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Abstract 
The ability to predict wheat yield in a Mediterranean environment is limited by a number of factors. These include the 
variability of soil N that is available within a growing season and between years, and the highly variable nature of climatic 
conditions in this environment. These factors interact to confound the relationship between N inputs and actual N that is 
available for plants at a given phenological stage or period of the year. We measured passive reflectance by crop with a 
proximal hyper-spectral sensor and computed 38 indexes related to various canopy traits at heading and related their 
integration to grain yield. The experiment was conducted over 2 growing seasons for 2 durum wheat cultivars subjected to 6 
fertilization strategies and two fungicide treatments at heading. Relatively high coefficients of determination were obtained 
by modelling yield by the indexes used and some plant traits at heading, including heading date. We conclude that this was 
due to the reflectance indexes rather than crop biomass, N or heading date. Among predictors, chlorophyll vegetation index 
(CVI) was frequently included in the models, which could depend on the ability of CVI to capture the variability of biomass 
and its N concentration. However, since both of the cropping seasons had adequate rainfall and homogeneous rainfall 
distribution, additional research is still needed to model wheat yield by proximal sensing in environments or years with 
lower and/or more erratic rainfall. 
 
Keywords: proximal sensing, reflectance, grain yield, quality, yield prevision. 
Parole chiave: proximal sensing, riflettanza, resa in granella, qualità, previsione della resa. 
 
Introduction 
Climatic conditions in Mediterranean semiarid environments are erratic which results in difficult correlating N inputs and 
actual N availability for plants at key phenological stages or period of the growing season. Because of this high degree of 
variability, fertilization strategies such as split application or modulating its amount can help in enhance crop responses to 
fertilizers (Colecchia et al., 2013). In Mediterranean environment, this prediction is partly allowed by the dependence of the 
wheat biomass and N uptake at harvest by the corresponding traits at heading (Masoni et al., 2007; Barraclough et al., 
2014). However, measuring biomass and N uptake at given phenological stages is costly and time consuming. We 
investigated the use of proximal hyper-spectral sensing to capture the variability in yield and grain N uptake explained by 
biomass and its traits at heading. In the present study, data for 38 reflectance-derived indexes, biomass and N content 
recorded at heading stage were used to forecast wheat yield and grain N uptake of two semi-dwarf durum wheat cultivars 
under 6 fertilization strategies.  
 
Materials and Methods 
The experiment reported here was performed at the CREA-CI of Foggia, Italy in the 2012-13 and 2013-14 on a Typic 
Chromoxerert as a split-plot (4 replicates) with the following treatments: main plots were cultivar (CV, PR22D89 and Iride) 
and fertilization strategy (see table 1 for the explanation of the treatments); split-plot was fungicide application; size of the 
split-plot was 1.5 m × 7.5 m. The crop was sown at 380 viable seeds m-2 at 17.5-cm wide rows and an herbicide was used 
to control weeds. The degree of infection by rust was evaluated at heading time. Reflectance was recorded with a 
FieldSpec® Hand-Held Pro portable spectroradiometer (Analytical Spectral Device, Boudler, CO, USA) which had a 
spectral range from 350 to 1100 nm and FOV of 25º. The following indices were derived from proximally-sensed, hyper-
spectral reflectance data (psHRDIs): WDVI; GNDVI; TVI; CRM; CVI; CGM; PVI; SAVI; TSAVI; SAVI2; MSAVI1; 
MSAVI2; EVI; EVI2; eta; GEMI; OSAVI; NDVI; NDRE; NDRE2; MTCI; CARI; TCARI; MCARI; MCARI1; MCARI2; 
SARVI; MTVI; MTVI2; TCARI/OSAVI; MCARI/OSAVI; MCARI/MTVI; MCARI/MTVI2; NDRE1/NDVI; 
NDRE2/NDVI; MSAVI; CCCI; CCCI*NDVI. Definitions and formulae for these indices can be found in Basso et al. 
(2016). 
 



 

Tab. 1: Code, timing and amount of fertilizer N (kg N 
ha-1) applied in the various fertilization strategy 
treatments.  
Tab. 1: Codice, momento di applicazione e quantità (kg 
N ha-1) di fertilizzante applicato nei diversi trattamenti 
di fertilizzazione. 

