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Factors of intra-field phytomass variability in steppe agricultural landscapes
of Kazakhstan

The yield of grain crops and its predictability largely depends on the intra-field heterogeneity of landscape
conditions. We used the example of steppe agricultural landscapes in the Akmola region to solve the follow-
ing objectives: 1) to evaluate the informative value of NDVI for assessing yield depending on hydrothermal
conditions; 2) to determine the effect of intra-field patchiness on NDVI values and yield; 3) to determine the
dependence of intra-field variation of phytomass on the tract and facies structure and hydrothermal condi-
tions. We used data on wheat and barley yields and intra-field NDVI variability in 80 field plots in
2009-2013, data on the tract and facies structure, and hydrothermal parameters. We studied the relationships
between spatial and temporal variability of phytomass, landscape and hydrothermal factors by means of cor-
relation and variance analysis. It was established that NDVI was only partially informative for direct assess-
ment of grain yield. The index values for July dates better reflect the yield than in June and August. The hy-
pothesis that NDVI patchiness in the field area depends on the cultivated crop was not confirmed. The yield
in fields with complex facies structure is usually lower than in homogeneous fields. In dry years, the intra-
field variation of phytomass is less pronounced than in wet years. The proximity to the hill is a significant
factor that increases the spatial variability of phytomass due to the additional introduction of moisture and
sediment along the rills. High facies patchiness either reduces yield or increases its temporal variability and
reduces predictability.

Keywords: landscape, facies structure, patchiness, yield, NDVI, variability, hydrothermal conditions, neigh-
borhood.

Introduction

The internal heterogeneity of field plots has a significant impact on crop predictability. This heterogene-
ity is expressed in different trophic and moisture characteristics of the soil, due to the mosaic micro-
landforms or even the presence of several meso-landforms, that is, facies or tract (Facies in Russian-
speaking countries is understood as an elementary landscape unit that has uniform micro-landform, soil, phy-
tocenosis. Tract is a combination of facies with common genesis (e.g., erosion) within the meso-landform
(e.g., gully, hill, flat interfluve etc.) structure. These results in difficulties in assessing the relationship be-
tween crop yields and in-field mosaics. The interests of agricultural science and landscape science intersect
in this issue. During the past two decades, landscape science has given priority attention to the relationship
between spatial and temporal scales of dynamic changes in structure and functioning [1, 2]. Spatial variabil-
ity of the vegetation cover of agricultural landscapes is usually explained by changes in the process of plant
development and agricultural technologies [3]. Numerous studies found evidence that phytoproductivity de-
pends on the hydrothermal parameters of the territory [4, 5]. For steppe types of agrolandscapes, the varia-
tion of humidification conditions is of key importance [6].

New opportunities for studying the spatial aspect of the phytoproduction process and its dynamics are
provided by the increased availability of remote sensing and the calculation of vegetation indices with differ-
ent variations in the combination of spectral channels of satellite images, which allow us to assess the quality
and quantity of aboveground phytomass. The normalized difference vegetation index (NDVI) is most com-
monly used as an indicator of the amount of photosynthetically active biomass, its seasonal and long-term
dynamics of vegetation productivity [7]. It was found that NDVI reflects well the parameters of vegetation
productivity in general and agricultural crops in particular [8]. The efforts of most researchers using vegeta-
tion indices in the last decade have focused either on determining the informative value of indices in relation
to the measured phytomass [9, 10], or on identifying trends in phytoproductivity due to climate changes [11,
12], but mostly without taking into account intra-landscape differences in the sensitivity of phytocenoses.
Studies of the long-term dynamics of NDVI are usually based on the analysis of its averaged or integrated
values over sufficiently long intervals using low-resolution data (below 5 km) [13, 14]. The spatial non-
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stationarity of the relationship between NDVI and climate factors has been established [15, 16]. Studies of
the influence of local edaphic and geomorphological factors on the spatial variability of the phytoproduction
process are less numerous [7, 17]. It was proved that the causes of uneven crop yields in the agrolandscapes
were variations in the content of macro- and microelements and pre-sowing soil moisture [18].

