Poorter H (2003). A handbook
of protocols for standardised and easy measurement of
plant functional traits worldwide. Australian Journal of
Botany, 51, 335-380.

Craine JM, Froehle J, Tilman DG, Wedin DA, Chapin FS
(2001). The relationships among root and leaf traits of 76

Evolutionary  patterns  and

grassland species and relative abundance along fertility
and disturbance gradients. Oikos, 93, 274-285.

Dakora FD, Phillips DA (2002). Root exudates as mediators of
mineral acquisition in low-nutrient environments. Plant
and Soil, 245, 35-47.

de la Riva EG, Marafion T, Pérez-Ramos IM, Navarro-
Fernandez CM, Olmo M, Villar R (2018). Root traits
across environmental gradients in Mediterranean woody
communities: Are they aligned along the root economics
spectrum? Plant and Soil, 424, 35-48.

Diaz S, Cabido M (2001). Vive la différence: plant functional
diversity matters to ecosystem processes. Trends in
Ecology & Evolution, 16, 646-655.

Diaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen
JHC, Jalili A, Montserrat-Marti G, Grime JP, Zarrinkamar
F, Asri Y, Band SR, Basconcelo S, Castro-Diez P, Funes
G, Hamzehee B, et al. (2004). The plant traits that drive
ecosystems: evidence from three continents. Journal of
Vegetation Science, 15, 295-304.

Diaz S, Kattge J, Cornelissen JHC, Wright 1J, Lavorel S, Dray
S, Reu B, Kleyer M, Wirth C, Colin Prentice I, Garnier E,
Bonisch G, Westoby M, Poorter H, Reich PB, et al.
(2016). The global spectrum of plant form and function.
Nature, 529, 167-171.

Eissenstat DM, Caldwell MM (1988). Competitive ability is
linked to rates of water extraction. Oecologia, 75, 1-7.
Eissenstat DM, Kucharski JM, Zadworny M, Adams TS, Koide
RT (2015). Linking root traits to nutrient foraging in
arbuscular mycorrhizal trees in a temperate forest. New

Phytologist, 208, 114-124.

Eissenstat DM, Yanai RD (1997). The ecology of root lifespan.
Advancesin Ecological Research, 27, 1-60.

Fitter AH (1996). Characteristics and functions of root
systems//Waisel Y, Eshel E, Kafkafi U. Plant Roots: the
Hidden Half. 2nd ed. Marcel Dekker, New York, 1-20.

Fitter AH (2004). Magnolioid roots-hairs, architecture and

www.plant-ecology.com

mycorrhizal dependency. New Phytologist, 164, 15-16.

Freschet GT, Roumet C (2017). Sampling roots to capture plant
and soil functions. Functional Ecology, 31, 1506-1518.

Freschet GT, Roumet C, Comas LH, Weemstra M, Bengough
AG, Rewald B, Bardgett RD, de Deyn GB, Johnson D,
Klimesova J, Lukac M, McCormack ML, Meier IC, Pages
L, Poorter H, et al. (2021). Root traits as drivers of plant
and ecosystem functioning: current understanding, pitfalls
and future research needs. New Phytologist, 232, 1123-
1158.

Gardner WK, Barber DG, Parbery DA (1983). The acquisition
of phosphorus by Lupinus albus L. Plant and Soil, 68,
107-124.

Gill RA, Jackson RB (2000). Global patterns of root turnover
for terrestrial ecosystems. New Phytologist, 147, 13-31.

Gregory PJ, McGowan M, Biscoe PV (1978). Water relations
of winter wheat: 2. Soil water relations. The Journal of
Agricultural Science, 91, 103-116.

Grime JP (1977). Evidence for the existence of three primary
strategies in plants and its relevance to ecological and
evolutionary theory. The American Naturalist, 111, 1169-
1194.

Guo DL, Xia MX, Wei X, Chang WJ, Liu Y, Wang ZQ (2008).
Anatomical traits associated with absorption and
mycorrhizal colonization are linked to root branch order in
twenty-three Chinese temperate tree species. New
Phytologist, 180, 673-683.

