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Table 1- Total irrigation water volume and irrigation depth under different irrigation treatments
during the experimental period
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Table 2- Physical and chemical characteristics of soil samples at the experimental site

Soil . Field  Permanent BUI.k Electrical Total Available Avalla}ble

d Soil - L .~ density . . potassium

epth texture capacity wilting point (BD) ( pH conductivity nitrogen phosphorus (K) (m

(cm) (FO (%) (PWP) (%) oo’y (EC)(@Sm™) (N)(%) (P)(mgkg™) ©) L0

0-30 SLa“dy 24.8 11.8 135 84  0.78 0.03 2.8 232
oam

30-60 Sandy 23.5 12.3 142 82 0.89 0.03 2.1 210
Loam
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Table 3- Chemical characteristics of the water used for lemon irrigation

EC TDS T Cr y N .. Na
Parameter pH n(l(jls) gzg)] (ﬂgqoﬁﬂ) (]T : ;q ( nig;L*l) (m(e?g Ly (ml\gf Ly (Ln:]f;] SAR
Value 71 0.7 450 2.5 15 2.0 2.5 1.0 15 1.2
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Table 4- Analysis of variance of measured traits affected by irrigation treatments and nitrogen levels

Source of Fruit Average Fruit Irrigation water
variation number fruit weight yield productivity (WP) SPAD TSS TA TSSITA
Replication 2 8750 ns 2.3ns 8.4 ns 3.8ns 4.2 ns 0.08 0.06 0.004
ns ns ns
Irrigation (I) 5 184500** 10.6* 598.7** 502.5** 152.8** 5.12** 0.87* 0.235**
Nitrogen (N) 2 65800** 20.3* 265.0** 79.8* 98.4** 1.56* Ohls8 0.061*
IxN 10 24500%  65%  89.4%* 72.1%% 26.7% 059 12 0026+
Error 34 9150 2.2 15.3 9.1 6.1 011 0.12 0.008
CV (%) - 11.8 3.2 9.4 8.3 5.7 46 59 7.3
ns: Not significant; *: Significant at the 5% probability level (P < 0.05); **: Significant at the 1% probability level (P <
0.01).
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Table 5- Mean comparison of the interaction effects of irrigation treatments and nitrogen levels on
yield-related traits of Limequat lemon

Irrigation Nitrogen Fruit Average fruit ~ Fruit yield (kg Irrigation water productivity
treatment level number weight (g) tree™?) (kg m™3)
Fl N50 1320 ¢ 45¢ 59.8 cd 30.6d
Fl N75 1440 ab 47 ab 67.7 ab 35.0 bc
Fl N100 1520 a 48 a 73.0a 375b
DI75 N50 1100 ef 43 e 47.3 fg 31.3d
DI75 N75 1220 cd 45¢ 54.9 de 36.3bc
DI75 N100 1280 ¢ 46 b 58.9 cd 39.4 ab
DI50 N50 900 h 41f 36.9h 31.9d
DI50 N75 1020 ¢ 42 ef 42.8 gh 37.5b
DI50 N100 1100 ef 43¢ 47.2 fg 41.3 ab
PRD100 N50 1240 cd 45¢ 55.7 de 28.8¢
PRD100 N75 1380 b 46 b 63.4 bc 32.5cd
PRD100 N100 1450 ab 47 ab 68.1 ab 35.0 bc
PRD75 N50 1050 fg 42 ef 44.0 gh 30.0 de
PRD75 N75 1150 de 444 50.5 ef 34.4bc
PRD75 N100 1230 cd 45¢ 55.3 de 38.1ab
PRD50 N50 1260 cd 43 e 54.1 de 469a
PRD50 N75 1480 a 46 b 68.0 ab 58.8a
PRD50 N100 1510 a 47 ab 709 a 61.3a
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Fig. 1- Interaction effect of different irrigation strategies x different nitrogen levels on the
performance traits of Limequat lime.
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Table 6- Mean comparison of the interaction effects of irrigation treatments and nitrogen levels on
relative chlorophyll index (SPAD), total soluble solids (TSS), and TSS/TA ratio, and the main effect
of irrigation treatments on titratable acidity (TA) of Limequat lemon

