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Abstract

Screenhouses are steadily spreading around Mediterranean regions and
especially in Israel, southern regions of Spain, Italy and Greece. Using screens to
protect horticultural crops affect the microclimate, promoting crop productivity and
fruit quality of the covered crops.In the present study, the influence of three different
covering screens with different shading intensity and porosity on the screenhouse and
crop microclimate and pepper crop performance was experimentally and theoretically
investigated. The experiments were carried out from May until the end of October on
two consecutive years, 2011 and 2012, in the experimental farm of the University of
Thessaly in Velestino, Central Greece. Seedlings of sweet pepper plants were
transplanted on May inside three screenhouses and outside. The three screenhouses
(floor area 200 m?) were covered by the following nets: (a) an anti-thrip insect proof,
50-mesh, clear net with shading intensity of about 13% (IP-13), (b) an anti-thrip
insect proof, 50-mesh, white net with shading intensity of about 34% (IP-34) and (c)
a green shading net with shading intensity of about 36% (S-36). The shading
intensities were determined in the laboratory by means of a spectroradiometer and an
integral sphere. Screens (a) and (b) had same porosity but different shading intensity,
while screens (b) and (c) had similar shading intensity but different porosity (0.46 and
0.63 for IP-34 and S-36, respectively).

The following microclimatic parameters were recorded regularly inside the
three screenhouses and at the open field: solar radiation, air temperature and relative
humidity, crop temperature, crop transpiration rate, wind speed and direction. The
reduction of solar radiation above the crop was proportional to the shading intensity
of the screen as determined in the laboratory. However, an increase of in situ shading
factor was observed as opposed to that determined in the laboratory and attributed to
the diffuse component of the solar radiation (unlike the laboratory beam radiation) to
the sun’s inclination towards the covering screens depending on sun’s azimuth and
elevation (unlike the perpendicular light source of laboratory tests), to the frames of
the supporting construction which reduce the overall transmittance of the construction
and to the dust accumulated on screens surface. The covering screens increased the
diffuse fraction of solar radiation of the enclosures with respect to their porosity and
colour (brightness). The diffused radiation was greater inside IP-13 while the shade
net scattered the incoming solar radiation in a lower rate (about half) as compared to
the insect proof screens (IPs). Analysis of the spectral distribution of the light (direct,
diffuse and total) of each treatment was conducted. The internal air temperature and
vapour pressure deficit were similar to the ambient. The crop temperature under
screenhouse conditions was lower than that of the open field crop. The canopy-to-air
temperature difference was higher in the open field than under screenhouse
conditions, with the lowest values observed under the screenhouse IP-34. In addition,
the canopy-to-air vapour pressure deficit was significantly lower in the crop grown
under shading than in the open field. The crop transpiration rate observed under the
IP-13 and the heavy shade screenhouses (IP-34 and S-36) was lower by about 25%
and 45%, respectively, than at the open field. Furthermore, the presence of the screen
material decreased not only the radiative but also the advective part of crop
transpiration, something that is attributed to the reduction of air velocity inside the
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screenhouse. The crop stomatal conductance under screenhouse conditions was
similar or higher than the values observed for the open field crop.

Another objective of this work was to study and model the ventilation rate in
screenhouses. The IPs screens reduced at the same rate the inside screenhouse air
velocity, since they had the same geometrical characteristics. The internal air velocity
in the IPs and the shading screenhouses was about 20% and 44%, respectively, of that
measured outside. The air exchange rate and its rate of increase with respect to the
external wind speed, both increased with the increase of screen porosity. Also, the
size of the constructions influenced their ventilation performance, as revealed by
comparing their ventilation rate to the respective of large commercial screenhouses.
The obtained ventilation rate data were used to calibrate a model that can be used for
the prediction of ventilation rate in screenhouses, taking into account the geometrical
characteristics of the screens used and of the screenhouse and the outside wind speed.
The values of the dual coefficient Cd\/c_w of the screenhouses and of the wind related
coefficient C,,, were also estimated and compared to the respective coefficients of
large scale screenhouses that were also here estimated.

Additionally, in the present study, the effect of the three different shading and
IPs screens on pepper crop performance was investigated; measurements of crop
growth, development, yield and its quality, were performed along with irrigation
water monitoring. Screenhouses IP-13, IP-34 and S-36 produced more fresh fruit
weight, on average on both periods, by about 66%, 35% and 17%, respectively, than
the open field crop. The moderate shade (=20-25%; IP-13) increased the production
by 21% (mean for both periods) as compared to the heavy shade of the IP-34
screenhouse, while the crops inside IP-34 screenhouse produced more by about 17%
as compared to the S-36 screenhouse, rising a susceptibility about the effectiveness of
green nets (assuming equal shade factors). The highest fruit number (77.5 fruits m;
mean of both periods) and total fruit yield (6.3 kg m™? mean of both periods) were
observed under the 13% shading insect proof screen. Marketable fruit yield for all
screenhouses was more than 90% of the total yield, while for the open field crop the
marketable fruit production was about 60% of the total. Fruits harvested from
screenhouse crops were larger (dimensions) and heavier than the open field fruits.
Pepper fruit sunscald was nearly eliminated, while BER and defects from pests were
significantly reduced mainly under the IPs screens. Screenhouse crops consumed
from about 20-40% less water than the open field crop; the Irrigation Water Use
Efficiency (IWUE) was increased by 132% and 93%, respectively, inside IPs and S-
36 screenhouses of their covered crops, as compared to that of the open field crops.
Crop growth (total dry matter) was enhanced inside the IPs screenhouses, unlike the
S-36 screenhouse. The crop growth was simulated by means of a model that predicts
the dry matter production using as input only the cumulative intercepted PAR by the
crops and the radiation use efficiency (RUE) was estimated for the crop of each
treatment. The IWUE and the RUE were tightly correlated to the optical
characteristics of the screens i.e., to the quantity and quality of the direct and diffuse
solar radiation of the enclosures.

Keywords: Screen, Shading, Insect proof, Porosity, Diffuse radiation, Canopy
temperature, Canopy conductance, Transpiration, Ventilation, Discharge coefficient,
Wind effect coefficient, pepper yield, yield quality, sunscald, BER, Crop growth,
Water use efficiency, Radiation use efficiency.
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Hepitnyn

Tal Sty TLOKNTLOL CLVEXDC EMEKTEIVOVTOL WG TEYVIKT KOAMEPYELNG OE LEGOYEINKES
neployES kot kKupiwg oto lopani, otig votieg meproyés g lomaviag, oty Itaiia kot
omv EAAGda. Ta diyrva emnpedlovv T0 LIKPOKAILO TV O1YTVOKNTI®V Kol TPOAYOLV
TNV TOPOYOYIKOTNTO KOL TV TOIOTNTO TNG TOPUYOYNG TOV VIO KAALYT KAAMEPYEUDV.

Ymv mopovoa gpyoacio peEAeTdTOl, Oe®PNTIKA Kol TEPAUATIKA, 1) ETOpOON
TPUOV SPOPETIKMOV OYTVMV KAADYNG, HLE OOPOPETIKO GLVIEAEST] OKiooMGg Kot
SLPOPETIKO TOPMOEG OTO MIKPOKAILO T®MV OYTLOKNTI®V Kol GTNV TOPAYWYIKOTN T
KOL TNV TOW0TNTA TG TOPAY®YNG TG KOAMEPYEWG YAVKIAG mimeplds. Ta mepdpota
mpaypatoromonkay amd tov Mdio ¢ kat tov OKtopplo, dvo ddoYIKMOV ETMV, GTO
nePapatikd aypoktnua tov Iavemompiov Oeoccariog oto Beleotivo (kevipikn
EMGda). Emopdouto yAuKiag mmepldg HeTOQLTELTNKOV TOV MdAo &viog Tmv
dytvokNTiwv  oAAE KOl OTOV  OvOlKTO aypd (vmaifplo, U TPOCTOTELUEVN
kaAMépyela). H vmaibpla kodAiépyeio ypnotpomodnke o LpTupos Yo GTOTIGTIKES
OoLYKPIoES €VOvTl TOV KoAlMepyeudv Tov Oytvoknmiov. Ta tpla dtyTvOKNATLI
(éxtaomg 200 mz) KoaAOEONKay pe ta €€Ng diytva: (o) evtopooteyovd, 50-mesh,
ddpavo, pe cvvieleotn okiaong mepimov 13% (IP-13), (B) evropooteyavo, 50-mesh,
AevKo, e cvvtedeotn) okioong nepimov 34% (1P-34) ko (y) mpdoivo diytv oxioomng Le
ovvtedeotn okiaong mepimov 36% (S-36). Ot cuvtedeotég okiaong vToloyioTnKovy
Bdoel epyacTnplok®V HETPNCEMV UE TN YPNOY EVOC PACUATOPMOTOUETPOL KOL LLOG
opaipag orokAnpwong. Ta dlytva (o) kot (B) eiyoav 1610 TOPDIEG OAAL dAUPOPETIKO
OLVTEAESTN oKioong, evad Ta olytva (B) kan (y) elyav 1610 cuvteleoTtn) okioong aAld
drapopeTikd mopmdeg (0,46 ko 0,63 yia to IP-34 ko S-36, avtictoyya.