Hajek P, Hertel D, Leuschner C (2014). Root order- and root
age-dependent response of two poplar species to
belowground competition. Plant and Soil, 377, 337-355.

Hallik L, Niinemets U, Wright 1J (2009). Are species shade and
drought tolerance reflected in leaf-level structural and
functional differentiation in Northern Hemisphere temperate
woody flora? New Phytologist, 184, 257-274.

Han MG, Chen Y, Li R, Yu M, Fu LC, Li SF, Su JR, Zhu B
(2022). Root phosphatase activity aligns with the
collaboration gradient of the root economics space. New
Phytologist, 234, 837-849.

Han MG, Zhu B (2020). Linking root respiration to chemistry
and morphology across species. Global Change Biology,
27,190-201.

He NP, Li Y, Liu CC, Xu L, Li MX, Zhang JH, He JS, Tang
ZY, Han XG, Ye Q, Xiao CW, Yu Q, Liu SR, Sun W, Niu
SL, et al. (2020). Plant trait networks: improved resolution
of the dimensionality of adaptation. Trends in Ecology &
Evolution, 35, 908-918.

Hendrick RL, Pregitzer KS (1992). The demography of fine
roots in a northern hardwood forest. Ecology, 73, 1094-
1104.

Hendrick RL, Pregitzer KS (1993). The dynamics of fine root
length, biomass, and nitrogen content in two northern
hardwood ecosystems. Canadian Journal of Forest

©U 00000 Chinese Journal of Plant Ecology



Research, 23, 2507-2520.

Hendricks JJ, Nadelhoffer KJ, Aber JD (1993). Assessing the
role of fine roots in carbon and nutrient cycling. Trendsin
Ecology & Evolution, 8, 174-178.

Hodge A (2004). The plastic plant: root responses to
heterogeneous supplies of nutrients. New Phytologist, 162,
9-24.

Hodge A, Berta G, Doussan C, Merchan F, Crespi M (2009).
Plant root growth, architecture and function. Plant and
Soil, 321, 153-187.

Holdaway RJ, Richardson SJ, Dickie IA, Peltzer DA, Coomes
DA (2011). Species- and community-level patterns in fine
root traits along a 120 000-year soil chronosequence in
temperate rain forest. Journal of Ecology, 99, 954-963.

Hu YJ, Rillig MC, Xiang D, Hao ZP, Chen BD (2013).
Changes of AM fungal abundance along environmental
gradients in the arid and semi-arid grasslands of northern
China. PLoS ONE, 8, ¢57593. DOI: 10.1371/journal.
pone.0057593.

Jackson RB, Canadell J, Ehleringer JR, Mooney HA, Sala OE,
Schulze ED (1996). A global analysis of root distributions
for terrestrial biomes. Oecologia, 108, 389-411.

Johnson NC, Angelard C, Sanders IR, Kiers ET (2013).
Predicting community and ecosystem outcomes of
mycorrhizal responses to global change. Ecology Letters,
16, 140-153.

Kattge J, Diaz S, Lavorel S, Prentice IC, Leadley P, Bonisch G,
Garnier E, Westoby M, Reich PB, Wright 1J, Cornelissen
JHC, Violle C, Harrison SP, van Bodegom PM, Reichstein
M, et al. (2011). TRY—A global database of plant traits.
Global Change Biology, 17, 5078. DOI: 10.1111/j.1365-
2486.2011.02451 x.

Koide RT (1991). Nutrient supply, nutrient demand and plant
response to mycorrhizal infection. New Phytologist, 117,
365-386.

Kong DL, Ma CG, Zhang Q, Li L, Chen XY, Zeng H, Guo DL
(2014). Leading dimensions in absorptive root trait variation
across 96 subtropical forest species. New Phytologist, 203,
863-872.

Kong DL, Wang JJ, Kardol P, Wu H, Zeng H, Deng X, Deng Y
(2015). The root economics spectrum: divergence of
absorptive root strategies with root diameter. Biogeosciences
Discussions, 12, 13041-13067.