Irrigation treatment Nitrogen level SPAD  TSS (°Brix) TA (% citric acid) TSSITA

FI N50 52d 7.1e 1.19¢ 6.17d

Fl N75 56 bc 7.8d 1.19¢c 6.50 cd

FI N100 59 a 8.2cd 1.19¢ 6.72 cd
DI75 N50 48 ef 8.0d 1.26 bc 6.56 cd
DI75 N75 51 de 86¢C 1.26 bc 6.77 ¢
DI75 N100 53 cd 9.0 bc 1.26 bc 6.92¢
DI50 N50 43 h 9.2 hc 134a 7.08b
DI50 N75 45¢ 9.7ab 1.34a 7.24 ab
DI50 N100 48 ef 10.0a 134a 7.30ab
PRD100 N50 50 de 8.4 cd 1.24 bc 7.00 be
PRD100 N75 53 cd 8.9 bc 1.24 bc 7.12b
PRD100 N100 56 bc 9.2 hc 1.24 bc 7.19b
PRD75 N50 46 fg 8.8 bc 1.29 ab 7.10b
PRD75 N75 50 de 9.3hc 1.29 ab 7.15b
PRD75 N100 52 cd 9.6ab 1.29 ab 7.27 ab
PRD50 N50 49 ef 9.4 ab 1.33a 7.34a
PRD50 N75 55 bc 99a 1.33a 7.40a
PRD50 N100 57 ab 10.2a 1.33a 7.48a

N50, N75, and N100 represent the application of 50, 75, and 100 g of pure nitrogen per tree per month, respectively.
Means sharing at least one common letter are not significantly different according to Duncan’s multiple range test at
the 5% significance level.
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Figure. 2- Interaction effect of different irrigation strategies x different nitrogen levels on the
physiological and fruit quality indices of ‘Limequat’ lime.

sl 5 (81) SPAD  Jluie ppide ogbe sdnlis I3gize 1l cov (SPAD) Sy oo Judg S e ls
DISOXNS0 jles 3 () o] Jludo (%8 5 FIXN100 (7) Jss 3 45 psblom .5 )13 (395 % (bl Jilize i



3590 4l )kl 25y hol G5 TA gl jouds )3 el iy o1
Jlizo 51 )l sime il cons 55 TSSITA o 5,5 55 angs
sdnliie () Joaz )3 &5 jobplan .85 )13 ()59 X )l
Josi > (YXA) (adls ol ke ey sl

e (B1VY) ] Jase pyeS 3 PRD50xN100
2 TSSITA cons il 3l ¢ JS jsboas el s, FIXN5S0
o o5 0 s osimd sl Ol codgie )l (gl Lo
a3l ol Jlde oy iy Cawl ogue Al sl § Jole dol> dlge
i VL b 45 45 anlie PRDBOXNAOD L. ,»
Jlest a8 sas o s zols ol 39 olyo 35 jleus ) ;oTSS
SV 35 el Ll )3 o394 T o J5S Codgioms
DIl 1y ogse JI slausl 4 Jglome S5 Cos Sl 0
)l e sl aslis I (S TSSITA s 4 )31 aad
AR 5 gl Cguoe sge e Pl g (LI cudS
ool 2 ol el plis sl 0as plol g )l pl>
Cagllas cqus (B 0)l)> el yobods (a3 LS ol 38
D)5 (&S omg oAiS Bran g i b ol

B3lgiiy 9 (S douid
O3are a5 olel w5, & 2 Gt ieg ol @l
S eles 5 G b ol 53 w2 g Sl ©jg0d o2
5 (SPAD) Sy (s Jidg)lS (a3Li cogee (iS5 s Sy
A o5 gine s I3 Sl Y olel Gl gyge e
ol gy o8 o> ot lao iy el 59y X 6kl ilite
0nl Copo g ol tsly O (300l Camidg 0 ()35 o 4
Lolyor JolS' (g5lal 258 plonl Sialon & )yg0 2L 0les 5>
e gl ol Al (oS p)S Ver Bpas
2 eSS VY L 1y s 3 Sles oy it (FIXN100)
g (A0 s 50 200 VOV ) ogue dlaad o yiddin 08 o) €&
il ol Casdts o cnl 13 36 (5 FA) o5 Lasgio o139
ol Codgime 395 Cygo 5D 5wl inlejl Lulps )
38kes yiSlas 4y (plid gl <S5 o wslis FIXN100
Jogi chlie )3 g wyp 390 lajlas edgame )
2 S gn > p5elS Yo/ 5, Slee L PRD50XN100
a6l sine ST FIXNLOO b e ol (515209,8 ol
S ogore orib weaSayio oSS VYL o
a0V +/¥) TSS pslie oy yid copiomen Sl ol 1) g bl
PRD50XN100 )5 (V/$A) TSSITA o g (oS
2 PRD 1 oslzl  yialesl ol baslps 3 ¢l plis b osmliie
Lis yeud Canslg N100 b olpon Ol (ol dop 0+ el
Sl ST g (oS o)l wlitio gyl s 53 3 Shos
B S glapadly (S YL polie b g 0l ljEl)
g > PRD50 5 DI50 sl less dulio 13l olyon ogse
adny 4ol Ol @iy oSl a8 b ol Ol el aliie

