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Abstract. Information on the physiological stateptent canopies of crops during the grow-
ing season is essential for growers in decisioningakuch as foliar N and plant growth regulator
applications for maximum yield. The aim of the stwdas to determine optimal vegetation indices
for discriminating among four winter spelt and whearieties cultivated at six different organic and
inorganic N fertilizer treatments. The suitabilif/the vegetation indices to predict yield was swe
tigated as well. The results showed that the MCARbdiled Chlorophyll Absorption Reflectance
Index) was found to be the best for discriminating amopeltsand wheat varieties and the most
spectrally distinctive spelt variety was Schwabenc@mong the tested indices, NDVI (Norma-
lized Difference Vegetation Index) and MCARbuld be used to most clearly distinguish the N
treatments. A relatively high correlation occurtetween the vegetation indices and grain yield of
spelt and wheat. This relationship is strongehéf spectral data from different measurement dates
are taken into consideration. Therefore, the bisd yredictions (R= 0.79) were obtained using
the cumulative SR index.

Keywords: spelt, winter wheat, remote sensing,dgaaic and organic N fertilizers, ground
spectral measurement

INTRODUCTION

Spelt {Triticum spelta L.) is a hexaploid species of wheat and the acreage
der this crop in Europe is rather small (approxehatl8 000 ha). However,
a steady increase in the area under this cropcently observed, mainly on or-
ganic farms (Capouchova 2001). Spelt grains comtaire easily digestible pro-
tein with higher biological value than common whéahrenkovaet al. 2000).
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The application of modern cultivation methods reguhe collection of a lot of
detailed information on the conditions under whtble agricultural production
takes place. One way of obtaining such informaisothe use of remote sensing
methods which include ground-based spectral meamums as well as aerial and
satellite imaging.

Remote sensing sensors, recording reflected ragiamcvarious spectral
bands, are able to collect data which can be usedetailed analysis of the vege-
tation condition. Near-infrared reflectance is $#ves to vegetation structure
while red reflectance decreases as chlorophyllirptiso increases. On the basis
of crop reflectance data at differing wavelengtlegyetation indices can be calcu-
lated. Two broad band reflectance indices: simat® (SR) and normalized dif-
ference vegetation index (NDVI) have been widelgdugn agricultural remote
sensing applications. However, many other indicsgusimple ratios of any two
single wavelengths or including more complicatedel@ngth combinations have
been developed. These indices can be used astordicd crop growth (Serrano
et al. 2000, Broge and Leblanc 2000, Zhetal. 2003), nutrient status (Zha
al. 2005), and yield development (Plasttal. 2001, Maet al. 2001). Nitrogen
fertilization directly or indirectly influences LAlLeaf area index), degree of soil
coverage by plants, chlorophyll content, and othephysical parameters, which
can cause changes in vegetation indices. Evaluafigsiant growth and yield
forecasting on the basis of the vegetation ind@eguired in the early
stages of development can significantly help fasnmake decisions about
irrigation, fertilization and foliar applicatioof growth regulators.

The aim of this study was to determine the suitgbdf vegetation indices
obtained during ground-based hyperspectral measumsnto assess the diversity
of spectral properties of three spelt and one whagéties grown in different N
fertilizer treatments. The usefulness of the inslit@ predict yield was investi-
gated as well.

MATERIALS AND METHODS

At the Experimental Station Swadzim (52°26'N, 16835 branch of the
Gorzyh Research and Education Centre of Pazdaiversity of Life Sciences,
three winter spelt Triticum spelta L.) varieties (Badengold, Schwabenpel,
Schwabenkorn) and one winter wheat varielgit{cum aestivum L. — Turkis)
were sown. Crop growth stages were determined dicwprto BBCH-
Identification keys (Biologische Bundesanstalt, Bessortenamt and Chemical
Industry)(Stauss 1994). The plots were fertilizethie following treatments:

(1) no N applied during the growing season (0 kgal),

(2) 30 kg N h# applied after vegetation onset (12 March 2009),
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(3) 30 kg N h# applied after vegetation onset and 30 kg N dtastem elon-

gation stage BBCH 35 (29 April 2009),

(4) 30 kg N h# applied after vegetation onset, 30 kg N hastem elongation

stage and 30 kgN Hat heading stage BBCH 53 (1 June 2009),

(5) 15 t manure/ha applied in autumn (22 Septer2be8s),

(6) 30 t manure/ha applied at the same time as (5).

