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Abstract Tree ferns are arborescent plants characterized by an upright, usually unbranched trunk with weak secondary
growth, typically classified as pachycaulous in terms of growth form. Unlike leptocaulous woody plants that rely on con-
tinuous thickening via the vascular cambium, tree ferns mainly depend on primary tissues for mechanical support and ver-
tical growth. Consequently, clear quantitative constraints on their height-stem diameter relationships are lacking. Further-
more, quantitative studies on the allometric growth of pachycaulous plants remain relatively scarce, leading to consider-
able uncertainty in reconstructing the height of fossil plants such as tree ferns. This study systematically evaluates the allo-
metric characteristics of tree ferns using 463 individuals of the extant tree fern Cyathea (Cyatheaceae) from the Leshan
area of Sichuan Province and 127 fossil tree ferns (Psaroniaceae) from the Taiyuan Formation of the Wuda Coalfield, In-
ner Mongolia. The fossils include 113 partly permineralized Psaronius stems and 14 adpressions of Caulopteris stems.
Using reduced major axis regression, quantile regression, and coefficient of variation analysis, we assessed the variability
of the plant height—stem diameter relationships of the tree ferns. The results show that the height growth rate of Cyathea is
significantly higher than its diameter growth rate—approximately double—reflecting a “rapid height increase, slow diame-
ter increase” growth strategy. The allometric scaling exponent of plant height—stem diameter in Cyathea is significantly
higher than that of leptocaulous woody plants, exhibiting a large coefficient of variation in plant height and significant in-
dividual differences at identical diameters. Quantile regression further reveals the potential range of height growth in Cy-
athea. Comparative analysis indicates that the slenderness ratio of Psaroniaceae is significantly higher than that of extant
Cyathea. Models based on Cyathea generally underestimate the actual height of Psaroniaceae, suggesting distinct height-
diameter relationships between the two groups. Ultimately, models based on leptocaulous plants or modern tree ferns are
not suitable for Paleozoic pachycaulous groups. These Paleozoic pachycaulous plants exhibit unique, highly variable allo-
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metric growth patterns that require further targeted exploration for accurate height restoration.
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Table 1 Tabulation of fossil tree fern stems
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Fig. 1 Morphology of tree fern stems from the Taiyuan Formation of the Wuda Coalfield
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al., 2025); C. “HHPE D v ELSLARAFHEARI R R L 2515 D. B A 22T I7HEA 435 OK B E. BB 22T I7 HEA 4155 OK B F. 135 LR b fRA7
FME AR RHE B 22+ G, BIF 25 77 HE AL 40 35 730K W, JB 7R R 22 @ i B H-J. = 40 10 4R 17 19 85 K J& Z£ T Psaronius sp. 1 (Y-0121), Psaronius
sp. 2 (Y-0020), Psaronius sp. 3 (Y-0033),

A. Compression of Psaronius-type tree fern stem from “vegetational Pompeii”, WD6/7-01 (modified from Zhou Wei-ming ef al., 2021). B. Compression of Psa-
ronius-type tree fern stem from “vegetational Pompeii”, WD6/7-02 (modified from Li Feng-yan et al., 2025). C. Permineralized upright stem of Psaronius-type
tree fern from “vegetational Pompeii”. D. Close-up of the framed area in A. E. Details of the framed area in B. F. Impression of Psaronius-type tree fern stem
from the floor of No.13 coal seam. G. Close-up of the framed area in F showing leaf cushions of Caulopteris. H-J. Three-dimensionally preserved stems Psaro-
nius sp. 1 (Y-0121), Psaronius sp. 2 (Y-0020), and Psaronius sp. 3 (Y-0033).
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Fig. 2 Comparison of anatomical structures and morphology between fossil
tree ferns and extant Cyathea
A. WE K& Psaronius sp. 225 F 25 M i 51 B, Y-0027; B. R0 A% 25 45 14 fi#
FIE (&5 B Kao er al., 2015); C. “FEAIE U1 WA T B AR A7) 4 Ak 53 T 1
(&2 A Li Dan-dan et al., 2025); D. SRS CyatheaF 51 % 1K B bk A2

A. Cross section of Psaronius sp. 2, Y-0027. B. Diagram of the cross section
of a Cyathea stem (modified from Kao et al., 2015). C. Whole plant recon-
struction of Psaronius-type tree fern from “vegetational Pompeii” (modified
from Li Dan-dan er al., 2025). D. Field photograph of living trees of
Cyathea.
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JE TR ) L ELAR AR, o — P HER W R M R
BN B 53855 Rt ) 2 8 KN B

%2 1 X (Niklas et al., 2006).

