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Abstract: [Objective] Needles are the important organs of physiological activities in pine species, but the
relationship between morphological and anatomical characteristics and physiological traits of diffenent
geographical populations are still unclarified. Thus, assessing the association between the two kinds of traits

could provide a new perspective for understanding the adaptive variation of Pinus tabuliformis.
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[Method] Based on the common garden test of 8 geographic populations which collected in different
habitats from the whole distribution area of Pinus tabuliformis, we assessed the variation of morphological
and anatomical traits, transpiration and photosynthetic physiological traits of secondary needles of 4-year-old
seedlings, and evaluated the correlation between traits. [Result] (1) Significant genetic variations were
found among geographical populations in needle thickness, vascular bundle, stomatal and resin canal traits;
(2) significant genetic diversity of physiological traits was found among geographical populations, except for
water use efficiency; (3) the net photosynthetic rate, transpiration rate and intercellular CO, concentration
were positively correlated with morphological and anatomical traits; (4) the intercellular CO, concentration
of populations was significantly positively correlated with the annual precipitation and the average
temperature of January/ annual precipitation, the stomatal limitation value was significantly negatively
correlated with annual precipitation and average temperature of January/annual precipitation; (5) the number
of stomatal lines was significantly positively correlated with longitude, while resin canal number was
significantly negatively correlated with the longitude but was significantly positively correlated with the
altitude. Resin canal area/mesophyll area was significantly negatively correlated with longitude and latitude.
[Conclusion] Variation of needle traits could reflect the photosynthetic physiological diversity among
geographical populations. The number of needle stomata and regulation capacity of stomata would increase
with the decreased precipitation, and the change of the number of resin canal mesophyll area. This study
provided a theoretical reference for understanding the relationship between the anatomical and anatomical
characteristics of the needles and photosynthetic physiological traits, and adaptive evolution of the pine
species and genetic improvement.

Key words: geographical population; needle morphology and anatomical trait; photosynthetic physiological
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Tab. 1 Sampling population of P. tabuliformis

SRAEHN A5 Collection site 455 Abbreviation 22 % Longitude 2% Latitude 1§k Elevation/m
1 JUZEH, PU)1] Jiuzhaigou, Sichuan JZGPT 103°47'E 33°18'N 2393
2 Tk, B&PY Ningshan, Shaanxi NSPT 108°23'E 33°29'N 1423
3 J5 K, 4 Lushi, Henan LSPT 110°49'E 33°44'N 1713
4 Rz, 117 Lingkongshan, Shanxi LKSPT 112°20'E 36°37'N 1 664
5 H B, F ¥ Huzhu, Qinghai HZPT 102°58'E 36°58'N 2299
6 J51l1, B Fangshan, Shaanxi FSPT 111°33'E 37°56'N 1941
7 ¥A1l1, J6 5L Songshan, Beijing SSPT 115°49'E 40°31'N 885
8 TH, 51l Ningcheng, Inner Mongolia NCPT 118°58'E 42°17'N 1300

TR Hb A R B IS R X b TR
B0 4G 3% (40°59'NL 118°26'E), - i T 5
R A s 1 2 RS A%, TR b o 1 T L, 39 A AR T 4
+, LEEE KT 30 cm.
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Tab. 2 Needle morphological and anatomical traits in P. tabuliformis

FBFR Trait

IR Measrured trait

£ K Needle long (NL)/cm

£t J& Needle thickness (NT)/mm

#1155 Needle width (NW)/mm

£ - X Needle section area (NSA)/mm?

178 T & K Needle section perimeter (NSP)/mm

i PAITH Y Mesophyll area (MA)/mm?®

A $8 45 Morphological trait

- T A FLZE 2L Number of stomatal rows on convex side of needle (CSRN)

£ R T S FLZE 2T Number of stomatal rows on flat side of needle (FSRN)

£ T2 mm P S FLEL Number of stomata in a 2 mm depth on convex side of needle (CSR2N)

& rFIETHI2 mm PN S FLE Number of stomata in a 2 mm depth on flat side of needle (FSR2N)

EF - T2 mm P S FLE B Stomata density in a 2 mm depth on convex side of needle (CSD)

£ ETE2 mm Py S FL% ¥ Stomata density in a 2 mm depth on flat side of needle (FSD)

£ 2 mm P 1S FL % Mean stomata density in a 2 mm depth of needle (MSD)

e % Vascular bundle width (VBW)/mm
4% E Vascular bundle thickness (VBT)/mm

e HE K Vascular bundle perimeter (VBP)/mm

Y A Vascular bundle area (VBA)/mm®

A& 18 41 Resin canals number (RCN)

fi#Fe 4R Anatomical trait

R IE T A Resin canals area (RCA)/mm?

