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requires robust nutrient standards based on growth stage and a thorough
understanding of nutrient interactions (the plant ionome). Statistical methods
based on Compositional Data Analysis (CDA)—such as Principal Component
Analysis (PCA) and Compositional Nutrient Diagnosis (CND)—overcome
major limitations of single-factor approaches, provided they minimize bias in
result interpretation. In this study, nutrient concentrations and root yield data
from 170 sugar beet fields were compared using three models: PCA, CND-
clr, and CND-ilr. This research aims to: (1) introduce the theoretical
foundations of PCA, CND-clr, and CND-ilr; (2) validate nutrient indices
through two interpretive approaches (minimum limit-maximum limit, LMi-
LMa, and lower limit-upper limit, LL-LU) within the CND-clr model; (3)
derive critical concentrations and sufficiency ranges using CND-clr indices;
(4) validate CND-ilr reference standards and compare them with other models;
and (5) assess nutrient status using PCA and compare it with CND-clr and
CND-ilr.

Materials and Methods: Leaf concentrations of N, P, K, Fe, Mn, Zn, and Cu, along

with root yield, were collected from 170 sugar beet farms in Khuzestan
Province, southwestern Iran. Leaf samples were taken from plants aged 90—
120 days, washed, oven-dried at 65 °C for 48 h, ground, and sieved. Nutrients
were analyzed using standard laboratory methods: micro-Kjeldahl for N,
spectrophotometry for P, flame photometry for K, and atomic absorption
spectrophotometry for Fe, Mn, Zn, and Cu. At harvest, average root yield per
hectare was recorded. The study area soils had a saturated extract pH of 7.5—
7.8, salinity <1 dSm™, lime content of 30-50%, and silty loam to silty clay
loam textures.

Results: Principal Component Analysis using absolute nutrient concentrations

showed that four components explained approximately 85 % of the total
variance (eigenvalues > 1). In the first principal component (PC1), potassium,
zinc, and copper exhibited the highest positive correlations, while nitrogen
showed the highest negative correlation with root yield. However, interpreting
nutrient status based on the nutrient index (1X) within the PCA framework led
to bias. In contrast, the same nutrient index produced unbiased results when
used with Pearson correlation. Consequently, PCA is capable of prioritizing
nutrient-yield correlations at a macro scale (regional level) but lacks standard
criteria for plot, farm, or orchard scale evaluation. Using the CND-clr method,
critical concentrations and sufficiency ranges for N, P, K, Fe, Mn, Zn, and Cu
were established. Validation of these standards on multiple farms using the
two approaches revealed that the lower limit-upper limit (LL-LU) approach is
more stringent than the minimum-maximum (LMi-LMa) approach. After
determining CND-ilr reference standards, farm level validation effectively
detected nutrient balances indicating synergistic and antagonistic effects, with
the CND-ilr method providing the most diagnostically informative outputs.
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Comparative analysis demonstrated that both CND-clr and CND-ilr,
supported by credible reference standards, are capable of assessing plant
nutritional status at both micro scale (individual field) and macro scale
(regional) levels.

Conclusion: PCA is a valuable tool for macro scale prioritization of nutrient yield
correlations, but its lack of micro scale evaluation standards limits its
application at the farm level. By contrast, the CND-clr and CND-ilr methods,
equipped with robust reference standards, effectively assess nutrient status
across both spatial scales. Critical concentrations and sufficiency ranges for
N, P, K, Fe, Mn, Zn, and Cu were determined as reference standards indicative
of nutrient interactions. The LL-LU validation approach proved more
stringent than LMi-LMa. Furthermore, the CND-ilr method enabled a more
accurate diagnosis of synergistic and antagonistic nutrient interactions,
making it particularly suitable for site-specific nutrient management.
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o2 (55 (Orthogonal log contrast) teleie et )& duslis 1

(FV),&U& b.\.;'.o.&jl.! 9 Cu 9Zn Mn Fe K P« NJAM Sl ‘:“9}'& &09: KV 59 duwa ‘f‘}b -) J’-\&
3 i gl
Table 1. Design of sequential binary orthogonal balances (SBP) of seven elements N, P, K, Fe, Mn, Zn
Cu and FV in sugar beet