Kong DL, Wang JJ, Kardol P, Wu HF, Zeng H, Deng XB,
Deng Y (2016). Economic strategies of plant absorptive
roots vary with root diameter. Biogeosciences, 13, 415-
424.

Kong DL, Wang JJ, Wu HF, Valverde-Barrantes OJ, Wang RL,
Zeng H, Kardol P, Zhang HY, Feng YL (2019).
Nonlinearity of root trait relationships and the root
economics spectrum. Nature Communications, 10, 2203.
DOI: 10.1038/s41467-019-10245-6.

IMERSE: MWD BETER B S RO TCEEE 1067

Kong DL, Wu HF, Wang M, Simmons M, Li XT, Yu Q, Han
XG (2010). Structural and chemical differences between
shoot- and root-derived roots of three perennial grasses in
a typical steppe in Inner Mongolia China. Plant and Soil,
336,209-217.

Kramer-Walter KR, Bellingham PJ, Millar TR, Smissen RD,
Richardson SJ, Laughlin DC (2016). Root traits are
multidimensional: specific root length is independent from
root tissue density and the plant economic spectrum.
Journal of Ecology, 104, 1299-1310.

Laliberté E (2017). Below-ground frontiers in trait-based plant
ecology. New Phytologist, 213, 1597-1603.

Lei LJ, Kong DL, Li XM, Zhou ZX, Li GY (2016). Plant
functional traits, functional diversity, and ecosystem
functioning: current knowledge and perspectives. Biodiversity
Science, 24, 922-931. [FE A, FLEER, ZHREH, JE4R
Y, ZEEE (2016). HEMINEENEIR. DIREZ AR SRS
RATHEE: HESEE. AWZFEE, 24, 922-931]

Li HB, Liu BT, McCormack ML, Ma ZQ, Guo DL (2017).
Diverse belowground resource strategies underlie plant
species coexistence and spatial distribution in three
grasslands along a precipitation gradient. New Phytologist,
216, 1140-1150.

Lienin P, Kleyer M (2012). Plant trait responses to the
environment and effects on ecosystem properties. Basic
and Applied Ecology, 13, 301-311.

Liu BT, Li HB, Zhu B, Koide RT, Eissenstat DM, Guo DL
(2015). Complementarity in nutrient foraging strategies of
absorptive fine roots and arbuscular mycorrhizal fungi
across 14 coexisting subtropical tree species. New
Phytologist, 208, 125-136.

Liu XJ, Ma KP (2015). Plant functional traits—Concepts,
applications and future directions. Scientia Snica (Vitae),
45, 325-339. [XIWEHE, HoiF (2015). HPIhREVERTT
FUdkE. hEREE R, 45, 325-339.]

Liu Y, Wang GL, Yu KX, Li P, Xiao L, Liu GB (2018). A new
method to optimize root order classification based on the
diameter interval of fine root. Scientific Reports, 8, 2960.
DOI: 10.1038/s41598-018-21248-6.

Liu YJ, Shi GX, Mao L, Cheng G, Jiang SJ, Ma XJ, An LZ, Du
GZ, Collins Johnson N, Feng HY (2012). Direct and
indirect influences of 8 yr of nitrogen and phosphorus
fertilization on Glomeromycota in an alpine meadow
ecosystem. New Phytologist, 194, 523-535.

Lohmus K, Oja T, Lasn R (1989). Specific root area: a soil
characteristic. Plant and Soil, 119, 245-249.

Long YQ, Kong DL, Chen ZX, Zeng H (2013). Variation of the
linkage of root function with root branch order. PL0S
ONE, 8, €57153. DOI: 10.1371/journal.pone.0057153.

Lynch JP (2013). Steep, cheap and deep: an ideotype to
optimize water and N acquisition by maize root systems.
Annals of Botany, 112, 347-357.

DOI: 10.17521/cjpe.2022.0456

©U 00000 Chinese Journal of Plant Ecology



1068 EYEZ2 4] Chinese Journal of Plant Ecology 2023, 47 (8): 1055-1070

Lynch JP (2015). Root phenes that reduce the metabolic costs
of soil exploration: opportunities for 2Ist century
agriculture. Plant, Cell & Environment, 38, 1775-1784.