VE I KT 4 FE B Y B AL FR b, 4T 4 EEmT DL A
WL S WA A PR3 v e s R AR R, BT
[ HE P 28 LA AN [R] I 2 240 Ll i B, B mT o bl st
LR LR IEAT ) 2

BB B4 4t 5 A B 40 4 35 4 FH Python 3.97E
Jupyter Notebook ¥ 5% 71 58 i, F%2 7 ST DL B 2.

3 4 B

3.1 #BRMAREVIAD

RMA[E] A 43 #7 1) E A 32 202 Af e 78 it 2 (8] ()
DHRER &, AR TR o K RO A9 PR im — 2242 204 11
RMA [1] )7 45 B 5 Niklas (2006)45 38 (1) 41 25454 S b
R 5%k AN B RMA ] IH 45 Bn) b (222, K3-
A), ST R AE K ST . M S R, M
Opaa = 1.98, 3 35 5 T i 70U 441 25 K AR ) (COLF- 1 A1
BE B oy = 0.73), B 5 T AFAE (g, = 0.78), B
F P58k (opas = 1.93)(Niklas ez al., 2006), & HISHE ¥k
EH KRR E S T 2R KE R, Bl 4h
JEE IS o RIS 1) oy 95% AT DX R AH X BE
i, 2 IR AD 75 AH [F) 254215 L T ik w728 1 v [ A L
A A BE K. RO 1) 5 38 AE KW B log Bra (0.11)H%
X, B TARMm gk, a5 HEmnmddg
T Bl o, 3 ITE AR A B AR B, ROAE 1 24 00 R 1=
HE S (log B d), 1H F Ak iy b 2280 38 K 1) %
Mt . 25 RS B RPAT (1 A 5% 2 42 #haiy T 34y 1) R
W, HEP AR K2 A KT I W FH I, 7RI
1 O, PRl 3 K 4 o o R R R AR AR O B
DAL S A A e A 2 IR ok s 38 R TR, ok v P G K
A28 R T ZE A2 R K B at 95% BLAF X 1A 5 Hi Al
Tt SRRH 2 0 A LA B, A8 e R HOK, HE 5 R
FEL ) AR 1) A 2508 PR A O

RMAIRNA 4347 B 7E#6 7~ Th e K &R, 0T Hk i T
W B AT R E . RMAIRIE 23 SR b B
A5 A B [F] 1 oy (22), Ui BB () K
2R KR SUA AP KB I A M
FALA DI, AT 253508 R RMARNA 43 #7 ok H1
Witk A AR 22 R 2 (AR &R, ik — 25 I
A I8 B i T ASE B Ay A R 0 P ok v T 4 it
2%,
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#z2 AAFEEMog H,, Slog D, KR EHEYARMA)L 251t
Table 2 Summary statistics of RMA regression between log H,,,. and log D, for five populations
4i 2 opil s 95% CI of gy log Brau 95% CI of 10g B I n ZHE R
A XU I P A 0.73 0.71—0.76 1.33 1.31—1.35 0.541 420 (Niklas, 2006)
B FrA 0.78 0.75—0.81 1.64 1.58—1.69 0.613 482 (Niklas, 2006)
(@ (IIPN4 1.69 1.63—1.75 1.01 0.90—1.13 0.284 698 (Niklas, 2006)
D IS S 1.93 1.80—2.06 1.16 1.01—1.30 0.447 129 (Niklas, 2006)
E W 1.98 1.79—2.17 0.11 —0.12—0.34 0.470 463 AL
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Fig. 3 Plant height-diameter data processing and analysis for Cyathea and Psaronius-type tree fern
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A. Summary statistics of reduced major axes (RMA) of log H vs. log D for Cyathea. B. Cyathea plant height-diameter quantile regression fitted curve. C. Bi-
collinearity plot of log-transformed data for slender ratio (R) and maximum plant height () of Psaronius and Cyathea. D. Line graph comparing actual values

and model predictions for the height of Psaronius.