A NBO 5l 50500 pdaw (il (JolS (oylol 3 cael Canmsey
15 iz A5 D% 4 OY 1 SPAD il 9o N10O
Jaie N100 & N5O 1 505t Liulsél PRD5O las
O By oyl (IS jsbody s ilsél oY & ¥4 511, SPAD
b logos )bl calisen (sl )3 (g s alj3l o8 5l
D92 0lyed Sy (oo Jedg )l a3 LS il

o codgie s clajles Sy > SPAD ials
8l b e S SuTsle b 9 Sl Cundy i b Mg
G b sy VL gskaw )3 SPAD [l (% s
Col S5l (g p SS9 Jdg)lS JSiS 3 paie
L (Marschner, 2012; Srivastava and Singh, 2009)
13 g sl paito i adls S5 SPAD &S bl 5 (ol
5ol S 039y b JiBg)lS (o8ly e b gy
kS pasls ) s lgisds Bro b @l ool sl oads
55 poeitans ooty ] Sl I8 g Sigd g Sy (o
D) G S |y itwgd Cd )b b gy clale

ssbflen 252 sl siae TSS 2 (5500 X (o )lul lize 51
VeIY) TSS e (pyidy g oo odalin £ Joio o o
o s oy yieS o PRDBOXNTO0 Lo )5 45 (oS
A asalie FIXNSO jlas )3 (e 43 V/Y)

op) 9 39 olyers TSS o133l b O codgamo ¢ IS jgboas
Sl )3 gy 5,151 PRD50 5 DIS0  (clayles j> (yiuljil
ago N100 & NSO 51 st o Ltulzél PRDS50
B9y opl A WSy dnyd Vo/Y 4 VY I TSS Jlade il
YL g 5 Ol 0a3 S cadgaze oS 5 &S ad e (LS
il e ogee Joloa ol dlge (I3 ) Wlg o (g st
chle s b Wlg e o Codgise bl TSS i3l
Chaves et ) usl b ye oge o Cundy g Jglono dlgo (oaud
o doys pilb Limed & bl 5 ¢ Jboyll (al., 2009
ol st g Sojsl 88 Lolazsl linl 5 Kis ool
9398 ad)S i > Jleisl s o glyea Wb sy
Sl Cuns (asuie (gl G 4 1) TSS o g e
oisine (TA) oygisl 25 I atzssl 2 (15950 % (6 )ll Jliso
s Sl (sloylog ol ST olsl o ol ol bty 99
2 TA jlaie b o sdalie (F) Jsdo 0 a5 job lan i
Oliwe L2l L 5 35 <SGyt dawl Ao VAL il FI jles
L DI50 Jlos > TA Jlde cpyidu il ialisl O ool
slayles 0 TA (ke piomed A5 odalin doyd VWYY
392 %03 VIY 5 VYA o5 4y PRD50 4 PRD75

05 5 s b Sl o O codgaoma Ll D TA Lol

25l b o 000 Of Cmdg psizran g N (o] pudsilio g
x skl blize I a5 bel 5 (Jbppll (Kader, 2002)
ool Jlde > sadssalie Colds e Yo xe TA 5 o5g,ms

Cams oy 9 Skl Jols 93 LSy & Glgie |y céo



S @be
il g AU ¢ Budo gl (Jlo Colos 4565 gun (B
W00,55 ¢l p dllae oyl

SR H SN Jeol 31 (59 m
gy cnl slaml g plxl o 1) (S Jeol Bty
wL@e’l dod ..\ui: J)}n &yo}n L)Jl 9 A)l 0.359.5 wLC) Lgo.lf-

2 S SRS HILS 9 Moo (Louan Ngd dndlel
oS Al 50 (Lguan g
Sl yglid 5 Jgo (oouan (ion jl a8 dlie )3 By
RY| ob)i? o3l S Huan u*’?” u&s

] Lt VP LRI g b

Wingh sl g 2l wmel Jay il ok g
O g @l s dpodly Jlodiga o dmesls (gglaen
s el e

Whegh ele aloinly (a9 (68T 2l 1093 B o
5 sl @l el 5 oy o35 2l e ol
ke Ol cu e g dlde M!