Hr* N P K Fe Mn Zn Cu Fv n%" nj" ol
Balances
ilr, 1 -1 0 0 0 0 0 0 1 1 [PIN]
ilr, 4 1 0 0 0 0 0 1 2 [NP| K]
ilr 0 0 0 -1 1 0 0 0 1 1 [Fe | Mn]
1lry 0 0 0 0 0 -1 1 0 1 1 [zn|CU]
Irs 0 0 0 -1 -1 1 1 0 2 2 [Fe,Mn| Zn,Cu]
Irg 1 1 1 -1 -1 14 10 4 3 [N,P,K|Mn,Zn,Fe,Cu]
Ir; 1 1 1 1 1 1 1 -1 1 7 [FvIN,P,K, Mn, Zn, Fe, Cu]

polis plo =FV i Codle s =smi (Cute Coodle Dl =i oS og ) (ot )& Cuns =IIF
*1Ir = isometric log ratios; **: numbers of positive sign; ***: numbers of negetive sign; Fy = fill value

SWlas G50 S (gl S og 3] o, S o il

& y0 Hged (6lp Ko ptag il o )& s il

(1Y)

M = /(ilr, —ilr," )T COV (ilr, —ilr,")
osSan COV L g 03l 5 L yile T g g Vlalo alols M
Se sl Sl (o)l o Tl g il )lgS o Sle
Sg0d slp Septoginl o)l Cond 1N g Sllllas gl
i 2 o oo jlliwl coads )85 Juo 93l 4y dngi b g o
(F/7) g5 y0 oo Yale alols (¥ Jsis) CND- clr s CND
2392 00d (e A8 e gl (M Cliiod g oS
olisul 3)90 o> 30 slp l 4 polie (o (b))l
L8518

swddl Juolgd
-~ cpuonl dlols (adld g GungVlale alold (adli
o) Aol us eolawl ol jole ol S pess les
rolie s 5 bedile o)) Las bbb ool 5k
suple Bbd b uwgVlale dlols Jg obd dwlxe olie
O ol n bW ol (o) 4Bl fas esllgeS
~diges (o) & a8l g sl jolie clacuu b g bedale
Vo lralaly 000,85 dslore x> po diged 4 Cuns Jlallle sl
Db o gVl aold 5 ool dlols by cus e VY g

(VF) el

o) dlols A



A/ e)w/f'-\l.?/&su dbﬁjk&ﬁﬁ

CND- (21if jolic ga 0 slad,lailiv] g maie ¥ (5150 CND-CIr olis jolie 2o p0 a3 lailin! =Y Joan
(Y999 ¢, 802 g (bl ;3) 05wl L8 juiie (gl Joli ¥ gl wilr
Table 2. CND-clr nutrient reference standards for 7 elements and CND-ilr nutrient reference
(standards for 7 blances (lIr coordinate) in fall sugar beet (Daryashenas et al., 2020

. - o 1 ol
rolis piia nSilee e Syl polis ptia il oo
Nutrient Mean Standard Nutrient Mean N
variate division variate Standard
division
Clr variate IIr coordinate
CIr 5 lsstel 1r 5,lstel
N 3.05 0.12 ilry 1.84 0.07
P 0.42 0.07 ilr, 1.12 0.15
K 3.07 0.12 ilrs -0.68 0.18
Fe -1.77 0.17 lr, -0.48 0.13
Mn -2.72 0.15 1rs -1.89 0.18
Zn -3.83 0.13 lrg -7.04 0.11
Cu -4.50 0.14 1r; -6.74 0.07

CND-ilr g, a2 o sl lailewl =11r coordinate CND-CIF g, &> 4o (sl bl =Clr variate « S yiog ! oy 5 Coms =ilr
ilr = isometric log ratio; Clr variate = It is refrence norm for the centered log ratio method; Ilr coordinate = It is refrence norm for the

isometric log ratio method

polie slayito ;36 (canCuggl g o Stmad (p i (s
A8y adyy 0,Slee o (N, P, K, Mn, Zn, Cu, Fe ) ,lie
dal; Gk J (SC )bl e g

O PG (Swwed Ul gl (SC=0.5/\Eigenvalues)
a5 a8, Ja5 > a3 Slac 5 polic

& to Clonsloma
CND- gy 4 bgyo o)lel sladlS g Loy, als
Jakson, ) Y432 ST sl 5l eslazl L CND-ilr 4 clr
PCA gy glocdlS 5 Sl 48 g 45 s J3e,8 (2016

