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5 Xinjiang Aksu National Positional Observatory for Forest Ecosystems, Aksu 652901, China

Abstract: Freeze-thaw cycles are the most significant environmental stressors to temperate deciduous tree species, limiting
their distribution, survival, and growth. Hydraulic failure due to freeze-thaw induced embolism is one of the major risks to
trees in maintaining hydraulic function. In this study, eight cultivars of four characteristic forest and fruit tree species ( Wen
185, Xin Xin 2 Hao, Hong Fu Shi, Wang Lin 1 Hao, Diao Gan Xing, Xiao Bai Xing, Kong Long Dan, and Wei Di) from
the southern part of Xinjiang were used as the target species of investigation. We compared and analyzed the differences
between the plants in terms of their hydraulic function, conduit structural traits, and non-structural carbohydrates (NSC).
Furthermore, we explored the relationship between the hydraulic function of the eight plants’ branches and their conduit
structural traits and NSC. Finally, we identified their response and adaptation mechanisms. The findings revealed that; (1)
Freeze-thaw cycles significantly affected xylem hydraulic traits. From January to February (freeze-thaw embolism period) ,
the specific hydraulic conductivity (Ks) of the eight cultivars significantly decreased, while the hydraulic conductivity loss
rate (PLC) significantly increased, indicating that low-temperature freezing and thawing stress damaged the xylem hydraulic
conductivity system. The greatest hydraulic conductivity losses were observed in Wen 185 and Xin Xin 2 Hao; (2) In
March ( freeze-thaw embolism recovery period), the loss of hydraulic conductivity was recovered to different degrees in
different cultivars, but there were differences in embolism repair capacity, with Wen 185 and Xin Xin 2 Hao having the
strongest embolism repair capacity; (3) During the freeze-thaw cycle, PLC induced by freeze-thaw stress was significantly
and positively correlated with conduit diameter and xylem water potential at 50% (P50) and 88% (P88) loss of hydraulic
conductivity. Trees with narrower conduit diameters and less embolism vulnerability had higher hydraulic safety, but
cultivars did not show a coordinated relationship between hydraulic efficiency and safety; (4) During the freeze-thaw
embolism period, conduit diameter, starch content, P50, hydraulic diameter, P88, wood density, and conduit density
significantly affected PLC; During the freeze-thaw recovery period, increased branch water content was associated with
higher Ks and lower PLC, with Ks positively correlated to soluble sugar content and branch water content negatively
correlated with PLC, highlighting the crucial role of NSC and water content in hydraulic recovery. Our results found that the
8 fruit cultivars showed different adaptation strategies when facing the same freeze-thaw cycle. The study enriches the
understanding of the effects of freeze-thaw stress on the hydraulics and carbon physiology of temperate horticulture crops,

and provides new insights into the responses and adaptations of different cultivars under climate change.

Key Words: free-thaw embolism; conduit structure; hydraulic efficiency; trade-offs; non-structural carbon
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B A AN UR AR A K S is i DR ) o A S REAUBR SRS, DRI AL i FEE T A2 IR ) A5/
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FOREAR SR PEAR B DIAR S , (5 H AT T A SRR K T 45 R 2 155 Rl b 80 5 5 77 A O A 28 IR AT A 3 AR S 1R
PIANTEIE T BAEHERYEE N, 255 7% FEM R A A 5T R — P BT

