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Effects of substrate-coupled irrigation on Hydrangea macrophylla photosynthetic
characteristics and water use efficiency

YANG Jun, XING Qiang, QIN Jun"
(Urban Horticulture Research and Extension Center, Shanghai Chenshan Botanical Garden, Shanghai 201602, China)

Abstract: [ Objectives ] This study aims to investigate the impact of various substrate types and irrigation
methods on the photosynthetic characteristics and water use efficiency (WUE) of Hydrangea macrophylla. It seeks
to elucidate the plant’s adaptive mechanisms to different substrate-irrigation combinations, providing insights for
scientific irrigation and efficient cultivation. [ Methods ] A pot experiment was conducted using 2-year-old
Hydrangea macrophylla (‘Hanatemari’) and an intelligent irrigation system was built in the greenhouse of
Chenshan Botanical Garden in Shanghai. Three substrate types (S1: garden substrate, S2: 50% garden substrate +
50% garden waste, S3: 50% garden substrate + 40% garden waste + 10% biochar) and two irrigation methods (full
irrigation, FI; deficit irrigation, DI) were set up. Plant height, crown width, and biomass of H. macrophylla were
measured, and photosynthetic characteristics (gas exchange parameters, photosynthetic-CO, response curves, and
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relative chlorophyll content), stomatal morphological features (stomatal size and stomatal density), leaf water
potential, and carbon isotope discrimination (A”C) were determined. Plant growth indices and water use efficiency
were calculated, and correlation and principal component analyses were performed on the indicators. [ Results ]
Both substrate type and irrigation method significantly influenced the photosynthetic characteristics and water use
efficiency of H. macrophylla (P<0.05). Compared with FI, under DI conditions, the net photosynthetic rate (P,),
stomatal conductance (Gy), transpiration rate (7)), initial carboxylation rate (R,), photorespiration rate (I'), and
relative chlorophyll content (SPAD) of H. macrophylla leaves were significantly reduced, but the addition of
biochar (S3) significantly increased P,, R,, I', and SPAD values of leaves under DI conditions. Compared with FI,
under DI conditions, the total water consumption of three substrate types showed a pattern of S1>S3>S2, saving
water by 22.9%, 65.1%, and 63.1%, respectively. Under DI conditions, the plant growth index and above ground
biomass of the different substrates showed a pattern of S1<S2<S3, with S2 and S3 significantly increasing the
plant growth index by 16.7% and 30.1%, and above ground biomass by 0.5 times and 1.3 times compared with S1,
respectively. S2 and S3 substrates maintained a high aboveground biomass while conserving water, and the
addition of biochar (S3) significantly increased instantaneous water use efficiency (WUE)), intrinsic water use
efficiency (WUE,), stomatal density, and leaf water potential, while significantly reducing A”C, maintaining the
highest aboveground biomass and plant water use efficiency. Correlation analysis showed a highly significant
negative correlation between A”C and both WUE, and WUE,, with A”C being more indicative of WUE,; principal
component analysis showed that R, and WUE, played a dominant role in photosynthetic characteristics and water
use efficiency indicators. [ Conclusions ] The synergistic application of DI and S3 substrate mitigates the adverse
effects of water scarcity, improving leaf utilization of CO, , sustaining plant growth and augmenting WUE in H.
macrophylla. This combination emerges as an effective cultivation strategy for enhancing the plant's water
efficiency.

Key words: H. macrophylla; substrate; irrigation; photosynthetic characteristics; water use efficiency
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Fig. 1 Daily average air temperature and relative humidity
during the experiment
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Table 1 Basic physical and chemical properties of
experimental substrate

15%5 Index S1 S2 S3

= =

pH 8.82 8.51 8.62

HL 53K Electric conductivity (uS/cm) 119.6  320.0 291.0

FLJFi %5 H Bulk density (g/cm) .17 0.71 0.61
BAFFLBRSE Capillary porosity (%) 42,56 6192 54.38
4% Total N (g/kg) 024  1.65 1.3

45T Total P (g/kg) 037 096 0.83
447 Total K (g/kg) 940  9.40 1030
WAl (mg/kg) 39.20 120.40  72.80