23,5 4t V¥ o5 (n I8l 5 L

OO Nse 9 bl gy rlie (8l Bua b ol
Py il b ploxil gy Fap)l5 b (ol olie 4
— ol Sty o39a5x0 5] 3lit sl |, CND-CIF SuoMlS
L CND-CIF SaadlS’ iy i (lié i sl ST
P8 Jas i jslate 4 CND-ilr S udlS™ g, 1z olie
S ey e po b (Sl — (s Sl
Elye JS 28es 09,5 (sloodls pslaie (. Lol slaadlie
PSP o sl Sles) Vb3 Slas 09)5 5 (4e50 V)

sWralge Jllod (g, b (olif polis Curdg b))
ol

by slas 3 Lus (PCA) ol slaadie oo
boasw ool ol b SHi sleodly dcgomme Juloo &S ol
OleMbl Hlade wShis Laas b odld (63 punds i0l58l ¢ Siog
Soadlye Jlow a8 0 wal)d |y (g dix ool puod
ac oo S bl LialS (ly lel S K &ly Lol
Olaizie i S 4 ooy Jas bag b )5 pl .l oal
Sl b g oo 1y Wosly jo @l s (i) a7 2945 o0 plol B0
Joblae jl ()l 5,8 Chuogi adgl glaodly 4 Cus (53568
day 93 50 Wodly iles (gl (PC2 4 PCL) Jof ol adlie g0
oo odlitwl ob 4 Soop oo blis sladdsd (o par olulid g
Gl i jl s iS5 SO PCL oll adlie ol a8
05 & ) laodly degazns j3 29390 (uillg oy i aS 29 Lo
O 1y bodly j0 il oy i S ddlio opl 0 olais]
ol bl e 51 i Slgiees (5,503 allge g 38
e swlol adlie ol dulore s bl ALl @lyus albPCL
P b olail s 1) sk 4 b 4 705 &S dg oS
@ chd 5 odls abai S oy Iy Jolh @pe ggerme b ol Bl
S5 S 58 PC2pulul alye (309> i) g jlade dieS
asgecne 53 oblo Bl uil)ly &5 35 (ol slagym iy Sl (o>
Sile 4 Coul diugon LPCL jludo b g 0)S Laas 555 10 15 03D
pols ddlllas j5 b s i 51 elate (Greenacre et al. 2023)



w9 PCA o 25, b plde jole Candy jadhil § i ( Jdow Cilises slaac /40

LCND-clr ,lis polie gla jadlis daly aSol 4 a5 L YL
o) ol oSl s SSslS Bl alie (o), 3Kk
Mo gy ol )3 D wal S e3gie Sy jge 4 RSl
apslne glis yole (sl glogasls @pe zox Jobs I 12
S Opgo & QN paie p jadld e el cpl B
(symmetrical about zero),so 4 cuwd )lie sdgice
asgazme S5 12 &Bly 4> (Khiari et al. 2001 )4y5,5 awlxe
Slplas yo a8 cosl ol polie jatls slaodgise 5l S
+IX U= IX 5l olrosgizwe ygods oli polie sl il
& ol jole (adls ud slo B (YL b 5 b 35)
ol )@l 5 laie <85 )15 edgae cnl e 3 ol Jais
5 Vb do slaodgiome Wiyl (39 i b 25008 Jolaiel
15 () JS8) 45 gl 5l (g5 s o3zl b sl 2>
2 polic) 3,8 lee — 50,10 balgy (gl ¥ ds )0 Yoleo oly L
gaw 3 (Byae o polic) 38las —gg) pais 5 (Spas
o2 pole plo Nud b gxe (FP<0.05) aspd A0 luebl
0,Sloe oy it ¢ JIS sl ) (sl oaiis &3l pols) wb o xe
rais (gly oAb odnlie V dgds B +/A% das — g + odgate )
S5 9 ¥ sin) 13,5 duwlore /YD dde — g+ adgam 53 ¢4,

()

p 5P 3 S sl 3Slas) ol >Shes 095 5 (S
2,5 B o a5 3,50 358 35505, ¥ S eolinal b (S

CND- Sowdl5 (g, b (2138 polis Candy (2L 3]
3l oslw! Lelr
9 (LMi-LMa) pSTas — J8las S diuus 039uxe
(LL-LU) YU as — b ds (S 03905

N, P.K, yole chle 5 aiy) 5)Slos (slaosly Ll
5leslazwl b A8y ae )30 VWYY aLS célb Mn, Zn, Cu, Fe
NS 53 (5 P o 8 Jlme 9 (2lie polie Cand (reod B
5,S0os 09,5 50 & chawly o didyy 3 Slae (4l (Cut-off yield)
e oo Jlinl 9 45 S8 S 3 55+ 5l 5wl 5 5V
&)l ysSia Lwlid gy Slisbea jl eslizl L (CND-clF)
sl polis 5l plS o gl plads b)) (Y 5 Y Jgi) )5
plsl Wlgs go dadylaslin] oyl 51 oolaiwl b A8 juise g)l50 adS
Jslus elo yzol,l (CND-CIF) g o (sl bl 53 09Ms 23,5
N, P,K, Mn, Zn, ol ¢ly (IX) olié yobe o asls
L CND-CIr oS g, (Y Jod2) 035 e Cu, Fe