ek ALl eSilie (Bl o tpgm ddmn g

Slgome gl g il g (ole ladloiin @) @S o)y
LaJlas

S g pE
Qliwpd Ml b, hbalbds I Bty
oo ol el 3 )lSen Jdsa (hajle ol (pde
IS oo ()8 g Sz

0pod il ddh Cuenl olS (o0, Sles Fwl > Wl e
by o 5 ks 3,Skoe N100 5 N75 1, o5 5 > PRD50
S Ll 5l (Jlo il 28 sl 3% Blizs zgkaw > DISO
Soidnsd sl )Sgils 5 olS 5 Ol Laly) paitus (slo a3l
5l gl nl s WS S0l gy il > ey
ol (LSS (Sl Ml (Sgay9m g (Slada) sla)Sgjls
ol o 550 00 @ )Slas lojom (58,5 55 15 b e gozne
PRDS0XNL00 jlass cogee 15 oS syl 5y 5
ol sl calio (slanjS adlllas 3590 (SIS Ll 5
Dy ol Cudgusme cov il Y dSles b 5 Ol (590,00
e Jbs o FIXNIO0 5 Sloe 3o )5 AV 055 bl ol
sl OF (90 00 «lss (sl tme M5! (TL (lel 5L
» olge 1y N1I0O L ol yon PRDSO ¢yl by by 20153
Gpde dpaly S plpsd ol Ghlojl alis Lyl
ety SIS Ay > O spgepe Gl sl isul
039> Su (b 5 SIS Lulypd 3 gy sl drgi b oS
Ll > PRDSOXNLO0 LS 59 e slaiia «pisles]
oz by glite G b Sy 5 i (sladdl (2L
oot ol o ygo ke 9 3)8as )l U395 (o o
(sle, colin sile ola yadlis (6 pSojlul ¢ piman 22
adyy degl g Sl Condy g oSy O (el Slyime
Cople & OIS @Y Ful JBgilo 538 o & Mg

S S8 5% 5l lojen

O s o5 @8l Sl
78lio 2Lay 4565 b a5 > o pMel Allie ol By o
5505 Giggy ool @l 9 Alae jLisl 5 ()5 jegas

Byodld 4w piwd

aalllae Jsbo )3 005 Ll |y g ok g5 (glmosl e gooro
u»):.w.) )0 J?:J.MA b.XLM.:{?J )l ;J&m C,m:l?&).) Q)yo )2 ‘)A0l>

References

1- Alva, A. K., Paramasivam, S. and Graham, W. D., 1998. Impact of nitrogen management practices on
nutritional status and yield of Valencia orange trees and groundwater nitrate. Journal of Environmental

Quality. 27(4), pp.904-910. doi:10.2134/jeq1998.00472425002700040026x.

2- Alva, A. K., Paramasivam, S., Graham, W. D. and Wheaton, T. A., 2003. Best nitrogen and irrigation
management practices for citrus production in sandy soils. Water, Air, and Soil Pollution. 143, pp.139-

154. d0i:10.1023/A:1023971124327.

3- Alva, A. K., Paramasivam, S., Obreza, T. A. and Schumann, A. W., 2006. Nitrogen best management
practices for citrus trees: I. Fruit yield, quality, and leaf nutritional status. Scientia Horticulturae. 107(3),

pp.233-244. doi:10.1016/j.scienta.2005.05.017.

4- Asadi Kangarshahi, A. and Akhlaghi Amiri, N., 2023. Management of nitrogen fertilization in citrus
orchards. Scientific Journal of Land Management. 11(2), pp.222—-242. (In Persian).



5- Chaves, M. M., Flexas, J. and Pinheiro, C., 2009. Photosynthesis under drought and salt stress: Regulation
mechanisms from whole plant to cell. Annals of Botany. 103(4), pp.551-560. doi:10.1093/aob/mcn125.

6- Chen, F., Zheng, S., Cui, N., Wang, Z., Jiang, S., Tan, M., Li, H., Zhao, L. and Liu, C., 2026. Optimizing
deficit irrigation and fertilization at growth stages to improve citrus yield, fruit quality, and water-
fertilizer productivity in semi-arid Southwest China. Agricultural Water Management. 327, 110278.
doi:10.1016/j.agwat.2026.110278.