Koatd 1 dudpkeln tov mepopdtov UeTpnOnkav ot €ENC TAPAUETPOL TOV
LKPOKALOTOC, EVIOC TV SYTLOKNTIMV Kol 6TOV 0VOIKTO aypd: NALaKY akTivoBoAia,
Oepuokpacio Kol oyetikn vypocio tov aépa, Oeppokpacio KaAMEpyslag, pvOUdS
JmVoNG KOAAEPYELOV Kot ToyLTNTA Kot Otevbuven avépov. H mpoomintovca oty
KOAMEPYEWD MAMOKN oKTvOPoAa peu®ONKE avaAOYIKE LE TOV GLVTEAECTN OKiOOMG
OV TPOGOopioTNKE gpyactnplakd. 2otdc0, Tapatnpndnkay dapopés petald g
TEPOTOTNTOS TOV OYTLAOV OTO EPYOCTNPLO KOL EKEIVING TOV KATOOKELMOV GTOV
TEPAUOTIKO aypd (avénom tov in Situ TepatomToVv) Kot omodddnkay oty didyvtn
NAloKN oKTvoBoAio TOv 1 0Toio OEV VINPYE OTO EPYUCTNPLO, CTNV YOVIO TPOCTTMONG
™G NMokng axtivofoAiag 1 omoia opeiletan 610 alyovblo Kot 6To VYog Tov NAiov,
oe avtifeon pe ™V KAOETN TPOOTTMON NG OKTIVOG TNG QOTEWNG TNYNG OTO
EPYOOTNPLO, OTO OKEAETO TMV KOTOOKELVMV O OMOi0g eUTOSILEL HEPOC TNG NALOKNG
aKTIVOPOALNG Vo 1GEADEL GTO EGMTEPIKO TOVG, LEUDVOVTOS TOV GUVOALKT TEPATOTITA
TOV OUYTLOKNTI®MV KOl OTNV CLUCMPELTIKN EMKAOION OKOVNG OTNV EMPAVELD TMV
dyrvav. Ta vAkd kdAvyng avénoov v Syt NAKN okTvoBoAio evidg TtV
KOTOUOKELAOV OVOAOYO, LE TO TOPMOES TOLG Kol TO Ypdud Toug (potewvotnta). H
duyvn axtvoPoiio Ntav mepiosoTepn evtog tov IP-13, evd eviog tov S-36 ntav
nepimov 1 pon ekeivng twv evtopooteyovav (IPS) dyrtvoxnmicov. EmmAéov,
TPOYLOTOTOONKE avAAVLOT NG POCUOTIKNG KOTOVOUNG TNG NMOKNG akTivofoiiag
(Gueom, Owbyvtn Ko GLVOAIKN) €viog TtV Otytvoknmiov. H Bepupokpacio ko to
EMEUHO KOPEGHO VOPOTUADV TOL 0EPA EVIOC TOV KATUOKELAOV NTOV TOPOUOLN UE
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ekelva Tov avoiktov aypov. H Beppokpacio kaAlépyelog NTav KpOTEPN EVTOG TMV
SYTLOKNT®MV GE OYECT UE EKEIVI] TOV OVOIKTOD aypov, EVD TO EAAELLUUO. KOPEGLOV
VOPATUDV KOAMEPYEL-OEPQ, NTOV VYNAITEPO GTOV 0VOIKTO arypd. O puBudg dlamvong
evtog tov IP-13 kot tov vyning oxioong oyytvoknmiov (IP-34 ko S-36) Ntav 25%
Kot 45% KpOTEPOC GE GYEom He eKElVOV NG KOAALEPYELNS TOL avolkToV oypov. H
Topovcio. Tov OYyTLOL UEIWCE TOGO TO KAAGHO TNG O0MVONG OV OQEIAETOL GTNV
axtvoPoAio aAAG Kol ekeitvo mov ogeileTon ot pETAPOPA, AOY® TNG Helwong ™G
TOOTNTOG TOL OEPA OTO ECOTEPIKO T®V dyTVOKNTi®V. H otopatikn aywypndmmra towv
KOAMEPYEIDV TaV ouENUEVN 1 TAPOUOLDL EVIOS TV KATACKELMOV GE GYE0T LUE EKEIVN
TOL OVOIKTOV Orypov.

"Evag dALog 6TtOY0¢ TG Tapovoas epyaciog NTav 1 LEAETN Kol 1) TPOGOUOIMOT)
TOL PLOUOV OEPIGHOV TV dyTvoknTiy. Ta evtopoosteyavd éiyTva peimoay KATA TO
1010 T0GOGTO TNV TAYVTNTO TOV OEPO GTO ECOTEPIKO TV KATOTKELAOV, AOY® T®V {d1mv
YEOUETPIKOV YOPOUKTINPLOTIK®OV 7oL giyav. H taydmnta tov 0€pa 610 £6OTEPIKO TOV
EVTOLOGTEYOVAV KOl TOV OlYTVOKNTiov S-36 Ntav mepimov 10 20% ko to 44% NG
TayvLINTOG TOv €£MTEPIKOV ovépov. O puOudg aAlayng tov aépa Kot o puOuog
aOENONG TOL G GYEOT LE TNV TOYVTNTO TOL EEMTEPIKOD AVELOL, OLEAVOVTOV LE TNV
avénon tov Topmdovg Tov dryTvov. EmmAov, to uéyebog twv kotackeLdV ennpedlet
NV 0mdO00T TOL 0EPIGHOV TOVG, OTWS amodelydnke cuykpivoviag To pLOUO 0EPIGLOV
TOV OYTLOKNTH®MV TNG TOPOVGOS EPYUCIOG LE TOV OVIIGTOU(O UEYAA®V EUTOPIKAOV
dyytvoknmiov. Ta dedopéva Tov PLOUOD AEPIGUOL TMOV dYTLOKNTIWOV TNG TAPOVGOS
gpyaciog ypnoipomomdnkay yoo v Pabuovounon TpocoUolidIatog Tov VToAoYilet
Tov puOUd 0EPICUOD TOV KOTAGKELOV  AouPdvoviag v’ Oy To Ye®UETPIKE
YOPUKTNPLOTIKA TOV dtYTH®V KAALYNG KoL TNV TOYVTNTO TOL OVELOL OTO £EMTEPIKO.
EmumAéov, vmoloyiotnkav o SmAOG GUVIEAEGTNG cd\/ﬁ TOV SYTLOKNTI®V Kot O
oLVTEAEDSTNG OV oyeTileTan pe Tov dvepo Gy, kot cuyKpiOnKav pe Tovg avtioTor ovg
dyyTvokNT®V peydAng KAMpoKag, ot omoiol €miong VIOAOYIoTNKAV GTNV TOPOLGO
gpyooia.

