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Introduction

Water shortage is very frequent in many countries, and, together with the rising demand for industry, growth
of human population, climate change and specifically the trend towards irrigated agriculture, has led to
widespread problems of water scarcity, especially in Middle East countries. This situation imposes the need to
optimize water use in all human activities. Among the different productive uses of water, agriculture is by far the
main water user in most water scarce regions and, consequently, any potential improvement in the use of the
available water resources may play a significant role toward achieving a more sustainable use of water. Plant
responses to water deprivation are usually monitored through selected morphological and physiological
parameters which have been proven to be good indicators of drought in different studies. Some of the most
important standards for evaluating plant genotypes under drought stress are measurements of morphological
parameters such as height, leaf characters and root growth.

Materials and Methods

To compare the growth response of different almond cultivars to different levels of water stress, an
experiment was conducted as a split plot in the base of randomized complete block design with three replications
in the Agricultural and Natural Resources Research Center of Chaharmahal and Bakhtiari Province in two
growing season 2019-2020 and 2020-2021. Different irrigation periods based on the percentage of usable soil
moisture between filed capacity to wilting point, including 70% filed capacity (control or no stress), 50% filed
capacity (mild stress), 30% filed capacity (medium stress) and 10% of field capacity (severe stress) were
considered as the main factor of the experiment. The sub-factor included 14 commercial cultivars of almonds
(Mamaei, Rabi, Saba, Araz, Eskandar, Aidin, Shahrood 6, 7, 8, 10, 12, 13 and 21 and GN vegetative rootstock),
all of which were grafted on GN rootstock. In this study, uniformly grafted seedlings in terms of age, stem
diameter and height were selected and planted. In the second year after planting the seedlings, in order to apply
drought stress, tubes for hygrometer (TDR) were installed in each experimental plot and based on soil moisture
content, irrigation cycle was determined for different treatments.
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Results and Discussion

In both years, three months after applied water stress growth traits and nutrient concentrations in the leaves
of treated seedlings were measured. Based on the results of analysis of variance, the morphological traits of
almond seedlings were significantly affected by cultivar type and drought stress level. In all almond cultivars,
the highest height was belonged to seedlings that were grown in non-stress conditions and with increasing the
drought stress intensity, the height of almond seedlings was decreased. Under severe drought stress, GN and
Mamaei cultivars had the highest (183.93 cm) and the lowest (94.60 cm) height, respectively. Seedling height in
GN, Shahrood 12, Saba and Shahrood 10 cultivars showed the lowest decrement under severe drought stress. In
all cultivars, drought stress caused a significant reduction in the length and width of the seedlings crown, and the
greatest decreasing was recorded in severe drought stress (10% FC). Under severe drought stress, cultivar GN
had the largest crown and cultivars Rabi, Shahrood 7 and Eskandar had the smallest crown. Increasing the
drought stress intensity significantly reduced the branches growth of seeding in terms of number and length of
sub-branches. As the intensity of drought stress increased, the length of sub-branches decreased however the
number of intermediates in sub-branches increased. In non-stressed condition, the cultivar GN had the longest
branch (55.95 cm), which was significantly higher than the other studied almond cultivars. The shortest branches
were also observed in Saba (29.94 cm) and Eskandar (29.47 cm) cultivars. Increasing drought stress caused a
significant reduction of leaf area in all studied cultivars and the highest decreasing was observed under severe
drought stress. The GN (37.76 cm2) and Shahrood 10 (31.81 ¢cm?) had the highest leaf area in non-stress and
drought stress conditions. Under severe drought stress (10% FC) cultivar Shahrood 6 showed the lowest leaf
area. The results of this study showed that increasing the intensity of dehydration significantly reduced the
amount of nitrogen, phosphorus, manganese and zinc in the leaves of the studied cultivars of almonds, however,
the amount of potassium and iron in stressed plants increased under drought stress. Based on the results of the
present study, under severe drought stress the GN, Shahrood 8 and Shahrood 12 cultivars in terms of growth
indices including seedling height, stem diameter, canopy growth, branch growth and concentration of macro and
micro elements was superior compared with the other studied cultivars.