Ma ZQ, Guo DL, Xu XL, Lu MZ, Bardgett RD, Eissenstat DM,
McCormack ML, Hedin LO (2018). Evolutionary history
resolves global organization of root functional traits.
Nature, 555, 94-97.

Makita N, Hirano Y, Dannoura M, Kominami Y, Mizoguchi T,
Ishii H, Kanazawa Y (2009). Fine root morphological
traits determine variation in root respiration of Quercus
serrata. Tree Physiology, 29, 579-585.

Makita N, Hirano Y, Sugimoto T, Tanikawa T, Ishii H (2015).
Intraspecific variation in fine root respiration and
morphology in response to in Situ soil nitrogen fertility in a
100-year-old Chamaecyparis obtusa forest. Oecologia,
179, 959-967.

Manschadi AM, Hammer GL, Christopher JT, de Voil P
(2008). Genotypic variation in seedling root architectural
traits and implications for drought adaptation in wheat
(Triticum aestivum L.). Plant and Soil, 303, 115-129.

Mason CM, Donovan LA (2015). Evolution of the leaf
economics spectrum in herbs: evidence from environmental
divergences in leaf physiology across Helianthus
(Asteraceae). Evolution, 69, 2705-2720.

Matamala R, Gonzalez-Meler MA, Jastrow JD, Norby RJ,
Schlesinger WH (2003). Impacts of fine root turnover on
forest NPP and soil C sequestration potential. Science,
302, 1385-1387.

McCormack ML, Adams TS, Smithwick EAH, Eissenstat DM
(2012). Predicting fine root lifespan from plant functional
traits in temperate trees. New Phytologist, 195, 823-831.

McCormack ML, Dickie IA, Eissenstat DM, Fahey TJ,
Fernandez CW, Guo DL, Helmisaari HS, Hobbie EA,
Iversen CM, Jackson RB, Leppédlammi-Kujansuu J, Norby
RJ, Phillips RP, Pregitzer KS, Pritchard SG, et al. (2015).
Redefining fine roots improves understanding of
below-ground contributions to terrestrial
processes. New Phytologist, 207, 505-518.

McCormack ML, Guo DL, Iversen CM, Chen WL, Eissenstat
DM, Fernandez CW, Li L, Ma CG, Ma ZQ, Poorter H,
Reich PB, Zadworny M, Zanne A (2017). Building a better

root-trait

biosphere

foundation: improving measurements  to
understand and model plant and ecosystem processes. New
Phytologist, 215, 27-37.

McCormack ML, Iversen CM (2019). Physical and functional
constraints on viable belowground acquisition strategies.
Frontiers in Plant Science, 10, 1215. DOI: 10.3389/fpls.
2019.01215.

McCormack ML, Kaproth MA, Cavender-Bares J, Carlson E,
Hipp AL, Han Y, Kennedy PG (2020). Climate and
phylogenetic history structure morphological and architectural

trait variation among fine-root orders. New Phytologist,

www.plant-ecology.com

228, 1824-1834.

Meier IC, Leuschner C (2010). Variation of soil and biomass
carbon pools in beech forests across a precipitation
gradient. Global Change Biology, 16, 1035-1045.

Meng TT, Ni J, Wang GH (2007). Plant functional traits
environments and ecosystem functioning. Journal of Plant
Ecology (Chinese Version), 31, 150-165. [dil&E, {iifd,
FHE % (2007). HEYDFEMR GBS KRG DRE.
YRR, 31, 150-165.]

Miao Y, Wu HF, Ma CE, Kong DL (2013). Relationship
between mycorrhizal fungi and functional traits in
absorption roots: research progress and synthesis. Chinese
Journal of Plant Ecology, 37, 1035-1042. [Hj i/, =475,
7R, FLAER (2013). WEIREE S5WIR D BEMIR
KFZ: B R SR, YA ER, 37, 1035-1042.]

Miyatani K, Tanikawa T, Makita N, Hirano Y (2018).
Relationships between specific root length and respiration
rate of fine roots across stands and seasons in Chamaecyparis
obtusa. Plant and Soil, 423, 215-227.