mv mopovca epyacio pelemOnke (mepopotikd kot Oewpnrikd) Kot 1
EMIOPOOTN TOV TPLUOV OSPOPETIKMOV OLYTVMOV OTNV EMIO00N KAAMEPYEWS YAVKIOC
TMEPLIS Ko ovykpidnke pe eketvn tov avoktod aypov. I'te 10 oKOMO OVTO
TPAYLATOTOMONKOV HETPNGELS ADENOTG, AVATTVENC, TOPOY®YIKOTNTOS KO TOIOTNTOG
TOPAYOYNG KOOMG KOl HETPNOELS TOV YPNOLLOTOOVUEVOL vEPOD dpdevong. Ot
KaAMEPYELEg evioc tov IP-13, IP-34 kou S-36 mapniyayav mepiocotepo vord Papog
KOPTAOV Katd LEGO Opo Kot TiG 6vo xpoviEg 66%, 35% kot 17%, avtictotya, ce oyéon
ue ekeiv) Tov avotktov aypov. To pétprog okiaong dyytvoknmio (20-25%; IP-13)
TpoNyaye TV avEnon g mopaymyns kotd 21% ce oyéon pe to mukvoTepNg okioong
dyrvoknmo IP-34, evd n moapoaywynq oto televtaio frav avénuévn katd 17 % oe
oxéon pe 1o avtiotoyng okiaong oytvoknmo S-36. To televtaio, mpodysl Evav
OKEMTIKIGUO OYETIKA HE TNV OTOTEAECUATIKOTNTO TPACIVOV  JYTLAOV  EVOVTL
avtiotoyng okioong ovdétepov ypopatog (dwdpove 1M Aevkd). H vymiotepn
nopayoyn (6.3 kg m?, katd péoo 6po Yo TIC Vo TEPLOSOVC) Kot 0 VYNAOTEPOG
apOuog kopmdv (77.5 koapmoi M™, katd péco Opo Yo TG SvO TEPLOSOLC)
mapatnpnOnke evtog tov IP-13. H gumopevoiun mopaymyrn eviog T@v Sy TvoknTimy
ntav 10 90% ™G cuVoMKNG TapayYNg Evovtt 60% exeivng Tov avolkTov aypov. Ot
GLYKOUIGUEVOL KOPTOL TV VIO KAALYT) KOAMEPYELDV NTAV UEYOAVTEPWOV OOLCTAGEMV
Kot Bapovg og oyéon pe eKetvovg Tov avolkTov aypov. Ta niakd eykavpato YooV
eCarelpnkav, n eupdvion BER peidbnke onupaviikd kor m wpocPorég eviopuwmv
neplopiomkay oe peydio Paduod kupimg evtodg TV EVIOHOSTEYAVAOVY dtyTvoKN Y. Ot
KOAMEPYELEG EVTOC T®V dtyTLOKNTI®V Kotavdilmoay 20-40% Arydtepo apdevTikd vepo
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o€ OYE0N UE €KEVEC TOL OVOIKTOV aypov, oLEAVOVTOC TNV ATOTEAEGULOTIKOTNTO
Xpnong Apodevtikod Nepov (IWUE) katd 132% kot 93% evtog tv eVIOHOGTEYQV®V
dyyTvokNT®V Kot Tov S-36, avtictoyn, o€ oYéon He ekeivn TOv avolkToy oypov. H
avénon TV KOAMEPYEIDV EMNPEAoTNKE OeTIKA €VTOG TOV  EVIOUOGTEYOV®V
dryTvokNTi®V, o€ avtiBeon e TV avtiotoyn eviog tov dtytvoknmiov S-36. EmumAéov,
N adénon TOvV KOAMEPYELOV TPOCOUOIMONKE HE TNV YPNON TPOCOUOLMUATOS TOV
npoPAémer ™ mopaywyn Enpdg ovciog AapPdavoviag vw’ Sy aBpoloTiki
npociapfdvovco PAR amd v KaAAEPYELD KOl TAVTOYPOVMG LIOAOYICTNKE Kot M
AmotedecpatikoTta Xprong AktivoBoriog amd Tig koAMEpyeles KAOe petayeipiong.
H IWUE xoir m RUE ovoyetiommkav 1oyvpd HE TO OTTIKA YOPOKTINPIOTIKA TMV
Y TO®V KAALYNMC, SNAASY| LLE TNV TTOGOTNTO KOl TNV TOWOTNTA (PUCUOTIKY) TNG GUEoN
Ko TG 01dyvTnG NAMOKNS aKTVOPOAOG GTO EGMOTEPIKO TOV S1YTLOKNTHWV.

A&Eerg krewoa: Atyrv, Zxiaom, Evrtopooteyavo, Tlopdodeg, Awdyvtn oaktivoBoAia,
Oeppokpacio KOAAEPYELNS, AyoyoTnTa KOUNG KoAAépyelag, Awmvon, Agpiopdc,
JUVTELEOTNG TOPOYNS, ZVvieheotng emidpaong avéuov, Ilapaywyn mumepidg,
[Mowwtra mopaywyng, Hlokd éykavpo, Enpd  onyn  Kopverg, AvENoM,
Amnoteleopatikdtnta Xpnong Nepov, Anotedeopotikotnta Xpnong AxtivoBoAiag.
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1. Introduction

1.1. Screened enclosures

As Tanny, (2013) quoted in his review for screened covered enclosures, there
are different isolation or protection levels between open field or hi-tech closed
greenhouse systems, such as vertical wind breaks (Brandle et al., 2004), horizontal
screen strips which cover the hedgerows only (Tanny and Cohen, 2003), horizontal
screens without sidewalls (Tanny et al., 2009), complete screenhouses consisting of
screened roofs and sidewalls (Dicken et al., 2013a, 2013b; Haijun et al., 2015; Mdller
et al., 2004a; J. Tanny et al., 2003; Tanny et al., 2010, 2006) and naturally ventilated
plastic greenhouses with screened roof and/or side openings (Teitel, 2007). Growers’
experience shows that, in many situations, high profits can also be achieved using
intermediate-level isolation structures such as naturally ventilated greenhouses or
various screen constructions. This makes these structures highly attractive in many
regions of the world (Tanny, 2013). The most profitable investment in a certain region
is not necessary the most expensive or the most technologically advanced (Vanthoor
etal., 2011).

Screenhouses are steadily spreading around subtropical regions; semi-arid
regions as Oman and Mediterranean regions, in particular in Israel, southern regions
of Spain, Italy and Greece. Precise records about screenhouse covered crops are not
available. Nevertheless, screenhouse covered areas are extensive in Israel been about
6000 acres (M. Teitel, personal communication), while in Greece the screen covered
horticultural crops (mostly by horizontally deployed shade nets) are estimated
approximately about 1000 acres (estimates by “Thrace Plastics S.A.”). These low cost
structures protect covered crops from environmental (wind, hail, rain storms,
excessive radiative loads during hot period of the year) and biological (pests, birds,
bats) pressure factors, while reduce pesticide applications (case of insect-proof
screenhouses) and irrigation water applications, increasing in this way the water use
efficiency (Castellano et al., 2008a; Katsoulas et al., 2012; Méller and Assouline,
2007) preventing against shortage of water resources. Using screens to protect
horticultural crops improves the microclimate, promoting crop productivity and fruit
quality (Ili¢ et al., 2014, 2012; Kittas et al., 2012; Leyva et al., 2015; Shahak, 2008).
Screenhouses are passive structures, i.e., they do not contain devices for modifying

crop climate, while the only means to regulate their microclimate are the shape of
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their structure and the characteristics of their covering screens. Screenhouses became
popular among growers because of their relative simplicity and cost effectiveness and
is likely to remain in the future, since if a grower were to invest more resources in a

screenhouse, he might opt for a greenhouse instead (Mdller et al., 2004b).

1.2. Technical characteristics of agricultural screens/nets

Screen physical and optical properties are the main factors that affect the
resulting microclimate inside an enclosure i.e., screenhouse or greenhouse with
screened openings. The optical properties of screens affect the construction’s
transmission to solar and thermal radiation and accordingly determine their heat load
(Desmarais et al., 1999; Kumar et al., 2009; Mdller et al., 2010; Willits, 2001), while
the physical properties of screens affect the natural ventilation performance of the
enclosures (Kittas et al., 2002; Kumar et al., 2009; Miguel and Silva, 2000; Miguel et
al., 2001, 1998; Moller et al., 2004b; Josef Tanny et al., 2003; Tanny, 2013), which is
the only means of removing the excessive heat load in screenhouse structures, which
negatively affects the productivity and quality of open field-grown crops (Mdller et
al., 2004b; Stanhill and Cohen, 2001).

The rapid spreading of the use of agricultural nets leaded to the globally
increase in industrial production of agricultural plastic nets. Nevertheless, the design
and use of the agricultural nets is more or less empirical. Thus, the necessity of the
establishment of European standards is more than essential. A pre-normative research
work on the examination of the mechanical behavior and properties of agricultural
nets was reported by Briassoulis et al. (2007a and 2007b). Additionally to the later
properties, Castellano et al. (2008a) reported the calibration efforts that they
conducted in order to optimize the UNI10335, which however is the only national
standard in Europe providing a methodology to evaluate nets shading factors, on the
laboratory simulation of the in situ shading effect of all nets.

The agricultural nets are constructed by combining in a certain texture (weave
or knit) plastic yarns (polyethylene (PE), polypropylene (PP)). Nets have different
characteristics upon their intended use; hole size-shape, yarn dimensions-type,
transmittance to solar radiation etc. To precisely describe an agricultural net in order
growers/agronomists to make the best choice for their case, it is suggested to present
the following characteristics:
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e Thread material: ex. polyethylene (PE), polypropylene (PP) etc.
e Type of thread: monofilament or tape

e Thread diameter: mm

e Thread color: single or combined colors

e Texture: woven - knitted

e Dimensions of the open spaces (cell dimensions)

e Porosity: the ratio between open area and total area

e Mesh: number of open spaces per inch in each direction

e Discharge coefficient

e Transmittance to short and long wave

e Spectral transmittance

In Europe the respective “mesh” number stands for the number of spaces per
centimeter in each direction (10x20 screen has 10 spaces/cm in one direction and 20
in the other direction). Generally the information about the characteristic of the
screen/nets are insufficient presenting only few characteristics (Teitel, 2007). For
instance, screens with the same length of mesh but with different thread diameters
will have different resistance to airflow. On the other hand, it is possible to have
screens with the same discharge coefficient and the same resistance to airflow but
with different mesh sizes (Teitel, 2007).