Conclusion

Based on the results of this study, drought stress significantly reduced growth indices and nutrient
concentrations, although the reaction of almond cultivars to different levels of drought stress was different. In
this study, among the studied almond cultivars GN, Shahrood 8 and Shahrood 12 cultivars in terms of growth
characters including seedling height, stem diameter, canopy growth, branch growth and concentration of macro
and micro elements showed higher tolerance to different level of drought stress. These cultivars less affected by
the high intensities of dehydration. Therefore, GN, Shahrood 8 and Shahrood 12 cultivars can be used in future
studies to evaluate the possibility of cultivating these cultivars in areas with water deficit.
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Figure 1- The effect of drought stress on height of different almond cultivars in two studying years
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Figure 2- The effect of drought stress (A) and cultivar (B) on stem diameter of almond tree
(DMRT, p<0.05)
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Table 3- Crown length and width of different almond cultivars under drought stress
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Values followed by the same letter in each trait have no significant difference based on Duncan’smultiple range test (p<0.05)
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Figure 3- The effect of drought stress (A) and cultivar (B) on sub-branch number of almond tree
(DMRT, p<0.05)
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Table 5- ANOVA for the leaf macro and micro elements of different almond cultivars under drought stress in two studied
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Mean squares
S ayd e ) .. 7 e
i 2l o 039 Qe ] o Rl e $9)
S.0.v Lsdf) Nitrogen Potassium Phosphorus Iron Manganese Zinc
\;JL” 1 0.504 ** 0.001 ns 0.006 ** 993.541 ** 87.296 ** 24,145 **
ear
_UL“_) S 4 0.831 ** 0.001 ** 0.0002 * 190.388 ns 2.130 ns 1.629 ns
Replication (Year)
2 3 0.774 ** 0.142 ** 0.143 ** 7883.056 ** 1015.932 ** 692.449 **
Drought
(i Jl 3 0.086 ** 0.00008 ns 0.0003 * 62.976 ns 3.334ns 1.242 ns
Drought x Year
‘bfl sl 12 1.381 0.0001 0.0003 58.124 2.643 1.017
Main error
"’9_’ 13 0.174 ** 0.023 ** 0.019 ** 804.613 ** 70.988 ** 68.413**
Cultivar
o Ju 13 0.006 ns 0.0001 ns 0.00002 ns 87.442 ns 5.199 ns 3.604 **
Cultivar x Year
X 39 0.105 * 0.002 ** 0.001 ** 320.140 ** 14.038 ** 14.201 **
Drought x Cultivar
o b Jl 39 0.001 ns 0.00007ns  0.00001 ns 93.894 ns 4.558* 1.693 *
Drought x Year x Cultivar
=P uls
Minor Error 208 0.009 0.0002 0.00008 89.944 3.100 1.112

dopd 0 Jleis! o )3 Jl5dze ¥ g aoyn V Jleis] e 3 Jbdxe *F Iy xe e NS

"s Non-significant, ™ and *: Significant at 1% and 5% of probability levels
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Figure 4- The content of leaf macro and micro elements of different almond cultivars under drought stress
(A: Nitrogen; B: Potassium; C: Phosphorus; D: Iron)
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Figure 5- The effect of drought stress on leaf manganese (A) and zinc (B) content of different almond cultivars in two
studying years