RSSO ALY, B PR EAE CRIARE R BE RS ) Ase s, O DU AR M Y i e ARG B
B AR A A T A AR LA AR AR PR ARy BRI AR T R L
TERFSE R I, P et A7 i AR S5 B RK AL B W AR IR EE > AR v 50 20 I B M
AR TR EMRIR AR R 1 W AR SR IR AR, B A0 B 4 DROK RE 7, 1] P 3 o £
77 A A A (R R 4 TR RS0 20 L P A= i o R A R R T A, T i X A 1
AR/ 4500 B DS Y R e nT VA PRI B8 AR 28 S48 b, 7 A B B 3R B2, B 87K 43 BT
AT SEMEEARIE Y Wang 555 R IUIEA R MESR =5 B2 £0RA 1A TR HE I & 1R PLC 52 9 80 35 11 671
ORI AR R i NSC A7 RERS UK ) RIS 7 . T 1 S AL TR PN K A W ) = 26 A I
2, FUI S 9 f o T P M o A 42 P PO JT 55 194 o R TR T 2 5 i A o7 e I PR 1 A T
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[F) 14 5 2 55 1 T, A 0 A 0 X 5 € ok SRR 5 A A TR0 7K g bR 1 582 i % JEL 338 7 SR sy TRTF S e 2
AWFFE VLA FARIR VR AIYIRTSE 4 FOMCRA R 8 SRR S A O BIFFE X R T VR B ZE I EA T R AR K T MR
(HEARR (R AR R PO JE R 55 PR 20 ) L AR (9 S AR KD EAR) HURGR
(JRRERS L L ARBEE) ARSSHIVERR AN S K B IE | e R Al ZEW A I EA T R AR PR (LE ok (&
IRFRIRAR) ARLEF LR AN S AR (I RE | 1§ ARSI« (1) 7EARRIE IR 19 AN [R] B B (VR Rl ZE 301 A R Rl e ZE 0K
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1 #EFnrEE

1.1 BRI

AT 5L I SRR B0 5 55 b, DX S R e A2 AR ] 5 B AOMROR R i SR bt P 64T, b RS, R 48 80°327, b &S
41°15' , FEHEIR 1103.8m , M T /KPR 2.8—3.3m ; J& BE A T 5305, B 25 K AR K& A2 100mm;
FEPIR 10.19C, J7 B AR IR —27.4°C I = 4F (2019—2021 4F ) {0 - 18°C , 4E %4 H BRI %L 2747.7h, 6
FE M 205—219d,
1.2 WFER

TE 2024 4 1—5 HWila), e BT b AR AR — B H A KRB AT A3 185 B 2 & 48+ M 1 5
M NAA YRR MR B AR TR SRR SR PRI E TAE(R 1), 185 JHiBi 2 5 mTAy
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Table 1 Basic characteristics of the 8 cultivars

s Wk B B/ m Wt/ em SEE MR/ m A5 A
Cultivars Species Family Tree height Diameter of chest Crown width Code
i 185 Tk SIHERE 7.02+0.2 15.3+0.88 5.19+0.41 w185
HoE 25 bk AR 5.96+0.28 17.78+1.26 5.47+0.38 XX2
E+ R TR 4.26+0.16 9.58+0.59 3.64+0.27 HFS
Fhk1 = AR TR 4.54+0.09 9.91+0.52 3.25+0.15 WL
Ty A TR 5.28+0.09 15.55+0.79 5.73+0.09 DGX
INEE: f R 3.24+0.18 11.42+0.23 4.01£0.15 XBX
POy e TR 4.84+0.17 13.3420.64 4.5+0.16 KLD
Ui s R 4.68+0.15 16.31£0.71 4.86+0.27 WD

W Wi SEEEUE S E M AR R (n=5) ; W185 ;I 185 Wen 185;XX2.:#i# 2 5 Xin Xin 2 Hao; HFS: £1 % - Hong Fu Shi; WL: EHk 1
= Wang Lin 1 Hao;DGX: 4% Diao Gan Xing;XBX;/]\IV—I?'? Xiao Bai Xing;KLD;fﬂjﬁE Kong Long Dan;WD;%T% Wei Di

1.3 W5k
1.3.1 "gEdEcsE

AR B A TR T BT S BT v s % U A AR S R G0 T G B A W I A 5 (AR 28 80°517, dL 4 40°377)
FIFH 2018—2020 4F 1 A % 3 A/ H S A IR B 9 38ME . UL H &R RREE=0C , H H s/ RE
<OCINHIEYIA T URAIESA . /Y 1 A0 16 RAETFERMAIGER, 2 H 0 28 KA FERmEH,3 Aha 8
KA FURAEER (B 1) o AR 3 A A0 BFEFRINE 73 576 Ao R mi i ZE 10 VR Al ZE 10 R Al ZE Pk
B = AR T (E 1)

— HEBASR  — HREOR
25 L MK AREE ke LI FREGR | R
ke JE ) RIS |

i J& Temperature/°C

Bf ] Time (H-H)