Nadelhoffer KJ (2000). The potential effects of nitrogen
deposition on fine-root production in forest ecosystems.
New Phytologist, 147, 131-139.

Norby RJ, Jackson RB (2000). Root dynamics and global
change: seeking an ecosystem perspective. New Phytologist,
147, 3-12.

O’Leary BM, Asao S, Millar AH, Atkin OK (2019). Core
principles which explain variation in respiration across
biological scales. New Phytologist, 222, 670-686.

Ordofiez JC, van Bodegom PM, Witte JPM, Wright 1J, Reich
PB, Aerts R (2009). A global study of relationships
between leaf traits, climate and soil measures of nutrient
fertility. Global Ecology and Biogeography, 18, 137-149.

Ostonen I, Helmisaari HS, Borken W, Tedersoo L, Kukumégi
M, Bahram M, Lindroos AJ, N6jd P, Uri V, Merild P, Asi
E, Lohmus K (2011). Fine root foraging strategies in
Norway spruce forests across a European climate gradient.
Global Change Biology, 17, 3620-3632.

Ostonen I, Piittsepp U, Biel C, Alberton O, Bakker MR,
Lohmus K, Majdi H, Metcalfe D, Olsthoorn AFM, Pronk
A, Vanguelova E, Weih M, Brunner I (2007). Specific root
length as an indicator of environmental change. Plant
Biosystems, 141, 426-442.

Padilla FM, Aarts BHJ, Roijendijk YOA, de Caluwe H,
Mommer L, Visser EJW, de Kroon H (2013). Root
plasticity maintains growth of temperate grassland species
under pulsed water supply. Plant and Soil, 369, 377-386.

Pregitzer KS (2002). Fine roots of trees—A new perspective.
New Phytologist, 154, 267-270.

Pregitzer KS, DeForest JL, Burton AJ, Allen MF, Ruess RW,
Hendrick RL (2002). Fine root architecture of nine North
American trees. Ecological Monographs, 72, 293-309.

Reich PB (2014). The world-wide “fast-slow” plant economics

©U 00000 Chinese Journal of Plant Ecology



spectrum: a traits manifesto. Journal of Ecology, 102,
275-301.

Reich PB, Wright 1J, Cavender-Bares J, Craine JM, Oleksyn J,
Westoby M, Walters MB (2003). The evolution of plant
functional variation: traits, spectra, and strategies.
International Journal of Plant Sciences, 164, S143-S164.

Roumet C, Birouste M, Picon-Cochard C, Ghestem M, Osman
N, Vrignon-Brenas S, Cao KF, Stokes A (2016). Root
structure-function relationships in 74 species: evidence of
a root economics spectrum related to carbon economy.
New Phytologist, 210, 815-826.

Ruffel S, Krouk G, Ristova D, Shasha D, Birnbaum KD,
Coruzzi GM (2011). Nitrogen economics of root foraging:
transitive closure of the nitrate-cytokinin relay and distinct
systemic signaling for N supply vs. demand. Proceedings
of the National Academy of Sciences of the United Sates
of America, 108, 18524-18529.

Shipley B, de Bello F, Cornelissen JHC, Laliberté E, Laughlin
DC, Reich PB (2016). Reinforcing loose foundation stones
in trait-based plant ecology. Oecologia, 180, 923-931.

Smith SE, Smith FA, Jakobsen I (2004). Functional diversity in
arbuscular mycorrhizal (AM) symbioses: the contribution
of the mycorrhizal P uptake pathway is not correlated with
mycorrhizal responses in growth or total P uptake. New
Phytologist, 162, 511-524.

Staddon PL, Ramsey CB, Ostle N, Ineson P, Fitter AH (2003).
Rapid turnover of hyphae of mycorrhizal fungi determined
by AMS microanalysis of "*C. Science, 300, 1138-1140.

Stearns SC (1992). The Evolution of Life Histories. Oxford
University Press, New York.