 
Correlations were calculated at heading stage among 
psHRDIs and between each psHRDI with biomass and 
N content using SAS/STAT software (CORR ). Grain 
yield was modelled by means of stepwise regression analyses (REG procedure, with slentry=0.10 slstay=0.05 options), 
taking into account the collinearity among the predictor used (Collin option), thus retaining only those non-significantly 
correlated (at a Pearson p statistic higher than F at 5% probability level). Stepwise regression analysis included or not plant 
biomass, its N content and date of heading (expressed as days from the fist of April). Data on yield, biomass, N contents 
and grain quality at grain maturity were subjected to analysis of variance (Glimmix procedure) according to the 
experimental design. Differences among means were compared by applying t-grouping with Tukey-Kramer correction at 
the 5% probability level to the LSMEANS p-differences. Finally, 3 orthogonal contrasts were computed. The first contrast 
represents the effect of fertilization and is calculated as (T0) vs (mean of all others). A second contrast represents the 
increase of N availability and stem elongation and booting calculated as (T1) vs (mean of T2 and T3) and a third contrast 
represents the increase of N availability at late tillering (T4) vs (mean of T2 and T3) 
 
Results and Discussion 
RAINFALL AND TEMPERATURES AND CROP BIOMASS, YIELD AND N CONTENT 
Total rainfall, in both cropping seasons, was close to the long-term mean (479 mm year-1) and very well distributed (De 
Vita et al. 2017). Fall temperatures in both years and winter temperatures in 2013-14 were higher than the long-term mean. 
Spring temperatures lower than the long-term mean for both years. This likely favoured the expression of the yield 
potential in both cultivars and for the N treatments as confirmed by the small differences in grain yield among fertilization 
strategies (4.46 versus 5.42-5.84 t grain ha-1 in unfertilized and fertilised treatments, respectively). However, high rainfall 
and temperatures also favoured rust infection in all treatments (data not shown). Indeed, fungicide treatment increased rain 
yield by 11.1% with few differences among other treatments. Differences among treatments in N uptake, and thus grain 
protein concentration (11.1-13.2%) were slightly higher than differences in grain yield. This suggests that N accumulation 
was limited by N availability and not by fertiliser splitting or other ecological conditions. This likely occurred due to the 
low N use efficiency achievable when high water availability occurs. In the present work, an apparent N agronomic 
efficiency analysis suggested that N derived from soil at increasing application rates of fertilisers ranged between 79 and 99 
kg N ha-1 and apparent fertiliser N uptake efficiency was around 26.2%±3.36% depending on the genotype and fungicide 
treatment (fig. 1). These results are in agreement with those obtained by applying 15N to trace N movements from soil to 
plants in other genotypes of the same species (Saia et al., 2014).  
 
Fig. 1: Relationship between fertilizer N applied in the 
various fertilization scenarios and grain N uptake for the 
cultivars Iride (Ir) or PR22D89 (PR) treated with a 
fungicide at heading (T) or not treated (NT). Linear 
regression equation per treatment and mean are shown. 
Fig. 1: Relazione tra quantità di N fornito col fertilizzante 
nei vari scenari di fertilizzazione azotata e azoto 
accumulato nella granella delle cultivar Iride (Ir) e 
PR22D89 (PR) trattate con un fungicida alla spigatura 
(T) o non trattate (NT). Le regressioni lineari per 
trattamento e media sono mostrate. 
 
GRAIN YIELD PREDICTION 
Prediction of grain yield by the use of psHRDIs, crop traits (biomass and N content and concentration) at heading stage or 
both resulted in various level of prediction ability. Coefficients of determination (R2) were relatively high when psHRDIs 
were included in the modelling phase with R2 values that ranged from 0.58 to 0.81. Slightly lower R2 values (0.38 to 0.76) 
resulted when sole crop traits were used (table 2). These coefficients of regression are higher than those found in other 
studies that included fewer indices than we used (Raun et al., 2001) and similar to the R2 values found by data mining 
reflectance data (Thorp et al., 2017). When psHRDIs and crop traits were at the same time used in the modelling procedure, 
very few differences were found with the models built with psHRDIs. In particular, only the stepwise regression built for 

code pre-
sowing 

early 
tillering 

late 
tillering 

stem 
elongation 
(2nd node) 