9O U hiE polis Cardg Uyl g (430 ¥F) USSR 45 o5 Fo (YU 3 Shas drols I ouwd Ginio CND-clr g po (g3, Iuiliw! - ¥ Jou
(LL- UL) g (LMi-LMa) 5,54,

Table 3. CND-clr standards derived from the high yield population more than 60 t h' (34 fields) and assessing the nutrient
status using two approaches (LMi-LMa) and (LL-LU)

& 50 3 laiti!
CND-clr-Standards N P K Mn pd) Fe Cu
(0ke)-Mean 3.05 0.42 3.06 -2.73 -3.83 177 -4.50
(sbze B1,291) -SD 0.12 0.07 0.12 0.15 013 0.17 0.14
b ol l(parameters) IN 1P IK IMn 1Zn IFe lcu CND-*
514> (LMa) 2.14 311 ™ 291 128 2.33 157 31.03
JSlas (LMi) -1.46 -2.83 246 -1.55 -3.74 -1.82 -2.75 1.42
(5o 31,561) ~(SD IX) 0.95 0.99 0.96 0.96 0.95 0.99 0.99 721
YU s (LU) +0.99 +0.99 +0.99 +0.99 +0.74 +0.99 +0.99
ol 4 (LL) -0.99 -0.99 -0.99 -0.99 -0.74 -0.99 -0.99
(skro 31 ,23l)- (SD IX) 0.45 0.43 0.51 0.59 0.56 0.73 0.54

15 =LU ¢ lié yolic (clamsls uils 51 jlns ol =SD X «pnic a5l Jilio adgione =LMi cyumic Lasli 51> 239450 ~LMa «yluno 3l ol =SD
2= IZN + |2p+ |2K+... ) d.\aJI) d;)]o )‘ )..oL.c dl}b ua>Lu oS eob)l a5 Lf‘b‘c )@L—C J)Lu L)”L"' =CND- r2 ¢ s ua>Lm U“'lL' J =LL «pais L)”L"" Yl)

SD=standard deviation; LMa= maximum limit; LMi= minimum limit; SD IX= standard deviation from the mean; LU = upper limit; LL= lower
limit; CND- r2. The CND nutrient imbalance index of a diagnosed specimen is its CND r? and is computed as follows: r2 = 12y + 1% + ¢ +... +
12zq. The upper and lower bounds were extracted using the regression method (Figure 1).
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39 alold (Ll L oynl 4 )l 3 (57 g)lje jlas e e
5 sy 03,5 Gl SleMbl SOb 1 oolay jeboay o V-
s olawy acyie Jla sy &S db i deyie ¥ oppl Judoo
— omb edgame gy I it Sl = Bl g 5 Jolate
O s (gl Vb — b 03500 gy dad o oyl aS 240 YU
93 2V 5790 9 Jio) cunl i &l S e Joluia )50
Sy Dolete 4540 ¥V ply 0 Polete adpe VA iSTas — f8las
Jolaiels 45 po O ¢y WA odalie Yh— ol 6dgame (4o,
Ol Joliel a0 Wl ) Sl = JBlas (g )3 S92t
2 29108 Jolaiol aiye ¥ g Y — 1ol odgize gy (sl g
B9y Sly 39008 Jolatel ddpe A gl 53 Sl = JBhs b
b o> g A ds)ie ¥ Joio) b odalie YU — (b 03940

(D as)ze ¥V Jgi 9 C aeyie & Joio 9B acyie

Fitted Line Plot
yield = 75.06 + 0.750 IN - 3.753 INA2*

CND- a2 ye sladjlaslinl SUI 355 (B9, 93 2
slacble ) odlimul ogos > gl @olis 5 ol LSS Clr
— Bl oxgize (S > &S cunl (IK, IMN, 1Zn, Ife, ICuU
Rozane et al. 2020; ) b solatwl gt yuuds 9 Juloo g duwloes
5 Sy > (Y+V+) o, 5 Rozane .(Khiari et al. 2001
e jlstinl 1 eslazal b 1) )6l (gly (Saiuy odg0000
bo Slhe — fBlis adguote 3g0d jelaie L g CND-CIr
il o pols adllas o 00,8 b5yl YU = ol edguome
ovgy 5l eolaiwl b s 30 VYo (gl CND-CIF x5 5o (sl L5k
rolis &5 Nz (asil by jlodd gl el o 4 p i
(Y Jodz) 15,5 puss CND-CIr plie
J> odgdze 5 xShis = JBlas edgizee dile x> e (slayiel)ly
IK, IN, IP,) glie yole slojadls glp Yo s — ol
ol ol 51 (Y Jgds) 4d awle (IMN, 1Zn, ICuU, IFe
S1as 10,3 solatul 465 py sl yolie Cundy Sbj)l sy
0390y b g yiSTas o JBlis o3gize (po (s paic o asld
do b g Sl lade 5l ST Joleie «cd)S )18 Vb ds g ol ds