The aim of the study is to identify factors of spatial and temporal intra-field variability of phytomass on
the example of agricultural landscapes in the steppe zone of northern Kazakhstan. NDVI data were used to
assess the amount of phytomass and its dynamics. The following tasks were solved: 1) to evaluate the in-
formative value of NDVI for assessing yield depending on hydrothermal conditions; 2) to determine the ef-
fect of intra-field patchiness on NDVI values and yield; 3) to determine the dependence of intra-field varia-
tion of phytomass on the tract and facies structure and hydrothermal conditions.

Experimental

The research area is located in Bulandy district of Akmola region in the vicinity of Kapitonovka village.
The territory belongs to the landscape of the lacustrine and alluvial plain, composed of Neogene sandy-clay
deposits overlain by middle and Upper Quaternary ancient proluvial loess-like loams with a thickness of 20-
30 m, with southern carbonate heavy loamy chernozems, formerly under the steppe dominated by Stipa
zalesskii and forbs [19]. The landscape structure is dominated by slightly inclined watershed surfaces. Sub-
dominant tracts were shaped by erosion or suffosion, some of them are plowed. They have a significant im-
pact on the sensitivity of yield to hydrothermal conditions [20]. From the east, the agricultural landscape
borders a forested hill composed of sandstones and effusive igneous rocks of the Lower Ordovician age. The
study area has a continental climate. The average annual temperature is about 2.4° C; July temperatures
range from 17.5° C to 22.3° C. To a greater extent, the average annual precipitation varies from 275 mm in
dry years to 550 mm in wet years. The main amount of precipitation falls in the summer months; the maxi-
mum often falls in July — from 40 mm to 137 mm per month [21].

Data on the yield of wheat and barley in 2009-2013 were provided by agricultural unit Zhuravlevka-1
for 80 fieldplots with a total area of about 48.5 thousand ha, with an average area of 402 ha. 11 scenes of sat-
ellite images were obtained from the US Geological Survey (USGS) Earth Explorer: Landsat 5 TM
(09.06.2009, 28.06.2010, 30.07.2010, 15.06.2011, 17.07.2011), Landsat 7 ETM+ (30.07.2010, 11.07.2012,
12.08.2012, 20.06.2013, 30.07.2013) and Landsat 8 (15.08.2013). A digital terrain model SRTM with a reso-
lution of 30 m was obtained from the same site. In the SAGA GIS 7.3.0 (Residual Analysis function), the
slope gradients were smoothed by averaging over 7 pixels and calculating the average and median values for
each field. We used data on average monthly temperatures and precipitation for 2009-2013 [21].

In STATISTICA 7.0 software, descriptive statistics of NDVI were calculated for each field, for each of
the 11 dates: mean, standard deviation, minimum, maximum, quartiles (25% and 75%), median, percentiles
(10% and 90%). Data on the proportions of subdominant erosion and suffosion-shaped tracts were used as
explanatory variables [20]. To test the hypothesis about the relationship between wheat and barley yields and
NDVI, nonparametric Spearman correlations (Ksp) were calculated, the choice of which is justified by the
deviation of the raw data from the normal distribution. To estimate the intra-field variation of NDVI, we
used the standard deviation and frequency of the modal interval (when dividing the range of values into in-
tervals with a step of 0.1). For comparability of data for different years and seasons, the data were ranked by
the values of the standard deviation as a percentage of the maximum value (the smaller the spatial variability
of values, the higher the rank). By means of cluster analysis (k-means method), the fields were grouped into
3 classes based on the set of standard deviation values and NDVI modal interval frequencies. Fields were
classified into facies mosaic classes based on visual analysis of the images from the Google Earth Pro portal.
We used the criterion of the proportion of territories with facies patchiness: 0-10%, 10-50%, 50-90% and
more than 90% of the area. The fields were also classified according to whether they belong to a watershed,
near-valley, or near-hill terrain.

SAGA GIS 7.3.0 software was used to calculate the Moran index (Global Moran’s I for Grids function)
for each field and date, indicating the presence of spatial autocorrelation in NDVI values. The Moran index
takes values of 1 at clustered distribution of values, 0 at a completely chaotic distribution, and -1 in case of
the “chessboard-like” neighborhood of clusters with opposite values. The significance of statistical differ-
ences between classes of fields has been estimated by the Fisher and Newman-Keuls statistics. Box-Whisker
plot was used to visualize the results.
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Results

The four mosaic classes of fields identified from satellite images clearly differ in terms of terrain condi-
tions: the most monotonous fields occur on watershed surfaces, and the most mosaic fields — in areas with
rills. The greater the average slope gradient and the greater the proportion of hill slope hollows, and rills
within the field area, the higher the facies patchiness. Mosaic classes reflect the grain yield to some extent:
the most mosaic fields (Class 1) have a wheat yield of no more than 8 centers per ha, while other classes —
up to 18 centers/ha. Consequently, in fields with a complex facies structure, the yield is usually lower than in
more monotonous fields.