1.2.1. Geometrical characteristics

Concerning the physical properties of screens, their geometrical characteristics
strongly affect screens’ permeability to air flow. The pressure drop through screens is
related to screen porosity and geometry and can be determined either by
Forchheimer’s or by Bernouli’s equation (Lopez-Martinez et al., 2014; Miguel, 1998;
Miguel et al., 1997a). The porosity of a woven screen that is made of a monofilament
thread and that has a simple texture was determined by 2-D or 3-D geometric analysis
(Cabrera et al., 2006; Pinker and Herbert, 1967) or with specifically developed
software (Alvarez et al., 2012), while, for the case of screens with complex texture,
the image analysis is proposed (microscope or image processing software) (Moller et
al., 2010; Soni et al., 2005). Determination of the aerodynamic characteristics of
screens can be done through wind tunnel measurements (Miguel et al., 1997a;
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Molina-Aiz et al., 2009; Teitel et al., 2009). Pirkner et al. (2014) measured pressure
drops across a woven and a knitted screen, reporting that the woven screen induces
larger resistance to air flow than the knitted (Pirkner et al., 2014). The authors
ascribed the differences of the pressure drop to the differences in the screen textures
that probably resulted in different flow patterns through the screens and pressure
distributions on the threads and hence different pressure drops.

As insect proof screens acts as a barrier to momentum and transport processes
they promote the increase of air temperature and humidity inside the enclosures.
Therefore, it is essential to alleviate these negative effects on the internal
microclimate. One effective way, as clearly documented by Boulard et al. (2011), is
by improving nets air porosity while preserving its properties for insects-exclusion.
By this technique the anti-insect function is fulfilled along with the improved
ventilation efficiency of the enclosures (screenhouses and greenhouses) (Boulard et
al., 2011).

1.2.2. Optical characteristics

Agricultural nets influence the underneath crops by reducing and/or modifying
the radiative environment under which they are growing. The influence of the
screens/nets on the radiative environment is related to their optical properties;
transmittance, absorbance and reflectance. The definition of the latter properties on
newly developed screen/nets is of great importance for the horticultural production.
The diffusive effect of the screens is another extremely important characteristic that
greatly impacts on the radiative environment of the screened crops. Additionally, the
texture and the color of a screen directly influence its optical properties. The color of
a net influences the spectral distribution of the radiation passing through its matrix, by
absorbing the complementary colors of the spectrum and emitting (transmit and
reflect) light through a narrower wavelength band. The quantitative and qualitative
analysis and presentation of these properties will help agronomists and growers to
decide on the best type of screen according to their production goals. UNI10335 is the
only national standard in Europe providing a methodology to evaluate nets shading
factors (Castellano et al., 2008a).

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



2. Literature review of screened enclosures

2.1. Microclimate of screened enclosures

2.1.1. Radiative environment
2.1.1.1. Irradiance reduction under screens/nets

The primarily target installing a shade net is to protect the underneath crop from
the supra-optimal solar radiation during the hot period of the year. Waggoner et al.
(1959) and Desmarais et al. (1999) quantified the reduction of the solar radiation
under different screens enclosures without crops. Several studies have been conducted
on the in situ determination of the reduction of incident irradiance on the canopy
covered crops. Several researchers conducted comparative experiments with more
than one screen/net in order to quantify the influence of the covering screen/net to the
covered crop. Waggoner et al. (1959) and Allen, (1975) measured the radiation
incident on the canopy of covered tobacco and soybean crops. Kittas et al. (2012)
measured global radiation and PAR under four different shade nets. Haijun et al.
(2015) and Pirkner et al. (2014) quantified the influence of the type of screen textures
(woven and knitted) on global and net radiations in order to determine the optimal
choice for the protected banana plantation. Shahak et al. (2009a, 2004a, 2004b)
monitored the global and PAR under colored photoselective shade nets that protected
different horticultural crops.

The reduction of solar radiation by an agricultural screen/net is associated to its
optical and geometrical characteristics. The determination of the impact of a screen to
the radiative environment is essential prior to installation. Moller et al. (2010),
successively attempted to predict screen radiative properties adequately based on
screen geometry and composition which is of great importance (screen design; crop
growth simulations etc.). Their mode of course should be further improved (as
accurately pointed by the authors) to accurately embed the diffusive effect of the
screens. The installed screens/nets are supported by frames constructed by various
materials (ex. wood, steel and cables). The shape/type of these structures is also
varying (ex. flat roof, arch). The materials and the type of the supporting structures
are influencing (reducing) the overall transmittance of the enclosure to solar radiation.
Reduction of net transmittance caused by the presence of the supporting structure was
reported by Castellano et al. (2006). Moreover, the solar radiation under agricultural

screens is correlated to the sun position with respect to the covering screen. Moller

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



and Assouline and Moller et al. (2007 and 2003) documented the negative correlation
between the solar elevation angle and screen transmittance to short wave radiation;
transmittance was reaching a maximal value around solar noon, while the daily
average was significantly lower than the maximal value. This unimodal pattern was
attributed to the thickness of the screen material itself which blocked the direct beam
radiation at low elevation angles (Moller and Assouline, 2007; Mdller et al., 2003).

Screens and nets create a mixture of (i) natural light (i.e., the fraction of light
that freely passes through the holes) and (ii) modified light (i.e., the fraction that
passes through the thread material). The modification of that light depends on the
optical properties of the material. Thus, this light is differentially absorbed,
transmitted and reflected by the screen threads, relatively to their optical properties.
Additionally, this light could be spectrally modified relatively to thread color or to
special additives embedded on the threads. Finally, this light is scattered by the
threads relatively to the inherit diffusive properties of their material. The final relative
composition of the mixture of light that pass through a screen is depended on screen
texture (woven/knitted) and density; in particular is depended on its solidity (the
surface area covered by the plastic threads divided by the total surface area of the
screen/net) and type of texture; the fraction of the modified light increases with screen
solidity.

Al-Helal and Abdel-Ghany (2011; 2010) extensively studied the solar radiative
properties of different shade nets and their responses to global and diffuse PAR
transfer. The authors documented the effect of net color and net porosity (ratio
between open and total screen/net area) on its transmittance and absorbance. They
quoted that the effect of color is much more than the effect of solidity/porosity. Given
the same porosity, increasing the brightness of the net (ex. dark green to light green)
increases the PAR transmission due to scattering. Given the same color, nets with
high porosities are expected to have higher transmittances than nets with low
porosities. Increasing the darkness of the net together with decreasing the net porosity
significantly increased the ability of the net to absorb PAR. Net color had a significant
effect on the value PAR absorbance much more than the effect of porosity. Under
cloudy or overcast sky conditions nets with a high porosity showed higher values for
diffused PAR transmittance than nets with a low porosity. Nets with bright colors

(i.e., white, orange and beige) showed higher transmittances than those with dark
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colors (i.e., black, green, blue and dark-green). Accordingly, a net with a high
porosity and bright color is recommended to be used for covering agricultural
structures under diffuse radiation of cloudy or overcast sky conditions (Al-Helal and
Abdel-Ghany, 2010; Castellano et al., 2008a). The forward scattering of the incident
radiation on the thread surfaces mainly depends on the net color (increases with net
brightness and vice versa), while the un-scattered radiation (freely passes through net
holes) mainly depended on the net structure (woven-knitted) and the percent of its
open area (holes) (Abdel-Ghany and Al-Helal, 2011). Healey and Rickert, (1998),
also studied the proportion of diffuse radiation transmitted by different screens and
nets, reporting similar results as the before mentioned. The correlation between the
porosity and the diffusive effect of the agricultural nets have also been supported by
Oren-Shamir et al. (2001), who reported an increase by 2.5-2.9 of the diffuse light by
the more densely knitted colored nets when compared to the nets with higher porosity
(black net; aluminized reflective net). The dense colored nets in their experiments
reached a ratio of diffuse:beam radiation of 0.46-0.53. The effect of color and texture
was also studied by Romero-Géamez et al. (2012), who reported that transmittance of a
screen/net increases with the porosity and the brightness of its threads (given equal
porosities).

The diffusive effect of a screen/net depends on the ambient diffuse fraction of
solar radiation (Allen, 1975; Healey and Rickert, 1998). Allen, (1975) showed that the
scattering of the beam solar radiation by a screen increased the underneath diffuse

radiation up to the threshold of 38% ambient diffuse radiation.

2.1.1.2. Optical modification of radiative environment

Agricultural screens with respect to their color can be black, neutral
(transparent/clear, white,) or colored (blue, yellow, red, orange, green (light-to-dark)
etc.). The colored nets absorb the complementary colors of the visible wavelength
bands of the incident irradiance and reflect and transmit irradiance with a certain
wavelength spectrum. Thus, the radiation under these nets is spectrally different as
opposed to that above. The colored nets shift the spectrum of the reflected and
transmitted irradiance towards a narrow wavelength band. Moreover, the nets could
be neutral colored but. Shahak, (2008), accurately describes the influence of the color
of the screen to the incident and transmitted solar radiation: “Black nets reduce the

amount of light reaching the underneath plants, but do not affect light quality, as they

7
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neither modify its spectral composition, nor its relative content of scattered/diffused
light. Transparent nets scatter the light transmitted through them, but do not alter its
spectral composition. The uniqueness of the translucent photo-selective nets is that
they both spectrally-manipulate and scatter the transmitted light.”. The influence of
the modified radiative environment under agricultural photoselective nets on the
growth and development of the covered crops is extensively quoted by (Rajapakse
and Shahak, 2007). The reports of Ganelevin and Stamps, (2008 and 2009) integrate
the presentation of the effects and the possible application of photoselective nets. The
quality of the radiative environment under colored nets has been investigated on the
determination of the optimal protection of the crops (Kittas et al., 2012; Shahak et al.,
2009a, 20044, 2004b).

