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Abstract. Nitrogen and water availability are two of staplvironmental elements in agroecosystems thasahstantially
alter canopy structure and physiology then cropwino yielding large impacts on ecosystem reguldfiraduction
provisions. However, to date, explicitly quantifgisuch impacts remains challenging partially dudatk of adequate
methodology to capture spatial dimensions of edesyschanges associated with nitrogen and watectsfféd data
assimilation, where close-range remote sensing unearents of vegetation indices derived from a haeld-instrument and
an unmanned aerial vehicle (UAV) system are linkedeaf and canopy photosynthetic traits quantifeddlot level by
portable chamber systems, was applied to captutenégrpret inter- and intra-field variations inogs primary productivity
(GPP) in lowland rice grown under flooded conditigraddy rice, PD) subject to three available notrivailability and
under rainfed condition (RF) in East-Asian monso&gion, South Korea. Spatial variations (SVs) ithot@PP and light use
efficiency (LUE.y9 early in growing season were amplified by nitnegeldition, and such nutritional effects narrowedro
time. Shift planting culture from flooded to raidfeconditions strengthened SVs in GPP and LlEIntervention of
prolonged drought event at late growing season diiaaily intensified their SVs that are supposeddasonally decrease.
Nevertheless, nitrogen addition effects on SV ofLlat early growth stage made PD field exert gre®tés than RF field.
SV of GPP across PD and RF rice were likely related Al development less to LURs while, numerical analysis
suggested that consider spatial variation and gtihein LUE_,,sfor the same crop type tends to be vital for bedtaluation
in landscape/regional patterns of ecosystem photbstic productivity at critical phenology stages.
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1 Introduction
Agricultural landscape in most Asia monsoon regisnfeatured by multicultural cropping systems casipg of relatively
small land holdings under 2 ha (Devendra, 2007)r@ks in phenology of those crop ecosystems whegentakes up

larger portion and exerts a rapid completion of Idycle in a short period of time with markedly obas in canopy
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dynamics are of significant importance in regiocahtrols of carbon balance and biogeochemical psE=s (Kwon et al.,
2010; Lindner et al., 2015; Xue et al., 2017), tagdo be one of drivers causing seasonal fluataatiof atmospheric GO
concentration in north hemisphere (Forkel et &016). Hence, to better understand their ecologitglications under
current climate and environmental changes, oneaifimoncerns lies in spatiotemporal aspects ofystes photosynthetic

5  productivity in the staple crop subject to diffearenethods of field management and anthropogenierientions, and
underlying physiological mechanisms that are resijtda for such spatiotemporal dimensions.

The stability, repeat measurement capability, @mdtl$cape to global coverage of remote sensing $atellites have
triggered widespread use of such measurementstainaipatial patterns of biophysical and biochemieaiables in studies
of land surface and atmospheric process (Richar@soa., 2013). Recent study introducing satefiiteducts as input

10  parameters in flux modelling campaigns carriedinugmall size of crop land reported that predictamturacy seems to be
pixel-size dependent (Adiku et al., 2006), yieldbegter prediction if apply satellite productsiaef resolution. Accordingly,
attempts made to assimilate those parameters integs-based crop growth models that led to ndileeaverestimations
and/or underestimations in plant functional traiver a whole growing season have been increasawgigerned (Tenhunen
et al., 2009; Lee, 2014; Alton, 2017). Satelliteagas collected during plant growing seasons hage bsed to monitor crop

15 growth and to predict yield production, but thesiethas been limited by poor revisit times, coapsgia resolution, and/or
cloudy weather. They technically conceal delicatetfiations of ecosystem productivity tightly adated with per-field
ecological conditions on which plants survival atispersal depend (Seo et al., 2014), and hencg breat spatiotemporal
uncertainties in evaluating strength of daily carlfluxes among micro sites of the same plant famctype at principle
growth stages. The research gaps might be mathmaihatresolved using complex Bayesian melding (&l 2012).

20  Multi-pragmatic solutions are suggested to develpatial/temporal data fusions that integrate siiatigerarchical remote
sensing networks ard situ ground surface observations (Lausch et al., 2B&a6ise et al., 2016), aiming to better monitor
canopy dynamics and environmental impacts on them.

Of them that help to understand per-field ecoldgacesses, close-range remote sensing technises to be one
realistically convenient measure that can timelyvjate us with temporal information of ecosystemaiyics at high spatial

25  resolution. Recent applications in agronomy stufémng and Kovacs, 2012; Ko et al., 2015; Jeorad.e2016) refract the
feasibility of resolving the research gaps in terofscapturing spatiotemporal aspects of ecosystémwitosynthetic
productivity at intra- and inter-fields.

To well interpret spatiotemporal variations of g&iem photosynthetic productivity captured by clomege remoter
sensing, conventional physiological studies at pgrieaves are, nevertheless, essential (SinclditHamie, 1989; Niinemets

30 and Tenhunen, 1997). As leaves are the small asit baits that constitute rice canopy volume, thHeirctioning could
change with canopy development and changing habdmatitions (Xue et al., 2016a, b), contributingfliectuations in

strength of seasonal canopy photosynthesis.
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Traditional ecophysiology approaches are greathjtéid to compare neighboring plant individuals &ed to neglect
spatial dimensions. Landscape ecology, althougbivieg) ecosystem functioning at broader scalepimmonly restricted to
regional analysis at higher hierarchical level beymdividual organisms. Therefore, the centralsaghthis research are to
construct a spatially integrative concept model #ssimilates quantitatively abundant data setecteld from a close-range
remote sensing system applied at field level andhftraditional ecophysiology approaches at ploeleand capture and
then interpret effects of different field manageineractices i.e. nutrient application and wateatmeents on temporal and
spatial aspects of ecosystem photosynthetic prawitycvia their influences on canopy leaf physioyognd structure, to
evaluate the following hypothesis:

(1) Temporal course of canopy carbon gain capaeity primarily driven by LAl development and soladiation intensity
at reproductive stage (Xue et al., 2016a; 2017yeRbeless, canopy leaf physiology is one of prinfactors that determine
canopy light use efficiency and thereby carbon gapacity (Sinclair and Horie, 1989). Hence, spataiability of
ecosystem GPP could be concurrently driven by castpcture i.e. LAl and canopy leaf physiology L&E s

(2) Shifts of planting culture from flooded to régd conditions mean that water availability tendsbé a primary factor
determining ecosystem photosynthetic productivatyd then growth of rainfed rice suffers from muéipuncertainties
regarding timing/strength of precipitation and ketaf nutrient availability in soil (Kato et al.026). Significant changes in
leaf and root anatomies, and canopy structure andtibn in rainfed field could occur (Yoshida, 19&teudle, 2000).
Greater variations in spatial aspects of ecosydB®, LAl and LUE,sin rainfed lowland rice than flooded rice are

therefore anticipated.