3.2 BB TRABRMMHEEUE

Niklas (2006)F5 tH, fili A 3 F5 8 R0 A# 25 6
VAL 7 RECEE & T A ZE YT EY)
FEF AR o F T R A T A7 AR 22 5, SRE IR
HERBAD PR e — 22 AR B R AL I K O v P
AME, THEAR IR IR SR R RECY = 43.69%.
M LA ZE ) B A 1 A e R BUBE AR AR E 7E20% LA
T, W& P42 N 12.91%, & i £912.45%—16.4%,
AR 2.157%—6.061% (FEFIXREE, 2007; #X 1R 7145,

2009; TKiEEEE, 2011; 4R £ FF, 2020). X T
EWMNE, ke 5 ZRNERKEEARF D, T3
Hbkm—Z2080E B0 HBRRE . X—4K
REAE AR 2SR T S8 8 e 3 o,
DAL b, RS 170 e SR 00t B S o T A ZE R ) S
7 8 B MR v HHE B A, DA R AN i v (1 — AR 1)
FELEXS H A 285 = A B AR T, A SR 50% 57
PR DA H FRAE, $2 M s R r gt . BLEZE
N (1)1 Bk v R M, T SRS B A R A X v
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FE, 08 MO B0 o o GE AL (R ) ¥WEACE
PR 5S mig H (R BR), 70 A510%. 50%. 90%
SR RL B B A 804, TE13-Br = 4544 i 28 20 5 %
LAV PR T F B T AR KT

(1) {RJHZH: H = 4.2089 x D325} R ik 55 4 A e =
0. 1B R AL /M, S b i 1) T PRER I . iR A
RRFTER P A KA 18 . Pk = DR A 7 A4k, B[]
VA5 R 4B 7 T AR K R A X G A 1 A Ak B bk i —
K45 Sl AR KRRAE, T WA RS AD PR 1 K ) B
{8, R T METIZIR . KR BRI T
bk i o

(2) WME A H=18.7147 x D" ¥ %% N bk i 9 Afic =
0.5 (A Mk, R IR IR = 13RI . L& it
LA HE TR TE A KR T IR s — 22K
R, WA A=Al b e, i Be AR BT
B A 1 AR KA, AT A B R R
TR B S H LAY

(3) Frd 4 : H = 13.1583 x D" 28025} B bk 12 70 A1
= 0.9 ) A7 A, AR MR 1) BB e . il
LRONEER R AR KB ONRE RS . PR R BB AN A,
H R OC R I8 T R bk i T Rk 2 198 78 1 IR,
SRR ARTE ZIE R 2 AR SRIE B A R A
KPR

RORDAE N oA e T e i B f AR B R AR R,
FAHF 22442 TR SRR KB . X TR X
HAR 5 RBORIO T, 4 250 0] Vi 3o v AN R
FE 151051 28, BE A RUTIIAR = B A BBR . R IR
FEE, AAIE BT R4 28 8O Pk e s, T
AR S RO R ) Bk = T AR A 2%

BT ORI A ROAD Bk = B A R R,
K AH LI 3 25 E A 28 SR T 2 A M X AR TE 1Y)
PIRRIE T SE B R - H=6.9m, D=9 cm
(Zhou et al., 2021)A1H = 5.4 m, D = 10 cm (Li Feng-
yan et al., 2025). W45 R BIR, LRSI 3
B ZH 3 A2 e 4, JFE TR0 A 38 B B T 0 AR A
(S bRk (2 3) . 1245 S AL AT A9 1) £ P 3R P,
¥ T B R AD Bk R — 2545 00 R A ST 1Y) T A5 A
BB AR e, L& F A R R PR

3.3 SRS BT RS R BREI
MR, . = Ho/ Dot H 45 R BoR, WO H)

®3 BAUAHS S S HENIRB TS XL
Table 3 Comparison of Psaronius fossil plant height with
predicted height from Cyathea quantile regression models