2.1.2. Wind speed

The presence of a screen acts as barrier on the momentum and mass freely
transfer. Therefore, agricultural screens/net greatly impact to the prevailing ambient
wind, reducing the air velocity and changing (or not) its direction inside screnhouses
or under netted shelters, as compared to the respective outside. Several studies have
been devoted to the relationship between inside and outside air velocity in
screenhouses (Allen, 1975; Desmarais et al., 1999; Mistriotis and Castellano, 2012;
Moller and Assouline, 2007; Moller et al., 2010, 2004b; Waggoner et al., 1959). The
air velocity inside empty enclosures (Desmarais et al., 1999) and enclosures with
various crops was investigated (ex.: tobacco and cotton (Waggoner et al., 1959),
soybean (Allen, 1975), pepper (Moller and Assouline, 2007; Josef Tanny et al., 2003)
banana (Haijun et al., 2015; Tanny et al., 2006), banana simulated (Siqueira et al.,
2011).

Tanny et al. (2009) studied the effect on the microclimate of shading screens
deployed horizontally above an apple orchard and they reported that the wind speed
under the screen was 9% lower than that in the uncovered plot, while the logarithmic
wind speed model was approximately valid under the screens. Tanny, (2013), in his
review presented a summary of literature data on the effect of screen covers and
screenhouses on air velocity. The ratio between inside to outside air velocity referred
was greatly ranged between 0.2 and 0.70. Additionally, Al-Mulla et al. (2011),

reported, for an insect proof screenhouse (no screen details reported) in Arabic
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Peninsula (Oman), that the average reduction of air velocity (as deduced by their
presented figure) was about 0.75, with the internal air velocity never exceed 1.08 m s’
! while ambient wing speed ranged from 1.34 to 2.14 m s (average: 1.74 m s™).
Similarly, but in a tropical greenhouse experiment, Al-Shamiry et al. (2006) reported
that the highest value of average wind speed was recorded as 1.39 m s-1, while the
internal air velocity was recorded on average as 0.4 m s-1, resulted on a reduction
about 0.70. The influence of the screen texture to the internal air velocity was
documented by Pirkner et al. (2014), who reported that under a knitted screen the
horizontal mean air velocity was 18% higher than under a woven screen, which was
covering a banana plantation. Furthermore, inside another banana screenhouse
covered by a transparent shading screen (hole size of 3.5 x 2.5 mm), the wind speed
was been reduced by more than 60% (Haijun et al., 2015).

The influence of the screenhouse on the azimuth of the prevailing wind is a very
ambiguous issue, according to the reports of Tanny et al. (2010, 2006) and those of
Moller et al. and J. Tanny et al. (2003 and 2003), since two different patterns of
directional flow have been recorded. In a banana screenhouse Tanny et al. (2010,
2006) reported that most of the time, the azimuth of internal air flow at the center of
the screenhouse was approximately similar to that of the external wind. This situation
differed from the findings reported by Mdller et al. and J. Tanny et al. (2003 and
2003) in a 50-mesh insect-proof screenhouse in which pepper was grown, who
reported that the air flow direction at the center of the screenhouse was nearly
opposite to that of the external wind. Furthermore, the latter authors demonstrated
that, over the windward half of the screenhouse, the air flow direction was opposite to
the external wind whereas over the leeward half, inside and outside air flow was in the
same direction. The differences of the directional flows were attributed by the authors
to the ambient pressure distribution induced by the wind around the screenhouse. The
curvature of streamlines at the windward edge of the house induces suction at this
region, which causes internal backflow that starts apparently from the leeward edge,
supporting it with relevant quotations about greenhouse case studies (Lee et al., 2000;
Wang and Deltour, 1999; Wang et al., 1999). The directional flows across the roof of
the same screenhouse was also quoted by J. Tanny et al. (2003), reporting a counter
flow across the screenhouse roof. That counter flow can induce hydrodynamic

instabilities and enhance mixing in this region.
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2.1.3. Air temperature and vapor pressure deficit
2.1.3.1. Mean values of air temperature and vapor pressure deficit

Agricultural screens and nets, as they significuntly reduce the incoming heat
load and the internal air velocity, they strongly affect the underneath microclimate
parameters; air temperature and humidity. Insect-proof screens impose a higher
resistance to air flow than shading screens and thus reduce the ventilation, which may
cause greater temperature increases (Tanny, 2013). Several studies were foccused on
the monitoring of the air temperature and humidity as they are modified by the
presense of a screen/net. As screens impede ventilation they usually inhibit the
removal of water vapour from the screenhouse. Hence, in most studies reported in the
literature internal humidity was larger than external (Tanny, 2013).

Tanny et al. (2009) study the effect of shading screens deployed horizontally
above an apple orchard on its microclimate. The authors reported that the screens
reduced air temperature during the day (maximum of 1.5°C at noon) and increased air
temperature at night (maximum of 0.5°C), when compared to the uncovered plot,
resulting in a daily average reduction by about 2°C. The effect of the screens on
temperature increased with increasing shading percentage, as expected. The vapour
pressure deficit (VPD) under the screens was lower than that in the uncovered plot
during daytime, but no significant alteration of VPD was observed at night. Similar
results were reported by (Tanny and Cohen, 2003) for a citrus orchard covered with
aluminized shade net.

Moller et al. (2003) and Tanny et al. (2003) for the same insect-proof, 50-mesh,
pepper screenhouse, located at a coastal area, observed higher air temperatures (on
average < 1°C) inside the screenhouse than in the open air, while the in-to-out
difference never exceeding 2.5°C. Furthermore, the enclosure preserved greater
humidities than outdoors. Tanny et al. (2003) quoted that during most of the day the
positive air temperature gradient inside the screenhouse stabilized the air and reduced
the interaction with the external atmosphere. For their case study this was a negative
effect because the construction prevented the sea breeze to cool down the enclosure,
unlike to the continental region case study of Romacho et al. (2006) where the
prevention of the warmer external temperature (lack of sea breeze) to penetrate inside
the enclosure was a positive effect. Moreover, Tanny et al. (2003) documented that
the upper region of the screenhouse interacted strongly with the ambient air and that

interaction was greatly enhanced by the wind speed; the increase of wind speed
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above 2 ms™ resulted in strong mixing between the external and internal upper region
began, such that the absolute humidity just below the roof of the screenhouse became
almost indistinguishable from the ambient. Romacho et al. (2006) investigated the
influence of two different covering screens on the internal microclimate. The authors
reported that air temperature shows a slight thermal inversion at night, while during
the morning, before noon, the outdoor temperature is lower than the inside. They also
compared the air temperature of the two enclosures; the higher transmittive
screenhouse was slightly warmer as opposed to the lower transmitive house. The
authors ascribed the lower air temperature in the nethouses after noon to the
evapotranspiration inside the enclosure and to the high ambient air temperature which
was preserved and further increased by the extrem heat loads radiated from the bare
soil to the ambient. The VVPD, which was mainly influenced by the reduction of air
velocity inside the screenhouses, that restricts the exit of water vapour and by the
evolution of air temperature and solar radiation, was lower in the screenhouses,
especially around noon. Mdller and Assouline, (2007) reported for a screnhouse
covered by a 30% black shade net that the internal air temperature was predominantly
lower (on 67% of all measurement days) than that outside, and that the maximal
inside-to-outside difference (“greenhouse effect”) did not exceed 1.0 °C. The
significant reduction of the solar radiation (on seasonal basis: 43%) and the relatively
large holes of the net (porosity 0.7), allowed a significant ventilation rate which
enabled efficient removal of warm air (Tanny, 2013). Al-Mulla et al. (2011) reported,
for a screenhouse (80 micron insect-proof screen) in arid region (Oman), that the
inside air was slightly warmer (+1.7°C) and more humid (+7.3%) than outside, while
air temperature and relative humidity (on average 55.5%), were uniformly distributed
inside the enclosure. The same authors distinguished the microclimate parameters for
cooler and warmer periods of the year, reporting that the average inside temperature
was warmer than outside by 0.4-3°C during January and February and colder than
outside by 0.2-0.8°C during March and April. The inside vapour pressure deficit
(VPD) was always lower than outside by 0.2-1 kPa. The experiments were conducted
inside the same screenhouse but during different experiment (Al-Mulla et al., 2008).
The air temperature inside the screenhouse in which (Haijun et al. (2015) conducted
their trials was reduced by only 1% (or on average 0.2 °C), while the relative humidity

increased by 8%.
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The inherited characteristics (texture, porosity etc.) of the covering screen/net
and of the supposrting structure influence the internal microcliamtae. The differential
effect of the woven vs knitted nets on the internal microclimate was documented by
Pirkner et al. (2014), who reported lower specific humidity (-8%) under a knitted
screen as opposed to the woven screen, while no significant temperature difference
were revealed. The increased of the absolute humidity under the woven screen, did
not modify the average VPD under the two, which, according to the authors, suggests
that most of the difference in latent energy between the two screens was due to
differences in air velocity (Pirkner et al., 2014). Moreover, the increase of the
construction height enhances the reduction of the air temperature and VPD of the

enclosures (Tanny et al., 2008).