VT il ¥ 0l TV alor ((5559LiS @l 5 poke) SLls pale iy OFA

s yolie g SB (Sid G dal) 5 (e 0 (S
4wy (Marschner, 2011) cuwl sd iz B paonS polic 6394
ol (e aee Ll g (15 o (SLs b o) g3
il oLS s m clmplasl )3 (byme oS ol clale
; Mousavi et Fathi et al., 2019) wloy 085 o Ly 5 LS
Loty )3 555 pre polis jl gy 5 355 <ol (al., 2009
de plals i) e ol gl 53 il Lok i lus]
LA slaS 1y o (Sets (i cos ol ude iSie g (59,
2 ol e il dwy e ey el Ll phl calie
G5 L ablie g oS (B3 sl 2151 L o
Bogati ) sl bal, s ol 5 ol 3 Slas 5 0y Lais 5 gl
Sis s coss cal cbale ilisl(and Walczak, 2022
sbs slocygs Bl (l3dl o o 88 Jolo 53 5 20 Wi
A S Fe? g Fe? | pyiw Jols sl)s il peaite ol SB T o
Sl (6,500 D5 e SB gle &y yolic ) gjlosljl csly
1 oS ol (Suzd 25 ol jl e alen iy Sis sobe
e DIl algn slaisy 5o el ke s oy g8
(Marschner, 2011) ,L

S by Cogb) @ Gl (Seidssd 9 s08) gl
PLE g oyl (B oy oo ko 9 )03 (Ktaw olS i 4
o=l Lailel bas (55 0y90 Job j0 1) 263 Ay Ailyy o ploly
a5 eSS e oLS (il colim wuad gl i ) 352
(Bodner et al., 2015) 33 5 .0 oLS a5, ialS 4 oo ¢ S
9 Sodsyee Clie s (gt (nl jl Jol> s polul
Sid YliS liBe polaw an (iSTy )3 (2bj)l 3590 polis
18y 2 S5 Sl S 8 Sl glis cpl g glie
Jme20 Olie 3 gl any yoxie 48T Wl A CoS (LS
5 4 (Bhusal et al., 2019) 5,5 o Jae deluel byl
il pB8)) a5 Wilos S7 5,155 (Bodner et al., 2015) Ko
Sl (Seiedsn s Sl g gyl le it slapgilsa L Ly
igleiien Ol g walals 1) i

S 5 4ol

oablS el S 55 ek opl il Jelbs mls el

ax Sl s olie ywle clble 50 sy sl jasli jb e
O G lises ol 4y Cons plal ddlllas 3590 5,1 ol puSe
9 ‘A.)9).QL~'57 ¢‘G|\|7 Pu)‘ L)"@S)_’ L)_’I PRIRNTS u9l_£ﬁn u.gu.u.’>
il jad ¢ Jlog gl Jols (cady slayasls Jlas 51 “VYogmls”

aS cl o3y s adlllas oyl 3l ool Cundts ol oy
039 e drg BB el cage oS S5 Cad (il3dl
JS3) 53y 5 (A-D JS.5) 55ie {C-F JS.5) e (AT S
Jiie S35 Gk 5l 5 a phol axlllas 3,50 p6)) slaS 5 (B0
Cos aly 4y oS 3 (D-F JS5) ool 5 (BF JSL5) el
ol i 1o g (ylel Jlog byl I ey (Sits 45
9 8 by jid pbl lals » (Sis A5 cos glie
Mousavi et ) l,Ken 5 (s5wse {(Fathi et al., 2019) I, Ken
5 SL pp e 5 i Bg, 4,1 Casl 005 )5S (al., 2009
byl &y il odgs cgliate calises plB)l 55 dalllas 5)50 polic
25y palS g pomte Ol g el s alS ¢ Sts i
OYMAT dy poie padw (51 S ze8 ]38l 5 00 iy
o2 » (Martinez-Garciaet al., 2020) 55,5 o0 oL ;5 (slasiss
9 e pmolis i > PSS bl o (S ol 09,95
933,550 0LS S 9 (g 5isid Slapiune 3 Sles sl (55900
1Al el )3 48 S (oo Cnilos i 3l I (B el
Jiménez et al., ) 5,i8 o> & Joho pudplio 1) oy
(2013

