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Temporal and spatial distribution characteristics of nitrogen content in
tomato leaves under different nitrogen application levels and construc-

tion of the SPAD non-destructive diagnostic model

Chen Xin, Li Xiaojing, Liu Jiecai, Song Yang

(College of Horticulture and Plant Protection, Inner Mongolia Agricultural University, Huhhot 010018, Inner Mongolia, China)
Abstract: To address the current issues of chaotic leaf position selection and poor model applicability in SPAD-based ni-
trogen diagnosis of greenhouse tomato, this study took greenhouse tomato as the research object and investigated the spa-
tiall variation patterns of SPAD value, leaf nitrogen content, and apparent nitrogen use efficiency (ANUE) at different
growth stages and leaf positions under gradient nitrogen concentrations. Through correlation analysis, the optimal diagnos-
tic leaf position was identified, and nitrogen content estimation models were established. The results showed that: (1) To-
mato leaf nitrogen content increased first and then decreased over the growth stage. The upper and middle leaf positions
almost peaked at stage V (110 days after transplanting), while the lower leaf position peaked at stage IV (95 days after
transplanting). At the same stage and leaf position, leaf nitrogen content rose initially and then decreased with increasing
nitrogen application rates, with the highest value observed under the N3 treatment (450 kg - hm™) (except lower leaf posi-
tion at stage IV). The vertical distribution of leaf nitrogen content generally followed the order (except stage IV): Upper
leaf position > middle leaf position > lower leaf position, with more pronounced differences among leaf positions under

low nitrogen conditions. (2) SPAD value at all leaf positions also increased first and then decreased over the growth
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stage, with a spatial distribution order at stage II of upper leaf position > middle leaf position > lower leaf position. (3)
Spearman correlation analysis revealed that SPAD value at the upper leaf position were significantly correlated with nitro-
gen content during stages [-V (50-110 days after transplanting), with correlation coefficients ranged from 0.948 to 0.993
(P<0.01). At stage VI (125 days after transplanting), the correlation at the lower leaf position also reached a highly sig-
nificant level (correlation coefficient 0.908, P<0.01). Accordingly, the optimal leaf positions for SPAD-based nitrogen di-
agnosis were determined as upper leaf position for stages I-V and lower leaf for stage VI. (4) The apparent nitrogen use
efficiency CANUE) of tomato leaves was highest at the upper leaf position and lowest at lower leaf position. ANUE in-
creased first and then decreased with rising nitrogen rate, and peaked at stage V for upper and mid leaf positions. (5)
Non-linear nitrogen content estimation models constructed based on SPAD value at the optimal leaf positions achieved coef-
ficient of determination(R?)values ranging from 0.879 3 to 0.965 3, with the highest value at stage II (65 days after transplant-
ing). Model validation results indicated that the stage I (50 days after transplanting) model exhibited the best reliability
(RMSE=0.90%, RE=6.55%). In conclusion, non-destructive SPAD-based nitrogen diagnosis for tomato should adopt a dy-
namic leaf position selection strategy -“upper leaf position in early stages, lower leaf position in later stages” - and the nitro-

gen content estimation models constructed for different growth stages can enable accurate diagnosis of leaf nitrogen status.
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Table 1 Leaf position classification of tomato plants at different growth stages in greenhouse

I /7 Phyllotaxis
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f’j;;f)d ﬂi)ffz Eransplanting/d Totell%:af number R A R
Upper leaf position Mid leaf position Lower leaf position
I 45 7~8 1 4 7
I 60 9~12 1 6 10
I 75 13~15 1 9 13
v 90 16~18 1 12 17
\Y% 115 19~21 1 15 19
VI 130 22~24 1 15 22
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Table 2 Effects of different nitrogen application treatments at different stages on