Alkaline hydrolyzable nitrogen

R Available phosphorus (mg/kg) 3.2 16.27 15.57
HRET Available potassium (mg/kg) 36.00 13.00 69.00
A HLBT Organic matter (g/kg) 122 4220 38.84

e SUAREt; S2 R50% ++50%F M5 S3H50% b
b +40% PR FE I+ 10% 4 5%
Note: S1 is garden substrate; S2 is 50% garden substrate + 50% garden

waste compost; S3 is 50% garden substrate + 40% garden waste
compost + 10% biochar.
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ZrH1 Al Duncan £ 0%, GraphPad Prism i [&l; f#

*®2 ERIER

Table 2 Irrigation experimental treatment

FLIF Substrate

HEWE Irrigation

T Bk Deficit irrigation

T RFFKAETT (%)

Maximum water-holding capacity

S ORISR FIFE (%)

FEOTHERE

Full irrigation

H ORI S (%)

SMS start threshold SMS close threshold
S1 36.843.6b 14.7 35.0 £ HifE/K2.8 mm
9 491443 a 187 46.6 Irrigation of 2.8 mm each day
S3 41.7+4.2 ab 16.7 39.7

T [FFVEE ARG PR R AL BRI 25 5 3 (P<0.05),

Note: SMS—Substrate moisture sensors. Different lowercase letters after data in the same column mean significant difference among treatments at

0.05 level.
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Fig. 2 Variation of substrate volumetric water content

under different substrate types and irrigation treatments
{E: FIOBZEERE, DI NS kERE; S1 801, S2 55 50%
++50% WIMBETTH, S3 2 50% Il ++40% [ AP FFHI+10% 4=
Y.
Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden
substrate, S2 is 50% garden substrate + 50% garden waste compost,
and S3 is 50% garden substrate + 40% garden waste compost + 10%
biochar.
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Fig. 3 Effects of substrate type and irrigation treatment on leaf gas exchange and leaf-level water use efficiency
of H. macrophylla

H: FINFESMERE, DI 56l ; S1 bk, S2 0k 50% bl ++50% FEARE Y, S3 b 50% [Tl ++40% FEARE 5 9+10% LY.+

EANEING FRER R A B R] 24 573 1 2 (P<0.05); *,

R HIFRAE 0,05, 0.01 1 0.001 KT B, ns HIERFM.

Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden substrate, S2 is 50% garden substrate + 50% garden waste compost, and S3 is

50% garden substrate + 40% garden waste compost + 10% biochar. Different lowercase letters above the bars mean significant difference among

treatments at 0.05 level. *, ** and *** represent significance at 0.05, 0.01 and 0.001 levels, respectively; ns represents no significance.
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Fig. 4 The effects of substrate types and irrigation on the photosynthetic-CO, response curves of H. macrophylia
T FINFESMEME, DI 5 H0EEE; S1 AR L, S22 50% [T ++50% FEMME 54, S3 K 50% I ++40% AR F5-491+10% A4 5%
TR 3 R SRR R
Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden substrate, S2 is 50% garden substrate + 50% garden waste compost, and S3 is
50% garden substrate + 40% garden waste compost + 10% biochar. The data in the figure is the average of 3 repetitions =+ standard error (SE).

®3 KRR XEE-CO, NS HHNE RS E=0

Table 3 Two-factor analysis of variance for parameters of photosynthetic-CO, response curves of H. macrophylla

I LI IR R ETPNED repr £ TP HR CO, #ME
Irrigation Substrate type o P, [Hmol/(m?-s)] R, [pmol/(m?:s)] I" (umol/mol)
DI S1 0.012:£0.009 ¢ 72.84+7.49 ab 1.3740.63 d 168.17+66.13 a
S2 0.019:0.003 de 74.16+38.01 a 2.45+021d 133.67+3.55 ab
S3 0.036=0.001 cd 32.9346.07 ¢ 3.79+0.05 ¢ 121.1749.24 ab
FI S1 0.042:0.014 be 58.15+23.81 abc 4.74+0.87 be 130.99+11.96 ab
S2 0.074+0.007a 36.89+1.25 be 6.31£0.38 a 103.56+2.21 b
S3 0.0570.019 ab 42.66+4.37 abc 5.13+1.13 b 107.39+8.70 b
F {8 F value
FEFZEI Substrate type 6.54" 3.33m 8.61™ 2.84ws
HETE Trrigation 48.96"" 2.52n8 84.08" 4.20m
FFR R P Substrate typexirrigation 3.83m 2.34ms 6.13* 0.280

IE: FORFEMERL, DUASHER; SUNE L, S2 H50%[E ++50%FEAMIEF A, S3050%H £+40%EbkpE FH+10%4 M 5¢ . RIS EHR)R
ARG FREFRIR A B 22 5 B3 (P<0.05); *, **HI***0p53780.05, 0.01710.001;5 ns AIGEFH .

Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden substrate, S2 is 50% garden substrate + 50% garden waste compost, and S3 is
50% garden substrate + 40% garden waste compost + 10% biochar. Different lowercase letters after data in a column mean significant difference at

0.05 level among treatments. *, ** and *** represent significance at 0.05, 0.01 and 0.001 levels, respectively; ns represents no significance.

22 43 A % R 3 I 5 S R I W S R R T RS Bk R
Ko DL, AR AR ) AE K A8 BOR
M ATl S1<S2<S3. 5 S1 A, S2.
S3 MR A KRB B BN T 16.7% . 30.1%;
Mo bR R I T 0.5 A 1.3 4%, 5 FLA L,
DI B EREALT S1 kYA KIS E R A&, (A
S2 I S3 M M AL K A8 BORN My I A g e AR S ) T 45

L 2A
w

TRILERE R K S1<S2<S3, 5 S1 #H,, S2 fil
S3 bR mh B A AL B A B B E I T 15.2% Al
34.8%; AFFEBSMAT, 5 FIALK, DIAR T K
SR B AL BRI T 13.0%.

2.4 ERS5ERTAMERE KK FIBYE
oAl

DI 541 F, AS[a) 5 oAb FH 7 % A T 0 o 100 1y
FEK R K S1>S3>S2; 5 FIAHEL, S1. S2 fl
S3 AT A K 22.9% . 65.1%. 63.1%., WHE)

PFRIERAFAE R 22, XRVIEME Y MEY)
P RS TN K ek 5 B A AR AR 7K k1) R s A4 17K
HEEERAE K (K 4).
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-
C
d
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0 1
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FEWEALFE Trrigation treatment

5 ERFERACIE KM FEEKH F X4 R
SENEMN
Fig. 5 The effects of substrate types and irrigation on the
SPAD value of H. macrophylia

TE: FI3e/rEE, DI b5 8ElE; S1 4L, S2 4 50% [
++50% RIMEFH, S3 K 50% I +-+40% FEMREFEH+10% 44
Ho *#—P<0.01, ***—P<0.001. % I A[R/NG FREFR R b B H 2
53 (P<0.05).

Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden
substrate, S2 is 50% garden substrate + 50% garden waste compost,
and S3 is 50% garden substrate + 40% garden waste compost + 10%
biochar. ¥**—pP<0.01, ***—P<0.001. Different lowercase letters above

the bars mean significant difference among treatments at 0.05 level.

A ) PR W P o 5 R T R i 5 BRAR AR K
MR, 5 FLAHLE, DI &M N RRMFERIERK
SIRHRCR R ERM T 1.2 £%, Hrb S3 HFfE DI T
P R v R B K 3 R 80 o A [ T A
AbBRRFEFEN T ORI SEERI K S 5 FIAMLL, DI

i

HEJ7T Substrate: **
#EE Irrigation: ns
r JEFUEBE Substratexirrigation: *
a

|

3000
b b

2000

b b
1000
0 L 1
DI

ALK/ Stomatal size (um?)

FI

15 S1 BEFT A MoK S5 b 2 FEAIK T 78.7%, 1fi S2 il S3
BRI K BAEAR R E A T2 A EE, Xk
HH el R 55 ) R AR ) e S I — o R ke T
B2 T ke, BEAh, DI &ME T A3
FAR PRI L A T AR, 5 S1AHLL, S2 Fi1 S3
LT K a3 RN T 47.9% F 51.4%, AN[A]
BRI g 7 SO R G R B i [R)467 3 (AVC) 5%
Mk, B M EAE AN 3 . 3 R Ak
PREANFIEWE S5 R it e ABC {EX RN S1>
$3>S82, S2 5 834 S1 1Y ABC {HH BE N, 5 FI
M, [F—FBA T DI HA FRE APCE, H
HS2. S3 B EFHIKT 95.7%. 42.5% (£ 4).
25 XM ERT TR

XN E (Y 16 D HEFRIEATACHE 8T, RIAAL
TEAS 6B RIK 43 R PR A A8 A5 Z 0] A7 A AH O
X%, Hp, SD 5 WUE,. WUE, Ml WUE, ¥ i % 1E
R, 5 C M ARC i ERASE; A, APC 5
WUE,. WUE, 2% A5G, HHERES518-0.79
f1-0.60, H'5 WUE, WX M:m T WUE, (K 8).