2Materialsand M ethods

2.1 Sudy site

Field campaign was carried out at the agricultdigld station of Chonnam National University, GwangS. Korea
(35°10'N, 12653°E, altitude of 33 m, Fig. 1). Mean annual ainperature and precipitation averaged over pastisoades
are approx. 13% and 1400 mm ¥k East-Asian monsoon climate is prevalent from Jan©ctober in this region during
which time more than half of annual precipitatiafi.fThe top layer of soil is categorized as loaithwsand of 388 g ky
silt of 378 g kg, clay of 234 g kg, PH of 5.5, organic C content of 12.3 g'kgvailable P of 13.1 mg,©s kg™, and total N
before fertilization of 1.0 g k§ Thirty-day-old seedlings of a newly breeding li@eyza sativa cv. Unkwang (Kim et al.,
2006) were transplanted into flooded fields namaddy rice (PD) on May 20, 2013 (140 days of ye@®Y) N:P:K with
mass ratio of 11:5:6 was mixed to generate threitifer application rates: 0 kg N Hano supplementary fertilizer, plot size
~511 nf, named low nutrient group), 115 kg N'héplot size ~1387 fy normal nutrient group), and 180 kg N*h@lot size
~511 nf, high nutrient group) (Fig. 1). Nutrient treatmegtoups were respectively isolated by 35 cm widéhipeter

cement walls, inserted into the soil 1 m depth. &F%otal nitrogen fertilizer was applied by hameading two days before
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transplanting, and the rest used at active tillephase of vegetative stage. P fertilizer was agpdis 100% basal dosage,
and K fertilizer was applied as 65% basal dosagk 36% during tillering phase. Seeds of the same cidtivar were
directly sown in an adjacent upland field, beingated as rainfed rice (RF, ~64)non April 22 (112 DOY). The same
fertilizer compound with 115 kg N Haas PD normal nutrient group was conducted in Rl fiwo times, 80% before
seeding and the rest at tillering phase. No iriggatvas supplied at the RF field during the whalevgng season. All field
management practices conformed to local plantiniyi@s. Life history in Unkwang rice generally aligf to a classification
of phenology in temperate rice proposed by YosHit@81) that spends about 30 days in the vegetatiage after
transplanting, 30 days in the reproductive stagd,30 days in the ripening period.

To better underpin physiological mechanisms thaty mantribute to spatial patters of per-field phetubetic
productivity, a pair of experiment consisting of Rbd RF Unkwang rice in a controlled growth chamédgetniversity of
Bayreuth (134'N, 4956'E) was deployed in September 2014. 30-day-okedlseys were transplanted into plastic
containers (top diameter 25.4 cm and height 25 wiif) similar plant spacing as planting practicetie 2013 field
experiment. The equivalent fertilizer 115 kg N'havas applied two times in both PD and RF rice, tefo
transplanting/sowing and at tillering phase. Alamis were then acclimated in the growth chambedagtime air
temperature 3T, relative humidity 60%, night temperature of@5and light intensity of 90fimol m? s* (35.64 MJ nif
d™). Soil water content (SWC) in RF rice containe@svmaintained between 0.2 and 0.4m using EC-5 soil moisture

sensors (EC-5, Decagon, WA, USA).

2.2 Field measurements of meteorological factorsand soil water content

Meteorological factors including air temperaturelative humidity, wind speed, precipitation, andhsl radiation were
continuously measured with a 2 m height automagather station installed at a field margin of RHdi(AWS, WS-GP1,
Delta-T Devices Ltd., UK). Weather data were reedrévery 5 min, averaged and logged half-hourlyi#ahally, values
of SWC at 10, 30 and 60 cm depth at three siteRFrfield were continuously measured every 15 mimg&C-5 soil
moisture sensors. SWC data recorded by the ECdosemere then calibrated by actual SWC measurantemducted in
the laboratory with the same soil. SWC was therverrd to soil water potentialy{ with standard soil-water retention

curves of Van Genuchten (1980), referred to Xus.g2016b).

2.3 Field measurements of diurnal cour ses of leaf and canopy CO, exchange

Diurnal gas exchange and chlorophyll fluoresceneasurements in fully expanded uppermost, secoird, émd fourth
leaves of canopy profiles at PD high nutrient graugee conducted on 57 and 73 day after transplguBiT) (197 and 213
DOY) using a portable gas exchange and chloroglugdlrescence system (GFS-3000 and PAM Fluoromeéigd3-, Heinz

Walz GmbH, Effeltrich, Germany) to track ambientvieonmental conditions external to leaf cuvette.p&ated
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measurements of diurnal course of leaf gas exchaege carried out in uppermost leaves in PD lowient group on 171,
172, 179, 180 and 199 DOY (31, 32, 39, 40 and 59)Di PD normal nutrient group on 175, 177, 198 ad1 DOY (35,
37, 55, and 71 DAT), in PD high nutrient group at®land 178 DOY (30 and 38 DAT), and in RF rice 6i7,1181, 201, 205,
222, 223, 227, 231, 235 and 238 DOY. Mid partsaaf or three leaves were enclosed into the leaf blearftom sunrise to
sunset. Photosynthetic rate and momentary micramdtgical factors just above plant canopies wessrded every 5 min,
and automatic calibration executed by a user-défpregram was repeated every 15 min. Leaf lightafieiency based on
incident PAR (LUR) was estimated using photosynthesis data recatiedident PAR less than 2@@nol mi? s*.

Diurnal course of canopy gas exchange was condumtesl custom-built transparent chamber (L 39.5 8%6 x H
50.5 cm) used for net ecosystem gas exchange (NEE3urement and by a opaque chamber (L 39.5 x B39.50.5 cm)
designed for ecosystem respiration.,gRmeasurement (Lindner et al., 2016; Xue et alll62) on ~ 159, 167, 175, 200, 220,
and 240 DOY. Measurements on 240 DOY were onlylabk at PD normal group and RF rice. Four whitafes, with
three filled with healthy plants and one set oretswil without any plants, were deployed in eachrébient group and in
RF field. They were inserted into the soil at tiecin depth before transplanting/sowing to blockled@k at the interface
between the frame and soil surface, and kept irfighes until plants were harvested. Diurnal cosre€ NEE and R, per
square meter were monitored at hourly intervalsnfsunrise to sunset. Differences of air temperabateveen inside and
outside the chamber were controlled less thdd Using ice packs positioned at the back side efdhamber to avoid
shadow effects of ice packs. Incident PAR inside tifansparent chamber was measured with a quargnsors(LI-190,
LI-CPR, Lincoln, Nebraska, USA). GPP estimation wasved by,

GPP=-NEE+R_, @

where R, rates at times when NEE rates were measured veteentined from an exponential regression with resfe
chamber air temperature £J. A classical hyperbolic light response functioasafit to estimate gross primary productivity
(GPP, sum of NEE and.R), yielding canopy light use efficiency (L) defined as the initial slope of the response amnd

estimate of maximum GPP rate (GRP at relatively infinite high PAR level.