Strand AE, Pritchard SG, McCormack ML, Davis MA, Oren R
(2008). Irreconcilable differences: fine-root life spans and
soil carbon persistence. Science, 319, 456-458.

Sun LJ, Ataka M, Han MG, Han YF, Gan DY, Xu TL, Guo YP,
Zhu B (2021). Root exudation as a major competitive
fine-root functional trait of 18 coexisting species in a
subtropical forest. New Phytologist, 229, 259-271.

Treseder KK, Allen MF (2002). Direct nitrogen and phosphorus
limitation of arbuscular mycorrhizal fungi: a model and
field test. New Phytologist, 155, 507-515.

Turner BL (2008). Resource partitioning for soil phosphorus: a
hypothesis. Journal of Ecology, 96, 698-702.

Valenzuela-Estrada LR, Vera-Caraballo V, Ruth LE, Eissenstat
DM (2008). Root anatomy, morphology, and longevity
among root orders in Vaccinium corymbosum (Ericaceae).
American Journal of Botany, 95, 1506-1514.

Valverde-Barrantes OJ, Freschet GT, Roumet C, Blackwood
CB (2017). A worldview of root traits: the influence of
ancestry, growth form, climate and mycorrhizal association
on the functional trait variation of fine-root tissues in seed
plants. New Phytologist, 215, 1562-1573.

Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel

IMERSE: MWD BETER B S RO TCEEE 1069

I, Garnier E (2007). Let the concept of trait be functional!
Oikos, 116, 882-892.

Wang J, Liu MS, Sheng S, Xu C, Liu XK, Wang HJ (2008).
Spatial distributions of soil water, salts and roots in an arid
arbor-herb community. Acta Ecologica Snica, 28,
4120-4127. [FIE, X%k, B, i, XI/ME, FR
A (2008). 5 XAHYR K 3K MR R A E K
TR R A AR, 28, 4120-4127.]

Wang RZ, Cavagnaro TR, Jiang Y, Keitel C, Dijkstra FA
(2021). Carbon allocation to the rhizosphere is affected by
drought and nitrogen addition. Journal of Ecology, 109,
3699-3709.

Wang ZQ, Guo DL, Wang XR, Gu JC, Mei L (2006). Fine root
architecture, morphology, and biomass of different branch
orders of two Chinese temperate tree species. Plant and
Soil, 288, 155-171.

Weemstra M, Mommer L, Visser EJW, van Ruijven J, Kuyper
TW, Mohren GMIJ, Sterck FJ (2016). Towards a
multidimensional root trait framework: a tree root review.
New Phytologist, 211, 1159-1169.

Weigelt A, Mommer L, Andraczek K, Iversen CM, Bergmann
J, Bruelheide H, Fan Y, Freschet GT, Guerrero-Ramirez
NR, Kattge J, Kuyper TW, Laughlin DC, Meier IC, van
der Plas F, Poorter H, et al. (2021). An integrated
framework of plant form and function: the belowground
perspective. New Phytologist, 232, 42-59.

Wells CE, Eissenstat DM (2001). Marked differences in
survivorship among apple roots of different diameters.
Ecology, 82, 882-892.

Williams A, Langridge H, Straathof AL, Muhamadali H,
Hollywood KA, Goodacre R, de Vries FT (2022). Root
functional traits explain root exudation rate and
composition across a range of grassland species. Journal
of Ecology, 110, 21-33.

Wright 1J, Ackerly DD, Bongers F, Harms KE, Ibarra-
Manriquez G, Martinez-Ramos M, Mazer SJ, Muller-
Landau HC, Paz H, Pitman NCA, Poorter L, Silman MR,
Vriesendorp CF, Webb CO, Westoby M, et al. (2007).
Relationships among ecologically important dimensions of
plant trait variation in seven Neotropical forests. Annals of
Botany, 99, 1003-1015.

Wright 1J, Dong N, Maire V, Prentice IC, Westoby M, Diaz S,
Gallagher RV, Jacobs BF, Kooyman R, Law EA,
Leishman MR, Niinemets U, Reich PB, Sack L, Villar R,
et al. (2017). Global climatic drivers of leaf size. Science,
357,917-921.