1 g1 J& K Resin canals perimeter (RCP)/mm

4 A 18 T AR/ I T A Resin canals area/Mesophyll area (RCA/MA)

- PRI T B/ 44 SR AR Mesophyll area/Vascular bundle area (MA/VBA)

I PR T AR/ R B T AR + P TR Mesophyll area/Resin canals area + Vascular bundle area (MA/RCA + VBA)

Sl
Stomatal row

W RRIE

Resin canal

R
Needle
thickness

YA
Vascular
bundle

Al

Stoma

B 5
Needle width

K1 A AL, GET U B
Fig. 1 Stomal rows on convex side of needle, cross-section of the

needle by unarmed slice
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Tab.3 ANOVA of morphological and anatomical traits among populations

¥4 J5Mean square

75 %43 & Variance component/%

Bk o Btk it
. v 838) - v v . s
Trait wiken | BEIEEED i o BEVR IS /MACSS) WEA1T9 NI
Population (7) (88)p P Residual (179) Population (7) Individuals in population (88) Residual (179)

CSRN 11.037 4.756 0.946 11.422%* 61.869%* 26.709 0.910
FSRN 14.056 3.538 0.653 18.411%* 58.261%* 23.328 0.950
CSR2N 8.427 8.163 4.243 3.706* 45.121%* 51.173 0.500
FSR2N 7.936 7.151 3.483 4.104* 46.492%* 49.404 0.560
CSD 0.001 3.79x10°* 1.75x10°* 5.642%* 47.374%* 46.984 0.690
FSD 0.001 242 x10°* 8.40 x 10°° 13.404%* 49.576** 37.020 0.900
MSD 0.001 241x10°* 7.36x10°° 10.624%* 53.961%* 35415 0.880
NL 55.497 15.648 1.061 20.017** 70.148%* 9.836 0.980
NW 0.212 0.091 0.006 14.062** 75.887%* 10.051 0.970
NT 0.114 0.030 0.003 20.158** 66.020%* 13.822 0.970
NSA 0.241 0.103 0.009 13.460%* 72.203%%* 14.337 0.960
NSP 1.436 0.727 0.147 9.866%* 62.794%* 27.339 0.900
MA 0.102 0.044 0.007 12.118%* 65.788%* 22.094 0.930
VBA 0.031 0.014 0.001 13.255%%* 76.229%* 10.516 0.970
VBW 0.086 0.031 0.003 15.662%* 71.914%* 12.424 0.970
VBT 0.044 0.013 0.001 17.931%%* 68.005%* 14.065 0.970
VBP 0.556 0.211 0.014 15.486** 73.834%%* 10.680 0.970
RCN 14.056 3.538 0.653 18.078%%* 65.690%* 16.232 0.970
RCA 5.63x10°° 2.50%10°° 438 %1077 11.482%* 64.242%* 24.276 0.970
RCP 0.072 0.0617 0.058 2.961 32.072 64.967 0.190
RCA/MA 2.84x10°* 1.66 x 10°* 3.45x107° 8.604** 63.408%* 27.988 0.870
MA/VBA + RCA 0.157 0.154 0.115 1.473 28.151 70.376 0.200
VBA/RCA 410.920 642.240 381.510 1.775 21.547 76.678 0.230