2.4 Field measurements of canopy reflectance

Reflectance measurements were carried out witme-hald multispectral radiometer (Cropscan, MSRéh wiwave bands,
Cropscan Inc., Rochester, MN, USA). Incident radiatvas measured with a view-angle of 4.8fnd that reflected by rice
canopies was measured with a view angle df ¥gekly reflectance measurement arranged aroumstspsampled for
canopy gas exchange was repeated six times inRIaafutrient treatment and three times in RF figldadar noon midday
when sky was clear without clouds. Normalized défece vegetation index (NDVI) was a product of efifinces of
reflectance in the field of which red (the centrahd-width of 660.9 nm) and near infrared (the étand-width of 813.2

nm). Estimations of ground-based NDVI were madehendays when canopy gas exchange measuremestsgdcefo Xue
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et al. (2016a).

Spectral reflectance at fine spatial resolutios x&n 10 cm for the whole PD field and RF fieldswaaeasured on July
21 (172 DOY, vegetative stage), July 11 (192 DQGarjyereproductive stage), July 25 (206 DOY, middiproductive stage),
August 08 (220 DOY, early ripening stage), and Asigedl (233 DOY, middle ripening stage) using an anned aerial
vehicle (UAV) system (detailed construction of tH&V system referred to Jeong et al. (2016)). TheVUkages were
acquired at approximately local noon + 30 min (K&T 12:10 to 13:10) when there were clear skiesamnogenous cloudy
skies. The camera exposure was set at its minimaloe\(0.5um s?) under clear sky conditions and ranged betweertal.0
2.0 um/s under homogenous fine cloudy skies to obtainkthst images. When recording UAV images, the spéttral
camera (mini-MCA6, Tetracam Inc., Chatsworth, Qatifa, USA) loaded on board the UAV which detectgdund
reflectance with the wavelength bands of 450, 58, 800, 830, and 880 nm was always positioneticedly to the
ground.

Pseudo invariant targets (PITs) at three diffecabrs (white, black, and gray) were placed adjaterD field prior
to each UAV flight. At-surface reflectance valuelstwo selected waveband at 800 and 650 nm fromettHlgs were
obtained using the other hand-held spectrometesp&an, MSR16 with 16 wave bands). Linear regrassarelations
were made between mini-MCAG6 digital values andréfiectance from the MSR16 at each correspondingetaand, with
correlation coefficient ranging from 0.98 to 0.@®¢criptions in detail referred to Ko et al. (2045y Jeong et al. (2016)).
Camera measurements were then calibrated baseesarface measurements by applying each lineaessgm to the field
imagery. Evaluation of the radiometric correctedMUfages was carried out by comparisons with measants of sixteen
ground point reflectance values which compriseghdiats in paddy fields, 4 points in bright cemetark asphalt, bare soil,
and tilled soil. There were close correspondenetwden reflectance derived from the radiometricezed UAV images
and those measured at the ground over all UAV fflagtes, with correction efficiency (E) up to 0&88d root mean square
error (RMSE) ranging between 0.01 and 0.05 (App=esliFig. Al). Radiometric calibrated reflectanteea, green, and
blue bands (450, 550, and 650 nm) on June 21/17¢ [@@ar sky) when there had low density vegetatanopies with
large exposure of water surface were consisteathet than at-surface measurements (Appendices Aig), resulting in
risks of overestimating field NDVI (a product offfdrences in reflectance of red 650 nm and neaaiefl 800 nm) thereby
biased estimation of GRE and LUE,,s For sake of brevity the radiometric calibratednesa reflectance of red waveband
on June 21/172 DOY were recalibrated by a linegragsion line against at-surface measurements (Alies, Fig. Ala,

Pred_ground meas- 1-761’pred_UAVx R= 0.76, p <0.01).

2.5 M easurements of |leaf area, nitrogen content and leaf water potential
After conducting leaf and canopy gas exchange meamnts, leaf samples were collected to estimafeaiea and nitrogen

content. Three bundles consisting of fifteen pldrsn each treatment were harvested on 26, 33734nd 86 DAT, and
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total plant area (leaf and stem) was determinel aitLI-3100 leaf area meter (LI-3100, LI-COR, Loht, Nebraska, USA).
Leaves of PD and RF rice grown in the growth chamimre harvested on 33 and 55 DAT. All plant matlerivere dried at
~60°C for at least two days before measurements ofritiafgen content. Leaf nitrogen content was gtiaatiusing a C:N
analyzer (Model 1500, Carlo Erba Instruments, Miltaly). Weekly measurements of LAl were conductedore 220
DOY using a portable plant canopy analyzer (LI-200BCOR, Lincoln, Nebraska, USA) at the same lao& where
at-surface canopy reflectance values were samgieg the Cropscan, and then these were calibraied those by harvest
method. LAl measurements on 240 DOY were suppleadergferring to Lindner et al. (2016). On the san@&asuring times
as leaf gas exchange conducted in August, dailysesuof leaf water potential in RF rice were cd#ecwith a pressure
chamber (PMS Instruments, Corvallis, USA). Heaklimg well-expanded leaves in plant canopies werlsed in a plastic

bag before cutting and rapidly transferred intaespure chamber.

2.6 Data assimilation process

Assessment of influences of field management gresti.e. nutrient and water availability in cropp¥synthetic traits and
interpretation of the presence of such spatioteaiductuations require development of a data asaiion process, which
could be capable of linkinin situ observations of leaf and canopy photosynthetitstand vegetation information at field
level. Here, a simple concept model aiming to nesahe objective stated above was developed, umgcapplication of
the classical light response model of leaf phott®ssis to canopy and field dimensions using hymatspl reflectance of

ground surface collected at corresponding scaléiifiollowing Egs 2-8:

LUE,,, =a,xLAl +b

(2
GPPR,. =&, x LAl +b, 3)
LAl =a, x NDVI 2 +b, x NDVI +c, @
N LUE,,, xGPP,,, X PAR
GPPday = z cint max 1]
< LUE,, xPAR, +GPP,, ®
fAPAR = fAPARm{l_(NDVIMX—NEMj } ©
NDVI ., - NDVI .,
fAPAR = a, x NDVI +b, @
LUE,, = > Pe
== " fAPAR X PAR,, ®)

where in Eq. 2, gand Q are regression coefficients for LIJLAI correlation based on plot measurements (Tablén Eq.