Bl 1 2018—2020 &£ 1 F—3 AR ESRESEEHE
Fig.1 The average of the maximum or minimum daily air temperature from January to March between 2018 and 2020
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gk, TIER, IBGTHCR BEIHGrRC , s KBS e, 2 R ARSI LR T AR
FECRE SRy [l SE8G %, BN SEEG S 2, 57 R A A IR Fh IR 76K R 35 £ U0 M i 10em 2245, JFHIR ILTE
K 220 30min BRI SR BT 7 A RO AN PR 0 TR ) o FE DN E K AT, T 7K T R BT RLRE A, B IR B
KN 132.38mm(SE=1.84) , 4% 6.37mm(SE=0.08) ,JFETF-EI I, M4 Chave 55 ST , 2 BRIE
W R FE RN T 0.1—1800cm Z[H], AAHSE B ZEBAS B W RE/N T IR AL AR 7R TRl 48 1 T RE
P AR I g 25 A B —BCELIN & D 2 AR [R] , 45 R T — s R B Ml S WO S A 22 B K IR iE 22 57 . 25 B0
Ui PR T R85, P 25 2em 224 PR B2 R B ok I E 4 B b, B B P — 70em = B 7K FE H AR 3t
05 T R RS T I3 A4 0 o FH A ZE i 22 48 XYL EM-Plus ( Bronkhorst , Montigny-les-Cormeilles , France ) , F
AT IAR A SR BRI 46 oK 3 (K kg s™ MPa™) o FRBUR N SE W) IR 7K 3 4 2 Bode 4 3 gk b 8 | Xk 2%
HEAT IR, B B IHER B AR ZE . PRI R AR AF K, R T 0.2MPa, iR [ 294 20min, {H &
AT B 1 ST T S A1 b, P 0 94) 7 0 3 e A S B DR B o, T AN PRSI B SR NI E 2 I i 28, Ak o
B, FERRUCHI T 12 B0 5 SIS R Y B KK 38 (K, kg 870 MPa™) o BURIIM Sk % (Ks) R
KA (PLC) 40 BB A AT, ) Ks =K, (ke 5~ MPa~) B FE () /B AR () £ PLC =
(1-K,/K . ) x100% ,

23 A Air Tnjection Method ) S5 HUIAC T 58 98 1 95 1 28 103 FH R, EL 732 B T A Ao
YIIESE , -5 AR DT 2 (AN 0 s L HAR TR B8O — Bk, 275 O ST, AWF 58, BIrA A il 5 24
PR EAEBREA AR B AE PRI A B T AU B AR E I R], LAA DR Z5 SR BRs B M A AT Lot . BRI
FRANE « BT KB MR AR 2R B, T R 7E 2R Berb 142 DAL ASARHE A 88 P, B 5 4 25 B A 4 X
T KBS TR 1% (Model 1505D-EXP , PMS Instrument Company , Albany, USA ) f X3k & 1 & Hohin HE 3—
10min' " BRI R 56 AR SR 25 2R MB/K h ST 30min'™ PR HEZE 92 39 U0 0 2 2 0 5
FIKHE(K,) o RIG, ETTLL 0.2—0.5MPa [ I WG K (N [FI) RISOR I 8 8% ) | H 5 % P SR 2% 5 B
PRI 90% , FIKFERK A (PLC) = (1-K, /K, ) x100% , PLC FIA BT HE K #5000 & 22 Bk e 55 1 it 42
AU R 4.3.1 8 fitple” 40K — RINUAR TR AR 19 PLC 04145 BBk T EERUR RN JF it
BT FACRIER 50% I AR S (P50, MPa) |, LA Z& A BB S K 5% 8890 I YA Ji 8
JK# (P88, MPa) , PLC 4R Sigmoid A U4, HARUNT .