SEP ISR F

5 D (cm) PR (m) FERH (m) VMEAH (m) FE4LH (m)
WD6/7-01  9.00 6.90 0.88 1.48 2.19
WD6/7-02  10.00 5.40 1.01 1.70 2.51

a0 e Va D A3—44, KZ T 12—27 (EI3-C,
K4). 5Niklas (2006) 4548 58k X5 /50t
AR ()21 4 LU AR B3, RO A% (1 41 4 L B IS T A A, A
XL P Vet AR T, 3 T R R A

AL IR ES S Gt B

B BIPRIE (n=463)

ik

E 35 a5

2 3
Stk R (H/D)

B4 R 2F 4R LB IR S M S ik 1
Fig. 4 Normality analysis histograms for the Cyathea dataset of

slenderness ratio

H AT 3R B A bk e — 22 A T 0 SR AR
1AZH, FEAS B ARG PR, M DAY 2 IE 25 MG 36 5 #
KB )RR B R . E/MERZE T, Giit i 5
Rk e 5 RE M EAR, M LRA TSN ST
2.

DAL, A SR REA ST A L 34T IE S PR
b A7 B4 TR ) £F 4l BL B K NT76.67 (WD6/7-01), 32 1
T HACKH BRASAD (R = 3—44); H A B A 2
T £F 4 L Y5 B 2154, H R BIAR AR ZE T A2 %,
Z AT A0 LG BB AE — 58 P2 B AR A, (R A 1R 272
E AT 38 15 T 0 AR RS (1]3-C), B8 230 A A AR5
AR B B A AR A b, AT DLOK B s A
R T R I A RO AR ) PR v T B B AP AR R B 2
) 2245 A0 A AR TR ) PR o 3 ol N 3 T AR RO AT,
LR R T RO L MR A TR R TR
PR TR T 5 2L, LTI 45 R T B AR AE R G 2
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4.1 HEEBVHFIKRS EEREEKERN
DLAE RSB I bR R — 22 AR B0 RMA R E 53 41 25
RR, WP FE AR R bk 3G K R R T
ERIEK, BRI PR S SRS ) S .
AR S H 2R s = AR AR BE ) AR V)
FHOR: W T 2 R 32 S 2R o AR L A R Tk
SE , B RE R OV IR T i R R S, R I B R
3 T SE AR T 1) b5 O RO HAEAR T BB IR 5E
H), 3K — A K S A A T R A P e = AR A
A7 HRZEW AL Bk s e B IR, it
— 5 B R B bk 29 TR T A R R AR A B ) B R
(Nishimura and Suzuki, 2001; Niklas, 2007).
MO SRV . HEAR) TREK.
LN TN N A 13 - A N AN o 1 53
BALET, EF WA (B AR D) IR R4 T
B Z Ao AR AL, WA AR o BN B A OE L 5E
A REE) A AR K BE K i K HAK A3 B AR (Tom-
linson, 1979, 2006). #H == 4 i) 2542389 in 3 EEAR
THRPEE IR A AR K, TR ZEAE A T AR AR
K, TVETE AR S, 25T 2240 8 0 32 2205 T RF 2
BT A A K, 45 41 43 22 (Tomlinson and Huggett,
2012). FHZEAEY 2 T B 3= EAR A RN R 2
AR, RIMEA /N AR AR LEE T BUZ (N 758k, e
WAL BA R, 2RRM SR E2RIA T
4= [A] 25 (Terrazas, 1991; Fisher and Marler, 2006). 1
PR 5%, H AR A v R 2R AR ) G K R S BB B A
ZE57 o MR KRB Y (Cyathea australis)ik i
FH KB 273 om, KW R (Dicksonia antarctica)
HEES A KR 3.3 om, HARE A S E R Bk
AR A K& N8.9 em (Nagano and Suzuki, 2007;
Blair e al., 2017). TEAEKWIH, Wk 227 S5k e (R
A PR A T 2 AR K B WA R € A R (0 Cyathea
medullaris?) 20 m. Dicksonia antarctica?’) 8 m)J5 ,
WY R AR e 104 R R G L AT, (B R 52
P23 K, (R ZE T HELL (taper) FRIEAS B2, IX MR T
DA RO RS B A v 1 A2 5 & $l(Large and Braggins,
2004; Bystriakova et al., 2011), 5422 K AEY)(CV <
20%) 1 B WY 0f B, #F— P EIE J M A A KR
W 5 40 ZAEY A o R, 51543.69% 1748 7 &