3, @ and b are regression coefficients for GRRPLAI correlation based on plot measurements (Taplén Eq. 4, g bs, and
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c; are regression coefficients for LAI-NDVI matheneatiorrelation across all data sets based on plasatements (Table
1), which was in line with a 3-year-report in riceterms of LAI-NDVI trajectory by Jo et al. (20130 Eq. 5 GPRy is daily
integrated GPP per pixel, a product of light usieiehcy based on incident PAR (LE), maximum GPP rate (GRR) and
half-hourly averaged PARDbtained from the AWS. N is number of observatiohscident PAR during daytime. In Eq. 6,
5 fAPARax NDVlnax NDVIni,, ande are maximum fraction of absorbed photosyntheticalitive radiation, maximum
NDVI and minimum NDVI of fAPAR-NDVI correlation ands coefficient in green crop canopies, referriagrable 1 and
Xue et al. (2016a).,aand hiin Eq. 7 are regression coefficients for fAPAR-NDadrrelation in senescing canopies (Table 1,
here refer to the stage after middle ripening siagéce), derived from Inoue et al. (2008). Lighge efficiency based on
daily canopy light interception per pixel (LWs) in Eqg. 8 is a product of GRE, fAPAR and PAR,, (daily integrated

10 incident PAR).

2.7 Geospatial statistic

Regionalized variable theory takes the differertoetsveen pairs of values separated by a certaintigygarsually distance,

commonly expressed as variance (Vieira et al., 1983videly used geostatistical analysis to defliet spatial correlation
15  structure of observations in space such as fielt fedility and temperature as well as other egital processes is

semi-variogram (Pierson and Wight, 1991; Loeschet.e2014), given by:

2

H0) = ey Sl )- b 0]

9)
cv,, = N2X Y
Mean (10)

where z(®, j=1, 2, ..., n denotes the set of GRRUE apsdata; xis the vector of spatial coordinates of the jtiseation;
20 his the pixel distance of sample values (lag);)N§mumber of pairs of values separated by lad,yén) is semi-variance
for the lag. CV is coefficient of variance using the sill and \alof the mean for estimation. The semi-variogrampsy
describes how the variance of observations chamglshe distance in a given direction or it is eaged over all directions.
The averaged semi-variance over all directions wsesl in this research. Most often, semi-variandaegaincrease until
they reach a maximum approximately equal to thepgawariance of the measured variable known asdilié The lag at
25  which the sill is reached is known as the “randg€yond the range, values of observations are rgelospatially correlated.
Sill values refract magnitude of spatial variapilitf variables in the field. Several simple funoioare commonly used to
model semi-variogram, which must be proven to beitpe definite. An exponential rise to maximum étion to

approximate a spherical model was used to extraptia value of the sill, listed below:

y(h)=ax(1-exp(-bxh)) (11)
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where b is the sill and a is the nugget value.

2.8 Satistical analysis

Descriptive statistics of the data included compataof the sample mean, maximum (max.), and coeffit of variation

(CVyraditiona)- Nonlinear least square method for GPP/PAR cuwas executed using R software (R 3.2.3, R Devetopm
Core Team, Austria). The data assimilation thakdiremote sensing data and ecophysiological memsmts and

geostatistical analyses was processed using IDIENYI 4.8 software (EXELIS Inc., Rochester, NY, A)S

3 Results

3.1 Seasonal courses of at-surface NDVI, LAI, LUEg, and GPP, .

ANOVA analysis for NDVI indicated that NDVI valuesieasured around 170 DOY between the PD normal &id h
nutrient groups were analogous but significantlgher than the low group at 0.05 level (Fig. 2a, p.626). Statistical
difference at the significant level of 0.05 betwabe RF and PD low group was not found. No sigaificdiscrepancy
existed between PD normal and high groups ovegtbeing seasons (p > 0.1). Higher NDVI at the PRilfeer addition
groups were evident during vegetative stage anly earreproductive stage before 200 DOY (p = 0.(8)ch a clear
discrepancy in NDVI between the PD low and ferditian groups and RF rice dismissed after 210 DO¥ (p10). NDVI
values advanced to decline after plants in the iBld firrived at maximum levels around 210 DOY. Huere the RF rice
remained green around 240 DOY with higher LAI by522 when plants in the PD field started senescéfige 2b), which
results in relatively higher at-surface NDVI thaasvalso captured by field image of NDVI derivednirthe UAV system.
LAl in the PD normal nutrient group was similarttiose of the high group at the corresponding grosteiges (Fig. 2b),
assembling seasonal course of NDVI for the norngi¥igroups. Enhanced LAI development after 180 Di@y¥fertilizer
addition was present, and nitrogen effects pedsistgil around 210 DOY, which was in line with ND\evelopment
among PD nutrient groups. LAI in the RF rice ranpetiveen the PD low and fertilization groups wiitileemained higher
values on 240 DOY. Regression analysis for NDVI-lréllationship in grouped datasets showed a comnagectory across
PD nutrient groups and RF rice (Fig. 33,7R0.95, p < 0.001).

A curvilinear response of GPP rate to incident PA&s well fitted by the classical light response slodt each
measuring date, which was previously reported (hércet al., 2016) and not shown here. Resulting J& 160 DOY
was approx. 0.0amol CO, umol‘1 PARcigent Crossing the PD nutrient groups and RF rice, apillly increased after 180
DOY (Fig. 2c). Differences in LU&; among the PD nutrient groups were relatively siesi$ than 20% at corresponding
dates. Nevertheless, the RF rice presented draatiatiigh LUE;; as compared to the PD rice from 180 DOY to the @nd
the growing season, showing the highest valueslat@ol CQO, umol™ and 0.05:mol CO, pmol™ found in RF and PD rice,

respectively. Generally speaking, PD rice at thélifeation groups had relatively higher GRR showing the maximum
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level of 51.60umol CO, m? s than the low group at 38.96nol CO, m? s (Fig. 2d). Maximum GPRyin the RF rice was
analogous to that of PD rice, and remained higineR40 DOY, which was thought to be ascribed to greal (Fig. 2b).
Similarities in photosynthetic traits in terms oDMI, LAl, GPP.x and LUE;,, between the normal and high nutrient groups
at the corresponding growth stages were evidenticélecomparisons in those parameters stated betoe referred to the
low and normal groups.

Relatively low LAl in RF rice during reproductivéagie but higher LUE, than PD at the same growing stage therefore
resulted in a distinction regarding LAI-LU correlation associated with slope (Fig. 320.74, p = 0.02 in RF,®R= 0.85,
p < 0.0001 in PD, see Table 1). A common linearasgjon for LAI-GPR, correlation that interpreted 88% of variations in
GPR.« across the PD nutrient groups and RF rice waseevigFig. 3b, R= 0.88, p < 0.0001). Canopy leaf nitrogen content
(Nm, %) collected in both field and controlled grovethember were significantly higher in RF rice aft80 DOY (Fig. 4a, b,
p < 0.05). Light use efficiency at leaf level (LI was positively correlated to N(Fig. 4b, R = 0.65, p = 0.0007). It
implied that improved LUE, in RF rice observed after 180 DOY could be reldteits strengthened capacity of nitrogen

accumulation in canopy leaves.