nitrogen content in tomato leaves (mg-g")
iz e fg‘%ﬂ .
Leaf position Period itrogen application treatment
NO(CK) N1 N2 N3 N4
Bt DA 1 3.17+0.32 Ac 3.49+0.32 Abc 3.83+0.33 Aab 4.13+0.38 Aa 3.79+0.20 Aab
Upper leaf position 1l 3.65+0.45 Ab 3.7240.36 Ab 4.13+0.22 Aab 4.3240.30 Aa 3.86+0.27 Aab
1 3.77+0.37 Ab 4.02+0.35 Ab 4.13+0.14 Ab 4.98+0.42 Aa 4.11+0.34 Ab
v 3.91+0.43 Ab 4.18+0.24 Ab 4.33+0.37 Ab 5.1140.26 Aa 4.15:0.19 ABb
\% 4.29+0.18 Ab 4.63+0.36 Aab 4.97+0.41 Aa 5.05+0.47 Aa 4.47+0.35 Aab
VI 4.74+0.29 Aa 4.84+0.26 Aa 4.78+0.33 Aa 4.69+0.39 Aa 4.13+0.20 Ab
rp Ay I 2.47+0.08 Bb 2.66£0.21 Bab 2.75+0.48 Bab 2.99+0.18 Ba 2.77+0.23 Bab
Mid leaf position )i 2.69+0.25 Ba 2.76+0.37 Ba 3.00+0.36 Ba 3.07+0.39 Ba 3.05+0.45 Ba
I 2.65+0.25 Be 2.90:£0.03 Bbc 3.06+0.06 Bb 3.51+0.20 Ba 2.91+0.24 Bac
v 3.28+0.34 Ab 3.40+0.32 Bb 3.720.34 Bab 3.96+0.34 Ba 3.66+0.34 Bab
\% 3.49+0.35 Bb 3.910.3 Bab 431039 Ba 43140.34 Ba 3.70+0.24 Bb
VI 3.03+0.23 Ba 3.09+0.41 Ba 3.38+0.47 Ba 3.46+0.22 Ba 3.39+0.38 Ba
LIED I 2.724+0.22 Ba 2.43+0.32 Bab 2.43%0.32 Bab 2.46+0.26 Cab 2.21+0.37 Cb
Lower leaf position I 2.91+£0.27 Ba 2.82+0.18 Ba 2.82+0.18 Ba 2.67+0.34 Ba 2.21+0.23 Cb
I 2.63+0.22 Ba 2.84+0.30 Ba 2.84+0.30 Ba 3.03+0.27 Ba 2.79+0.26 Ba
v 3.28+0.39 Ab 3.40+0.33 Bb 3.40+0.33 Bb 4.13+0.38 Ba 431£0.42 Aa
\% 3.09+0.41 Ba 3.26+0.42 Ca 3.26+0.42 Ca 3.31+0.23 Ca 3.24+0.34 Ba
VI 2.78+0.37 Ba 3.04+0.34 Ba 3.04+0.34 Ba 3.14+0.12 Ba 3.07+0.42 Ba

T AN AR S B 2RO A — I R — AL LA AN [ 2172 0.05 7K1 22 5t 8t 25 5 AN AN 7 BERR O [A) — I 39 J) — I (o2 P A ) LAk 2

B 0.05 K FEFREE. K4F.

Note: Different capital letters in the table indicate significant differences at 0.05 level between different leaf positions under the same period and

nitrogen treatment; different lowercase letters represent the same period and the same leaf position, and the difference between different nitrogen

treatments is significant at 0.05 level. The same as table 4.
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Table 3 Tomato nitrogen apparent use efficiency by different leaf positions %
H-for RAbER i3 Period
Leaf position Nitrogen treatment | I I v \Y4 VI
Bl DA N1 33.30£0.36 a 33.40+0.36 a 33.90+0.20 a 34.60+0.17 a 35.40+0.30 a 33.5040.36 a
Upper leaf position N 36.5040.26a  37.60+0.17a  38.8040.26a  40.20£0.09a  41.60+0.45a  37.80£0.09 a
N3 38.5040.17a  40.20£0.30a  41.004036a  43.804026a  44.60+0.10a  40.60£0.26 a
N4 342040.19a  34.80£026a  35404030a  36.40£026a  37.40+034a  35.00£0.26a
SRIL A N1 32.00+0.43 b 31.80+0.36 b 32.40+0.17 b 32.50+0.34 b 33.10+0.36 b 32.30+0.19 b
Mid-leaf position N 33.6040.36b  33.7040.43b  34.804026b  36.00£0.36b  36.30:0.19b  34.50£0.26 b
N3 347040.19b  34.90+£034b  35304036b  37.7040.36b  38.40+026b  35.00£0.29b
N4 322040.19b  32.30£036b  33.204036b  33.904020b  34.10:0.19b  32.90+0.30b
FHA NI 30.10£0.20c  30.10£040c  31.10£0.26c  31.20£036¢c  31.304026c  30.60£0.29 c
Lower leaf position N 30.00+043 ¢ 30.30£026¢c  31.8040.26c  32.50£036¢c  32.70+0.34c  30.90+0.29 c
N3 30.00+0.26 ¢ 30.204026¢c  30.70+0.39c¢  32.600.19c  33.30+0.19¢c  30.50+0.26 ¢
N4 30.10£045¢  30.50£036¢c  31.5040.26c  31.60£020c  31.70+0.09c  30.90+0.17