We tested the hypothesis of a direct relationship between grain yield and the average NDVI for the field
plot. The hypothesis was confirmed (Ksp=0.42) only for two dates: 11.07.2010 and 30.07.2012. This corre-
sponds to the dates closest to the period of maximum role of photosynthetic organs in the formation of grain
mass [22]. For the rest of the time periods, the correlations were insignificant.

To test the hypotheses about the dependence of NDVI mosaics in the field area on the cultivated crop,
we compared the values of the standard deviation and the frequency of the modal interval for two neighbor-
ing fields with the same landscape position and internal structure, but sown with different crops (wheat and
barley). The hypothesis was not confirmed. The number of dates when the wheat field was more uniform
than the barley field does not differ from the opposite case.

It is known that intra-field variability of phytomass is often determined by the presence of micro- and
meso-landforms [7]. For the June dates of 2009, 2011, and 2013, we revealed a weak positive dependence
(Ksp 0.24...0.29) of the NDVI standard deviation on the total share of concave landforms within the field
area. In July and August, the intra-field NDVI variability increases as the share of hill slope hollows increas-
es (Ksp=0.29). On the other hand, the Moran index (Fig. 1) in many cases deviates significantly from 0 and
values of 0.7-0.8 prevail in each term, which indicates the clustered NDV1 values. In June, the presence of a
certain proportion of suffosion valleys in the field always corresponds to a high value of the Moran index:
the correlation is significant and positive (Ksp 0.32...0.48). Even among fields with zero or minimal fraction
of erosion and suffusion tracts, the Moran index can reach values of 0.7-0.9.

Motan index value Moran index value

0-03 10-048
m03-052 048 - 0.67
=0.52-0.7 =067 -0.77
-m07-09 -0.77-09

Fields with pronounced
anthropogenic stripe
structure and artifacts

wz A

Fields with pronounced

anhropogenic stnpe
structure and artifacts

A

a b
Figure 1. Moran index for field plots calculated from the NDVI values for 09.06.2009 (a) and 07.08.2010 (b)

Intra-field variation of NDVI as an indicator of the green phytomass differs by the terrains identified by
the combination of tracts and positional factor. For the majority of terms, the intra-field variation of NDVI is
stably higher in the near-hill terrain (Fig. 2) than in the near-valley and watershed areas. In the near-valley
terrain, the intra-field variation is usually higher than in the watershed terrain, but the differences are not al-
ways significant.
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Figure 2. Variation of the values of the ranks of the NDVI standard deviation in field plots in the terrain classes (near-
hill, near-valley, watershed) of 15.06.2011 (a) and 30.07.2013 (b). F — Fisher statistics, p — significance level

Based on the frequency of the NDVI modal interval, it was found that in hot and dry years (2010 and
2012), there were almost no differences between terrains, and in wet and cold year (2011, 2013), the differ-
ences were better manifested. This is due to the low yield in dry years in almost all fields: 95% of wheat
fields yielded no more than 10 c/ha in 2010 and 14 c/ha in 2012. In wet years, within the near-hill terrain, the
modal interval NDVI frequency is lower, that is, the green phytomass varies in a larger range of values than
in the near-valley and watershed terrains.

Fields with consistently large range of NDVI values are located on steeper slopes, and also have a larg-
er percentage of subdominant tracts of valleys, hill slope hollows, and rills. They occur mostly within near-
hill terrain or valley slopes (Fig. 3).