Canopy reflectance measurements were made on dagaypetween 11.00 and
13.00 h above all plots on three dates: 16 Apriemviplants were at a continued
tillering stage (BBCH 23) and 1 and 13 May at tt@rselongation stage (BBCH
32 and BBCH 36 respectively). Reflectance spedirth® spelt and wheat plots
were collected by a portable ASD FieldSpec FR speadiometer (Analytical
Spectral Devices Inc., Boulder, CO, USA). Reflectanvas measured at wave-
lengths ranging from 350 to 2500 nm. The distarete/éen the optical head of the
spectroradiometer and the upper plant leaves wasad the radiometer had a 25
field of view. A calibrated reflectance panel (Spalon, Labsphere, North Sutton,
NH, USA) was used as reference prior to each meamnt, and reflectance factors
for canopy were calculated as the ratio of the pameflectance to the panel reflec-
tance. The three spectral reflectance measurenmeetsch plot at each sampling
date were averaged, and the mean values wereruaedlysis.

From the reflectance data four vegetation indicesevealculated based on the
following equations:

NDVI = (Rglg— R675) / (Rglg + R675) Rouset al. (1974), (1)
SR = R18/ Rss Rouset al. (1974), (2
MCARI = [(Rz00-Re75) — 0.2*(Rrooc—Resg]*(R70d/Re79)  Daughtryet al. (2000),  (3)
TCARI (Transformed Chlorophyll Absorption in Reflectanodéx)=
3[(Reoc-Re75) — 0.2*(ReooRss0* (R 70/ Re70)] Haboudanet al. (2002). (4)
where: Rso, Rs7s, Rioo, Rsos Rois are reflectance factors and the subindex indi-
cates the wavelength (nm).

In the statistical analysis Tukey’s pair-wise congrans were used to contrast
mean values for significant differences.

RESULTS
Differencesin vegetation indices between the spelt and winter wheat va-
rieties

The rapid growth of plants at the beginning of season caused significant
changes in spectral response of plots. As a re$uticrease of plant biomass,
pigment concentration and soil cover, a graduatedse of the reflectance in the



374 J. PIEKARCZYK, H. SULEWSKA

red wavelenghts and increase in the near-infrarej B consequence, an in-
crease of the NDVI and SR values were observed {fig
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Fig. 1. Time course of the vegetation indices NDVI and $Bwee spelt and one wheat varieties on
the three measurement dates in 2009

Temporal dynamics of plants of the four studiedetaes, assessed on the ba-
sis of the vegetation indices NDVI and SR, was lsimDuring the period of four
weeks, between 16 April and 13 May, a greater ohtgrowth was observed in
the case of varieties Badengold and Schwabenpel.NIDVI of both varieties
increased by 20% while the NDVI of two remainingigies increased only by
13%. Plants of varieties Badengold and Schwabeggad the highest grain yield
of 4.3 and 3.5 t/ha, respectively, while two renmanvarieties, Schwabenkorn
and Turkis, gave only 3.1 and 3.0 t/ha, respedgtivel

