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Using Strauss-Hardcore model to detect vessel spatial distribution in angiosperms with
variousvessdl configurations

ZHENG Jing-Ming” and LIU Hong-Yu
Beijing Key Laboratory for Forest Resources and Ecosystem Processes, Beijing Forestry University, Beijing 100083, China

Abstract

Aims Spatia patterns of vessel in xylem are diverse and closely related with water transportation functions in
angiosperms. However, the pattern was generally described qualitatively in anatomy, which were unable to reveal
their links to xylem functions and to species distribution. We used point pattern analysis to study vessel spatial
pattern in xylem cross-sectional images to quantify their features.

Methods Images of 17 types of vessel configurations were selected in terms of wood porosity, vessel arrange-
ment, and vessel grouping. Optimum Strauss-Hardcore models for coordinates in the images were fitted. Correla-
tions among vessel variables and model coefficients were tested.

Important findings We found that (1) Strauss-Hardcore model fitted all the data well and its three parameters,
i.e., hardcore distance, local aggregation distance, and point-pair interaction or point aggregation index, and had
apparent biological significance. (2) Classifications of wood xylem by traditional anatomical indices could not
precisely present the spatial pattern of vessels compared to spatial point analysis, and local aggregation index
from Strauss-Hardcore model was mainly influenced by vessel grouping, especially frequency of radial multiples
and vessdl clusters. (3) Among the 17 vessel patterns analyzed, diffusive or semi-ring species with xylem consisting
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of solidary vessels showed negative point-pair interaction and aggregation index was less than 0.4, whereas spe-
cies with obvious vessel arrangement and multiple or clusters of vessel grouping in xylem owned positive
point-pair interaction and bigger aggregation index. (4) The former group of species demonstrated inhibition-
inhibition-random pattern at three local scales while the latter species showed inhibition-aggregation-random pat-
tern according to the fitted Strauss-Hardcore models. The findings showed that point process modeling could pre-
cisely describe vessel distribution features in 2-D xylem sections and provide insights on vessel development.
Therefore, this method may support 3-D vessel system simulation and experimental studies on structure-function

of angiosperm xylem.

Key words xylem vessel; spatial point pattern; Ripley’s K function; Strauss-Hardcore model
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Bl1 Stewartia pseudocamelliashift) 5% 7= [8] 4347 M F Strauss-Hardcore (SH)RE Y (I ALEE AT LS . A, ARBESIE VI N S8 2401
oo BAEERAR—ATE, REEANFEERWEM). B, BEMKFH0.0SHLEHALERL . » fXERE, ABFHA
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Fig. 1 Spatia distribution of vessels in xylem of Stewartia pseudocamelliashi and envelope test of fitted Strauss-Hardcore (SH)
model. A, Distribution of vesselsin xylem cross-section. Each cycle stands for a vessel with cycle diameter as vessel diameter (um).
B, Envelope test for L function at significance of 0.05. 7 the distance of paired points; Y-axisisthe L function defined in equation (3).
Black line represents L value from data fitted SH model, red line for average L value from 19 simulation of theoretical SH model,
green and blue lines represent 2.5% and 97.5% quantile of L value from 19 simulation of theoretical SH model respectively.
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SHARE AL 2 56 T pS ik FE A ML AR, ] DUAR R
ANTF) i A TR AH ELAE P I 5 35000 A% RS, R T AN [ 1
BTG L SR AR (I CE), AT 70 i
R E A R 2 S E A, R
BV YU, Afih F2ERASE
PEERIT A, BEXSRESE. BINMAE
5 E VIR SE 2 ARy, SR H AT

S K D) RE R B AR AE 2 7S AR TE AL
(Johnson et al., 2018). ¥ 55 K AE R K I AE K
MM 32 R (canalizations hypothesis), 7 A Ji
R RGOS AR, LE B AR AN R R B AR K 3
PO, T2 R0 R 1 B8 0 T 1) o 4 AR AN [ B
[ 27 R AT 46 40 R0 7 TEATT A6 4 M, &7 B bR 240 gt
— B REMATE, NNEREEKEMIR LS
PR eI A5 % 7 (Hacke er al., 2017). 41
RBLES IR, ESESE IR, WA
ERDAE— 0P R, SR FH RS P b U 1 Y SHS
TR, 4022 25 SHAR Y (Multi StraussHard), 3 1
— R RRR R RE 5 — R AR R E 5 (Baddeley
& Turner, 2005),