o Wl e S BT SV ol 5 jhad g gy el
9 S (955 cdld ialS oS ady; gl il clde
oy oy ada o8 00y s 4 pole (ol Qo als
»So5 &b ;I (Bogati and Walczak, 2022) b o 4 Sl
OlalS Sy g ady)y w@lo ) Sladle @lius Coge Ol 908
gl Sl ol dn olS pwjiwd LialS L aS g5 4 o
5ol Ol Ll (ol o g 45 55508 b L g a8
Amd e )l S s lalS ) plis yole peo
(Jolw wlal Lads 1> age i muwls (Marschner, 2011)
Marschner, ) 5)ls Lags jol 3,8 JLsd g s zqy <8 > aulais
4 G5 51y 00 dbul ()3T SNl (sla SIS0, 5L 5 455 (2011
o Lo ol 5l manlty i o Jlinas 9 35500 yorio slié sl
e & s J 5 2 ety gl s JUIS 8 JU s
o delunel byly b )0 pawlty Hlade Liol38l 093 g cpl b o
aoldl g Jolw wlal Lds cas olS sy STy conl (Son
ol i y> a5 (Isaakidis et al., 2004) wsb oLS ol
9 Cnl (S (S 125 5 3 (BF JS8) gl el
b Lewl Q.;.I

oS S5 3 Same dlgs 32 pf e S bulpd cow
oalawl CoilB D55 (659508 dlge (S dgueS Yoo Cowl S
5 S oo (S ysll colin g PH an Spae o5 polis il
S o g (N b gas (5, g sla e coale



OFA aloly pl,l p Sl i alizes Zobaw 1 oy 3]y 50 g Goi0

ool wl u‘-jfvj S by gblie o oyl oyl cas oSl @b))l Caglio S_id i Ll )3 pL5,) o b duslie )3 b ypune
25,5 )8 u_ﬂp_f <YL glacas )ub CoB S g sl (g b
sobaiody oa il lalllae y> Hgu50 pBB)) 5l e o (plpll i8S

&bo

1. Ahanger, M.A., Akram, N.A., Ashraf, M., Alyemeni, M.N., Wijaya, L., & Ahmad, P. (2017). Signal transduction
and biotechnology in response to environmental stresses. Biologia Plantarum, 61(3), 401-416.
https://doi.org/10.1007/s10535-016-0683-6

2. Arzani, K., & Ariji, I. (2000). Response of young olive plants cv Local Roghani Roodbar to water stress and deficit
irrigation. Seed and Plant, 16(1), 99-109. (In Persian)

3. Barzegar, K., Yadollahi, A., Imani, A., & Ahmadi, N. (2012). Responses to drought stress of almond cultivars and
genotypes grown under field conditions. International Journal of Agriculture: Research and Review, 2(3), 205-
210.

4. Bhusal, N., Han, S.G., & Yoon, T.M. (2019). Impact of drought stress on photosynthetic response, leaf water
potential, and stem sap flow in two cultivars of bi-leader apple trees (Malusx domestica Borkh.). Scientia
Horticulturae, 246, 535-543. https://doi.ora/10.1016/j.scienta.2018.11.021

5. Bodner, G., Nakhforoosh, A., & Kaul, H.P. (2015). Management of crop water under drought: A review.
Agronomy for Sustainable Development, 35(2), 401-442. https://doi.org/10.1007/s13593-015-0283-4

6. Bogati, K., & Walczak, M. (2022). The Impact of drought stress on soil microbial community, enzyme activities
and plants. Agronomy, 12, 189. https://doi.org/10.3390/agronomy12010189

7. Chai, Q., Gan, Y., Zhao, C., Xu, H.L., Waskom, R.M., Niu, Y., & Siddigue, K.H. (2016). Regulated deficit
irrigation for crop production under drought stress. A review. Agronomy for Sustainable Development, 36, 3.
https://doi.org/10.1007/s13593-015-0338-6

8. Condon, A.G. (2020). Drying times: plant traits to improve crop water use efficiency and yield. Journal of
Experimental Botany, 71(7), 2239-2252. https://doi.org/10.1093/jxb/eraa002

9. De Herralde, F. (2000). Integral study of the eco-physiological response to water stress: characterization of the
almond varieties. Nucis—Newsletter, 9, 20-21.