H(CVULA, fEAH [F 2242 N, A AN bk i 22 e
R, B AR SE (3 . K gr . R FEEE)
() v BE R, SR L Hh ). K PHAR S SR A i
Y& 5 ma i i A4 K (Schwartz and de Gasper, 2020).
JE G, RMAZS AT FVEF 40 b A 7 45 SRATh R B R Y
PR — 22 AL B R BE(B13-A), (B = Z [A] A
A&ELMERR

4.2 WRAMALLESR

Niklas (2006)ff 7% i 7%, FLAR 752k 25 2 LU e Ak o
HERZETHEHREME KA, KZREEHT 5
Ee A7 K, ek A K B IR 7K 43 R E B, DA A7 7K 43
E AR R O B % 10 75 22, 3 N T # ) BB, DR A
PR A U ARG, £F 4l bE B 25 T oAb R 4 (5 T
F 4%, 2009; Fisher and Marler, 2006). 11 £F 41 Lt 5
I RRAE, WS H m o IR E 5IE S 8T, &7
PSS 2 Y05 T B A i B 0 11 A R 5, 25 oA 0
KL 235 B WA 1K B B G 0 A 8T 8 70 B 1Y)
A K #(Tomlinson, 1979, 2006). 40 25 # 4) B4R
20y SCH G, (HE TN A REEE &, B
OB T2 | T — O 22, 7 R A B m a4l
bb, FF AR 5 9 0 AR AR K R A 2248 v e AR
L S N S = v o I = K/ = R 7 TR A
% 2242 PR #(Niklas ez al., 2006). 5 778k REAR L,
IR [F R 228, IR0 5 3, B B s 8K, 24
KT BT, 2T KHRAEER8L, Bk
T v, WO RO AT S R R I B R I AT dn L, (H
TR T AE AR A0 25 A8

TR, s X ARTE I 2 B AR
(H=6.9m, D=9 cm)Zf- 4l Lt (R = 76.7)3z & B A= 1
W(R=3—44), HRBWEARZET, IEFENA
TRAF A 58 2 S EUAR AL, R 40 b (21—54) 153 3k 7=
TN, WA S A ZE AR AR . 3 TR
B 2 L1 o A H B U AR A S TR R A A AR
FoTm, FT0 AR 3 A T S PRk R, X — R ZE R T
AN B T SR AR fH 2R A T M B A A 2R
B, B REAR S0 [F) M 250k, ¥ = AR AR
KEe), HoH ka2 R R NRIH —E =
Fto DU B BRI 4EE R AR o EE(15%—20%) B &
i T A R I 4R R TR 5 L (4%—11%), BRI
A PR BN B BRI RE ), JERERE T
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J B 1 A AR AR B, fE S PRl B 4 SR HM e, % 2
RES A BRI W e R A R A O
T AR ) 25 ) P A SR B B 2 2 e R ) ) B T 5
717 AERK =i (Bouda ef al., 2022), 3% BV 2 A () 4
ERSERTUBEESHLESNE MR, %
A DR = A AR K RE DD, ToiEAR Al ZEpE ) — ol i
B0 22 2242 SR R A I BEAS 2, BRIk A0 o NI
(1) 5L B 21 2 B2 1 7 R A & (Niklas, 1994c¢). 1T #E A
IR 1) JEL BE 20 21 73 AT (W1 Psaronius sp. 2+ P. sp. 328
TR AR 1) BB A ), sl S AU AR, BT T 4L
e i B 70 25 I, R AR A SR I v R AT A
bt AT E 55 4 1 o 4 2 B 2 Tl A 34