7- Daghighi, S., Heidari, A. and Azarmi Atajan, F., 2024. Effects of some nitrogen fertilizers combined with
different levels of potassium sulfate and humic acid on growth, yield, and photosynthetic pigments of
pistachio cv. Badami Sefid Mahvelat. Journal of Horticultural Science. 38(1), pp.51-65. (In Persian).

- Davies, W.J., Bacon, M. A, Thompson, D. S., Sobeih, W. and Gonzélez Rodriguez, L., 2000. Regulation
of leaf and fruit growth in plants growing in drying soil: Exploitation of the plants' chemical signalling
system and hydraulic architecture. Journal of Experimental Botany. 51(350), pp.1617-1626.

doi:10.1093/jexbot/51.350.1617.

o- DRSS SVESE00E. Stomatal control by chemical signalling and the

exploitation of this mechanism to increase water use efficiency in agriculture. New Phytologist. 153(3),
pp.449-460. doi:10.1046/j.0028-646X.2001.00345 .X.

10-Garcia-Tejero, I., Jiménez-Bocanegra, J. A., Martinez, G., Romero, R., Duran-Zuazo, V. H. and Muriel-
Fernandez, J. L., 2010. Positive impact of regulated deficit irrigation on yield and fruit quality in a
commercial citrus orchard (Citrus sinensis (L.) Osbeck, cv. Salustiano). Agricultural Water Management.
97(5), pp.614-622. doi:10.1016/j.agwat.2009.12.005.

11-Gonzéalez-Altozano, P. and Castel, J. R., 1999. Regulated deficit irrigation in ‘Clementina de Nules’ citrus
trees. I. Yield and fruit quality effects. Journal of Horticultural Science & Biotechnology. 74(6), pp.706—
713. d0i:10.1080/14620316.1999.11511177.

12-Kader, A. A., 2002. Postharvest Technology of Horticultural Crops. 3rd ed. Oakland, CA, USA:
University of California, Agriculture and Natural Resources, Publication 3311.

13-Kang, S. and Zhang, J., 2004. Controlled alternate partial root-zone irrigation: Its physiological
consequences and impact on water use efficiency. Journal of Experimental Botany. 55(407), pp.2437—
2446. doi:10.1093/jxb/erh249.

14-Latrech, B., Ghazouani, H., Lasram, A., Douh M’hamdi, B., Mansour, M. and Boujelben, A., 2019.
Assessment of different methods for simulating actual evapotranspiration in a semi-arid environment.
Italian Journal of Agrometeorology. 24(2), pp.21-34. doi:10.13128/ijam-650.

15-Liu, Y., Heying, E. and Tanumihardjo, S. A., 2012. History, global distribution, and nutritional
importance of citrus fruits. Comprehensive Reviews in Food Science and Food Safety. 11(6), pp.530—
545. doi:10.1111/j.1541-4337.2012.00201.x.

16-Markwell, J., Osterman, J. C. and Mitchell, J. L., 1995. Calibration of the Minolta SPAD-502 leaf
chlorophyll meter. Photosynthesis Research. 46(3), pp.467-472. doi:10.1007/BF00032301.

17-Marschner, H., 2012. Marschner’s Mineral Nutrition of Higher Plants. 3rd ed. Edited by P. Marschner.
Academic Press, Amsterdam. doi.org/10.1016/C2009-0-63043-9.

18-Moghbeli Damaneh, E., Fatahi, R., Ghorbani, B., Rabiei, G. R. and Esfandyari, S., 2018. Assessment of
the effect of deficit irrigation under surface and subsurface irrigation conditions on vegetative
development and yield of citrus. Journal of Plant Production. 25(3), pp.69-82. (In Persian).

19-Mossad, A., Farina, V. and Lo Bianco, R., 2020. Fruit yield and quality of ‘Valencia’ orange trees under
long-term partial rootzone drying. Agronomy. 10(2), 164. doi:10.3390/agronomy10020164.



https://doi.org/10.1016/C2009-0-63043-9?utm_source=chatgpt.com

20-Pérez-Pérez, J. G., Robles, J. M. and Batia, P., 2014. Effects of deficit irrigation in different fruit growth
stages on ‘Star Ruby’ grapefruit trees in semi-arid conditions. Agricultural Water Management. 133,
pp.44-54. doi:10.1016/j.agwat.2013.11.002.

21-Quaggio, J. A., Mattos, D., Cantarella, H., Almeida, E. L. E. and Cardoso, S. A. B., 2002. Lemon yield
and fruit quality affected by NPK fertilization. Scientia Horticulturae. 96(1-4), pp.151-162.
doi:10.1016/S0304-4238(02)00096-5.

