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Table 1 Seed pelletization method for Zostera marina

JUSIES| AR Lbie-Jin AT ]
Treatments Wood-based matrix Mineral-based matrix Drying duration/min
1 LZ1 0 0 0
2 LZ2 0 0 2
3 LZ3 0 0 4
4 LZ4 0 0 6
5 LZ5 0 0 8
6 LZ6 0 0 10
7 LzZ7 0 0 12
8 Mzl 1:3 0 0
9 Mz2 1:3 0 2
10 MZ3 1:3 0 4
11 Mz4 1:3 0 6
12 MZ5 1:3 0 8
13 MZ6 1:3 0 10
14 MZzZ7 1:3 0 12
15 KzZ1 0 1:3 0
16 Kz2 0 1:3 2
17 KZ3 0 1:3 4
18 Kz4 0 1:3 6
19 KZ5 0 1:3 8
20 Kz6 0 1:3 10
21 Kz7 0 1:3 12

W LZRR AN (EIURALIE B ); MZZRR AR 2 ; KZFRoR A
BUEEAH . 12 3R TS IR A L

Note: LZ represents the untreated seed treatment (bare seeds); MZ refers to
seeds coated with a wood-based matrix; KZ denotes seeds treated with a
mineral-based matrix. The 1 : 3 ratio indicates the mass proportion of seeds

to pelleting matrix.
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T b0 1 O R b W AR A S AR BRAE AR, LLRR T
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Fig. 1 Experimental flowchart
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73 3 I 52 R I TTC 4o a7 2%, 4 A b 39 21
BEHLIEFE 90 KiFh T, Y15 R 3 1, XF Fr G b B Ff
B, A 05%TTC i, T 25°C 6 51 T 1EH
24 h, HR 4 B RP IR A U 45 B, TR TR
(SV, %).

A A B A R S AT I, B b B A
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i F A E S P<0.05,
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SRS T, B AS [R) AL A 32 S5 5 X B ] X6 6 5
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91 25 Tt 18 385 B 08 AL T R AT B ] o X S
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(Refou)o
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T8 B e S WIeAG 5 UK, S SO TE I 8 A, LR R (B

N BEUE (Ref,,)s V- Y307 K T 1 0 1 46 4, LA B/ IME
N FEE(Ref,i)o

(3) W 335 H P FE A (PsD): BRI 5 . T L ANE
J 55 W K A& R] B B B T BT b R RE ) 5K 0 B 1B
RO, Pld KAE A BEUE (Ref,,e) o BB BT 37 5 45 b
CH LY ). 25 0T 58 J3E 55 9 A N () o M2 48 B 75 7
“W BRIy 3 5 <R B A A A i B 3 L
(i 2 sl AR AR T A AR LA A 2 R
S0 BRSO B, 2R BT 36 S 5 v 4y i A
J A8 i i B A R 2L Y SN (A A < BEOE BR A BR AR
(Reﬁ,pt)o

K 45 16 Fn S8R TR s v 4K D [0,1] IXC (8] (19 ¢ % bR
BAE (U, i TR AR LB, jIRRA 55

(1) IE [ 4 br:

X —-X..
U. = ij min 3
Y Xmax - X/n[n ( )
(2) f ) b
X.—-X..
U.=1- ij min 4
Y Koax = Xonin (4)

(3) (RIS FHRE B A 208 . B T B
B BEE (Ref,,,), A543 BRG . (V- RN 41 LZ K L
HAEEE Y, FE IS FRIRAE 0 2 515,
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- max(‘X,m—Re Fopt| > | Xmin — RESf
Yy B A B R A Y R R 8 52 [R] A T
B, RS AR SR A

Pvl; + Psl; + Gil;
i = - 3 (6)

HH 0 2 T A L [l A RE R X D R BE X T
I [] A9 A2 AL R S BEAT UG, A 0L it 2 e 0 o 1
FAURAL T By e KT I )3 1

3 %
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3.1 FFEMR

HLH R 25001 o, K] 0~4 min B, 5~
JBT 2 JBT  )T TOMN BE L AE E T) L e F 5 EE  EfA
Jo 0 R T AR AR ALK T L 41 (P < 0.05), Horp
T RE ) e R R AL RO R 3 2 A 3.2 7%
1.8 18 (& 2A); XTI ] 4~ 8 min B} 87 o 56 J 26 f9 fit
BF O] L B o B R 2 T, J Ak oK T BR B4 Y 5.1
51 2.3 4% (P < 0.05; 8] 2B&C); KT Hf ] 8~ 12 min
Ao Jo BT 20 B B A 3 v T AR Jo ST A RN AR
4 (P <0.05; & 2D), H HATH 58 B 3K AR J5t 5 5t 20 1Y
3.0 %5 R AT A R R, BT R A5 OR T
A7 1 35 22 5 (P < 0.05; 5] 2F ),
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Fig. 2 Effects of different pelletizing matrices and drying durations on sinking acceleration (A), disintegration time (B), compressive