10. De Herralde, F., Savé, R., Biel, C., Batlle, I., & Vargas, F.J. (2001). Differences in drought tolerance in two
almond cultivars:'Lauranne'and'Masbovera'. Cahiers Options Méditerranéennes, 56, 149-154,

11. Emami, A. (1996). Plant decomposition methods. Vol. 1. Technical leaflet No. 982. Soil and Water. Research
Institute, Tehran, Iran (In Persian)

12. Fathi, H., Amiri, M., Imani, A., Nikbakht, J., & Haijilou, J. (2019). Investigation on the changes of some
biochemical traits of almond genotypes leaves under drought stress on the GN15 rootstock. Journal of Plant
Process and Function, 8(29), 15-30. (In Persian)

13. Fulton, A., Grant, J., Buchner, R., & Connell, J. (2014). Using the pressure chamber for irrigation management in
walnut, almond and prune. http://dx.doi.org/10.3733/ucanr.8503

14. Gradzel, T.M., Martinez-Gomez, P., Dicenta, F., & Kester, D.E. (2001). The utilization of related Prunus species
for almond variety improvement. Journal-American Pomological Society, 55(2), 100-108.

15. Haas, J.C., Vergara, A., Serrano, A.R., Mishra, S., Hurry, V., & Street, N.R. (2021). Candidate requlators and
target genes of drought stress in needles and roots of Norway spruce. Tree Physiology, 41(7), 1230-1246.
https://doi.ora/10.1093/treephys/tpaal78

16. lsaakidis, A., Sotiropoulos, T., Almaliotis, D., Therios, I., & Stylianidis, D. (2004). Response to severe water stress
of the almond (Prunus amyadalus)’Ferragnés’ grafted on eight rootstocks. New Zealand Journal of Crop and
Horticultural Science, 32(4), 355-362.

17. Jiménez, S., Dridi, J., Gutiérrez, D., Moret, D., Irigoyen, J.J., Moreno, M.A., & Gogorcena, Y. (2013).
Physiological, biochemical and molecular responses in four Prunus rootstocks submitted to drought stress. Tree
Physiology, 33, 1061-1075. https://doi.ora/10.1093/treephys/tpt074

18. Karimi, S., Yadollahi, A., Arzani, K., Imani, A., & Aghaalikhani, M. (2015). Gas-exchange response of almond
genotypes to water stress. Photosynthetica, 53(1), 29-34. https://doi.org/10.1007/s11099-015-0070-0

19. Khoyerdi, F.F., Shamshiri, M.H., & Estaji, A. (2016). Changes in some physiological and osmotic parameters of
several  pistachio  genotypes under drought stress.  Scientia  Horticulturae, 198, 44-51.
https://doi.org/10.1016/j.scienta.2015.11.028

20. Kim, J., Kim, K.S., Kim, Y., & Chung, Y.S. (2020). A short review: Comparisons of high-throughput phenotyping
methods for detecting drought tolerance. Scientia Agricola, 78. https://doi.org/10.1590/1678-992X-2019-0300

21. Lindsay, W.L, & Norvell, W.A. (1978). Development of a DTPA soil test for zinc, iron, manganese, and copper.
Soil Science Society of America Journal, 42, 421-428.


https://doi.org/10.1007/s10535-016-0683-6
https://doi.org/10.1016/j.scienta.2018.11.021
https://doi.org/10.1007/s13593-015-0283-4
https://doi.org/10.3390/agronomy12010189
https://doi.org/10.1007/s13593-015-0338-
https://doi.org/10.1093/jxb/eraa002
http://dx.doi.org/10.3733/ucanr.8503
https://doi.org/10.1093/treephys/tpaa178
https://doi.org/10.1093/treephys/tpt074
https://doi.org/10.1007/s11099-015-0070-0
https://doi.org/10.1016/j.scienta.2015.11.028
https://doi.org/10.1590/1678-992X-2019-0300

V¥ lisli ¥ o )lad TV alr o((5509L88 qalo 5 pole) il pole & 520 OF s

22.
23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Marschner, H. (2011). Marschner’s Mineral Nutrition of Higher Plants. San Diego ,CA, Academic Press.