Fitted Line Plot
yield = 75.41 - 2.355 1Zn - 6.461 1Zn"2*
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Figure 1. Determining of upper and lower limit (LL-LU) ranges nutrient indices using regression for macro (N) and micro
nutrients (Zn)
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Table 4. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-
LU nutrient indices (root yield 52.611 t h*) — field A

Nutrient index IN P IK IMn 1Zn IFe ICu
(IX)
X Joleio b
YU s — ol s i, Jabse dgeaS ol Jolee 305 Pl b dgiy Jobie b 3geed Jobeie
LL-LU method 2 B Imb.D B Imb.D Imb.-H Imb.D
Imb.-H
. . Jolee
FSlas — JBlas g, B Jbse 3geaS Jolzo Jolee Jolee Sguiny Jobito b Jolase
LMi-LMa method B Imb.D B B Imb.-H B
21ie ol clils
Concentration of
nutrients 39.8 25 25 0.116 0.026 0.410 0.014
gkg*
).wl.i.c ua:-l..u )La.i.o
AT -2.51
Nutrient Index value 147 0.47 0.72 -2.98 2.50 -1.68
(1X)

B= balance; Imb. — H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU = upper limit; LL =

lower limit

ol se g Sl - Pl (Sain (s 03ga5w (g, ¥ 32,b I CND-clr Juo 52,5 b (olié polic Cundg dulio 9 (2bj,1 -0 Jgsar
B as 50— (U8 13 o FA/VY ddiy,y 3,50es) oI5 polie Hadli Wb as -

Table 5. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-
LU nutrient indices (root yield 49.12 t h't) — field B

Nutrient index IN IP IK IMn 1Zn IFe ICu
(I1X)
Lo b L b . L . Jolaze
YU s -l > 9, > > e » dgeeS Jolaie b S
- Imb.- D
LL- LU method Imb-H  Imb-H B Imb.- H B B
. . Jolsie
Pl - JBlas 459, B Jolete Jolete Joleto 39S Joleio b Joleio Jolee
LMi-LMa method B B B Imb. - D B B
Concentration of
nutrients 41.4 26 30 0.130 0.023 0.269 0.015
gkg*
)..ol&.c ua:l.w )La.i.a
2lis
. 1.86 1.03 -0.88 1.55 -3.98 0.02 -0.94
Nutrient Index value
(1X)

B= balance; Imb. — H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU= upper limit; LL =

lower limit
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Table 6. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-

LU nutrient indices (root yield 41.920 t ht) — field C

Nutrient index IN

1P

IK IMn 1Zn IFe ICu
(1X)
aa -l s g, Joleze b Joleze U Jolee Joleo U Jolaze Jolze b 39S Jolata
Yy 3gudi 3 guddis FYWA S 3guddi
LL- LU method Imb.- H Imb.- H B Imb. D B Imb.- H Imb. D
51— Bl s Jolee Joleio Jolee Jolee b Joleio Joleio Jolszo
- J)
. dgsaS
LMi-LMa method B B B Imb. D B B B
i polie clile
Concentration of
nutrients 39.6 29 32 0.072 0.039 0.390 0.015
gkg*
,mli& u»lw )|J.5.n
wlis
Nutrient Index 11 191 -0.79 -2.72 0.72 1.90 -1.7
value
(Ix)

B= balance; Imb. — H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU =

upper limit; LL = lower limit
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Table 7. Assessment and comparison of nutrient status using the CND-clr model through 2 methods of LMi-LMa and LL-
LU nutrient indices (root yield 38.518 t h') — field D

=lis
Nutrient

index
(1X)

IMn 1Zn IFe ICu

09 Jolazo Jokeio Jolaio b
YL -l
LL-LU
method

Sgud 3guding FYWA S
Imb. - H Imb. - H Imb. D

Joleio b
X d9ueS Jolaio b Joleio b dguin Jolaito b gy
2 Imb. D Imb. - H Imb. - H
Imb. - H

e g, Jos b Jolszo b
Al . Joless
Sy Sy B

LMi-LMa Imb. - H Imb. - H
method

Joleza b ol Joleza

B FYWA S 3 guddi dgudis
Imb. D Imb. - H Imb. - H

polis clils

@l
Concentration 44.9 3.10 25.9
of nutrients
gkg*

0.112 0.005 0.442 0.021

0l laie
i polie
Nutrient 3.50 4.93 -1.26

Index value
(x)