strength (C), single seed weight (D), water absorption rate (E) of Z. marina seeds, and principal component

analysis of physical indicators (F)
TE: R 2R L AN /NG St 3 758 A [R) UL A 5 S5 AN 8] XU HF [ 22 [0 47 A (35 22 55, SR TITAS [ K5 7 Bk 32 75 A T8 XU B i) AS [ AU P o =2
i) 47 7E . 35 22 5 (P < 0.05), SW: BURLJTT 45 CS: TSR L s DT: M0 18] SA: FUTHEL AL ; WAR: WK 2,

Note: Different lowercases letters on the error bars indicate significant differences among drying durations within the same pelletizing matrix, whereas different

uppercases letters denote significant differences among pelletizing matrices under the same drying duration (P < 0.05). SW: single seed weight; CS: compress-

ive strength; DT: disintegration time; SA: sinking acceleration; WAR: water absorption rate.
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B b 135 S AT 4k 5 AE 87.4% F1 84.6%, 1 4 Ji 3 5t 4
il 3% T3 AR L B AP ZH BEAIR T 15.1%(P < 0.05), KT
A 1] 8~ 12 min, = ~4b BEAL B Fh 736 1 341K T 80%.
322 HEAEEEs

Bt 2 AT s ) SiE K, 45 4 B2 b T T
B3 LT, VER & a2 N (K 4A&B), Hirr,
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Fig.3 Effects of different pelletizing matrices and drying dura-
tions on viability of Z. marina seeds
TE: B2 IR IR /NG 5 B3R AR ] AR AL 2 A [7] T ) 1)
Z VAT S 35 28 5, AR NTAS [7) K5 5 B 2 7 AR ) X B I AR ) AL
KA T 2 [ A7 75 Jk 3 2% 5% (P < 0.05)
Note: Different lowercases letters on the error bars indicate significant
differences among drying durations within the same pelletizing matrix,
whereas different uppercases letters denote significant differences among

pelletizing matrices under the same drying duration (P < 0.05).
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0.05), A I R4 b 114 o/ B-TE A58 BTG 1 °F- 2% g,
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SY BT SRR, A S5 A 5 4 R R A A X R R
B, M50 FE T AUT PC B il K vT 5 M 4% (SS) i)
75 ] 583 43 85 (1€ 4F ).
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i, A R AT L T AL ] O min A8 L2 FTET
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LS5 A1 2.4 1% (3£ 25 P < 0.05)¢ 924 1 iR 5 i
(P S), XF B4 5 AR 3 5 . XU B[] 0~ 4 min &b 2
HZ WG 25 (P> 0.05), ¥ 4E 578 5 m ko,
B8R OR B L BT XU B[] 6 min &b 320 R B
B R B TE] 0~ 2 min &b BE4H B 2~ 53 6% (P <
0.05),
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Hi 2R 005 25 R W, O S A A T 35 S 4 ) £ I 2
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Fig. 4 Effects of different pelletizing matrices and drying durations on soluble sugar content (A), starch content (B), o-amylase activity

(C), B-amylase activity (D), total protein content (E) of Z. marina seeds, and principal component analysis of physiological indicators (F)

TE: R L IR R /NG 2 B 335 A ) ALK A B JFOA [R] XU T ] (] 2 ) £ 7 52 22 53, AR 0AS () K5 5 A 3 7 A [R] IR A Il AR ) AU Al 2 o 2

[B) 7 AE 2 25 22 57 (P < 0:05)0 SS: TV M & ks S: BEM %

H; SV: B FIE 1 TP: MRS

5 a-AMY: o-UE B BE 5 B-AMY: B-TE A B 1

Note: Different lowercases letters on the error bars indicate significant differences among drying durations within the same pelletizing matrix, whereas different

uppercases letters denote significant differences among pelletizing matrices under the same drying duration (P < 0.05). SS: soluble sugar content; S: starch con-

tent; SV: seed viability; TP: total protein content; a-AMY: a-amylase activity; B-AMY: B-amylase activity.
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Fig. 5 Comparison of seedling establishment rates in Z. mar-
ina under different treatment conditions
TE: R AR R/NG 7R R R AR R AL BEAH 22 (8] 47 75 135 25 5+
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L BT 1] 0, 2, 4. 6 min B9 AL BAZH s KZ1~KZ2: B JiFE A
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Note: Different lowercases letters on the error bars indicate significant
differences among treatments (P < 0.05). LZ1 represents bare seeds
with a drying duration of 0 min (control); MZ1-MZ4 represent
wood-based matrix treatments with drying durations of 0, 2, 4,
and 6 min; KZ1-KZ2 represent mineral-based matrix treatments