The variation in plant development between the f@uieties caused statisti-
cally significant differences among the averageieslof the four vegetation indi-
ces (Tab. 1). In mid-April there were no statidticaignificant differences be-
tween the values of four vegetation indices ofsélidied varieties. Very rapid
development of plants observed in Badengold vadatysed that on the first day
of May the values of all indices of this variety ieesignificantly higher than the
indices of the variety Schwabencorn. The greatasety differences occurred in
the values of the MCARI index. On the third dat8 {ay), this index showed
significant differences between all the varietigsept Badengold and Schwaben-
pel, while significant differences in NDVI and SRere only noted between Ba-
dengold and Schwabenkorn as well as between Scinwaband Schwabenkorn.
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Table 1. Mean values of the four vegetation indices ofategelt and one wheat varieties on three meas-
urement dates in 2009 and values of the leasfisaymti differences (LSD) between the varieties

. NDVI SR
Varieties
16 Apr 1 May 13 May 16 Apr 1 May 13 May
Badengold 0.67 0.74 0.80 7.26 7.68 10.76
Schwabenpel 0.66 0.73% 0.7¢ 5.44 7.26"° 10.09
Schwabenkorn 0.66 0.7¢ 0.74 7.66 6.14 7.73
Turkis 0.68 0.77° 0.77" 5.68 6.50° 8.97"
0.1% LSD 0.042 0.036 0.037 2.34 1.18 1.88
. MCARI TCARI
Varieties
16 Apr 1 May 13 May 16 Apr 1 May 13 May
Badengold 5.08 5.9 482 64.0¢ 79.2 73.2
Schwabenpel 5.32 6.13° 4.80° 57.8 76.9 68.6
Schwabenkorn 521 5.3¢ 417 61.4° 71.2 61.8
Turkis 478 5.64° 4.54 59.g° 75.0° 67.8%
0.1% LSD 0.53 0.35 0.24 6.1 5.5 4.8

Treatment means within a column followed by the eséetter are not significant different (P>0.05).
Differencesin vegetation indices between thefertilizer treatments

Comparison of spectral signatures of five vari@sslizer treatments acquired on
13 May showed lower visible (380-780 nm) and shaviev(1300-2500 nm) reflec-
tance and higher near-infrared (780-1300 nm) refteme of ON and both manure
treatments than of three inorganic N treatmentg.(E). Deficit of nitrogen in
plants causes a small increase in LAl and biomésméandezt al. 1996, Zhao
and Oosterhuis 2000, Reddlyal. 2003) and reduces the concentration of photo-
synthetically active plant pigments (Zhao and Otstis 2000, Zhaet al. 2005),
thus the plant reflectance in the visible and stawve wavelength region in-
creases and in the near-infrared region decre&aaptoms of N deficiency
stress were evident for plants in the ON treatmehith had, on all three meas-
urement dates, significantly lower values for allif vegetation indices than the
remaining treatments (Tab. 2).

Slower rate of growth of plants on the plots fexditl with manure resulted in
lower values of all analysed indices comparedagotbts fertilized with inorganic N.
The differences were statistically significant e ttase of NDVI and SR on the sec-
ond and third measurement dates. Nitrogen apple@2April at the (3) and (4)
fertilizer treatments at the rate of 30 kg N"hacelerated plant growth and the vege-
tation indices of these treatments had the higledises on the last measurement date.
However, spectral differences between the inorgdhiteatments (2), (3) and (4)
were insignificant for all three dates.
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Fig. 2. Spectral signatures for the six fertilizer treatteef spelt and wheat recorded on 13 May 2009

Table 2. Average values of the four vegetation indiceshefsix N fertilizer treatments of spelt and
wheat recorded on the three dates in 2009 and vafi¢he least significant differences (LSD)
between the treatments