PLC=100/(1+exp[ (a(¥-b)]) (1)
K, ORI EHINEEE , o JE B IR RRER b AR T K LR 50% 88 % B 1 AT /K #
1.3.3  ARPBUH SRR A LIREE 5

iz H X BRI Z F45 1L ( Skyscan 1172micro-CT Scanner, Bruker Corporation, Kontich, Belgium)
SRR BT A AT AL . RN B9 B A B IR & =K, T Tmage J BRAE BRER A3 # B
MRS BTG FEFEE (N, N/ mm’) , RE HE (Do, pm) , FEK I HZE (DR, pm) , FEIT S (A, %) )&
JEWSFEL(T,,) o P8 %5 B i & g ok R v A8 B0 HO A T AR B e (R4S . A48 Bl i ) i
SRIR R IR S B TR B DR RS — A EE . BT AR ICE R S R K ) B
Hik, PRHCR T S48 K O B R i HOK ok, 5 548 B AR LE, /K ) AR BE BE 4 3R s A ) AR B Y K
LGRS Ok AT S A HARTE . Dh = Y, D’/ Y, D', D AVEBE R AT SR E AR
XA E L, AR BLIRE 15 A A0 ST EOT A (1, JmrR i — A A b 1 4D S
BRI [FRE IR R N AR B b O A R EAR, A B BRI AR R R AR . T, =
(1/b)*1%,

1.3.4 ARMEEMS KR

MNTE A A% R 7K R S A 2% L B O E) /N B (29 1em ) DU FLEEEE W, FHHEZK L DU AR /N B A

R TEBEM i AT BN 1 5y 2 — K1 b RV AR E S5 18 W, SR 5 TR S a4 Sk 3 b /NI -
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AKTF U R B EeE W, o AR PR, W, 5 W, 2 22 il M i HEFF K i B & (o) , FEAR(H
A TR (em® ) AHAE TEAIRFR(V) o B0 E SERFR B AR /INBOIABEAR TR E 65°C R4 72h, Z )5 HL
W RSEFRBCH T8 Wd, A% (Wood density, WD) A+ BE ARG HLE, Bi&S/KER W5 WK%
EHER LA W 3k,
1.3.5 AR&it

AP AT U A VA 1SR A R R B e R s 7% B S R BD SR NSC i, FEE LA
KRG, S BN AT A T AL FE , DA KAR B D A 25 PR RR R O . A 4% T 7R 118 00 2 B (1) 42 il 72
20min ZE A7, MR SE UG , U H0E R S CACHERS 2L 105°C I 30min L5 11 I e Bt IS R R A TR R =
65°C , k2t 1 48h £ETE , HEEIEF AN, HEREE (L (MM400, Retsch, Hann , Germany ) & BR R I3 A H
BagrhaE .
1.3.6 ittt

it PSR 3R T 26 3 ok o AT A TR 3 A R RIS B 55 & 7K K MR ARG Ab M 52 i 1 25 55l i o
K2R 07 22 0 Ak S B> F WA ) AR B 36 8 8 A AR ZE 5T ME i 22 5 R Jl T LSD R b AT 2 AL, R
FHIRNA 5387 53 5 37 7K T3 P AR 5 R 45 G5 A0 A JEGT 1 Rl 5 A8 P ik =2 B) A R DG e 500 4 B A 11 34 7
GraphPad Prism " i£47, i R ") randomForest PREUH S BEALZEMAR R DL PLC 1E Ry o A8 18 | HoAth AL 2%
ﬁ#jﬂ’ﬁj{lﬂi{ﬁ‘ﬂ@fﬁ,{ﬁ}% rf.significance PRIEIIE o B PR 6 SR DA AR TR () 5 M (8 rfPermute PRIESRS: 36 551
A (M (] ggplot2 I tidyverse £ H Y pRAION A% & B SR AT AT ILAL ., (8 R rh Y S5 48 Oy R A
(SEM #5881 o3 Hr 48 HAR B KE Ks (P50 JER) AT PEREFT NSC Xt PLC (9 BLHEFITR 52, I 2
BAR AR

2 ZERMoH

2.1 KRR KRR FR ZE PP

AHECT 1 A ARWEFE T 4 DSMIRRIAN Y 8 ARk B AR Ks 76 2 A B2 TR, N2 A5 3 A
By, Ks MIRE ETH(E 2) o TERRARZE (1.2 A6y) , RJed Ry 08 L MEAR 1 S8 Ks R EmTH
B4R A IR AR 2 A TR Ks B3 S TN A R 185 FIFH 2 5 (&1 2) , fEVRRAlRE ZER &
W13 A AREARES SR Ks BB 20F -+ FEAR 15 R 185 FIEHT 2 519 Ks & i T2y & ik ag
MR E AN Ks B Em T TEM/NE(E2),