3.2 Field mapping of GPPyay and LUE.aps

Field maps of GPR, and LUE.s at principle growth stages (Figs. 5 and 6) cleaitywed that seasonal change of
within-field GPRy,y at each nutrient group could be quantitatively pebusing three types of colors (yellow, blue aed) r
corresponding to low, medium and high numericaligal Pink pixels and bright red pixels were respelst observed in PD
and RF rice on measuring date August 08/220 DOYhduwhich time most rice plants proceeded to ripgmwing the
highest LAI. However, colour distribution in spagespecific growth stage within nutrient groupsezsally in normal and
low groups on July 11/192 DOY and August 21/223 D&&¥ms to be uneven (Fig. 5b, d). Furthermore,emdistribution

in RF rice was intensified as compared with PD aececorresponding dates. For LLJE appearance of greater spatial
variability in color distribution was seen at eagsowth stage in both PD and RF rice (Fig. 6awd)ich seems to be in
contrast with spatial aspects of GRfver the growing season. LUEdistributions in space over reproductive stagéy(Ju
11/192) seemingly tend to approach homogeneitiedfier PD nutrient groups or RF rice (Fig. 6k, ¢f).

Descriptive statistics including Mean, Max., and &Monal IN GPRy and LUE.,s described their mean, maximum
values at field scale and within-field variation wiean across the growing season (Table 2). Max.qGRRs differed
significantly between normal (7.29 g C?mi?) and low (3.78 g C th d%) nutrient groups after four weeks after
transplantation, which was clearly indicative isual display of pixel GRR, as well (Fig. 5a, d). Nevertheless, field mean
values among the three nutrient groups were closene another. Enhanced field mean of @R normal groups by
35.63% as compared to low group appeared on JuH®2DOY, and the large discrepancy persisted uhélend of

growing season. Except the early growth stage thiggent groups showed similar values in maximuiPgz, which
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reached 12.49 g Cfnd® at normal group around August 08/220 DOY and thiedined at senescence stage. Maximum
GPRy,y predicated using light use efficiency model in previous report (Xue et al., 2016a) tended toigkdr as compared
with the one shown here at normal nutrient groupictvis thought to be due to model sensitivity hamges in ambient light
environment.

Rice plants grown in RF field showed significantiigher mean and maximum GRPthan PD rice at respective
growth stages (Table 2). However, G¥iona in RF rice was much higher by roughly 2 times tih normal and low
nutrient groups after several weeks after transateom. PD normal nutrient group showed the higB¥fagiona quantified
on June 21/172 DOY, then followed by high and laaups. Differences in G¥gitionas @mong PD nutrient groups dismissed
over time, which well aligns with colour display field map of GPR, in Fig. 5¢ and d. They imply that although ferl
addition in traditional way can promote incremeftield average GPR,, it dramatically strengths field variations of GRP
at early growth stage in paddy field. As we expéug, change in planting culture from paddy to mgéhtould promote
enhancement of field variations in mean of fieldRgPprobably due to rising risks in soil water availipwhen prolonged
drought events occur.

LUE .psappeared to be higher early at the growth stagedlly declined after plant growth and developrahtanced
to reproductive stage, and gradually decreasegpooa. 0.52 and 0.81 g C Mt senescence stage in PD and RF rice,
respectively (Table 2). RF rice had clearly higluea of average LUE,sas compared to PD by 20.93%, 35.18%, 26.43%,
and 35.80% on July 11, July 25, August 08 and Auglis correspondingly, apart from June 21 duringctviime PD and
RF showed similar LUEysaround 1.4 g C M Enhanced LUEssin RF rice over the growing season was likely i@gtt to
higher leaf nitrogen content shown in Fig. 4a.

Seasonal courses of GMiiona Of LUE.sisamong PD nutrient groups exerted a similar tengesssembling mean of
LUE_ aps (Table 2). CVaditionas @t Normal and high nutrient groups were analogmes time while, appeared to be higher on
June 21/172 DOY and July 11/192 DOY by approx. 628 50% than low nutrient group, respectively. regéngly,
CVyaditional @t fertilization groups (normal and high groupsgred markedly greater values by approx. 53% d%d ghan
RF rice at early growth stage (June 21/172 DOY &g 11/192 DQY). Similar to drought impacts in difying CV yaditional
in GPRj,, on August 21/233 DOY in RF rice, amplified GMiona in LUEcans were observed as well. Lower GMiiona and
similarities in LUEps over field space on July 25/206 DOY and August2@8/DOY well corresponded to field map of
LUE..ps at corresponding dates, meaning that field mappmgroper ways also could visibly deliver distriloun

information of ecosystem photosynthetic traitspace.

3.3 Semi-variograms of GPPgay, L UEcas, and LAI
Semi-variogram analysis is one of widely used getsical parameters to quantitatively evaluatetiapaariation. Sill

values were derived from exponential rise to maxmfunction which fits values of semi-variogram atke nutrient and/or
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water treatment (R> 0.83, P < 0.01). Values of Gyin GPRy,, were significantly and positively correlated to fa¥ional (R?
=0.83, p < 0.001, Fig. 7a), demonstrating thatsemi-variogram accurately captured patterns diapaariability in those
ecophysiological traits among nutrient treatmemd RF rice. Estimates of Gy among nutrient groups were generally
close to those of CMadiionas @pproaching 1:1 line (Fig. 7a). However, faMona Values in RF rice were commonly lower by
approx. 20% than CY{ at principle growth stages. This occurred becaigbe traditional method of calculating CV does
not account for spatial correlation in data, imptyithat spatial heterogeneity in RF field assodiatéh water availability
and resulting crop growth was greater as compar@&Dtrice. This was also proven by average;COW RF that was greater
by about 50% than that of PD rice averaged acros&nt groups (Table 3).

A significantly positive correlation between GMand C\agiiona Was observed in LUG,sas well (R = 0.89, p < 0.001,
Fig. 7b). All of CVg, sampled across PD nutrient groups and RF riceledsat right side of 1:1 line, being higher than
CVyaditional DUt @analogous between PD and RF rice, which wiereint from the significant difference in GVof GPRy,
between PD and RF rice shown in Fig. 7a. It was elsédent by average Gy of 11.66 in RF rice that was close to 14.37 of
PD rice averaged across nutrient groups (Tablenggning that spatial variability of LUEsin PD rice exerted great
amplitude that tends to be similar to RF rice. Aipeely linear correlation between Gyand C\Vagitiona Was evident in LAI
(R?=0.80, p < 0.001, Fig. 7c). Data points colleaedr PD nutrient groups oscillated closely theliné and an exception
was observed in RF rice, which assembles the phenambserved in GW-CViyagitiona for GPRyy but differs from that for
LUEaps Given the tight correlation between g\and sill values, sill instead of Gywas used in spatial analysis for GRP

and LUE spsas discussed below.