Fertilizer NDVI SR
treatment 16 April 1 May 13 May 16 April 1 May 13 May
1) 0.59 0.63 0.7 4.0 4.7 6.5
2) 0.77¢ 0.77 0.8P 8.2 6.8bd 10.8
(3) 0.78° 0.7¢8 0.83 7.9 8.6 11.6
(4) 0.78 0.76 0.82 8.3 7.7¢ 11.P
(5) 0.66° 0.6¢ 0.76 5.3° 6.2° 9.2¢
(6) 0.67° 0.68 0.72¢ 5.3° 5.5¢ 7.7%¢
0.1% LSD 0.11 0.04 5.26 3.2 1.6 2.4
Fertilizer MCARI TCARI
treatment 16 April 1 May 13 May 16 April 1 May 13 May
1) 8.7 10.2 9.3 53.4 66.4 63.0°
2) 12.8 13.7 11.2 65.6 80.7 70.3«
(3) 12.3¢ 14.P 11.3 62.755 82.8 75.0°
(4) 12.8 14.P 11.0 66.0° 82.1 71.7°
(5) 9.F¢ 10.6 9.6 57.4¢ 71.2 66.1°
(6) 9.6° 10.3 8.8 59.3° 70.3 64.89
0.1% LSD 3.5 0.5 1.3 7.9 6.9 6.6

Treatment means within a column followed by the eséatter are not significant different (P>0.05)

At the start of the growing season, plots fertdizeith manure at the dose of
15 t ha' (5) had similar values of vegetation indices tosth of plots fertilized at
the dose of 30 t Ha(6). However, till the half of May plants in treant (5) grew
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more rapidly than those in treatment (6), so thatvalues of the vegetation indi-
ces for treatment (5) were higher than for treatnf{éh though the differences
were not statistically significant.

The greatest treatment differences occurred orthing measurement date,
when plants were at elongation stage. Sergirab. (2002) reported the greatest
differences between wheat crops growing under réiffeN supplies in the head-
ing stage. In the present study it was not possibtake spectral measurements at
the heading stage due to bad weather conditiandack of a cloudless sky.

Relationships between grain yield and r eflectance indices

In order to estimate the possibility of predictisigelt yield on the basis of
spectral data recorded at the beginning of the mygpweason, the average val-
ues of vegetation indices of all 24 plots obtailnedthe three dates were com-
pared with the grain yield harvested from thesdsplat the beginning of the
season, in the tillering stage, NDVI showed a giasnrelationship with yield
and in the later stages SR was most highly coedlaiith yield (Tab. 3).

Table 3. Regression equations and determination coefficigfisused to estimate spelt and wheat
grain yield from the vegetation indices values

Equation

Vegetation index R?
16 April
NDVI y = 15.86X — 16.0x + 6.92 0.58
SR y = 0.006%+ 0.15x + 2.33 0.54
MCARI y =—0.02% + 0.57x — 0.44 0.52
TCARI y =0.003% — 0.27x + 9.28 0.50
1 May
NDVI y =43.2¢-53.3x + 19.4 0.58
SR y = 0.068%— 0.65x + 4.55 0.63
MCARI y = 0.015X — 0.15x + 3.09 0.52
TCARI y = 0.002% — 0.26x + 11.0 0.56
13 May
NDVI y = 43.4% — 58.2x + 22.4 0.68
SR y = 0.016%— 0.11x + 3.07 0.72
MCARI y = 0.057X — 0.85x + 6.06 0.62

TCARI y = 0.003% — 0.28x + 10.6 0.65
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NDVI is more useful for assessing the conditiombéat plants and biomass, at a
small LAI, when the plants do not form a dense pgr&ao 2006, Chest al. 2005,
Caleraet al. 2004). For well developed canopies SR is moralglgitfor assessing
their growth (Serrano 2000). Comparing with SR @MW\ the vegetation indices
MCARI and TCARI did not improve the relationshipstlween reflectance data and
grain yield in the present study. This is consistéth the results of research on cot-
ton by Zhacet al. (2007) and Zarco-Tejad# al. (2005). Scatter plots of grain yield
versus SR, NDVI, MCARI and TCARI in different grdwstages indicate that the
relationships can be expressed as a polynomiatiétmcrhe strongest relationship
between yield and SR values occurred on the latheothree measurement dates
(13 May), when the plants were at BBCH 36 growgigstand Rcalculated for this
relationship was 0.72. Moges al. (2004) reported a strong relationship between
grain yield and NDVI in winter wheat at BBCH 36 @it stage and the best fit was
achieved by using a power or exponential function.
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Fig. 3. Relationship between grain yield and the four cuativg vegetation indices (n = 24)
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To improve the relationship between the spectrtd dad the grain yield, the
average values of the four indices acquired on ¢wosecutive measurement
dates were multiplied by the number of days betwéese dates. The obtained
values were summarized receiving the cumulativeetagpn indices: sNDVI,
sSR, sMCARI and sTCARI. The average grain yield wase strongly associ-
ated with the values of the cumulative indices théh the values of indices cal-
culated on the basis of reflectance coefficientomged on the individual meas-
urement dates (Fig. 3). Serragial. (2000) obtained a slightly lower value of R
(0.74) for the relationship between the yield ofeah(variety Soissons) and the
values of sSR, which could be explained by thetikelly early flag leaf senes-
cence of plants and rust infectidh graminis).