with drying durations of 0 and 2 min.
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Table 2 Cumulative germination rate, mean germination time,

and germination index of Z. marina seeds under different treat-

ments (mean + SD)
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Fig. 6 Comparison of comprehensive benefit indices in
Z. marina across different treatments (A) and the fitting
relationship between comprehensive benefit indices
and drying duration (B)
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Palletization Cumulative Mean germination  Germination
treatment germination rate/% time/d index Note: Different lowercases letters on the error bars indicate significant
) differences among treatments (P < 0.05). LZ1 represents bare seeds with
LZ1 52.0+0.7° 61.1+0.5" 143 +£0.3*
a drying duration of 0 min (control); MZ1-MZ4 represent wood-based
MZ1 52.8+0.4° 62.0+1.0° 14.840.2° matrix treatments with drying durations of 0, 2, 4, and 6 min.
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Note: Different lowercases letters indicate significant differences

among treatments for the same indicator (P < 0.05).
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Fig. 7 Correlation analysis of physical, physiological, germin-

ation, and seedling establishment indicators in wood-based mat-
rix treatments (A) and mineral-based matrix treatments (B).
TE: *FR 22 57 135 (P < 0.05), **3R78 2 57 . 3% (P < 0.01); SW:
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Note: * indicates a significant difference (P < 0.05), and ** indicates a
highly significant difference (P < 0.01). SW, CS, DT, SA, WAR, SS, S,
SV, TP, a-AMY, and B-AMY represent single seed weight, compressive
strength, disintegration time, sinking acceleration, water absorption rate,
soluble sugar content, starch content, seed viability, total protein content,

a-amylase activity, and B-amylase activity, respectively.
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Fig. 8 Synergistic optimization of the wood-based matrix and short-term drying duration for Z. marina seed

pelletization and subsequent seedling establishment.
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Effects of different pelleting matrices and drying durations on seed charac-
teristics, germination, and seedling establishment in Zostera marina

Peng Liye"?, Liu Jinji"?, Yan Wenjie"?, Zhang Yanhao"?, Zhang Zhen®, Zhang Peidong'?

(1. Key Laboratory of Mariculture, Ministry of Education, Ocean University of China, Qingdao 266003, China; 2. Joint Research Center for
Conservation, Restoration & Sustainable Utilization of Marine Ecology, Ocean University of China-China State Shipbuilding Corporation
Environmental Development Company Limited, Qingdao 266003, China)

Abstract: To overcome key challenges such as the tendency of seeds to drift with water currents during sowing and
low seedling establishment rates, this study focused on eelgrass (Zostera marina), a dominant temperate seagrass
species. The effects of two types of pelleting matrices—wood-based and mineral-based—and varying drying dura-
tions (0—12 min) on the physical and physiological properties of eelgrass seeds were systematically investigated.
Following a preliminary screening of groups exhibiting germination potential, the impacts of these treatments on
seed germination and seedling establishment were further evaluated. Results demonstrated that prolonged drying
significantly enhanced both sinking acceleration and compressive strength of granulated seeds. Notably, seeds
coated with the mineral-based matrix exhibited the highest sinking acceleration, reaching 3.2 times that of un-
coated seeds, and displayed 3.1 times greater compressive strength than those in the wood-based matrix group.
However, seed viability decreased progressively with increasing drying time: the uncoated and wood-based matrix
groups maintained viability above 80% up to 8 min of drying, whereas the mineral-based group fell below this
threshold after only 4 min. The wood-based matrix played a protective role in alleviating physiological stress in-
duced by drying. Throughout the 0—12 min drying period, a-/f-amylase activities and total protein content in the
wood-based matrix group remained comparable to those in the uncoated control group and were significantly high-
er than those in the mineral-based matrix group (P < 0.05). With respect to seedling establishment, the wood-based
matrix treatment achieved rates of 39.0%—43.0% under drying durations of 0—4 min, which were statistically simil-
ar to the uncoated control (42.0%) and markedly higher than those observed in the mineral-based treatment
(8%—12.5%). Correlation analysis revealed a highly significant positive association between seedling establish-
ment rate and key physiological parameters, including enzyme activity and protein content. Furthermore, compre-
hensive benefit index analysis indicated that the wood-based matrix could achieve an optimal trade-off between
physical suitability and physiological vitality when drying duration was restricted to 2—4 min. These findings sug-
gest that using a wood-based pelleting matrix combined with a short drying duration (2—4 min) is a feasible and ef-

fective strategy for improving Z. marina seed handling and establishment in seagrass restoration practices.

Key words: Zostera marina; pelleting matrices; drying duration; seedling establishment; comprehensive benefit evaluation
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