3.4 Spatial patterns of GPPygy, LUE s, and LAI

Seasonal development in sill values of @RRxhibited similar tendency across PD nutrient geo@and RF rice that
increased from vegetative stage to early reprodeictiage and then declined (Table 3, upper paatje® t-test showed that
difference of sill in RF rice was significantly tfent from PD nutrient groups at the 0.05 levedvéttheless, significant
differences were not repeatedly observed among Bfdlent groups. At early growth seasons i.e. Juh&lZ2 DOY
especially July 11/192 DOY, normal and high nutrigroups had relatively high sill in average by38% as compared to
low nutrient group, implying that fertilizer additi could contribute to spatial variability of GR which conforms to
differences in CVagiional (Table 2). As we expect, sill of RF rice measuoedAugust 21/233 DOY increased in contrast to
observed seasonal tendency of sill that was supposgecline, due to occurrence of a prolonged glibavent from August
11 to 20 during which leaf water potential arounths noon declined down to -2.0 MPa and severeraléihg happened
(data not shown). Significant impacts by drought ®RR,,, were observed. Seasonal courses of sill in LAbs&rPD
nutrient groups and RF rice were similar to thoB&BRy,, (Table 3, middle part). Sills of LAl in RF rice veegenerally

higher than PD rice at corresponding growth stages.
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Sill of LUEas showed seasonal trend that was similar to ggRPable 3, lower part). The prolonged drought event
occurring before August 21/223 DOY contributed patsal variability in RF rice as indicated by grasill of 0.0142
compared with 0.0032 on August 08/220 DOY. ANOVABsis indicated no difference at 0.05 significaleseel among PD
three nutrient groups over the growing season (6%), whereas, mean sill value of 0.4492 on Juné72 DOY was
improved by 93.32% for normal and high nutrientugr® than 0.03 of low nutrient group, assembling garmsons in sill of
GPRyy and field maps shown in Fig. 6a. It implied thattifizer addition could enhance spatial variapildf LUE s
especially early in growing seasons. Interestinafyearly growth stage especially on June 21/17¥ @d July 11/192, PD
nutrient addition groups had averaged sill highgrapprox. 85% as compared to RF rice. RF rice toodr high values
afterwards, meaning that spatial variability of L{lgin PD rice amplified by field nutrient applicati@ould be even greater

than RF rice, which totally contrasts with aforetiemed GPR,, spatial variability between PD and RF rice.

3.5 Spatial correlation for GPPyay, L UEcass, and LAI

LUE..ps Was calculated by Eq. 8 consisting of GRRnd fAPR variables, meaning that spatial influsnot LUE..,s may
yield impacts on GPR,. Sill values or CV, for GPR,, and LUE.,swere not significantly correlated to one anothbewall
data sets were grouped across PD nutrient groupdR&nrice over growing seasons®(R0.14, p > 0.01). Instead, such
significantly positive correlations were found &l gppgagsill 4 in PD nutrient groups (Fig. 7d2R 0.36, p = 0.012) and in
RF rice (Fig. 7d, R= 0.85, p = 0.015), suggesting that the primactdiathat mediates GRE spatial variation in PD

nutrient groups especially in RF rice was LAl deyghent.

3.6 Imply ecological implications of canopy leaf physiology

Ecological implications of canopy leaf physiologg.iLUE.;sin monitoring of spatial variation and strength@®R;,, for
the same plant function type (PD and RF rice) waralyzed using scenario analysis. It applied Llof PD rice on
August 08/220 DOY in estimation of RF rice GRRt the same date, yielding comparisons in fielgh wleGPR., (Fig. 8a,
b) and quantitative assessment (Fig. 8c). Field aigpedicted GPR, using PD-LUE,sindicated blue as prevailing color
as compared to prevailing red color in field mapirfial estimation, meaning significant underesttions of GPRy,
especially at the sites where showed high LAI (Big). It suggested that take delicate variationsamopy leaf physiology

among the same plant function type across variabgdt conditions into account seems to be vital.

4 Discussion
A series of successive effects regarding rice dnaartd environment from leaf to ecosystem perspesthas been made in
our research group, aiming to unveil physiologicechanisms responsible for optimal carbon gainwaattr use at leaf

level as well as their plastic acclimation to chiaggambient environment (Xue et al., 2016b andd@entangle roles of

13



Biogeosciences Discuss., doi:10.5194/bg-2016-492, 2016
Manuscript under review for journal Biogeosciences
Published: 18 November 2016

(© Author(s) 2016. CC-BY 3.0 License.

10

15

20

25

30

canopy structure and function in determination ahapy carbon gain at individual organism subjecdifferent field

management methods and anthropogenic interventiomgner et al., 2016; Xue et al., 2016a), supplemaderstanding of
climate change, phenology, and rice ecosystem phothetic productivity (Xue et al., 2017), and diss ecological
implications of life history of rice crop in contliog regional carbon fluxes at agriculture landsedLindner et al., 2015).
Great fluctuations of ecosystem photosynthetic petidity across different geographic sites existétbwever, the
fluctuation was not statistically correlated torogen application rates which do significantly aénite to rice growth at
individual level. It is thought to be due to variofactors. At least, one of them could be ascritoethter- and intra-field
variations of ecosystem photosynthetic productjvitydicating that research specified into filed/rogite should be
implemented to gain new insights into how water aittbgen availability affect photosynthetic protiuity at individual

and microsite scales.

4.1 Feasible application of UAV system to capture spatiotempor al variations of GPPyay,

Applications of close-range remote sensing in sidif vegetation dynamics regarding plant growtth ginenology have
received increasingly concern partially due to ptepixel detection at small scale that eliminattes averaging involved in
larger pixels of satellite products. It compensdtesregional observation of satellite remote segsystems. UAV-based
applications in agronomical studies has been teatadi evaluating spatial variability of soil nitergcontent in winter wheat
field (Cao et al., 2012), detecting canopy nitrogéatus in irrigated maize (Bausch and Khosla, 2048d mapping cereal
yield using field vegetation indices (VIs, Fishérat, 2009; Swain et al., 2010; Tubafia et al.,2®hang and Kovacs,
2012), rice growth and yield included (Ko et al018). Recent attempts were made to apply narrow-baultispectral
imagery derived at plot level in monitoring of whofield carbon content of lucerne plants (Wehrharale 2016).
Furthermore, an applicable crop information deljveystem tested in rice ecosystems by Ko et all§p@nd Jeong et al.
(2016), which takes several valuable VIs at hightisp resolution into account, well capture dekcahanges in crop growth
and yield among pixels. In this research, diagoasformation derived from images in high spategalution could be well
linked to canopy biophysical traits in PD and Réeriand draw seasonally zonal maps of &GRihd LUE.s(Fig. 5 and 6),
and then assist in evaluation of spatial variatibthose functional traits.