Martinez-Garcia, P.J., Hartung, J., Pérez de los Cobos, F., Martinez-Garcia, P., Jalili, S., Sdnchez-Roldan, J.M.,
Rubio, M., Dicenta, F., & Martinez-Gémez, P. (2020). Temporal response to drought stress in several Prunus
rootstocks and wild species. Agronomy, 10, 1383. https://doi.org/10.3390/agronomy10091383

Méndez-Toribio, M., Ibarra-Manriquez, G., Paz, H., & Lebrija-Trejos, E. (2020). Atmospheric and soil drought
risks combined shape community assembly of trees in a tropical dry forest. Journal of Ecology, 108(4), 1347-1357.
https://doi.org/10.1111/1365-2745.13355

Mousavi, S.A., Tatari, M., Mehnatkesh, A., & Haghighati, B. (2009). Vegetative growth response of young
seedlings of five almond cultivars to water deficit. Seed and Plant Improvement Journal, 25-1, 551-567. (In
Persian)

Palasciano, M., Logoluso, V., & Lipari, E. (2013). Differences in drought tolerance in almond cultivars grown in
Apulia region (Southeast Italy). In: VI International Symposium on Almonds and Pistachios 1028: 319-324.
Parvaneh, T., & Afshari, H. (2013). Comparative study of the response of different almond rootstocks to water
stress. International Journal of Plant Production, 4, 2244-2250.

Sorkheh, K., Shiran, B., Khodambshi, M., Rouhi, V., & Ercisli, S. (2011). In vitro assay of native Iranian almond
species (Prunus L. spp.) for drought tolerance. Plant Cell, Tissue and Organ Culture, 105(3), 395-404.

Tankari, M., Wang, C., Ma, H., Li, X., Li, L., Soothar, R.K., Cui, N., Zaman-Allah, M., Hao, W., Liu, F., & Wanq,
Y. (2021). Drought priming improved water status, photosynthesis and water productivity of cowpea during post-
anthesis drought stress. Agricultural Water Management, 245, 106565.
https://doi.ora/10.1016/j.agwat.2020.106565

Toscano, S., Ferrante, A., & Romano, D. (2019). Response of Mediterranean ornamental plants to drought stress.
Horticulturae, 5(1), 6. https://doi.org/10.3390/horticulturae5010006

Treder, W., Konopacki, P., & Mika, A. (1996). Duration of water stress and its influence on the growth of nursery
apple trees planted in containers under plastic tunnel conditions. In: Il International Symposium on Irrigation of
Horticultural Crops 449: 541-544.

Yadollahi, A., Arzani, K., Ebadi, A., Wirthensohn, M., & Karimi, S. (2011). The response of different almond
genotypes to moderate and severe water stress in order to screen for drought tolerance. Scientia Horticulturae, 129,
403-413. https://doi.org/10.1016/j.scienta.2011.04.007

Zokaee Khosroshahi, K. (2013). Investigation of drought tolerance in five Iranian almond species based on the
important morphological and physiological markers (Doctoral dissertation, Thesis for the Degree of Doctor of
Philosophy in Horticulture Faculty of Agriculture Department of Horticultural Sciences of Bu-Ali Sina
University).


https://doi.org/10.3390/agronomy10091383
http://dx.doi.org/10.1111/1365-2745.13355
https://doi.org/10.1016/j.agwat.2020.106565
https://doi.org/10.3390/horticulturae5010006
https://doi.org/10.1016/j.scienta.2011.04.007