1.30 -19.40 3.65 212

B=balance; Imb. — H = imbalance high; Imb.D = imbalance deficiency; LMa = maximum limit; LMi = minimum limit; LU = upper

limit; LL = lower limit

polis (St 039850 5 (Sl Gedald o8 yiall 93 oy
e seble (A Joio) 13 gl el BpaseS g Spas
s953e Sgew)Sy CWdlae (3 HF Hho b ol aen
g Jols 3l (Sdi laodgiome jolie (yisred Wb gl il
Jare Glyol pows 95 clie 5 WSl & il ekl
ol acdale oyl (Melo etal., 2018) 45,5 aswle (2/3SD)
Laisl o w3 Huse lp 2l pole blite ol Silo 4
SIS Bl (e (ool (bl g oo bl oyl ) oslizal
s plogl 48 i Gl gilie el |y i olie iz
Glazpo ggorme g ) 3)Sos (g (ile (Stnsod dlatl) (ieon
(FFP<0.01) soy> A% rdaws 55 (2) i polis (sl asls
aglas Sl caol (YD pa ] does (A Jods )b )b xe
Il Vsl 255 oo s )by 5 2aS 12 i oy oS
SSles o] &5 4 g ord bl LI polie o gpcwlie

(Khiari etal., 2001) cél sals o5l

(5 g 039350 9 (o (SLCBIL gl 5]
2Iie jole s e Ll 5 ,b 5l olis ol
CND-clr

HE polis (St 03 b g Jlou laclale
Slors suie * Jole S slaiolejl 5l a8 el); lalS (ly
I3 @Sl s ol ole e olgl asl
(5t ol B3 1,5 OND s el iz sla o]
Rozane et »g Ll i polie blin ol il Sl § ausl
(2020) .J,%ex 4 Rozane .(Khiari et al., 2001;al., 2020)
ol clayasls ol ol 93 e  SgmssS ) bl oolil |
(CDA) (S5 sloods b5 gy Lawss o (1X) lié
szl (X) lié polic sllan B (55,5 5 503 Sty
o5 9 Bpas y polie (Shi odgie 5 Sln glackle
255l ly CND lagee o oddicayyai glrodls 5l 1) (8 pns
SmsSy Laly, 5 odlizul b o ol adlas 3 S gl sl

' Univariate
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Table 8. Statistical models for determining critical level and sufficiency range through CND-clr nutrient indices

)apu.c M OYaleo O G o ;?")’” chls ‘;M LEPREDY
Nutrients Statistical models (R?) Critical level® Sufficiency range®
N IN=0.3060N-11.298** 0.84 36.8 g kg?! 34-39 g kg*

P 1P=3.5545P-9.4582** 0.48 2.66 g kgt 2.54-2.76 g kg*
K IK=0.172 K-6.4782%* 0.89 37.6 g kgt 36-38 g kgt
Mn IMn=55.34Mn- 6.3297 ** 0.84 115 mg kg* 104-126 mg kg'*
Zn 1Zn=162.71Zn-6.2268** 0.92 38 mgkg* 34-42 mg kgt
Fe IFe=15.593Fe-4.6941¥** 0.88 301 mg kg* 262-340 mg kg
Cu ICu= 296.96Cu-5.81186** 0.90 19 mg kg™ 17-21mg kg™*
Root yield CND-r= 7.47-0.09110 yield** (R?=0.3125) - -

Oms Slyzo clale 4 jlaee Blssl VIV (0,5 (clain g a8lol b puais b (S 039000 5 (Somw)S ) SYoleo (303 S5 jho b yolis den gl oo lacdale i 4 =Y 9N
oyd ) Jleis] o 5> (65 gixe s 130 )F
(**) Significance at 1%
@ Critical level (CL) values or appropriate concentrations drawn by assigning the null value to the indices of the equations applied to each nutrient
@The sufficiency range for each element was determined by adding or subtracting 2/3 standard deviations from the critical concentration.