Practical application of the UAV technique in theld requires a number of procedural steps, indgdimage
pre-processing, image interpretation and data etra And integration of these data with agronomata into expert
systems still needs to be developed and improvéatéend products of remote sensing applicatioagaten into account
by decision-making processes (Zhang and Kovacs2)208n empirical calibration method adopting spakteflectance
from three types of PITs was applied to processomaetric correction, calibrate initially accessilll&V images on each
measuring date. Although a close correspondencecammsnonly found between calibrated UAV reflectancel at-surface

measurements at middle and late growing seasoesertpirical calibration tended to underestimateugdoreflectance
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especially in red reflectance at the early grow#tys probably due to water scattering effects. Ulht schedule always
arranged at solar noon may not be the best optiabtain a close correspondence between cameeztaice and ground
surface measurements at early growth stage. Anahmgirical regression linking calibrated UAV reflance and plot
measurements was applied instead of consideringleanmechanisms of light scattering in area of ptatscategory. The
methods used to recalibrate UAV images on June721IOY may yield biased estimation of field referate due to limited
number of ground reflectance swatches that weréogeg at limited space. Leaves of plants growredilization addition
conditions had enhanced nitrogen content at eadwtly stage, which directly contributes to gredtBlE s (Sinclair and
Horie, 1989; Xue et al., 2017). Whereas, L}jEat normal and high nutrient groups where planisuaulated more
nitrogen in leaves on June 21 (Fig. 4a) calibraiedhe basis of recalibrated UAV reflectance wereragely higher as
compared to low nutrient group (Table 2), which liepthe pragmatic feasibility of adopting recadition routine to acquire
correct UAV products.

The data assimilation concept that integrates ttoawdil physiology approaches at plot level and elenge remote
sensing information requires reliable establishimeagarding correlations between ground surfacesameaents of VIs and
LAI, LAl and LUE, and GPR.. Reliable relationships between those biophysieads were inferred across PD nutrient
groups and RF rice (Fig. 3). Nevertheless, theeelimnited data sets for LAI-LUg; correlation in RF rice mainly due to
labor deficits to intensively carry out measurerserftdiurnal courses of leaf and canopy gas exahand measurements of
other plant parameters in PD nutrient groups andi€¥: Supplementary data sets in terms of LAl-L}/Eorrelation in RF
rice as well as other main cops will be surely aated when field conditions together with resedurid are granted in near

future.

4.2 Spatial variability of photosynthetic trait in RF field seemsto be not always greater than PD field

There are continuously increasing water and foadadels in rice as world population breaks through anew record.
Expand rice planting area over different geogragh&s particularly in those regions lack of irtiga water resource and/or
fundamental facility to flood fields and high pdsBty of occurrence of water scarcity in comingcddes in flooded regions
have triggered increasing concerns associated ldth water availability in RF field could influencgpatiotemporal
variations of ecosystem photosynthetic productids/ compared to PD field (Serraj et al., 2008).ti8pa&ariations of
GPR.y and LAl in RF field were amplified compared to RiDtrient groups at corresponding growth stages I€T8h
However, spatial variation of LUE,at early growth stage (June 21/172 DOY and Jult92 DOY) at PD fertilization
groups was significantly greater than RF at theeséime period, implying that spatial variability photosynthetic trait in
RF field does not seem to be always higher tharfi®l® depending on nutrient availability. We alsmufd that nutrient
addition at early growth stage could amplify sgdtieterogeneity of GRR, and LUE.ysin PD field while, such nutritional

effects dismissed at reproductive and ripeningestag
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4.3 Imply ecological implications of field nichein spatially hierarchical remote sensing networ k

Better interpret ecosystem carbon dynamics in mspoto different field management methods and eptgenic
interventions via their influences on plant struetand physiology emphasizes the importande atu plot data. While plot
data provide our most detailed information on i@egbon and water gas exchange, applying this utadeting to broader
spatial and temporal domains requires scaling ampres. As aforementioned before, field niche whédides betweeim
situ plot and regional dimension is supposed to beyackain of spatially hierarchical remote sensintywoek (Masek et al.,
2015; Pause et al., 2016). Applications of the @iag&on at microsite/field scale that combine olia@ons ofin situ canopy
structure and function with field crop informatiderived from the UAV system well capture criticabgth information of
rice crop in space.

Spatial variations in GRE, over PD nutrient groups and RF rice tend to benarily mediated by LAI. Canopy
structure i.e. LAl is the main biotic factor in ei@cosystems that could yield large impacts ins®dsourse of ecosystem
photosynthetic productivity, which is in line wigirevious reports (Xue et al., 2017). Neverthelssspario analysis in Fig.
8 documented markedly underestimations of GHR RF rice at the beginning of ripening stage whpply LUE,s0f PD
rice in spatial monitoring of GRE in RF field. Spatial fluctuations of daily GPP rgening stage when canopy LAI
maximizes could directly contribute to variatiorfsowerall growth season photosynthetic productivityrice (Xue et al.,
2017). Furthermore, enhanced Li}Ein RF rice is suggested to be ascribed to impraviedgen accumulation capacity
after 180 DOY (Fig. 4), or due to phosphorus upteffieiency (Kato et al., 2016) that was not quieti here. Changes in
leaf nitrogen allocation within leaves that relédephotosynthetic activity of individual leaves malso have important
implications, i.e. improve plant biomass productigaraba et al., 2007; Wang et al., 2014), visss®@emay not affect
biomass (Tanaka et al., 2013; Dow and Bergmanmi4)2@hd must be investigated along with canopycsire. It includes
important information that consider variations #mnopy leaf physiology for the same plant functigpet across various
habitat conditions essentially contributes to betnitoring of per-field photosynthetic productiviand biological

interpretation of its spatial patterns using renms®rsing technique.

5 Conclusions

As far as we know, this is the first work aimingassess influences of nitrogen and water avaitgliiispatial and temporal
patterns of the rice ecosystem photosynthetic prbdty at micro scale. Quantitatively abundantaatt high quality

derived from the close-range remote sensing sysédract crop growth information linked to biotic daabiotic factors at

critical growth stages. Application of the dataimmlstion concept indicated that fertilizer addition the PD rice field

enhanced spatial variations of GRPand LAI as well as LUEs at early growth stage. Change planting culturenfro

flooded to rainfed conditions contributed to greafeatial heterogeneity of those traits. Nevertsgl@utritional effects in
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the PD rice at early growth stage made PD fieldspss even greater spatial heterogeneity in LddEPhysiological basis
related to LUEysin the RF rice highlighted that incorporate spataiations of canopy leaf physiology for the saptent
function type into field gas exchange modelling pamns could substantially improve evaluation obsstem

photosynthetic production at regional/continentallss.
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Figure 1. lllustration of study site where field data cotiea campaign that was carried out in 2013, Gwan8§juKorea.
5  Yellow square and white circles represent siteganfdy fields and those marked for measurementsoningl reflectance by

one handheld MSR to validate UAV imagery. T1: padie under low nutrient condition (no supplementaitrogen

applied); T2: PD rice under high nutrient conditid®0 kg N hd); T3: PD rice under normal nutrient condition (IKgN

ha?), and T4: RF rice (115 kg N #p PD: paddy; RF: rainfed.
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Figure 2. Seasonal courses of (a) normalized differencetatiga index (NDVI), (b) leaf area index (LAl), (canopy light
use efficiency based on incident PAR (LLIE and (d) maximum gross primary production (GEPmeasured at plot level
5 in PD low, normal and high nutrient groups, andRif rice. Mean + SD, n= 3 to 6. DOY: day of year.: Riaddy; RF:

rainfed.
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Figure 3. Correlations between (a) normalized differenceetatipn index (NDVI) and leaf area index (LAI), (lmaximum
gross primary production (GRR) and LAI, and (c) canopy light use efficiency (LI and LAI across PD low, normal