CONCLUSIONS

1. Variations in crop growth in response to varietadperties and N fertili-
zation influenced strongly the spectral responsepeft and winter wheat plots.
This indicates a possibility of using aerial photgghs and satellite images to
identify varieties and to assess the level of tiatriof plants in canopies as well
as to estimate the grain yield.

2. The spectral differences between the three spditome wheat varieties
were the greatest at the stage of stem elongatidritee varietal influences were
more consistently shown by MCARI than by the ottiegee indices: NDVI, SR
and TCARI. Schwaben corn variety demonstrated tlostrdistinctly different
values of the vegetation indices. N fertilizer tre@nt had also a consistent effect
on the spectral response of spelt and winter wpleds. Among the tested indi-
ces, NDVI and MCARIcould be used to most clearly distinguish the Mittre
ments. Relatively high correlation occurred betwésn vegetation indices and
grain yield of spelt and wheat. This relationstspsironger if spectral data from
different measurement dates are taken into coraidar Therefore, the best yield
predictions were obtained using the cumulative i&Rx. Relatively high correla-
tion between the spectral data collected at thénheyy of the growing season
and yield probably resulted from the relativelydavable weather conditions that
occurred in the second part of the growing seasoenwprecipitation was higher
than the average of many years.

3. The results of this study indicate that the vegataindices acquired at
the beginning of the growing season can be usatpas for plant growth models
which provide estimates of potential yields.
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Streszczenie. Informacje dotyce kondycji rélin w uprawie, w sezonie wegetacyjnym, s
niezkgdne przy podejmowaniu decyzji produkcyjnych dotygyrh na przyktad nawenia lub
stosowania regulatoréw wzrostu. Celem kadyto stwierdzenie wyspowania ranic migdzy
wihasciwosciami spektralnymi rénych odmian orkiszu uprawianego w odmiennych waaicim
nawazenia oraz okrdenie przydatnéci wskanikow raslinnych uzyskanych w trakcie naziemnych
pomiardw hiperspektralnych do prognozowania wysokplonéw orkiszu. Najwiksze zrénico-
wanie spektralne radlzy trzema odmianami orkiszu ozimego i jedrmiary pszenicy obserwowa-
no w przypadku wskaika MCARI. Wskaniki NDVI i MCARI byly najbardziej przydatne do
odr&niania poletek uprawianych w odmiennych wariantadwazenia. Midzy wartgciami
wszystkich analizowanych wskaikéw raslinnych i wielkadscia plonu z poletek wygpowata istotna
zaleznosé. Najsilniejsza zalimos¢ wyskepowata, gdy do jej okétenia wykorzystano dane spektral-
ne zarejestrowane w trzech terminach na giozsezonu wegetacyjnego. Wowczas wértaspot-
czynnika determinacji obliczonego dla zadeici migdzy plonem ziarna i wargoiami wskanika
SR wynosita R= 0,79.

Stowa kluczowe: orkisz ozimy, pszenica, teledet@kopwaenie organiczne i mineralne,
naziemne pomiary spektralne