CND- SewdlS' o9, b (2138 polie Cursg (2L 5]
= e 11 5583 sl yoliie ay il
SIE polis a5 LS
CND-ilr gy & by Lisu » & a5 lon

s polie lize 51 4S 5,15 3gmg oSl gl s s
05 9 Spacy polis blite Jl chn (b L 3ySles 9 43,
s G5 IS L g (polis JolS cin S5 ko) o
Syba <8 L (V i) > e (i) Soyegil o)
CND- (g, b oS (slas)jo oz plod ol gl 2098 (25)
58,5 5 )5 b g CND-IIF g, b Tsaoms cings oad b, clr
Ol S wyy g Aol BIY L ply & e unsiVlale dlold
e g ol duwbro 1IN o OS] acyio ya (glp j5laie
whe polie ol ya (ol (Ilr-ilr*) s Blr* 2 0 5 laikil
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Table 9. Assessment and comparison of nutrient status using the CND-ilr model through 7 nutrient balance designs for 4 low-yield population fields (hamed A, B, C, D).

3,5os Fe. M [FvIN, P, K, alold ol alold
ey [PINI [NP|K] [Fe | Mn] [2n|CU] i Cul [N,P.K|Mn,Zn,Fe,Cu] Mn, Zn, Fe, oY le Balanced suwi Jalxie
rootyield  ilrs-ilrs Hrz-ilry lra-ilr Hrailrg Hredilrs* Ire-ilrs ||r‘C-liJ|]r‘ . Mahalanobis Mahalanobis
[ distance distance
. 52.611 -0.373
A s, 0.114 -0.240 0.046 -0.545 0.034 -0.112 5.38 3.4
Field-A
B a5 49.128 0.11 -0.25 0.14 0.19 -0.40 -0.19 -0.11 4.74 2.6
Field-B
Cas)jo 41.920 0.005 -0.23 -0.54 -0.22 -0.06 -0.16 0.063 462 3.8
Field-C
D“I‘J}‘ 38.518 0.05 -0.48 -0.31 -15 -1.24 055 -0.235 27.6 5.77
Field-D

yolie plw =FV (olie jolie 3kl = S og sl ot )5 (gl SIl* s jo digas = < yiog il ol ) slacmns =ilr
ilr = isometric log ratios - farm sample; ilr* = isometric log ratios - nutrient standard; Fy = fill value
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Table 7. Evaluation of the nutrient status of all 170 fields using the PCA method, considering nutrient index (IX) and
absolute nutrient concentration (X) in relation to root yield.

(1X) yuicio PC1 PC2 PC3 PC4 (X) guiio PC1 PC2 PC3 PC4
IN 0.524" -0.012 0.304 -0.299 N -0.453 0.309 0.234 0.487
IP 0.402 0.464 0.341 -0.135 P 0.004 0.642 0.124 0.022
IK -0.317 0.148 0.527 0.606 K 0.555 -0.038 0.004 -0.291
IMn 0.016 -0.802 0.091 -0.015 Mn 0.031 -0.535 -0.280 0.598
1Zn -0.457 0.256 -0.059 -0.089 Zn 0.504 0.213 0.036 0.229
IFe 0.292 0.184 -0.700 0.366 Fe -0.099 0.336 -0.922 -0.044
ICu -0.412 0.140 -0.113 -0.619 Cu 0.472 0.214 0.005 0.516
Eigenvalues Eigenvalues
. 2.5933 1.4919 1.2292 0.8085 R . 24313 1.8413 0.8932 0.7863
ojug pdlie oh29 plie
Explained Explained
variance(%) &:j¢ 0,370 0.213 0.176 0.116 variance (%) 0.347 0.263 0.128 0.112
alyly osbly @i
Accumulated Accumulated
variance (%) 0.370 0.584 0.759 0.875 variance (%) 0.347 0.610 0.738 0.850
ol yly e by gess
Selection Selection
criterion(SC) criterion(SC)
ISR 0.31 0.409 0.45 0.556 ] e 0.32 0.368 0.529 0.563

dally dhusgs 45 Wit alyy 3,8k b (X) jobie sl clale o (IX) )i yolie (asls b I siee blo)l sianlis bl osd Lasuie oy ) b 45 6ol ™
i glié ole (asls ICU B IN .05 apslss (SC=0.5/VEigenvalues)
*Values in boldface are dominant in the PC loadings by setting the level of significance defined according to the selection

criterion(SC=0.5/\Eigenvalues). According to the SC, the boldface coefficients in the table are considered dominant in the PC loadings. This means
that the traits associated with these coefficients are significantly related to the respective principal components. IN until ICu are nutrient indices
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Figure 2. Principal component analysis (PCA) to determine the effect of nutrients on root yield -170 sugar beet fields (a):