5 and high nutrient groups, and in RF rice. Mean £ D3 to 6. PD: paddy; RF: rainfed.
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Figure 4. Seasonal development of leaf nitrogen contep) {h(a) PD low, normal and high nutrient groupsd én RF rice
in the field, and (b) in PD and RF rice grown imtrolled growth chamber. (c) Correlation betweef lgght use efficiency
5  (LUEis) and N, crossing PD and RF rice. Mean + SD, n= 3 to 6. D@y of year. DAT: day after transplanting. PD:

paddy; RF: rainfed.
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Figure 7. Coefficient of variation calculated by dividingetistandard deviation by the mean (Gona) Versus coefficient of

variation calculated using the semi-variogram(§iN/;) across PD nutrient groups and RF rice for vaesifh) GPR,, (b)
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Figure 8. Evaluate potential effects of light use efficien®&UE,) in ecosystem photosynthetic productivity (GEPIin
field RF rice at ripening stage. GRPestimation of RF rice was carried out by adoptiktE, value of PD rice at ripening
stage. GPR, estimation using (a) observed LL}Ein RF rice, (b) using LUk, of PD rice (GPRy LUE PD), and (c)
quantitative comparisons between GRRind GPR,, LUE, PD as referred to leaf area index (LAI). PD: padRf:

rainfed.
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Table 1. Values of coefficients for Eqs 3-7. PD: paddy rie€: rainfed rice.

Egs. Coef. Values  Coef. Values  Coef. Values Coef. ‘alue
Eq. 2 & PD 0.0074 b, PD 0.0107

& RF 0.0211 b, RF 0.0070
Eq.3 a 8571 h 4.081
Eq.4 a 7.398 by -1.752 ¢ 0.452
EQ.6 fPARwx 0.95 NDVl. 0.94 NDVi,;, 0.11 ¢ 0.6
Eq.7 a 0.169 R 0.765

* Values of coefficients for Eq. 7 were derivedrfroeports by Inoue et al. (2008).
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Table 2. Descriptive statistics of ecosystem photosynthgticductivity (GPR., g C m® d*) and light use efficiency
(LUE s 9 C MJY at each nutrient treatment in PD rice and at iB€& Measuring date (MM DD/DOY). DOY: day of year.

PD: paddy; RF: rainfed.

GP Pday LU Ecabs

Low Normal High Rainfed Low Normal High Rainfed

June 21 /172 DOY

Mean 2.32 2.56 2.33 4.53 1.16 1.67 1.43 1.3
Max. 3.78 7.29 3.51 10.57 ~350 ~350 ~350 3.18
CViyraditional 2.16%  14.06%5.15%  25.81% 17.24% 47.90% 48.95% 22.00%
July 11 /192 DOY

Mean 6.16 9.57 8.35 1099 0.68 0.62 0.73 0.86
Max. 1121 1273 1197 16.93 1.72 2.75 2.86 2.35
CVyadiional 21.36% 14.52% 20.37% 26.32% 4.92% 11.29%9.20%  7.09%
July 25 /206 DOY

Mean 7.93 9.74 9.45 14.28 0.7 0.68 0.68 1.08
Max. 1097 11 11.04 17.15 0.87 1.32 1.06 1.79
CVyadiional 13.55% 9.22%  10.12%16.89% 4.38% 8.82% 4.94% 4.81%
August 08 /220 DOY

Mean 9.56 10.85 1057 1541 0.66 0.62 0.63 0.87
Max. 1228 1249 1241 18.11 1.58 1.42 1.57 0.95
CViyadtional 8-89% 7.77% 8.77% 15.36%1.54% 4.19% 4.12% 4.65%
August 21 /233 DOY

Mean 7.13 7.69 7.45 12.14 0.49 0.52 0.52 0.81
Max. 9.94 10.73  10.22 15.91 0.66 0.71 0.68 1.05
CViraditionat 9-23%  8.49% 8.88% 19.919%6.93% 7.69% 6.73% 19.75%
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Table 3. Sill values of semi-variograms and GVfor GPR., (g C m? d”, upper part), LAl (A m? middle part), and
LUEcass(g C MJ*, lower part) at PD rice subject to low, normal dmgh nutrient gradients and at RF rice over thenng
seasons: vegetative stage (June 21), reprodudtige $July 11 and 25), ripening stage (August 08 2t). DOY: day of

5 vyear. PD: paddy; RF: rainfed.

Growth stage Date/DOY Low Normal High Rainfed

GPPy Sl Cva Sill Cvg Sl Cvg Sl Cvg
Vegetative  June 21/172 0.01  2.86% 0.09 16.57% 0.01  6.10% 0.98  30.91%
Reproductive July 11/192 0.45 15.40% 0.78 13.05% 0.79 15.05% 6.15 31.91%
July25/206 0.37 10.85% 0.31 8.08% 0.37 9.10% 6.03  24.32%
Ripening August 08/22C 0.42 9.59% 0.25 6.52% 0.43 8.77% 2.57 14.71%
August 21/233 0.20  8.87% 0.23 8.82% 0.22 8.90% 4.77  25.44%
LAI
Vegetative  June 21/172 0.0015 14.19% 0.0219 42.48% 0.0026 18.40% 0.1079 43.75%
Reproductive July 11/192 0.1111 20.81% 0.2869 19.96% 0.2076 18.91% 0.6915 37.36%
July 25/206 0.1866 14.68% 0.2924 14.76% 0.1535 10.71% 0.6127 22.07%
Ripening August 08/22C 0.4306 23.99% 0.1148 10.10% 0.1174 10.37% 0.4050 18.83%
August 21/23z 0.0910 12.02% 0.2015 16.72% 0.0879 11.14% 0.6622 27.59%
LUE s
Vegetative June 21/172 0.0302 21.19% 0.5478 62.68% 0.3506 58.56% 0.0633 27.37%
Reproductive July 11/192  0.0190 28.67% 0.0065 18.39% 0.0073 16.55% 0.0041 10.53%
July 25/206  0.0008 5.71% 0.0031 11.58% 0.0011 6.90% 0.0070 10.96%
Ripening  August 08/22C 0.0011 7.11% 0.0010 7.21% 0.0007 5.94% 0.0032 9.20%
August 21/23% 0.0009 8.66% 0.0024 13.32% 0.0008 7.69% 0.0142 20.81%
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