VE: #P <0.05; **P < 0.01. Notes: *P < 0.05; **P < 0.01.
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Tab. 4 Difference of morphology and anatomical traits among populations
T H Ttem FSPT HZPT JZGPT LKSPT LSPT NCPT NSPT SSPT
CSRN 7.830+1.790 6.360+1.355 6.970+1.082 7.690+1.636 7.640+1.397 8.060+1.391 7.200+1.346 7.830+1.630
FSRN 5.740+1.502 5.060£1.194  4.890+0.854 6.170£1.276 6.610+£1.202 6.330£1.216 5.290+1.017 6.060+1.603
CSR2N 21.340+2.363  21.690+2.012  21.830+2.524 21.860+2.38 22.330+2.330  22.390+2.193  21.140£2.158  22.110+2.681
FSR2N 20.89+1.728  20.810+2.584  21.140+2.127 20.970+1.647 21.080+2.322  21.940+1.836  20.460+2.513  20.360+2.180
CSD 0.078+0.021 0.071£0.015 0.071+£0.014 0.080+0.015 0.071+0.016 0.078+0.014  0.071+0.014  0.074+0.014
FSD 0.056+0.014 0.054+0.013 0.048+0.009 0.062+0.014 0.058+0.013 0.059+0.009 0.050+0.009 0.052+0.009
MSD 0.067+0.016 0.063+0.011 0.060+0.009 0.071+0.011 0.064+0.012 0.068+0.010 0.061+0.009 0.063+0.009
NL 144.030+22.481 123.030£26.691 146.610+21.459 134.640+20.913 164.580+13.586 141.840+29.551 132.660+30.076 150.030+24.685
NwW 1.096+0.224 0.977+0.134 1.078+0.143 1.052+0.204 1.217+0.142 1.172+0.181 1.082+0.167 1.173+£0.218
NT 0.683+0.136 0.610+0.066 0.723+0.088 0.660+0.110 0.759+0.083 0.777+0.097 0.671+0.106 0.749+0.136
NSP 3.035£1.026  2.636+0.343 2.990+0.413 2.891+0.508 3.268+0.318 3.187+£0.454  2.918+0.412 3.151+0.739
NSA 0.611+0.292 0.447+0.110 0.593+0.165 0.544+0.210 0.681+0.134 0.672+0.190 0.541+0.155 0.672+0.237
MA 4.032+2.435 2.961+£0.774 3.656+0.907 3.489+1.403 4.399+0.983 4.312+1.234 3.386+1.020 4.344+1.326
VBW 0.61+0.103 0.508+0.091 0.596+0.099 0.585+0.119 0.663+0.075 0.632+0.101 0.589+0.100  0.654+0.148
VBT 0.395+0.076 0.338+0.048 0.437+0.064 0.385+0.072 0.427+0.067 0.447+0.066 0.398+0.071 0.426+0.089
VBP 1.643+0.271 1.396+0.206 1.675+0.272 1.587+0.295 1.784+0.200 1.756+0.273 1.615+0.254 1.749+0.371
VBA 0.198+0.067 0.144+0.041 0.214+0.071 0.188+0.075 0.231+0.053 0.233+0.074  0.192+0.061 0.227+0.104
RCN 4.600+1.802 6.330+1.549 5.810+3.106 3.970+1.082 4.250+1.628 4.150+1.349 5.000+1.831 3.970+1.108
RCP 0.257+0.56 0.131+0.021 0.183+0.042 0.160+0.035 0.179+0.036 0.169+0.042 0.162+0.036 0.251+0.396
RCA 0.01+0.007 0.007+0.003 0.014+0.011 0.007+0.004 0.010+0.008 0.009+0.006 0.010+0.006 0.010+0.006
RCA/MA 0.002+0.001 0.003+0.001 0.004+0.002 0.002+0.001 0.002+0.002 0.002+0.001 0.003+0.002 0.002+0.001
MA/VBA 20.142+8.609  21.320+5.298  17.724+3.130  19.048+4.247 19.687+4.902  19.077+3.831 18.139+3.734  20.135+3.021

MA/RCA+VBA 19.262+8.195

20.204+4.803

16.768+3.152

18.340+4.162

18.903+4.870

18.371£3.604

17.294+3.676

19.285+2.851

x5 hMMIBEFEE NS EBIERTESTR
Tab.5 ANOVA of photosynthesis traits among populations
PR )77 Mean square Jj %43 & Variance component/% PEfk
Tait  BHECD FEU P46 (88) W19 BHED) REU P A6 (88) oy A
Population (7) Individuals in population (88) Residual (192) Population (7) Individuals in population (88) Residual (192)

P, 2.672 0.215 0.129 29.563** 22.819 47.618 0.940
T; 0.600 0.068 0.012 42.231%* 20.941 36.828 0.970
G, 0.001 291 %1077 1.05x10°° 8.282%* 26.311 65.407 0.710
G; 32476 7577 8701 33.922%%* 37.048%* 29.030 0.970
Ly 0.221 0.051 0.058 8.401%** 26.386 65.214 0.710
WUE 5.572 1.470 0.987 9.521%* 39.297%* 51.182 0.810

VE: *P <0.05; **P < 0.01. Notes: *P < 0.05; **P < 0.01.