22-Romero-Trigueros, C., Nortes, P. A., Pedrero, F., Mounzer, O., Alarcén, J. J., Bayona, J. M. and Nicolas,
E., 2014. Assessment of the viability of using saline reclaimed water in grapefruit in medium to long
term. Spanish Journal of Agricultural Research. 12(4), pp.1137-1148. doi:10.5424/sjar/2014124-5495.

23-Selgi, M., Hashemi-Garmdareh, S.E. and Ebadi, H., 2020. Effect of deficit irrigation and partial root-
zone irrigation on growth characteristics of tree and fruit of Valencia orange. Iranian Journal of Soil and
Water Research. 51(5), pp.1127-1136. (In Persian).

24-Shahabian, M., Cherati, A., Dehghan, R. A. and Kamali, M. E., 2018. Comparison of different deficit
irrigation management strategies in orange. lranian Journal of Irrigation and Drainage. 12(6), pp.1381-
1395. (In Persian).

25-Srivastava, A. K. and Singh, S., 2009. Citrus decline: Soil fertility and plant nutrition. Journal of Plant
Nutrition. 32(2), pp.197-245. doi:10.1080/01904160802592706.

26-Sun, G., Hu, T., Liu, X,, Peng, Y., Leng, X., Li, Y. and Yang, Q., 2022. Optimizing irrigation and
fertilization at various growth stages to improve mango yield, fruit quality and water-fertilizer use
efficiency in  xerothermic regions. Agricultural Water Management. 260, 107296.
doi:10.1016/j.agwat.2021.107296.

27-Taiz, L., Mgller, 1. M., Murphy, A. and Zeiger, E., 2023. Plant Physiology and Development. 7th ed.
New York, USA: Oxford University Press.

28-Uddling, J., Gelang-Alfredsson, J., Piikki, K. and Pleijel, H., 2007. Evaluating the relationship between
leaf chlorophyll concentration and SPAD-502 chlorophyll meter readings. Photosynthesis Research.
91(1), pp.37-46. d0i:10.1007/s11120-006-9077-5.

29-Wu, Q. and Xia, R., 2006. Effects of water stress on growth, photosynthesis and physiological responses
of citrus plants. Plant Growth Regulation. 49, pp.125-132. doi:10.1007/s10725-006-9003-y.

30-Xiong, H., Yi, S., Zhu, Y., Luo, Y., Kang, F., Xie, J., Tang, X., Rennenberg, H., Shi, X., Fu, X.-Z. and
Zhang, Y., 2026. Excessive nitrogen application deteriorates integrated citrus fruit quality: A multi-
dimensional field study. Scientia Horticulturae. 358, 114696. doi:10.1016/j.scienta.2026.114696.




EXTENDED ABSTRACT

Interactive Effects of Deficit Irrigation Strategies and Nitrogen Levels on
Yield, Fruit Quality, and Irrigation Water Productivity of Limequat

R. Asgharit, D. Akbari Nodehi*? and A. Bagheri®

1-Ph.D. Candidate, Department of Water Science and Engineering, Qaemshahr Branch, Islamic Azad University, Qaemshahr, Iran.
2-Corresponding author, Department of Water Science and Engineering, Qaemshahr Branch, Islamic Azad University, Qaemshahr,

Iran (d.akbari@iau.ac.ir)

3-Department of Water Science and Engineering, Qaemshahr Branch, Islamic Azad University, Qaemshahr, Iran.

ARTICLE INFO TO CITE THIS ARTICLE:
Artlcle history:
Received:
Revised:
Accepted:
Auvailable online:

Keywords:

Citrus, nitrogen nutrition, drought

stress, fruit vyield, sugar-to-acid

ratio.
Abstract
To investigate the interaction effects of irrigation strategies and nitrogen levels on yield, selected fruit quality
characteristics, leaf relative chlorophyll index, and irrigation water productivity of limequat, a factorial
experiment was conducted in a randomized complete block design with three replications under greenhouse
conditions. Irrigation treatments included full irrigation (FI), regulated deficit irrigation supplying 75 and
50% of crop water requirements (D175 and D150), and partial root-zone drying supplying 100, 75, and 50%
of crop water requirements (PRD100, PRD75, and PRD50). Nitrogen levels consisted of 50, 75, and 100 g
of pure nitrogen per tree per month supplied as ammonium nitrate. Fruit number, average fruit weight, fruit
yield, irrigation water productivity, leaf relative chlorophyll index (SPAD), total soluble solids (TSS),
titratable acidity (TA), and TSS/TA ratio were measured. Analysis of variance showed that the main effects
of irrigation and nitrogen, as well as their interaction, were significant for fruit number, average fruit weight,
fruit yield, irrigation water productivity, SPAD, TSS, and TSS/TA ratio, whereas the interaction effect of
irrigation and nitrogen on titratable acidity was not significant. The highest fruit yield was obtained under
the FIxN100 treatment, reaching 73 kg tree™, accompanied by 1520 fruits tree™, an average fruit weight of
48 ¢, and an SPAD value of 59. The PRD50xN100 treatment produced 70.9 kg tree™, which was not
significantly different from FIxN100, and achieved the highest irrigation water productivity of 61.3 kg m3.
The highest TSS (10.2 °Brix) and TSS/TA ratio (7.48) were also recorded under PRD50xN100. Overall,
FIXN100 was suitable for achieving maximum yield, whereas PRD50xN100 was more effective in
improving irrigation water productivity while maintaining yield under water-limited conditions. The
PRD50xN100 treatment, which produced 97.1% of the yield obtained under FIxN100, can therefore be
considered a suitable strategy for sustainable limequat production under greenhouse conditions.

Introduction

Water scarcity is one of the major constraints to sustainable citrus production in semi-arid
regions. Improving irrigation water productivity while maintaining fruit yield and quality requires
irrigation strategies that reduce water use without causing excessive yield losses. Deficit irrigation
and partial root-zone drying (PRD) are among the strategies developed to improve water use
efficiency in horticultural crops. PRD involves alternately irrigating part of the root zone while
allowing another part to dry, potentially modifying plant responses to soil water deficit and
improving water productivity (Kang and Zhang, 2004). Previous studies on citrus have shown that
regulated deficit irrigation can influence fruit yield, fruit quality, and water use efficiency, although
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responses depend on the severity and timing of water restriction (Gonzalez-Altozano and Castel,
1999; Garcia-Tejero et al., 2010; Pérez-Pérez et al., 2014). Nitrogen is another important factor
affecting citrus productivity and fruit quality. Adequate nitrogen availability can improve
vegetative growth, leaf nutritional status, fruit number, and yield; however, excessive nitrogen
application may negatively affect some components of fruit quality (Alva et al., 1998; Alva et al.,
2006; Quaggio et al., 2002). Recent research has also emphasized the importance of coordinating
irrigation and fertilization management to improve water-fertilizer productivity and maintain fruit
guality (Sun et al., 2022; Chen et al., 2026). Therefore, determining suitable combinations of
irrigation regime and nitrogen supply is particularly important for citrus production under water-
limited conditions.The objective of this study was to evaluate the individual and interactive effects
of irrigation strategies and nitrogen levels on fruit number, average fruit weight, fruit yield,
irrigation water productivity, relative leaf chlorophyll index (SPAD), total soluble solids (TSS),
titratable acidity (TA), and TSS/TA ratio of limequat under greenhouse conditions.

Methodology

The experiment was conducted under greenhouse conditions using a factorial arrangement
based on a randomized complete block design with three replications. Irrigation treatments
consisted of full irrigation (F1), regulated deficit irrigation at 75 and 50% of crop water requirement
(DI75 and DI50), and partial root-zone drying at 100, 75, and 50% of crop water requirement
(PRD100, PRD75, and PRD50). Nitrogen treatments included 50, 75, and 100 g pure N month™
tree™t, supplied as ammonium nitrate. The measured variables included fruit number, average fruit
weight, fruit yield, irrigation water productivity, relative leaf chlorophyll index (SPAD), TSS, TA,
and TSS/TA ratio. Irrigation water productivity was calculated based on fruit yield and the amount
of irrigation water applied. The SPAD index was used as a relative indicator of leaf chlorophyll
status rather than as a direct measurement of chlorophyll or leaf nitrogen concentration. This
interpretation is consistent with previous studies demonstrating the relationship between SPAD
readings and leaf chlorophyll concentration (Markwell et al., 1995; Uddling et al., 2007). Analysis
of variance was performed to determine the effects of irrigation, nitrogen, and their interaction.
Mean comparisons were used to distinguish treatment differences.