Wright 1J, Reich PB, Westoby M, Ackerly DD, Baruch Z,
Bongers F, Cavender-Bares J, Chapin T, Cornelissen JHC,
Diemer M, Flexas J, Garnier E, Groom PK, Gulias J,
Hikosaka K, et al. (2004). The worldwide leaf economics
spectrum. Nature, 428, 821-827.

Wu JR, Ma HC, Xu XL, Qiao N, Guo ST, Liu F, Zhang DH,

DOI: 10.17521/cjpe.2022.0456

©U 00000 Chinese Journal of Plant Ecology



1070 FEYEZ2HR Chinese Journal of Plant Ecology 2023, 47 (8): 1055-1070

Zhou LP (2013a). Mycorrhizas alter nitrogen acquisition
by the terrestrial orchid Cymbidium goeringii. Annals of
Botany, 111, 1181-1187.

Wu QS, Srivastava AK, Zou YN (2013b). AMF-induced
tolerance to drought stress in citrus: a review. Scientia
Horticulturae, 164, 77-87.

Xia MX, Valverde-Barrantes OJ, Suseela V, Blackwood CB,
Tharayil N (2021). Coordination between compound-
specific chemistry and morphology in plant roots aligns
with ancestral mycorrhizal association in
angiosperms. New Phytologist, 232, 1259-1271.

Xiao HL, Sheng MY, Wang LJ, Guo C, Zhang SL (2022).
Effects of short-term N addition on fine root morphological

woody

features and nutrient stoichiometric characteristics of
Zanthoxylum bungeanum and Medicago sativa seedlings
in southwest China karst area. Journal of Soil Science and
Plant Nutrition, 22, 1805-1817.

Xiong YM, Liu X, Guan W, Liao BW, Chen YJ, Li M, Zhong
CR (2017). Fine root functional group based estimates of
fine root production and turnover rate in natural mangrove
forests. Plant and Soil, 413, 83-95.

Yu SQ, Wang JB, Hao QW, Wang WF, Wang Q, Zhan LF
(2020). Fine root lifespan and influencing factors of four
tree species with different life forms. Acta Ecologica
Snica, 40, 3040-3047. [T/Ki®, Fikk, MiEm, E4
W, FH, FRTE (2020). PUFA RSB F AR A
i SSEIIR R, RSN, 40, 3040-3047.]

www.plant-ecology.com

Zhang DY, Peng YF, Li F, Yang GB, Wang J, Yu JC, Zhou
GY, Yang YH (2019). Trait identity and functional
diversity co-drive response of ecosystem productivity to
nitrogen enrichment. Journal of Ecology, 107, 2402-2414.

Zhang JR, Yan XJ, Jia LQ, Fan AL, Wang X, Chen TT, Chen
GS (2022). Morphology and C and N stoichiometry traits
of fine roots of nine understory shrubs in subtropical
natural evergreen broad-leaved forest. Acta Ecologica
Snica, 42, 3716-3726. [skitn, FmefR, BRIy, %
B, EEH, BREE, BROtK (2002). EHRGH R IR L6
AR T OREARAIRILAMC, NIWEITTERHE. &
2R, 42, 3716-3726.]

Zheng WS, Morris EK, Rillig MC (2014). Ectomycorrhizal
fungi in association with Pinus sylvestris seedlings
promote soil aggregation and soil water repellency. Soil
Biology & Biochemistry, 78, 326-331.

Zhou CW, Cui WJ, Yuan T, Cheng HY, Su Q, Wei HX, Guo P
(2022). Root foraging behavior of two agronomical herbs
subjected to heterogeneous P pattern and high Ca stress.
Agronomy, 12, 624. DOI: 10.3390/agronomy12030624.

Zhou M, Guo YM, Sheng J, Yuan YJ, Zhang WH, Bai WM
(2022). Using anatomical traits to understand root
functions across root orders of herbaceous species in a
temperate steppe. New Phytologist, 234, 422-434.

SEHRE: K SR TriER

©U 00000 Chinese Journal of Plant Ecology