4.3 EREGEHE—ZREER

Niklas (1994a)$F 25 /1 IR AR A 530 o A 22 4R AR
A 15%, BT A A& AR KRR ER AR, & A
Bk = A A K B TR R FE ) (non-woody plants), #5615
BRIV R ST & AR T 15%, B AE R A #4152,
463 H AT B e — 22 A2 A A A 282 £ 5 Niklas
(1994a)i A 1107 m < D < 107" mff R & Ja H, %t
8 A R LT G, AR 5 Niklas (1994a)h
AEAR ARV 53 2K € XAFAE % 7 - Mosbruggerfbt
T Je HAS o5 AR BB 58 5 G 350 0 4 ZE R ) v A,
AR 5 R, XK — T il 2 x0T AR S R Ak
KETAP Yt IEAEH o Niklas 4 U 3 -4 1
TEAE HE FE 10 A0 $2 (Niklas, 1995), T 48 Ak 55 5 v s
A K ERA G, A ZEEIRAEE KB SR T ET
HEAL (taper) 3 o, af# (K. H—LELAEPIH T =
PAEAK, A R IR, — e 2RI
H 196 4 fb (Niklas et al., 1992; Niklas, 1993; Schlegel
et al., 2020). 5 1HE ¥ P U1 Hp () B IR 2540 22
T, R FEHB 2120 omim FE A R GE R (A 2.3 emi
£8.0 cm), WG HESE T RE, A, 24K
ZARFFTES—9 cm (Zhou et al., 2021). WPAY FIH#E AR
TENRL 2D, B Z A K, B1E Fast il IR
LB R, R Niklas B 7 A58 13X
R ZE MR . OB R AR AL F £ HE AR A Niklas. Mos-
brugger ;7 46 15 8 A% 24 ik Mosbruggerfi 24 (] 3-D)
S IR, =P R P N A v 3k v T 2R
KRSz . o, Mosbrugger & %6 15 78 (1) F i)
SERMI LA ZEKSME. EEREI KRS

HAAT ZTA TSR, A 25T B SE I 52 3 I A1
T ELSE R =, PRIt Mosbrugger Ji7 48 14 84 1) Tl
PRk br BRI AR T RER I H LR . Bk, iR
R DlA v B MU T 2R, & R4tk
e AL R R o ARORIE FE L S [T A X R 2 A A (
WG JEk . BRSSPk —2 R ok R AR I,
S L [0 70 45 2058 H AL AR BRI 2R 5 DA
MR 2B, TAE BRI, AR R
FHEAERKAS, B @ AEAXEDGER . A
T HAR R, R Z Y KPR m—Z2 R KR
AR5t AHOR, VbR = 2 2 A R RN . AE KB
v T oh 7 X AR, RS AR S
ANIPAE 2 SR 41 PSP N (AR S TR SiCHp W S = Po)
TR XK Ry~ o285 VE R SERE, BN AR
I a7 R Bl U AT T

5 4w

AW FERT 463 I A W BRAAD Pk i — 2211 2K
A L 5 i A5 B e A Rt — L T 127 AR
WREY 22 TR EAE AT R 5 . W ER
FHZEHEY), SR H 35 X ) T S 2R 40 2R A Y 1)
PRim—Z22 R R, HAFEZEE AR & 2 7K
RMAZ3 #7455 B 7= RO A bk e 38 K ol 2R 43200 2248
I AE, SR S K T2 K R i A K
B RS RO ST, @ UCR A A=A
MRS RD R ey TSRS, FIO RS AD 1Rk = AR ALY
W BR A A AR AR AN L 2 35 & TR0 A8, BB R 1
PR v [ U 00 A5E 28 P T W A A A o v T B B
B SARA, RIS —E RS 450 B B A Bs A
B, A AL S 3 S W b ] BEAT) A7 7 DG B 22 3¢
F4 I A BB AR AR AD IR, B2 % RO A% H B
TR ) Sl TN TR 4K A, Mosbrugger i 46
AR P A v e AR S A A R Y SR o
T o JE SR FUN S T T 1 RHR 25 (R FE 4R
IR BRI R — 2R R R E, HEE
iR b T 5B ) 5 A A A R — P R HE R 2R AL
VER=IEN it 2 i

Hf SR (Supplementary) Bt {1, Bt £ 2 W, H ¥ hi
(DOLI: 10.3724/aps.2026805).
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