Results and Discussion

The results showed that irrigation and nitrogen significantly affected fruit number, average fruit
weight, fruit yield, irrigation water productivity, SPAD, TSS, and TSS/TA ratio. The irrigation x
nitrogen interaction was also significant for these variables, indicating that the response of limequat
to nitrogen depended on the irrigation regime. In contrast, the interaction between irrigation and
nitrogen was not significant for titratable acidity; therefore, TA was interpreted based on the main
effects.The highest fruit yield was obtained under FI x N100, reaching 73.0 kg tree™. This
treatment also produced the highest fruit number (1520 fruits tree™) and average fruit weight (48
0), indicating that full irrigation combined with the highest nitrogen level was the most effective
treatment for maximizing yield under the experimental conditions. Increasing nitrogen generally
improved yield components under full irrigation, consistent with the established importance of
adequate nitrogen nutrition for citrus productivity (Alva et al., 1998; Alva et al., 2006).

An important finding was the performance of PRD50 x N100. This treatment produced 70.9 kg
tree™t, corresponding to 97.1% of the yield obtained under FI x N100, and it was not statistically
different from FI x N100. At the same time, PRD50 x N100 resulted in the highest irrigation water
productivity, reaching 61.3 kg m™3. Thus, reducing water supply to 50% under PRD did not result
in a statistically significant reduction in fruit yield when combined with the highest nitrogen level,
while substantially improving irrigation water productivity. This result agrees with the general
potential of PRD to improve water use efficiency while maintaining crop productivity (Kang and
Zhang, 2004) and with previous findings in citrus showing that partial root-zone drying can
maintain yield and influence fruit quality under reduced water supply (Mossad et al., 2020). The
response of fruit quality parameters further differentiated the irrigation treatments. The highest TSS
value (10.2 °Brix) and TSS/TA ratio (7.48) were recorded under PRD50 x N100. In general, water



limitation was associated with higher TSS, particularly under DI50 and PRD50. In PRD50,
increasing nitrogen from N50 to N100 increased TSS from 9.4 to 10.2 °Brix. Similar responses to
deficit irrigation, including changes in fruit quality, have been reported in citrus (Gonzélez-
Altozano and Castel, 1999; Garcia-Tejero et al., 2010; Pérez-Pérez et al., 2014). However, the
increase in TSS should be interpreted cautiously because the present study did not directly measure
fruit water content, dry matter, or individual soluble compounds.

The highest SPAD value was observed under FI x N100 (59), followed by PRD50 x N100 (57).
The lowest value (43) occurred under D150 x N50. The increase in SPAD with higher nitrogen
supply is consistent with the role of nitrogen in chlorophyll and protein formation. Nevertheless,
because actual leaf chlorophyll concentration and leaf nitrogen concentration were not measured,
SPAD values should be interpreted as a relative chlorophyll index rather than direct measurements
of nitrogen status or photosynthetic capacity. Titratable acidity was not significantly affected by
the irrigation x nitrogen interaction. Its highest value was observed under DI50, while the lowest
value occurred under full irrigation. The changes in TA may be related to alterations in organic
acid accumulation and fruit water status, but the absence of a significant interaction indicates that
differences among nitrogen levels should not be attributed to an interactive irrigation x nitrogen
effect.

Overall, comparison of D150 and PRD50 at the same nominal level of water supply indicated
that the distribution of water within the root zone may be important for maintaining productivity.
PRD50 combined with N75 and N100 produced higher yields than the corresponding DI50
treatments. However, because direct measurements of plant water relations and physiological
signaling were not included, the mechanisms underlying this difference require further
investigation.

Conclusions

The results demonstrated that irrigation regime and nitrogen level interactively influence
limequat productivity, irrigation water productivity, SPAD, and several fruit quality indicators
under greenhouse conditions. FI x N100 produced the maximum yield of 73.0 kg tree™ and was
therefore the most suitable treatment for maximizing production when water was not limiting. In
contrast, PRD50 x N100 produced 70.9 kg tree™, equivalent to 97.1% of the FI x N100 vyield,
while achieving the highest irrigation water productivity (61.3 kg m™3). This treatment also
produced the highest TSS (10.2 °Brix) and TSS/TA ratio (7.48).

Therefore, under the conditions of this greenhouse experiment, FI x N100 can be recommended
for maximum yield, whereas PRD50 x N100 appears to be a promising strategy for improving
irrigation water productivity while maintaining yield at a statistically similar level to full irrigation.
Nevertheless, the results should not be directly generalized to commercial orchards because the
experiment was conducted under greenhouse conditions and over a limited experimental period.
Field experiments under different climates, tree ages, soil conditions, and longer production periods
are required to validate the applicability of PRD50 x N100 for commercial limequat production.
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