AHI SIS S SR A AT AR B ) S A R A
b B IR R A W02 75 . SHERAUAT 3N B AL AR AR
—h. rP Ry, BN TER SEE0A by >r
3N EI R E ERE SRR SMARE A, RERES
EAEAR TR P 1 o AR L0 A e A RENL, S8 0
AT BB 30 5 52 FEA 0 1) 22 2H 2R 45 K e i T
Z ThREMEZ) i (Carlquist, 2009). 4 5 G472 ELAR AN
I AT AR R RS S AH G, R TE /N T ARV A
REAETE AR S, T DLE X BT 5 45 2 A7

TE (R B/ MBS DRE T AR AR A Z MR SRR 0L

MAENCA R ERIEOLT, Al UK T AR
AR ZM(EL), WTCLRRE RS T O RE LA
—E AR IR HLGK . rRISAEh—r I BE T
N, S8 ZE A7 AR AR (5 B F), B
T I 18 X AN R i L AR ) s M R (58 4 Bt
HL), BILER T ROEZ B AT AR BEAL 73 A1 o pJUAR
REBMREN FERRERE, JHRERTL
i fa7n PR A I G EH, RO 3 R ERE
FEwm, BHBUE/AN TR, MR S8 A B
TER, RIDHFE R TS, NiZiE T HE,
ARAT b A% SRR R AT — € (3 PV, SHIR A
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X TR LAE YR B S T R AR o A Ak R R g
A—EidH, R TEFAE— € RJRRE. Fla,
2 L B (A0 A (Ulmus) — S Fh) 1 — AN E S VO
PN A7 AE I S5 AR S 2 70 B (1) 3 4 B A, Bl )
(a0 5325 8 (Rhamnus) — S0 1 S8 A R R E
Fe [ Z ALMRER S, XS OL N — MR N 38 R
RLor A AEAE 2 T N A8 BAR FROBE, Ty SHASE AY
I REZIE H A N RBE B SRARRR RS . Wb SR o
(1) T8 2 8] 3 AR R 8 B A AT i A itk — 2P
RABEFE(F2), filtnn] Lo i & 2 AN B8 )
— KR & A iy A H A o a5 HE B A
(Piecewise Geyer Model)8l &15 2 2 AN R 1 (1) 5
2% (Mencuccini et al., 2010).

H TR AL BRI IE IR R IE T I GO
Bl HH B, 506 T A J5 50 425 44 R D i AT 0 B 4 i A
HATER (Choat ef al., 2018). H AiXT S&EMMAI KT
A FR RS ARG RE, A REMRRE A 0T 3 3
[F) A% SR T G A, ans )T b 25 B 9% 1) At AR 43
A Bl b5 K R 43 A1 55 (Jacobsen et all,
2012; Hacke et al., 2017). CARFFRM, #FHHEY
()-8 70 A REAE R AR 527K O3 BR ) J 2 BR AU AR AL A
FE WIS N2, 56f 38 70 A b JR) IR 8 AR 23 H A B
TR ERAEAAL T Y FIK G5/ AN ) BE I 1 52
J5 . 4N, Garcia-Cervigons(2018)Hf 7t & B rg 3
PPN FEAF BT LA B FF Embothrium  coccineum 1
Nothofagus antarctica, ¥ FE7K IR/ 2 IUAH A AR
JREB S T A, SREHERIE K. SEKIF
BEARIC, (HEKDFEAZ. Al MHE
AR BT X AN S R AR (VG I
TN FRBE L ARE, E. coccineumf) S EHE
FEAREAETTE . 1RV X $8CH =5, TN, antarcticaIE
FEA . T BRI IX 35 5 (Garcia-Cervigon et al.,
2018). X —AHGEH I, R AT R R AVGIA
Revi IS S 5 RE LB E o, A RE R
JoT EREEAR A A A SR AR AR, R I I8 W] e A7 AE H
Al A I R S B B AR AR A T,
SR FH AR T 060 AR o0 g 1) 225 4 1) S B A M 45 A R
K53 HE BT R I e KA B T 3R s AT T R s 4
FIFI T RE BN