Classes allocated by
standard deviation ranks
-2

3

Figure 3. Map of the classes of fields selected by the ranks of the standard deviation of NDVI values for 2009-2013
within the fields by the method of cluster analysis (k-means). Fields with a consistently high spatial variation of NDVI
(class 3) are concentrated in the upland near-hill terrain in the eastern sector of the territory

Now we turn to the analysis of the relationship between the parameters of intra-field variation of green
phytomass (indicated by NDVI) and the indicator of stability of grain yield. The fields were divided into 4
classes: 1 — fields with yield consistently above the average (stable «leaders»), 2 — fields with high varia-
bility from year to year, 3 — fields with a stable average yield, never reaching the maximum or minimum
values, 4 — fields with yield consistently below average, in some years minimal, on the farm (stable “los-
ers”) (Fig. 4). Most fields with stable low yields occur in near-valley terrain.
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Yield stability classes

Fully diverse fileds

Figure 4. Field yield stability class s: 1 — stable “leaders”, 2 — with high variability from year to year, 3 — with sta-
ble average yield, 4 — stable “losers”

Analysis of the relationship between yield stability classes and standard deviation rank classes of NDVI
values showed the following. Fields with stable high yield (“leaders”) never belong to the classes with larg-
est NDVI spatial variation. Average values of intra-field variation of phytomass (standard deviation) are lo-
cated mainly among fields with consistently average yields.

Analysis of the conjugacy of facies mosaic classes and grain yield stability classes showed that fields
with maximum patchiness cannot be stable leaders in yield (Fig. 5). The number of stable “loser” fields in-
creases as patchiness increases. The most monotonous fields and fields with variation in less than 50% of the
area mainly belong to the group with a stable average grain yield.

Figure 5. Distribution of frequency of fields between the classes of facies patchiness (1 — maximum, 4 — minimum)
and yield stability classes (1 — stable “leaders”, 2 — high variability from year to year, 3 — stable average yield,
4 — stable “losers”)
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Discussions

NDVI cannot be considered an informative indicator for assessing and predicting grain yields, at least
not under any hydrothermal conditions. NDVI, by definition, shows the entire green mass (leaves, stems,
etc.), and the measured yield indicates the grain mass. However, this is true only when analyzing the yield of
grain crops; for example, when evaluating forage areas, NDVI can provide a direct estimate of yield [23].
During the entire growing season, photosynthesis plays a crucial role in the accumulation of ear biomass di-
rectly during the filling period, which takes place in mid-July [22]. Our study showed that, all other things
being equal, facies patchiness manifests itself in the spatial variability of green phytomass, regardless of the
crop type.

Significant clustering of NDVI values (according to the Moran index) with a weak dependence on the
share of concave landforms means that the spatial variability of phytomass depends on local scale factors:
facies patchiness (which is not captured by the available topographic data) or features of agricultural ma-
chinery activity.

The increase in the NDVI variation in wet years in near-hill terrain, compared with near-valley and wa-
tershed ones, is explained by the fact that during rain precipitation and snowmelt, additional moisture and
sediments enter the plowed erosion-shaped landforms, which slightly increases the phytomass. Eroded slopes
of convex positions, on the contrary, have smaller values.

The intra-field variation of NDVI values, i.e., the amount of green phytomass of cultivated crops, de-
pends on the facies patchiness. Facies patchiness, in turn, is determined by the location (geographical loca-
tion) of the field and its average slope: the steeper the slope and the more numerous erosion-shaped land-
forms, the higher the facies diversity. In the studied agricultural landscape, a neighborhood factor contributes
as well: the matter input from the adjacent hill increases the variation of phytomass in the fields. Thus, facies
patchiness creates conditions that either reduce the yield or make the yield unstable from year to year, and
therefore less predictable.

Conclusions

1. The vegetation index NDVI1 is only partially informative for direct assessment of grain yield. The in-
dex values for July dates better reflect the yield than in June and August.

2. The hypothesis about the dependence of NDVI variation in the field area on the cultivated crop un-
der the same landscape conditions was not confirmed.

3. Theyield in fields with complex facies structure is usually lower than in homogeneous fields.

4. In dry years, intra-field variation of phytomass due to facies heterogeneity is less pronounced than in
wet years.

5. The proximity to the hill is a significant factor that increases the spatial variability of phytomass due
to the input of moisture and sediments along the erosion-shaped landforms.