2.1.3.2. Profiles of air temperature and humidity

Temperature profiles were studied for the shaded and un-shaded crops by
Allen, (1975) after a long dry period without rain. The author reported that the
unshaded soybean temperature profiles had a strong decrease of temperature with
increasing height, which indicated instability and a large sensible heat transfer from
the plants and/or soil to the atmosphere above. Similarly, Tanny et al. (2009)
demonstrated that during most of the day (from 08:00 until 24:00), the gradient in un-
shade exposed plots of an apple orchard was negative whereas that under the shading
screens was positive; and this difference was significant, while being increased with
the shading level, with its maximum value under the 60% treatment (result not
significant). The authors quoted that the soil surface heating by direct solar radiation
could be ascribed to that negative gradient in the exposed treatment. Furthermore,
between midnight and nearly 08:00, all treatments (including the control) exhibited a
positive gradient, i.e., there was a stable boundary layer. This was probably due to
long wave radiative cooling, which cools the soil and its adjacent air layer. Although
the screens somewhat reduced the long wave radiative cooling, as compared with the
control, the temperature gradient did not change its sign (Tanny, 2013).

Humidity and temperature profiles show that within the screenhouse
temperature increased and absolute humidity decreased with increasing height
(stabilized atmoshere) (J. Tanny et al., 2003). The stabilizing temperature gradient
influenced the humidity profiles resulting to the decrease of the humidity with the

increase of the height. Accordingly, the authors revealed diffrences between the crop
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and below the roof levels. The humidity was higher within the foliage layer (at 0.5 m
height) and decreased towards the screenhouse roof. It was suggested by the authors
that this vertical gradient in humidity resulted from the great interaction between the
upper and the lower atmosphere within the enclosure. Furthermore, the higher
humidity at plants level was associated by the authors with the lower temperature and
vice versa, demonstrating the cooling effect of the transpiring plants. The gradient of
the specific humidity under two different in texture screens (woven vs knitted), at
three different heights was studied by Pirkner et al. (2014), who reported similar
values within the canopy (at 1.5 and 2.5 m), while, above the canopy (4.75 m) the
specific humidity under the knitted screen was smaller by 8% on average than that
under the woven screen. Moller et al. (2003) reported that inside an insect proof
screenhouse they observed horizontal temperature differences between the center and
edge; they documented that the central region was slightly warmer (and more humid)
than the edge, indicating some non-uniformity of the micro-climate within the

screenhouse, presumably caused by non-uniform mass exchange processes.

2.1.3.3. Crop temperature and crop-to-air vapor pressure deficit

Reduced crop temperatures and lower canopy-to-air temperature differences by
about 3.5 °C were documented by Kittas et al. (2012), under a 49% black shade net
covering a summer tomato crop. A more detailed approach of the influence of the
covering nets on the canopy temperature was reported by Al-Mulla et al. (2011). The
authors reported that the upper leaf temperature was higher than the middle and lower
part of the canopy during midday (12:00 pm and 4:00 pm) whereas, lower leaf
temperature exceeded the upper one during the night time of the day. Additionally,
the crop-to-air temperature difference during the hottest period of the day was ranged
from -2.5 °C (11:00 h, local time) to -4.5 °C (12:00-16:00 h, local time) and finally up
to -7 °C (17:00 h, local time). The positive effect of the screenhouse on the reduction
of the crop temperature with respect to air temperature was also documented by
(Leyvaetal., 2015).

The diffusive effect of the covering screens/nets alleviates the negative effect of
radiative heating of the canopy of the protected crops. Beam (direct) light heats leaves
more than the scattered light in the shade, and hence sunlit leaves can be several
degrees warmer than shaded leaves under sunny and dry conditions (Dai et al., 2004).

Diffuse light results in lower leaf or flower temperature and less photoinhibition (Li et
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al., 2014; Urban et al., 2012) because of less severe local peaks in light intensity and
consequently lower locally accumulated heat radiation. Sunlit leaves receive more
near-infrared radiation than shaded leaves do (Gu, 2002), increasing their temperature
as opposed to the shaded leaves.

The reduction of canopy temperature brings a significant reduction on the crop-
to-air vapor pressure defficit, which resultes in increased stomatal conductance that
positively influences the rates of photosynthesis (Cohen and Moreshet, 1997; Haijun
et al., 2015; Kittas et al., 2012; Nicolés et al., 2005), with respect to the response type
of the covered crops to the increase of capor pressure deficit; iso- or aniso-hydric
(Tanny, 2013).

2.1.4. Ventilation

Tanny et al. (2006, 2003) studied the ventilation performance of various
commercial screenhouses of different size (covered ground area = 0.66 and 8 ha;
Height = 3.2 m and 6 m). The air exchange rate was found to range between 7 and 33
h for wind speed between 1.5 and 3.5 m s™. Tanny et al. (2006) who studied the
volume flow rate in a banana screenhouse compared their results with those obtained
by Tanny et al. (2003) in a pepper screenhouse and by Demrati et al. (2001) in a
banana greenhouse. The flow rate in the banana screenhouse was much larger than
those in the banana greenhouse of and the pepper screenhouse, while the reported air
exchange rates were of the same order of magnitude (Tanny, 2013). Tanny et al.
(2008) reported that the increase of the height of a screenhouse structure enhanced
mixing and ventilation of the air near the plants.

The air exchange rate and its correlation to buoyancy and wind forces has been
extensively studied in greenhouses and several models have been developed to predict
greenhouse air exchange rate as a function of vent opening characteristics, vent
opening area, inside to outside air temperature difference and outside air velocity
(Boulard and Baille, 1995; Kittas et al., 2002, 1997; Zhang et al., 1989). The
screenhouse air exchange rate could be estimated as a wind driven air flow through an
opening (ASHRAE, 1993). Generalizing the latter method for both wind pressure
effect and temperature difference effect and assuming the ideal condition of
unidirectional flow, Desmarais et al. (1999) defined the air exchange rate of small

experimental screenhouses. However, to the best of our knowledge, there is no model
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available to be used for the simulation of screenhouse air exchange rate as a function

of screen physical properties, screenhouse covering area and wind velocity.

2.1.5. Evapotranspiration

Screened structures reduce significantly the crop water demands, which is a
profound effect that attracted great attention by researchers aiming towards improving
the irrigation strategy of the screened crops. The observed lower transpiration rate of a
screenhouse sweet pepper crop as compared to the simulated transpiration of a similar
crop grown outside was primarily attributed by Moller et al. (2003) to the
significantly reduced radiative load (40-50% in global radiation) and to a lesser extent
to the higher humidity and lower wind speed below the screen as opposed to the
external conditions. Mdller et al. (2004) demonstrated for the first time the feasibility
of using the eddy covariance (EC) technique in an insect proof screenhouse in which
pepper was being grown. The authors developed a one-dimensional screenhouse
model to calculate evapotranspiration of the screenhouse crop, based on a modified
Penman—Monteith equation incorporating an additional boundary layer resistance.
The sensitivity analysis for that model revealed that reduced radiation and wind speed
and modified vapour pressure deficit were the main factors influencing transpiration.
The evapotranspiration in a large banana screenhouse was also measured by an EC
system by Tanny et al. (2006). Inside a 30% black shade net screenhouse the crop
water requirements (ETc) were 38% lower than the estimates for an open field crop
(Méller and Assouline, 2007). The latter authors applied successfully the FAO-
Penman—Monteith approach based on meteorological measurements in the
screenhouse which accurately predicted daily crop evapotranspiration, as verified by
the close agreement with lysimeter measurements. Tanny, (2013) compared the
outcome results of the EC technique (Tanny et al., 2006) as opposed to the results of
the reference evapotranspiration model for external meteorological conditions (Allen
et al., 1998) and to the results of the modified ET model for screenhouse conditions.
Dicken et al. (2013a) used successfully the Bowen ratio energy balance technique to
estimate evapotranspiration inside a large banana screenhouse and supported the
application of the method for irrigation management of the covered crops.
Furthermore, Siqueira et al. (2011) quoted that the overall effect of the screen
resulting in water savings for the same amount of gross primary production, which

profoundly enhances water use efficiency. The modification of the internal
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microclimate (lower radiation and wind speed; cooler air by on average 0.2 °C

(=1%); increased relative humidity by 8%) leaded to reductions of 33% in calculated