Absolute nutrient concentration (X), the first component (PC1) and the second component (PC2), respectively, 34.7 and
26.3 percent of the variances (b): Nutrients index (Ix), the first component (PC1) and the second component (PC2),
respectively, 37 and 21.3 percent of the variances.
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Table 8. Pearson correlation coefficient (r) between nutrient indices (1X) relative to each
other and relative to sugar beet root yield (170 fields)

Root yield
| aiyy 3,5kos IN IP IMn 1Zn IFe
IN -0.361*
IP -0.305** 0.600**
IK 0.339** -0.383** -0.092
IMn 0.028 0.026 -0.446%* -0.155%
1Zn 0.294** -0.564** -0.330** 0.203** -0.320**
IFe -0.426 0.035 0.099 -0.438* -0.204*  .0.328™
ICu 0.486** -0.496** -0.304** -0.199** 0.328** -0.299**

Lk glie yolie (adls ICU U IN wop ) Jlois! maw )0 )b pxe ## o )d & Jlain! pdaw p> )5 e #
* Significance at 5%; ** Significance at 1%; IN until ICu are nutrient indice
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Figure 3. Root yield versus nitrogen nutrient index (IN)
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Table 12. Pearson correlation coefficient (r) between leaf nutrients relative to each other and relative to root yield of sugar

beet (170 fields)
k) 3 Ndes N P K Mn Zn Fe
Root yield
N -0.317**
P -0.154* 0.341**
K 0.456** -0.654** 0.026
Mn 0.055 -0.179 -0.497** -0.104
Zn 0.291** -0.327 ** 0.184 -0.149** -0.104
Fe -0.337** 0.111 0.260** -0.014 -0.149* -0.017
Cu 0.491** -0.223** 0.200** -0.104** -0.014 0.614**  0.001

* Significance at 5% ** Significance at 1%

aoyd N e pdass 50 )b gize =FF o) 0 Jlais ] pdass )0 jI pize = *

4 omly 3,5des 89,5 (IS polis Cundg L))
21if polie Glao ClilE (g, BLd L PCA )3y,
Aiy y 3 ySdos &y Cond (X)

PCA gy 3l edlatwl b ol 5,Sles b g)l50 09,5
Ay 3 Sl 4y G X jusito Glgiedy olie olie slas clale
Sl do )3 FAIY 390 cgaamme 3 oS by s ol 3,8 b))
adie ¥ olasl | (Eigenvalues>1) bosls wlyuss (uilylg
9 (W Joio) @bt s (¥ US89 W Jgio) 035 (s
g yad yolic (PCL) Jgl ol ddlge jo a8 ol lis (¥ JSCs)
o paie g Cute (Shwod (pyile iy 4 9y 9 e
W0l olaisl dgs ay iy 3 )Slas by i Siod oy yiddis
(Siad (et Ojay yaie (PC2) p> Lol ailhe 3
S5 Ay 3,Slae b |y St S il il 5
i (Sisod (y yiins 3350 b (PC3) pows ol adlio j5 00



w9 PCA o 2, L 2138 jole Candy adedl g pndi ( Jolow il glaaco /N0 Y

(X) 2138 polis llas Cdile Blod LPCA (g 4 oml 3,5Mes 29,5 (S polis Cardg (2L, VY Jga
Table 13. Assessment of nutrient status of low-yield population fields using PCA method considering absolute nutrient
concentration (X)

= PC1 pPC2 PC3
X)

N 0.179 -0.620 -0.340

P 0.532* -0.261 0.207

K 0.211 0.571 0.333

Mn -0.370 0.276 -0.589

Zn 0.457 0.341 -0.260

Fe 0.276 0.341 0.134

Cu 0.468 0.170 -0.547
Eigenvalues® 2.1364 1.6229 1.0304
Explained variance(%)? 0.305 0.232 0.147
Accumulated variance(%)® 0.305 0.537 0.684
Selection criterion(SC)* 0.342 0.392 0.492

iy 3,Skas o (X) 2lie polic sllae clale o i sne pdaw saablis 5l odd asuine 0y S5y b 45 6 palie * Glasl Jlns e il jly 2o :3 ¢ il yly 2505 2oy polio 1
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%Values in boldface are dominant in the PC loadings by setting the level of significance defined.

according to the selection criterion(SC=0.5/VEigenvalues). According to the SC, the boldface coefficients in the table are considered dominant in
the PC loadings. This means that the traits associated with these coefficients are significantly related to the respective principal components.
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Figure 4. Principal component analysis (PCA) to determine the effect of nutrients on root yield of 136 sugar beet fields

(low yield population) considering **absolute nutrient concentration™ (X), first component
(PC1) and second component (PC2) with 30.5 and 23.2 percent of variances, respectively.
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