KIEGBHIRZ FEM B & — D =458 R4,
KRR RS =4 38 KRGS ALK
REY), WK N FREKE, #EH KK
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Table2 Characteristics of spatial point-process models for vessel configuration analysis

TR AR A
Model Point-process characteristic

&M
Scenario for model application

2 [ENHFA R 2 0] L B 58 ML

Poisson model Complete spatial randomness of points

TR A AR AE40S A i PEAR TR A 2 B9 U AN R AEAE

Hardcore model Neighbor point is forbidden at distance smaller
than hardcore distance

AR 55 A V415 R ) LR /N ) ) SRR % 1R

Strauss model Neighbor points have lower probability with
smaller distance between them

i AR AR AE— R4 A A A S AN R 5

Geyer saturation model

threshold value
EZ iR R 228 DL (A% AR Y
MultiHardcore model

EZSit)itEDi ki FUBPE2ZE VLB (Rt 57 Wi Y
Multi Strauss model Strauss model with more than two point identities

ke 9y Wi - A A 1Y
Strauss-Hardcore model

— MR A AN T R ) A

% R 7 WAL AR Y

Multi Strauss-Hardcore model

FURTE2IE DA 30 55 - R A A 1

kel

Piecewise Geyer model T TR

Probability of each point is restrained at specific

Hardcore model with more than two point identities

A combination of a Strauss model and a Hardcore model

R, B SR, L TRE
Single scale, single vessel identity, random distribution
BREE, B—-SERENE, BESTRE
Single scale, single vessal identity, uniform distribution

BREE, B-SERENE, RESMRE
Single scale, single vessel identity, aggregation distribution

BREE, B-SERE, BRESMIE, 258 % LM
Single scale, single vessel identity, aggregation distribution,
influenced by total vessel density

PR, BEUESEEER. i SE, B 258
45), FRSE Y IIRE

Single scale, more than two vessel identities (e.g., vessel for

early- and latewood, single vessel and multiple vessel), uniform
distribution for each identity

R, WKL ESERE, FIESERENMIHE
Single scale, more than two vessel identities, aggregation
distribution for each identity

PIN R, B IR SE, W5-BRENTRE

Two scales, single two vessel identity, uniform-aggregation
distribution

PIANREE, WKL LR, FRSEARRE RS

Strauss-Hardcore model with more than two point identities  Fl1 5 4 > A S {iF

Two scales, more than two vessel identities, uniform-aggregation
distribution

HEHE, WEBZ DRI TR, B THRENE 2 DRE, B—RBIENSE, WAMEEDS ML, 298

S SR

A hybrid model including multiple sub-models such as More than two scales, single vessel identity, uniform-aggregation
Strauss model, Hardcore model, and Geyer saturation model  distribution, influenced by total vessel density

(s T ot B = el 51 1 9 5 N K RSk = ST Bt <
7 EEHRZ R A TT IR, X =485
RGN BB SO BT IR FRAT A5 5 5
BRGSO DR B, TiREYI LSS o ARy
FERIHLEAR R g AR A T — B RS . A Fad
SH A SR A5 1 A Joit 30 T B 2 8] 43 AT R AE F8 A
AL DA T AN RS S AT T AR B8 7K 77 15 77 =X
WA 2R SRR RELL B 7. A=
Y SE RGWE T, ZTTRE AR
o AREAE . B E SN RO EAR T TR,
AR T8RS A S w5 4 TR ) 5K
RGN T e M HLEE (von Arx et al., 2013;
Beeckman, 2016; Schenk, 2018).
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