booting total N 
applied 

T0 0 0 0 0 0 0 
T1 36 54 0 0 0 90 
T2 36 64 0 40 0 140 
T3 36 64 0 30 10 140 
T4 36 54 54 27 0 171 
T5 36 27 0 27 10 100 



 

the PR22D89 data (untreated+fungicide treated data pooled) differed in psHRDIs+crop traits compared to psHRDIs only 
(data not shown). In particular, inclusion of crop traits at heading stage increased R2 of the model to 0.75, decreased 
intercept to –11.86 t grain ha-1, and increased NDRE1/NDVI (the most important predictor) beta coefficient to 39.3 t grain 
unit index-1. Among crop traits, only heading date was retained in this latter analysis, but its contribution to the total 
regression was negligible (β=0.12 t grain day-1). Despite intecept of the models were never significantly negative (table 2, p 
not shown), they varied widely among treatments. Similarly the variables taken into account by the modelling procedure 
varied by the subpopulation of yield data modelled and no common predictor among models was found.  
 
Tab. 2: Beta coefficients, intercepts and R2 
of the stepwise regression models built with 
all data (Tot, n=192), with data split per 
genotype [G] (Iride or PR22D89, n=96), or 
per fungicide treatments [F] (fungicide 
treated [Fu-TR] or untreated [UnTR]) or 
G×F interaction (n=48). Negative intercept 
values were not different than 0 at p<0.05. 
All beta coefficients were significantly 
different than 0 at p<0.05. 
Tab. 2: Coefficienti angolari, intercette e R2 
dei modelli di regressione stepwise costruiti 
con tutti i dati (Tot, n=192), per singoli 
genotipi [G] (Iride o PR22D89, n=96), 
trattamento fungicida [F] (trattato [Fu-TR] 
o controllo non trattato [UnTR]) o interazione G×F (n=48). Le intercette negative non erano significativamente diverse da 
zero a p<0.05. Tutti i coefficienti angolarierano significativi a p<0.05. 
 
Conclusions  
Modelling yield by the psHRDIs and some plant traits at heading stage, including heading date, yielded relatively high 
coefficients of determination. This agrees with results obtained by Thorp et al. (2017), who found that crop reflectance 
derived indices at key phenological stages, especially heading, are related to grain yield more than some crop biomass or N 
traits. This can explain why when we used only psHRDIs or both psHRDIs and crop traits, very few differences in the 
predictors selected were found. However, since no predictor was constantly retained in all the models, other plant or 
canopy traits related to yield determinants (e.g. water availability, temperature stress or other genetic traits) should be 
included as a predictor. Among predictors, chlorophyll vegetation index (CVI) was frequently included in the model, which 
could depend on its ability to capture the variability of biomass and its N concentration (Vincini et al., 2014). And indeed 
we found that it correlated with biomass at heading at R=-0.76. Further results are needed, however, to model wheat yield 
by proximal sensing coupled with a crop simulation model in environments or years different that what than occurred in the 
study presented here to be able to transfer these results over space and time.  
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UnTR Fu-TR UnTR Fu-TR

beta coefficients of proximally sensed hyperspectral reflectance derived indexes (psHRDIs), only
Intercept 2.61 3.00 -2.10 4.99 2.77 -1.39 1.23 0.84 0.62
NDRE
CRM 2.48 1.91
CVI -0.93 -0.71 -0.51 -0.52 -0.61 -0.93 -0.69
NDRE1/NDVI 24.79 22.50 14.54 13.39
MTCI 1.84 5.06 3.66
GEMI 2.22
CCCI 6.47 3.46

R 2 0.72 0.71 0.81 0.71 0.58 0.69 0.72 0.70 0.63

beta coefficients of crop traits at heading (heading date [HD], biomass [HB] and N [HN]), only
Intercept 2.19 3.04 -0.42 1.51 2.71 0.29 1.39 2.37 1.88
HD (days from 1st of april) 0.12 0.10 0.20 0.17 0.10 0.19 0.11 0.09 0.10

HB (t ha-1) at heading 0.08 0.10 0.14 0.16 0.15

HN (kg N ha-1) at heading 0.01 0.01 0.00

R 2 0.60 0.38 0.76 0.64 0.41 0.63 0.61 0.45 0.47

TotPR22D89Iride PR22D89Iride Fu-TRUnTR