6. High facial patchiness either reduces yields or increases their temporal variability and predictability.
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Ka3zakcraHHbIH 1a1a arpojianama@rapbIiHAAFbI GUTOMACCAHBIH
ericTik Ik e3reprimrik ¢gakTop/aapsl

JloHni AaKbUIAApIbIH MIBIFBIMABUIBIFL )KOHE OHBIH 0OJDKaMIbUIBIFEI kKeOiHece NaHamadThIK JKaFaaiaapIbH
eTiCTIK IMMHACTI dpKENKiIiriHe 6aiaanbICThl. AKMOJIa OOJBICHIHBIH AaIadbIK eTiHIITIK JaHmapTapblH MbI-
cajIFa ajia OTBIPBIN, Kelleci MiHAeTTep Wenryai: 1) THAPOTepMUSIIBIK KaFaaiinapra 6aiIaHbICTbl OHIMAUTIKTI
Garanay yuriH NDVI aknapaTTeik Ma3MyHBIH Oaranay; 2) erictik imrimik TeHOinmikrin NDVI monnepi meH
IIBIFBIMABUTBIFBIHA OCEPiH aHBIKTAY; 3) GUTOMaccalaFhl €TiCTIK MIUTIK BapHAUSHBIH JKep MEH 0eT KYpbUIbI-
MBIHA JKOHE THAPOTEPMISUIBIK JKaFfaimapra Toyennunrin Oenriney. 2009-2013 >xpurmapmarel 80 ericTik
ydackenepiHieri Ounail MeH apIaHblH IIBFBIMIBLUIBIFEL )koHe NDVI-HBIH ericTiK Tk e3repriliTiri Typabl
JepeKTep, eNIiMeKeH KoHe (annanbapl KYpbUIbIM Typalibl MOJTIMETTEp, THAPOTEPMHSIIBIK apaMeTpliep Ty-
pajibpl MaiMeTTep naiaanaHpiasl. OUTOMACCAaHBIH KEHICTIKTIK KOHE YaKbITTBIK ©3TeprillTiri, JTaHamadThIK
KOHE THAPOTEPMHSIBIK (hakTopiiap apachlHAarbl GainaHbIC KOPPENSUMSUIBIK JKOHE JUCIEPCUSUIBIK Taiaay
azicTepiH KonaaHy apkbuibl 3epTTenai. NDVI acThIK HIBIFBIMIBUIBIFBIH TiKeneil Oaraay yIIiH MIeKTeyli FaHa
akmapaT OepetiHi anbikranasl. linge KyHzaepi YIIiH HHISKC MOHAEPI MayChIM JKOHE TaMbI3 ailflapblHa Kapa-
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FaH/a jKaKchl Kipicti kepcereni. Erictik ankantarst NDVI TeHOIIIIK KopceTKIMITepiHiH OCIPUIreH aKbUIFa
TOYENIUIIr Typajbl TUIoTe3a pactanmansl. Kypreni ¢anusiablk KypeUIBIMBL Oap TaHamTapIarbl IIBIFBIMIIbI-
JBIK 9/IeTTe OIpTEeKTi ericTikrepre KaparaHaa TeMeH. KyprakIibUIbIK KbUIAapsl GHTOMaccagarsl ericTik imri-
JIK BapHaIys BUIFAILABI JKBUIIAPFa KaparaHzaa aselpak Oaiikananel. TeOe MaccuBiHe jKaKbIH OpHAJIACYHI 3pO-
3us YHIHAUTEpiHEeH BUFal MeH HIeTiHIUIepAiH KOchIMIIa Oepilyl eceOiHeH (HUTOMAacCaHBIH KEHICTIKTIK ©3-
TepMEJIUIITIH apTTHIPaThIH MaHBI3ABI (akTop OonbIn TaObUIanbl. JKorapsl (anusuisl TEHOUINIK ©HIMIITIKTI
TOMEHJICTEII HEMEeCE OHBIH YaKbITIIA ©3TePTillITITiHIH apTyblHA KOHE 0OJKaMIIBUTLIKTBIH TOMEHJICYiHE BIK-
Hai eTei.

Kinm cesoep: nanamadt, dauus KYpeUIBIMBL, TeHOUIAIK, eHiMAUTIK, NDVI, e3reprimrik, THAPOTEPMUSIBIK
JKaFgainap, KepIIiIecTik.