ET, (Haijun et al. (2015).
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2.2. Influence of microclimate on screened crops

2.2.1. lrradiance regime on crop performance

Under excess levels of solar radiation energy, above the saturation point the
photosynthesis is inhibited i.e., supra-optimal light energy results in photoinhibition
of photosynthesis. The carbon metabolism may limit the consumption of
photosynthetic energy, resulting in excess photon absorption and therefore
accumulation of the unutilized excitation energy, resulting in reductions in
photosynthetic efficiency. Furthermore, the photosystem 11 (PSIl) undergoes severe
damages (Aro et al., 1993). Plants developed multiple mechanisms in order to
alleviate the negative effects of excess light. However, they cannot completely avoid
photo-damage, and have developed an effective but energy-dependent recovery
system to repair the damaged PSII. During the day almost the whole PSII complex
pool can be destroyed and quickly repaired, with expected energy expense for plants
(Chow, W.S. and Aro, 2005). Arboree et al. (2011) documented that the maximal
amount of active PSII damaged by a photon unit is not influenced by light reduction
therefore, the more the absorbed photons, the more the photo-damage to be repaired,
at the expense of energy/assimilates. The authors quoted that optimizing light
interception by deploying a moderate shade net over an orchard does not negatively
affect net carbon assimilation, but profoundly reduces carbon and energy costs for
photosystems recovery. Thus, shaded plantations can accumulate more assimilates
because their photosynthetic performance is not decreased by the reduced intercepted
light energy and they do not waste carbon for repairing photo-damages.

The positive effect of the diffuse radiation on ecosystems performance attracted
great attention by several researchers. Gu, (2002) resumed their finding for the diffuse
radiation as follows: (1) diffuse radiation results in higher light use efficiencies by
plant canopies; (2) diffuse radiation has much less tendency to cause canopy
photosynthetic saturation; (3) the advantages of diffuse radiation over direct radiation
increase with radiation level; (4) temperature as well as vapor pressure deficit can
cause different responses in diffuse and direct canopy photosynthesis, indicating that
their impacts on terrestrial ecosystem carbon assimilation may depend on radiation
regimes and thus sky conditions. Sunlit leaves receive not only more PAR, but also
more near-infrared radiation than shaded leaves do. Therefore temperatures of sunlit
leaves are expected to be higher than shaded leaves. This leads to greater temperature
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gradients between sunlit leaves and surrounding air (Young and Smith, 1983).
Differences in leaf temperature can also result in differences in VPD at the leaf
surface and thus affect stomatal conductance (Baldocchi and Harley, 1995; Baldocchi
et al., 1997; Collatz et al., 1991). These differences directly or indirectly influence
canopy photosynthesis. The profound effect of the diffuse radiation on the
photosynthesis was studied by several authors (Brodersen and Vogelmann, 2007;
Brodersen et al., 2008; Gorton et al., 2010; Gu, 2002; Hemming et al., 2008; Li et al.,
2014).

As screens/nets profoundly increase the underneath diffuse radiation and the
diffuse radiation enhance crop photosynthesis, screens influence indirectly the
photosynthetic performance of the covered crops. Since cultivating inside
screenhouses is a relative new practice there are no sufficient reports that directly
quantify the influence of the diffuse radiation on the covered crops. Mostly, there are
quotations that are used to support theoretically that the increased diffuse radiation
inside screenhouses could explain the increase of the productivity of the covered
crops. (Wright and Hammer, 1994) and (Bange, 1995), on trials with peanut and
sunflower, respectively, demonstrated “theoretically” that radiation use efficiency is
increasing with the increase of diffuse fraction of the available solar radiation to the
crops. Healey et al. (1998) conducted experiments of different shade treatment on
Panicum maximum cv. Petrie (green panic) and Bothriochloa insculpta cv. Bisset
(creeping bluegrass) and documented that the increased radiation use efficiency under
shade could be ascribed to the increased diffuse radiation. Dicken et al. (2013b)
quoted that the increased CO; fixation per leaf area of a banana crop may have been
ascribed to the increased fraction of diffuse radiation under the screen (as Moller et al.
(2010) documented), which increases the relative amount of light reaching lower (and
more shaded) leaves and thus increases their photosynthesis. The authors used the
quotations of (Gu, 2002) and (Gu et al., 2003) to explain positive effect of the diffuse
radiation on the enhance of photosynthesis. Shahak et al. (2004a, 2004b) investigated
the diffuse radiative environment under photoselective nets and ascribed it to the
enhanced performance of the covered crops.

Choosing the right covering screen/net is of great importance for the
performance of the underneath crops. Shahak et al. (2004b) studied the photosynthetic
performance of apple tree leaves under different nets and at the open field, reporting

the profound increase of photosynthesis rate during most of the day under shade, with
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respect to the net type. The favourable microclimate under shade (reflective) nets
(lower light energy, canopy temperature, increased VPD) resulted in increase of CO,
assimilation in shaded plants than in exposed/un-shaded plants (Alarcén et al., 2006;
Medina et al., 2002).

2.2.2. Light spectral quality on crops

The photosynthetically active radiation (PAR; 400-700 nm) provide plants with
the necessary energy for photosynthesis. The amount of the intercepted by a crop
canopy PAR influences the rate of photosynthesis. In higher plants red and blue light
best drive photosynthesis with the primarily photosynthetic pigment chlorophyll a and
b strongly absorb light through the blue (peak near 430 nm) and the red (peak near
660 nm) spectral bands, while the have very little absorption in green region (500-600
nm). Thus, photosynthesis can be increased by increasing the amount of blue and red
light that incident over a crop canopy. Greenhouse industry is aiming to increase blue
and red light inside greenhouses by incorporating photoluminescent pigments in the
covering materials that can transform the little used UV and green light into blue and
red (Rajapakse and Shahak, 2007).

However, plants respond not only in the quantity of the intercepted PAR but
also to its spectrum quality. Light quality is embeds important environmental
information to a developing plant. Photomorphogenesis indicates that two main
photoreceptors are mainly involved in the perception of light quality, phytochrome
(phy) and cryptochrome (cry). Rajapakse and Shahak, (2007) reported a
comprehensive review of light quality manipulation by horticulture industry,
presenting the important spectral bands of light for plant growth and development
along with the relative plant responses to light quality modifications. In the followings
are presented plant responses to light quality with respect to the green wavelength
band, in order to rationalize the extensive use of green shade nets on horticulture.

Recent evidence shows that green light has discrete effects on plant biology, and
the mechanisms that sense this light quality are now being elucidated. Green light has
been shown to affect plant processes via cry-dependent and cry-independent means.
Sellaro et al. (2010) concluded that cryptochrome is a sensor of blue irradiance and
blue/green ratio. The authors reported that the length of the hypocotyl of Arabidopsis
(Arabidopsis thaliana) seedlings decreased linearly with increasing blue/green ratios

of the light within the range of ratios found in natural environments and this effect
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was stronger under higher irradiances (Sellaro et al., 2010). Previous research showed
that blue light is qualitatively required for normal photosynthetic functioning, and
quantitatively mediates leaf responses resembling those to irradiance intensity
(Hogewoning et al., 2010). In other words, the photosynthetic capacity increases with
the increase of percent of blue light before the threshold, and keep stable beyond the
threshold (Kong et al., 2012).

Green light effects, in general, oppose those directed by light across the red and
blue wavebands. The work presented by Klein, (1992) is very enlightening about the
“effects of green light on biological systems”. Folta and Maruhnich, (2007) in their
review for the green light effects on plants, quoted that green light sensory systems
adjust development and growth in orchestration with red and blue sensors. Klein and
Klein et al. (1964 and 1965) tested the action spectrum of growth inhibition not only
on early plant tissue culture but also on rapidly growing plants and found that the
most deleterious light quality was green light, peaking at 550 nm. Dougher and
Bugbee and Went (2001 and 1957) conducted analogous experiments by removal or
supplement of green light to full spectrum and reported enhanced or inhibited plant
growth, respectively. Stomatal opening exhibits two main peaks of activity in the
visible range; a red peak, mediated by photosynthesis, and a blue peak, mediated by
one or more blue light photoreceptors. Under certain conditions green light opposes
stomatal opening (Eisinger et al., 2003; Frechilla et al., 2000, 1999; Talbott et al.,
2002). As reported by several authors, green light inhibited (delayed or suppressed)
flowering (Banerjee et al., 2007; Klein et al., 1965; Vince et al., 1964). Upon
surveying the influence of green light on plants Folta and Maruhnich, (2007)
concluded that green light tend to reverse the processes established by red and/or blue
light. In this way, green light may be functioning in a manner similar to far-red light,

informing the plant of photosynthetically unfavourable conditions.