AT 1 A0y, ARBFFE Y 8 AR B SRR 4 A0 PLC 76 2 A% Bk, N 2 A4%] 3 Ay, PLC
N BETH(E2) , 7EHEMEZED (1.2 A6 5 185 FUEH 2 5 PLC B35 T HE 6 MARE R &
Fofr TR VR AR FEVR S 301 (3 A 3y) , R R B AR Y PLC 38 55 T HoAth 6 AR R A A, Horp B P A
A A PLC X0 35 5 TR 185(27.58%+1.53% ) FHHT 2 5 (29.28%+1.65%) .

FE 8 ANAREE Rl PSO AU LA 20 R E M AR 1 50 PSO BE R T HE 5 AR AR B S R,
T A AT IR TR 185 FUETET 2 5 (K’ 2) o 7E 8 ANk BE SRl P88 By LA 40 LR EA 1 51
P88 I AN THE 6 MR IG Al BUe 8 0 T T RA NS BB 2 5 185, i T R
F/N A AR TR08T 2 5 A 185( &1 2)
2.2 KRR BT S A R

SEHRERIE R R TR 185((32.79£0.46) pm) 5HH 2 5 ((29.61£0.57) wm) B2 E HAR B E =
THA 6 AAREE A (8 3) o WIS 185( (63+7.32) wm) HiHT 2 5 ((55.87+2.64) wm) /K I LA 2 25
o T AL SRR IR SR (B 3)  FAFEBE /T, T 185( (128.3+8.05) ~/mm* ) FIHTHr 2 45 ((105.1+
11.90) 4~/ mm’ ) B9 S8 % B B BT/ A R 208 LM EM 15 (B 3), Iboh, T 8% g
TR AN A R EN SE R R ERT/AAAE (B 3) , 7RSI 65w, /NE A R 185 Fka
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Fig.2 Hydraulic characteristics and embolism resistance in branch xylem
PR BUE R I E AR IER 0 = 6 AR S FREFRIR [ — P FEE AR H 3 HE P<0.05 7K 125 5 38 s ANR/ING FEREFRoR [l — H 4 1 AS ]
YWIFIFE P<0.05 /K L2553 5.3 ; W185 . 1R 185 Wen 185;XX2.: #1#i 2 5 Xin Xin 2 Hao; HFS: £1 % + Hong Fu Shi; WL: 4Kk 1 5 Wang Lin 1
Hao; DGX ; i 4% Diao Gan Xing; XBX:/NA#Y Xiao Bai Xing; KLD: 2437 Kong Long Dan; WD B4f7 Wei Di
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Table 2 Two-factor ANOVA for hydraulic traits, non—structural carbon and branch water content
PR Yk Ay ZEH AN
Traits Species Month Interaction
H 57K % Specific hydraulic conductivity <0.01 <0.01 <0.01
FIKRIIJEH Percentage loss of hydraulic conductivity <0.01 <0.01 <0.01
A FEAEBE Soluble sugar <0.01 <0.01 <0.01
JEH) Starch <0.01 <0.01 <0.01
JESEM B Non-structural carbon <0.01 <0.01 <0.01
Hi 4 ¥ 7K B Water content of branches <0.01 <0.01 <0.01

2.4 BURARBE K SRS S S LR B R
LR 8 AR AT RO E T A B, PLC 57K BLAR 22 35 TR A G, X R R A ORI K g B AR AT g
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Fig.5 The relationships between xylem anatomical structure and hydraulic characteristics
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Fig.6 The relationships between xylem embolism resistance and hydraulic characteristic during freeze-thaw embolism period
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Fig.7 Relationships between xylem hydraulic traits and nonstructural carbohydrate fractions and branch water content
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Fig.9 Structural equation modelling of direct and indirect effects of branch traits on PLC during recovery from freeze-thaw cycles
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