@ K. Kupssno-I'ped, A.B. Xopomies, K.A. Anarkas

DakTOpPbI BHYTPHUII0JIEBON U3MEHYMBOCTH (PMTOMACCHI B CTEIMHBIX
arpoaanamadgrax Kazaxcrana

Y pokaliHOCTh 3€PHOBBIX KYJIBTYp U €€ IPOTHO3UPYEMOCTh B 3HAUUTENBHOM CTEIIEHH 3aBUCAT OT BHYTPHIIO-
JIeBOW HEOJHOPOAHOCTH JaHAMA(PTHBIX ycioBui. Ha mpumepe crenHsIx arpoiaHamagpToB AKMOJMHCKOM
oOmacTu pemanuck 3aga4dn: 1) oneHnTs nHpopMaTuBHOCTE NDVI 11t OLleHKH ypOskKaifHOCTH B 3aBUCHMOCTH
OT TUAPOTEPMHUYECCKUX YCIOBUH; 2) YCTaHOBUTH BIMSHHE BHYTPHIIOJIEBOH MO3an4HOCTH Ha 3HaueHus NDVI
U ypO’KaHOCTB; 3) ONpeeuTh 3aBUCHMOCTh BHYTPHIIOIEBOTO BaAPbUPOBAHHS (PUTOMACCHI OT YPOUHIIHON 1
(harmanbHOU CTPYKTYPHI M THAPOTEPMHUIECCKUX YCIOBHi. Vcmonp30Bamicy JaHHbIE 00 YpOKaifHOCTH MIICHU-
16l ¥ TYMEHS U BHyTpunosieBoi BapuadensHocT NDVI Ha 80 moneBbix yuactkax B 2009—2013 1T., cBeieHuUst
00 ypouMIIHON ¥ (anuaIbHON CTPYKTYpe, THAPOTepMUYEcKre rnapameTpsl. OTHOLIEHHsT MEXIy IPOCTpaH-
CTBEHHOU M BPEMEHHOI M3MEHYMBOCTHIO (DMTOMACCHI, JaHIA(QTHRIMA M THAPOTEPMUUECKUMHU (aKTOPaAMH
HCCIICIOBAUCH METOJIAMU KOPPEIAIUOHHOTO M TUCIIEPCHOHHOTO aHanu3a. YcraHoBieHo, uro NDVI mums
OTPaHNYEHHO MH(MOPMATUBEH JUIS IPSIMOH OIIEHKH ypOXKaHHOCTH 3epHA. 3HAUEHUS HHAEKCa 3a HIOJIBCKHE Ja-
THI Jy4Ille HIOHBCKHUX M aBI'YCTOBCKHX OTPa)kaloT yporkaHHOCTh. ['MIoTe3a 0 3aBUCHMOCTH MOKa3aTelnel Mo-
3angaoctd NDVI Ha moneBoM yyacTke OT BO3JENBIBAEMON KYJIBTYpHl HE MOATBEPAMIACE. Y POKaHHOCTH Ha
HOJISAX CO CIOXKHBIM (parManbHBIM CTPOSHHEM OOBIYHO HIDKE, YeM Ha OJHOPOAHBIX MONAX. B cyxme romsr
BHYTPHIIOJIEBOE BapbUpOBaHUE (PUTOMACCHI NMPOSBISIETCS B MEHBIIEH CTEIEeHH, YeM BO BIaxHble rogbl. Co-
CEJICTBO C COIIOYHBIM MACCHBOM SIBIISICTCSI CYIECTBEHHBIM (DaKTOPOM, ITOBBIIIAIOIINM IIPOCTPAHCTBEHHYIO
BaprabenbHOCTh (PUTOMACCHI 33 CUET JIOMOJIHUTENIBFHOTO NMMPUBHOCA BJIaTM M HAHOCOB IO SPO3MOHHOW. Brico-
Kas (anuanibHas MO3aMYHOCTb JMOO0 CHIKAET YPOXKAWHOCTD, JINOO CIOCOOCTBYET POCTY €€ BPEMEHHOM H3-
MEHYHBOCTH U YMEHBIIEHHIO IPOTHO3UPYEMOCTH.

Kniouesvie crosa: nanamadr, anuanpHas CTpyKTypa, MO3aUdHOCTh, ypoxkaitHocTh, NDVI, m3mMeHUnBOCTD,
THAPOTEPMUYECKHE YCIOBHS, COCEACTBO.
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