24 RBERTFEHMAXGIER EEBRIIERE
e

F% FSR2N. NL. RCN. RCA/MA. VBA/RCA 4},
FIEMRER RIS C; RIHAH K, Br FSRN. CSD,
FSD. MSD. NT. VBT. RCA/MA. MA/VBA. MA/
VBA+RCA 4}, &R EHITE R 5 Ly RIS K,
4 CSD. FSD. MSD. MA/VBA. MA/VBA+RCA 4},
FILA AR TaPr) 5 WUE R C.

Bt aiets. SRR R S AR ER T
FHRAEAIER 8o X T ML MR TR bR 1 5, <AL
& k5 C FSRN. CSRN. FSR2N. CSR2N. FSD. CSD.
MSD) 54 46 UA J AT/AP S IEM %, gk &£
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Tab. 6 Difference of photosynthesis and transpiration traits among populations

15 H Item P, G, C T, L, WUE
FSPT 2.041 + 0.864 0.02 £+ 0.009 193.907 + 67.662 0.83 £0.273 0.496 £ 0.175 2.552+0.99
HZPT 1.838 £0.756 0.017 £0.007 168.596 = 115.99 0.686 +0.217 0.562+0.3 2.919 £ 1.609
JZGPT 1.682 + 0.651 0.015 + 0.006 182.781 + 54.292 0.692 + 0.241 0.526 +0.14 2.569 +0.984
LKSPT 1.918 £ 0.755 0.019 £ 0.008 194.091 + 48.804 0.788 £ 0.286 0.496 £ 0.125 2.646 £ 1.103
LSPT 2.372 £0.858 0.024 £ 0.01 196.833 + 46.789 0.935+0.283 0.488 £0.121 2.625 +0.847
NCPT 1.844 +0.678 0.017 £ 0.007 181.829 + 60.644 0.692 + 0.221 0.528 +£0.157 2.863 +1.232
NSPT 1.454 +0.676 0.012 £ 0.006 108.102 + 453.737 0.533 £0.249 0.719 £ 1.173 3.692 + 4.469
SSPT 2.039 +£0.801 0.022 £0.011 201.971 +52.490 0.835+0.311 0.474 £0.136 2.62+1.163
®7 REEREESRIEREXES TR

Tab. 7 Pearson correlation analysis between photosynthesis traits and needle morphological traits
TiH Item P, G, G T, L WUE
FSRN 0.635%* 0.561%* —0.205 0.570%* 0.026 —0.159
CSRN 0.587%* 0.529%* -0.197 0.575%* —0.002 -0.220
FSR2N 0.317* 0.267 0.009 0.250 —0.161 —0.190
CSR2N 0.490%* 0.415%* —0.055 0.371%* —0.149 -0.215
CSD 0.326 0.284 -0.308 0.362 0.162 0.520
FSD 0.459 0.441 —0.206 0.460 0.132 0.722%
MSD 0.428 0.397 —0.268 0.447 0.153 0.674*
NL 0.417%* 0.475%* 0.068 0.349* -0.162 —0.003
Nw 0.525%* 0.489%* -0.113 0.561%* —0.060 -0.261
NT 0.514%* 0.429%* —0.199 0.503** 0.047 -0.234
MA 0.510%* 0.458%* -0.117 0.546%* -0.033 —0.244
NSA 0.531%* 0.482%* -0.122 0.553%* —0.036 -0.249
NSP 0.545%%* 0.509%* —0.106 0.538** —0.070 -0.219
VBA 0.526%* 0.485%* -0.125 0.520%* -0.032 -0.227
VBT 0.451%* 0.386** —0.180 0.436%* 0.041 -0.213
VBP 0.565%* 0.516%* —0.141 0.550%* —0.033 —0.249
VBW 0.611%* 0.555%* —0.140 0.585%* —0.054 -0.268
RCA 0.484%* 0.444%* —0.051 0.485%* —0.095 —0.245
RCN —0.136 0.031 0.009 0.039 —0.044 —0.055
RCP 0.224 0.182 —0.050 0.293* -0.038 -0.209
MA/VBA 0.395 0.378 —0.031 0.390 0.215 0.119
RCA/MA 0.020 0.042 0.093 0.108 0.080 -0.224
MA/VBA + RCA 0.389 0.372 —0.031 0.383 0.216 0.118
VBA/TRCA 0.206 0.368 0.383 0.481 -0.482 —0.285

VE: #P<0.05; **P<0.01. n=40, Notes: *P<0.05; **P<0.01. n=40.