X7 1 16 AT bR EAT A B, R
2 ERSY, BRI ETIHCN 74.5%, AR
FREA R . I 9 I, 2B 1 ERY (PCH T
JRIATE B 42.9%, FEH R, . P, fl o EEEHME
febrdt e, H R, 78 PC1 MIBEEK, 78 PC2 #
RN, RHXT PCL A BTBRE K 5 2 M4
(PC2) B3 T JRIA (S B 31.6%, FEH WUE,. SD

FE 5 Substrate: ***

. HEWE Trrigation: ** ost
‘e 300 [~ JL)5ixi# ik Substratexirrigation: ns  [S2
E a ES3
z b T b
= be
z | be T
z 200 T c
Q
<
=
<
g
2 100
wn
g
&
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=
r o .
DI FI

HEVL AL FE Trrigation treatment

6 EFRFERLIEN KIHERM A SR NS FLEE RS0
Fig. 6 The effects of substrate types and irrigation on the stomatal size and stomatal density of the H. macrophylla
TE: FIFE/MEME, DIH 5 HRERE; S1 MR+, S22 50% [ ++50% FAREFEY, S3 N 50% FHl +-+40% FEAREFH+10% £ Y%,

ns— IR . EANENG FEREER R A B ) 25 7 2 (P<0.05),

Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden substrate, S2 is 50% garden substrate + 50% garden waste compost, and S3 is
50% garden substrate + 40% garden waste compost + 10% biochar. *—P<0.05, **—P<0.01, ***—P<0.001, ns—No significance. Different
lowercase letters above the bars mean significant difference among treatments at 0.05 level.
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B 7 FREERMERLETRHERMRSILES
Fig. 7 Images of stomatal morphology of the H. macrophylla treated with different substrate types and irrigation
TE: FIMFENERE, DIHTHUER; S1 46+, S2 50% [ ++50% EIAKPE S, S3 K 50% [l ++40% FEMKE FF4I+10% 41 5%

Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden substrate, S2 is 50% garden substrate + 50% garden waste compost, and S3 is

50% garden substrate + 40% garden waste compost + 10% biochar.

R4 TECER KM EERE KFIK 2T BRI FRRI S0
Table 4 Effects of different treatments on growth and water use efficiency indicators of H. macrophylla

IR BRI (L) AR (cm) AR (g) M7K#E (Mpa) ABC (%)

Irjifffon Substrate Total wat'er Final p}ant %f;kzzgiiﬁig:lg/) Aboye ground  Leaf w?ter Shoo.t ca.rbfm i.sotope
type consumption growth index biomass potential discrimination
DI S1 15510 34.9242.76 ¢ 0.03£0.01 b 19.74+7.12¢ —3.97+0.87b  21.91+0.13 a
S2 7030 40.77£1.05 b 0.04+0.01 b 29.83+4.12bc —2.07+0.69a  21.09+0.13d
S3 7430 45.42+1.54 ab 0.11£0.05 a 45.04+2.70a -1.93+0.60a  21.24+0.10 cd
FI S1 20120 43.08+0.23 ab 0.02£0.01 b 43.01+£6.52a —2.22+031a  22.03+0.08 a
S2 20120 43.30+5.00 ab 0.03£0.02 b 39.65+8.32ab —1.59+0.16a  21.28+0.05 be
S3 20120 45.85£0.55 a 0.03£0.01 b 4146 +6.55a -2.07+0.54a  21.33+0.13b
F{H F value
FE T2 Substrate type 10.88™ 4.75" 5.87" 8.48™ 108.98"
HEBE Trrigation 10.15™ 7.85" 11.37™ 6.50" 13.04™
LIS PEWE Substrate typexirrigation 3.93" 473" 7.07" 4.16 0.28m

TE: FUNFE/MMEME, DU SR SR 1, S2 J50%F 1-+50%FEME e, S3K50%hE +-+40%FEAKEFA+10%A W% . RFIEHES
AR/NEG FREFIR AL BIR] 22 572 1 3 (P<0.05); *, **A1***+435]37R0.05, 0.01 F10.001; ns o E M.

Note: FI is conventional irrigation, DI is deficit irrigation; S1 is garden substrate, S2 is 50% garden substrate + 50% garden waste compost, and S3 is
50% garden substrate + 40% garden waste compost + 10% biochar. Different lowercase letters after data in a column mean significant difference

among treatments at 0.05 level. *, ** and *** represent significance at 0.05, 0.01 and 0.001 levels, respectively; ns represents no significance.