TE AN FVNG FREROR F I8 IR A A R AE 0.05 KT 225 2

Note: Different lowercase letters indicate significant differences at 0.05 level among different leaf positions under the same nitrogen treatment

during the same period.
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Table 4 Effect of different nitrogen treatments at different stages on SPAD value of tomato leaves
. b T 44
LA ) .
Leaf position Nitrogen Period
treatment | il 111 v \% VI
ARG NO 62.92+1.18 Aa 64.92+1.23 Ab  60.95+0.85Ab  58.48+1.30 Ab  56.29+0.77 ABb  54.73+0.18 ABb
Upper leaf NI 61.09£1.09 ABab  69.58+1.09 Aa  63.53£1.37Aa  62.48+130Aa  61.43£0.14Aa  60.04+0.28 Aa
position N2 60.48+1.19 Ab 63.51£1.28 Bbc  59.09+0.78 Bc ~ 57.30+1.33Bbc  56.98+1.86 Bb  55.29+0.99 Bb
N3 61.43£1.07 Aab  62.19+0.64 Ac ~ 59.34+£1.07 Bbc  58.72+0.62 Ab  57.49£127Bb  55.48+1.19 Bb
N4 57.51+0.77 Ac 58.16£1.09 Ad  56.93+2.41 Ad  56.25+1.13Acd  56.25£1.87Ab  54.38+1.11 ABD
ERUE A NO 59.95+1.07 Bb 63.00£0.51 Ab  60.59+0.87 Ab  58.34+1.07Ab  56.68+1.12Ab  54.34+0.87 Bb
Mid-leaf NI 62.43+0.57 Aa 63.70£1.40 Bab  61.29£0.70 Bb  59.58+0.59 Bab  58.49+1.26 Bab  57.23+0.68 Ba
position N2 59.37+0.76 ABb  65.26£0.47Aa  63.87£0.99 Aa  61.28+0.70 Aa  59.86+1.13Aa  58.67+0.61 Aa
N3 62.73+0.97 Aa 62.112040 Ab  61.28£1.15Ab  60.58+1.10Aa  59.99+0.83 Aa  57.48+1.31 ABa
N4 56.18+1.18 ABc  58.70+1.26 Ac  57.00£0.74 Ac  55.00£1.29 Ac  54.00£1.15Ac  54.00£0.67 Bb
LA NO 57.99+0.83 Bc 59.24+129Bb  56.87£0.57Bb  58.34+0.17Bb  54.50£0.81 Bb  56.00£0.72 Ab
Lower leaf NI 59.84+0.44 Ba 61.29+0.28 Cab  59.32£0.91 Ba  59.58+0.59 Cab  58.17+0.28 Ba  59.38+0.83 Aa
position N2 58.13+0.54 Bab ~ 60.59+0.39 Ca  58.49+0.83Ba  61.28+0.70 Ca  57.01+0.51 Ba  58.78+0.72 Aa
N3 58.2941.20 Bbc  59.29+0.77Ba  57.85:0.88 Ba  60.58+1.10Ba  57.97+0.82Ba  58.33+0.89 Aa
N4 54.75+0.91 Bd 57.55+1.28 Ac  52.49£0.59 Bb  55.00+£1.29 Bc  54.78+1.16 Ab  56.18+1.13 Ab
=5 EMARRE MMM FEEE5 SPAD BRI %M (Spearman) 7347

Table 5 Spearman correlation analysis of leaf nitrogen content and SPAD values at different growth stages and leaf

positions in tomatoes

A i 39 Period

Leaf position I 1 il v A VI
£ Upper leaf position 0.993%* 0.948%* 0.977%* 0.977%* 0.969%* 0.880%*
Frf7 Mid-leaf position 0.906%* 0.928%* 0.928%* 0.930%* 0.833 ns 0.462 ns
N2 Lower leaf position 0.210 ns 0.200 ns 0.935%* 0.873* 0.894* 0.908%*

T FRIRAE 0.05 K RIFAA IS, FRIRAE 0.01 AP35 A 56, ns SRR T i H ARG

Note: * indicates a significant correlation at the 0.05 level, ** indicates an extremely significant correlation at 0.01 level, ns indicates no signif-

icant correlation.
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Fig. 1 Optimal estimation model for nitrogen content in different leaf positions of tomatoes at different stages
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Table 6 Deviation rate of estimated nitrogen content in tomato leaves at different stages and positions
I3 - it R ER /M ZE 2 ) w22 5 AHXS 1% 72 BTz
Period: leaf position Ma).( . Min.inr?um Mee.m . Relative Root mean _
deviation rate/% deviation rate/% deviation rate/% error/% square error/(g-kg")
| E:ti P el g A 0.130 -0.260 0.068 9.245 0.846
Period I: Upper leaf position
T - _EREr 0.009 -0.944 0.111 9.615 0.812
Period II: Upper leaf position
T - bz 0.154 -0.333 0.075 8.774 0.599
Period III: Upper leaf position
V. bz 0.152 -0.553 0.082 8.941 0.260
Period IV : Upper leaf position
VI LAz 0.124 -0.253 0.120 10.220 0.099
Period V: Upper leaf position
VI R 0.072 -0.541 0.105 10.047 0.058

Period VI:Lower leaf position
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Fig. 2 Validation model for estimating leaf nitrogen content in tomato at different stages
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