FH R S APy AJP. ATJ/AP 2 A% . A FSRN F1
CSRN 528 i 52 55 38 (1) 1E A0 5, 150 B 24 55 38 Jin et vk
AL R A BENREER, CSD 5 ATI A &
WA DG, Ul A H IR BRI AL A B
E R A o S S AL FE A5 (NW.L NT. MA.

NSP. NSA) fl1 4 5 H #6545 (VBW. VBT. VBA. VBP)
524 . ¥R K& AT/AP 2 IEMH %, 5k
AP, ATJ Fl ATV/AP 2 A, Ui BHZ 4 5 R 351
(18I0 R - I R A SR, T B K Fed H 38
TR P 1 0 D A ) I R 4 TR A T e R 1)
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Tab. 8 Pearson correlation analysis among photosynthesis traits, morphological needle traits and environmental factors

I H Item Longitude Latitude Elevation AT AP ATIJ AT/AP ATJ/AP
P, 0.409 0.419 -0.376 -0.226 —0.261 -0.593 —-0.039 —-0.472
G 0.462 0.276 —0.359 —0.037 —0.046 —0.421 —0.040 —0.251
C; —0.192 -0.721* 0.372 0.443 0.804** 0.716* -0.303 0.870%*
L 0.007 0.653 —0.205 —0.623 —0.831** —0.674* 0.160 —0.833**
T, 0.504 0.306 —0.336 —0.042 —0.058 —0.456 —0.030 —0.263
WUE 0.406 0.565 —0.465 -0.127 —0.525 —0.558 0.350 —0.598
FSRN 0.797* 0.506 —0.606 0.245 —0.168 -0.479 0.427 —0412
CSRN 0.845%* 0.575 —0.664 0.343 -0.213 -0.523 0.529 —0.452
FSR2N 0.259 0.376 0.031 0.030 -0.419 —0.281 0.495 —0.426
CSR2N 0.378 0.547 —-0.415 —0.089 —0.494 -0.510 0.381 —0.607
FSD 0.546 0.462 —0.208 0.021 —0.344 —0.474 0.383 —0.441
CSD 0.581 0.659 -0.332 -0.013 -0.566 -0.673* 0.488 —0.638
MSD 0.599 0.586 —0.281 0.008 —0.473 —0.600 0.460 —0.564
NT 0.551 0.351 —0.504 0.344 —0.088 -0.215 0.448 -0.239
NwW 0.593 0.287 -0.575 0.335 0.058 -0.227 0.290 —0.196
NL 0.313 —0.195 —0.255 0.496 0.497 0.214 0.020 0.309
MA 0.627 0.428 -0.510 0.192 —-0.120 —0.398 0.307 —0.333
NSP 0.594 0.298 -0.502 0.337 0.026 —0.248 0.315 -0.207
NSA 0.597 0.357 —-0.511 0.293 —0.049 -0.297 0.338 —0.253
RCP 0.438 0.269 -0.391 0.119 —0.011 -0.322 0.057 —0.150
RCA 0.446 0.090 —0.480 0.507 0.205 -0.039 0.257 0.010
RCN —0.910%* —0.474 0.720%* -0.517 0.066 0.337 —0.595 0.233
VBW 0.614 0.273 —0.590 0.399 0.083 -0.227 0.301 -0.170
VBT 0.468 0.205 —0.430 0.499 0.040 -0.037 0.471 —0.076
VBA 0.557 0.252 -0.513 0.454 0.055 —0.140 0.401 —0.131
VBP 0.576 0.243 —0.532 0.454 0.084 —-0.151 0.370 -0.129
RCA/MA —0.849** —0.746* 0.527 —0.031 0.475 0.641 —0.557 0.560
MA/VBA + RCA 0.037 0.017 0.019 -0.369 0.045 —0.185 0.003 —0.012
MA/VBA 0.039 0.019 0.013 -0.368 0.044 —0.188 0.002 —0.007

VE: #P < 0.05; **P < 0.01. n=8. Longitude’y ZJ¥ (E), Latitude V£ (N), Elevation N1k (m), AT NELIE (C), APNER/KE(mm), ATIA
1A BIECC), AT/AP NS R/ FERKERIE, ATI/AP N1 H iR/ /K EFME . Notes: * means P < 0.05; ** means P < 0.01; n = 8. Longitude,
longitude (E); latitude, latitude (N); elevation, elevation (m); AT, annual temperature (°C); AP, annual precipitation (mm); ATJ, average temperature of
January; AT/AP, annual temperature/annual precipitation; ATJ/AP, average temperature of January/annual precipitation.
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