M WUE, %k R B sstrdt e, Heh wue,  SMR, MIXTT PC2 il & i 40 A 5 i 70 40
16 PC2 WM, 76 PCL RN, £IHNTPC2  (FI) REERFE— . LW, MXF PC2 iR IE
B BTIREE K . BRI A RBX 4 T AR AL S (B 9-b)s

ML AL BE . S[R3 AL BV PCL A4, MA VA

BAMKK N S1, S2 A1 S3; 5 S1AHEL, #RmpE ML 3 W
W (S2) FAEW B (S3) S5 BEAR Y PCL Al £ 78 5)) Ko R TRE Y A K 0 FBH T, FFKS
(K] 9-a)o T HUERE (D) AbFE EFAEPFHE =EN  TERSFELR—RIEYOCH AN, (Y
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Fig. 8 Correlation analysis between indicators of the H. macrophylla treated with different substrate types and irrigation
TE: *—P<0.05; **— P<0.01; WUE,—HI#R/KPFIHACR; LWP—RtK#; ACC—IRIEIM ZHE%,; SD—SILHE; SS—SFLK/;
PG, G— LS, C—IRM SRk ,; T—2&IBE0R, WUE—M R WK RIIRCR; WUE—R 5 BRK o3RI TR
By o WIRRIHR P KECEHEE,; R—CITFIHEAE,; I—CO, #MEAT; SPAD—HIX A4 & ik,
Note: *—P<0.05; **—P<0.01; WUE,—Plant water use efficiency; LWP—Leaf water potential; A"”C—Carbon isotope resolution; SD—Stomatal
density; SS—Stomatal size; P,—Net photosynthetic rate; Gs—Stomatal conductance; C—Intercellular CO, concentration; 7,—Transpiration rate;

WUE,—Intrinsic water use efficiency; WUE—Instantaneous water use efficiency; a—Initial carboxylation rate; P,,,,—Maximum net photosynthetic

rate; R,—Photorespiration rate; '—CO, compensation point; SPAD—Relative chlorophyll content.
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it 11 2 R0 R R AR, DT R SR 45 Bk it R X
CO, WIFI FHBCRIEAG; T R, AR Bl BE 2K 50
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BRI, AWk B0 b 254 T R 5 BRAE 5 ik
WA TR/ P, o, R,. WUE, fl WUE,, E£
AT R, . P, Fl o fEGEAH bRl 3 5
YER; X rTREt ThEA L YIR)G , Bff T /K55 bk
XTI A VERBIRRE], $28 T K o R FHRCR
—ERE LA TR SRR R AR,
T X CO, FIRRE ST, I8 i T4 FE i 0 S RE sl
BoK oy ia X a0, AR TR S P I 4E
R m LA B, thAh, K-Z53kiY SPAD H Y5
HESEERM AR RIRY e, HI 5 A 9 I 5T A
L, AW i s N 2 4 v T ORI 5 Bk T i TR
ST SPAD fH, SR T KT AR
BRRERGTEIN TR,
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Fig. 9 Principal component analysis (PCA) of selected parameters measured on the H. macrophylla treated
with different substrate types and irrigation

T (a) A FUAL BR324 34T (b) AR i%LIﬁ%ﬁ%IEﬁﬁﬁ*ﬁo WUE,~ ¥k R ;. LWP—IoK 3 APC—HkIA]
MR IPER; SD—TILEE; SS—TILR/; P—obEHliA; G—ILRIE; C—Hulm A bmakiE; T—8BHAR; WUE—HF N
TEAR I FIRLES ;s WUE—M R BER K P FIRCE ;. o—WHIRRAH S P — I RGO R—IGMFIRHA; T—CO, *ME R
SPAD—AHHXf 4R it

Note: (a) PCA of various traits treated with different substrates; (b) PCA of various traits of hydrangea under different irrigation treatments.
WUE,—Plant water use efficiency; LWP—Leaf water potential; AC—Carbon isotope resolution; SD—Stomatal density; SS—Stomatal size;
P,—Net photosynthetic rate; Gs—Stomatal conductance; C—Intercellular CO, concentration; 7,—Transpiration rate; WUE,—Intrinsic water use
efficiency; WUE—Instantaneous water use efficiency; a—Initial carboxylation rate; P,,,,—Maximum net photosynthetic rate; R,—Photorespiration

rate; [—CO, compensation point; SPAD—Relative chlorophyll content.
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