2.2.3. Utilization efficiency of radiation and water (RUE and WUE)

Sinclair et al. (1992), quoted that radiation use efficiency (RUE) of field crops
increased as the fraction of diffuse radiation increased and the total radiation
decreased, which is valid for the greenhouse and screenhouse radiative environments.
The improved microclimate under screens increases the efficiency that covered crops
utilize the radiation and therefore increases their growth. Healey et al. (1998) reported

that the increased (RUE) in response to a decrease in the level of incident radiation
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and an increase in the proportion of diffuse radiation could probably explain the
differences between shaded and un-shaded crops. The authors supported this increase
this increase by several factors: (i) increased shoot to root ratio, (ii) leaf to stem ratio
(iii) decreased respiration rates of whole plants (iv) increased canopy efficiency due to
the better light distribution (v) lower values for the light extinction coefficient under
nets. Increased RUE of tomato crops under shade nets, as opposed to the open field
was also reported by Kittas et al. (2012).

The significant effect of screens is increasing the water use efficiency of shaded
crops as compared to exposed ones, due to the reduction of crop irrigation demands
and the simultaneous increase of crops productivity. A mobile shade net increased
water use efficiency (WUE) by reducing the crop transpiration rate (Lorenzo et al.,
2004, 2003). For a screenhouse sweet pepper crop the reported irrigation water use
efficiency (IWUE) was between 10.70 and 13.54 kg m™, while the respective value
for an open field crop was (on average) 4.75 kg m™ (Méller and Assouline, 2007).
Leyva et al. (2015), reported that the WUE by a cherry tomato crop inside a
screenhouse was 7.03 kg m™ (fresh mass), while this value decreased when a fog
system was deployed. Furthermore, water use efficiency (WUE; mmol CO, mmol™
H.0) of citrus, lemon and apricot trees was also increased under nets deployed above
an open field orchard or over a greenhouse plantation (Alarcon et al., 2006; Medina et
al., 2002; Nicolas et al., 2005). Siqueira et al. (2011) who simulated WUE (mmol CO,
mmol™ H,0) of a screenhouse and an open field banana crop, reported an increase of

about 25% of the WUE inside the screenhouse as opposed to that of the open field.

2.2.4. Plant development under screens

The distinctive effect of the increase of plant height under shade is termed as
“shade avoidance syndrome” and has been extensively investigated (Mullen et al.,
2006; Zhang et al., 2011). In plant communities, when sunlight is filtered by a foliar
canopy, red and blue light are selectively reduced, resulting in an enriched
environment of far-red light (Zhang et al., 2011). Careful examination of the spectrum
transmitted through leaves shows that along with the strong decrease in R:FR ratio,
there is an overall decrease in the fluence rate and an enrichment of green wavebands
relative to blue and red (Folta and Maruhnich, 2007; Franklin, 2008).

Under shade screens, the ambient light is filtered by the surface of the screen

matrix resulting in the formerly mentioned “mixture of natural + modified light”
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(2.1.1.1 above, on page 5) that is provided to the screened crops. The influence of the
shade and the modified radiative environment on plant height was extensively
presented by several researchers (Franklin, 2008; Rajapakse and Shahak, 2007;
Rajapakse et al., 1999). Rylski and Spigelman, (1986a) reported that shaded sweet
pepper plants were taller than unshaded. The elongation of Pittosporum branches
grown under different colored nets was reported to be related to the modified radiative
environment that the colored nets created over the crop (Oren-Shamir et al., 2001).
Abdullah et al. (2008) documented that decreasing light intensity produced taller
plants (Curcuma alismatifolia) with longer flower stalk whereas increasing the light
intensity produces more compact plants with shorter flower stalks. Kittas et al. (2012)
reported that unshaded plants were 25% shorter as compared to plants under shade
nets. The authors ascribed the differences to the decreased values of R:FR under the

screens.

2.2.5. Yield and quality of yield

Kittas et al. (2012) reported a 43% increase of the total and the doubling of the
marketable yield of tomato crop under shade nets as compared to the respective of the
open field, while Rylski and Spigelman, (1986) presented 12% and 60% increase of
the total and marketable yield, respectively, of a sweet pepper crop under shade, as
opposed to the yield of the open field crop. Increasing the intensity of shading to >
40% decreased flowering and fruit yield of tomato crop (Abdel-Mawgoud et al.,
1996). Leonardi et al. (2000) reported increase in yield of shaded greenhouse tomato
crop as opposed to the yield of the unshaded crop.

The marketable yield of a shaded greenhouse tomato crop was significantly
higher than the respective obtained in an unshaded greenhouse (Lorenzo et al., 2003).
The shade increased the marketable tomato production by about 35% compared to
non-shading conditions in experiments under white, black and photoselective shade
nets (Ili¢ et al., 2012).

According to Barber and Sharpe, (1971) symptoms of sunscald are mostly
formed in areas where the number of hours of sunlight is high in the ripening period.
The application of 26 — 47% shading to a pepper crop decreased the incidence of sun-
scald on fruit from 36% of total production under no shading, to 3 - 4% of total
production under shading (Rylski and Spigelman, 1986b). When midday air

temperature was 30-32°C, apple fruit surfaces under a white shade net were on
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average 5.6 °C cooler than an open field grown fruit and significantly reduced
sunburn incidents (Gindaba and Wand, 2008). A mobile shade net reduced the BER
(Blossom End Rot) incidence on greenhouse tomato fruits (Lorenzo et al., 2004,
2003). Peppers grown inside a greenhouse with supplemental shade, reduced the
incidence of sunburned fruits (Lépez-Marin et al., 2011). Kittas et al. (2012)
documented the elimination of sunburn and a reduction trend (but not statistically
significant) of BER incidence on tomato fruits for crops grown under four different
shade nets. Ili¢ et al. (2012) reported the elimination of fruit sunburns under shade and
reduction of BER by about 50%.

The influence of shade on fruits chemical characteristics have been studied by
several researchers. Compared to open-air tomatoes, those grown under the
screenhouse tended to have; higher contents of malic and oxalic acids, similar
contents of citric and glutamic acids, slightly lower levels of sugars (glucose and
fructose) and slightly lower ratios of total sugars (sucrose equivalents) with citric and
glutamic acid contents. It is possible to identify accessions in which the use of
screenhouses has a minor impact on fruit organoleptic quality and can be
recommended to reduce the incidence of virus vectors (Cebolla-Cornejo et al., 2008).
Sugar content could be a consequence of the lower light intensity produced by the
screenhouse cover, as several studies report that plant shading reduced total sugar
content (Davies and Hobson, 1981; Dorais et al., 2001). Soluble solids concentrations
and titratable acid concentrations were not affected by the shade net (white shade net)
(Gindaba and Wand, 2008). Pepper grown in an arid region under red and yellow
shade nets, had a significant higher yield compared with black nets of the same
shading factors, without reducing fruit size, while the export-quality fruit yield was
also significantly increased under colored nets (Fallika et al., 2009). Total soluble
solids (TSS) were on average 5.9 and 6.6 for ‘Romans’ and “Vergasa’ (Fallika et al.,
2009).

2.2.6. Pest control by screens and nets

The use of screens to exclude insects from the crops is an old technique. The
insects could be excluded by adjusting the size of screen holes to the size of the
targeted pest (mechanical exclusion) or by hamper the *“vision” (optical exclusion).
The characteristics of the screens for mechanical exclusion were clearly presented in

the review of Teitel, (2007); the average sizes of some of the most common pests that
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attack greenhouse crops (Bethke and Paine, 1991; Bethke, 1994) the maximum sizes
of the openings in a screen to exclude the insects (Bailey, 2003; Ross and Gill, 1994)
are presented in Table 1.

Table 1. The average sizes of some of the most common pests that attack greenhouse
crops and the maximum sizes of the openings in a screen that can exclude these
insects (Bethke and Paine, 1991; Bethke, 1994) (Bailey, 2003; Ross and Gill, 1994).
The same table was presented by Teitel, (2007).

Thorax Mesh size
Common name Scientific name (micrometer) (micrometer)

Western flower thrips  Frankliniella occidentalis 184.4(3) 190
P 245.5 (9)

Silverleaf whitefly Bemisia argentifolii 239 240

Greenhouse whitefly  Trialeurodes vaporariorum 288 290

Melon aphid Aphis gossypii 355(9) 340
. . : 215.8 (3)

Sweet potato whitefly Bemisia tabaci 2613 (9) 462
. . . I 562.5 ()

Serpentine leaf miner  Liriomyza trifolii 653.8 (9) 610

Ben-Yakir et al. (2012, 2008) presented the optical exclusion of insects from
crops. As the authors quoted; sucking insect pests, such as aphids, whiteflies and
thrips use reflected sunlight as optical cues for host finding. Aphids and whiteflies
have light receptors in the ultraviolet (UV) region with peak sensitivity at 330-340 nm
and in the green-yellow region with peak sensitivity at 520-540 nm (Coombe, 1981;
Doring and Chittka, 2007; Mellor et al., 1997). Thrips have light receptors in the UV
region (350-360 nm), the blue region (440-450 nm) and the yellow region (540-570
nm) (Vernon and Gillespie, 1990). The response of insects to light is strongly affected
by the intensity of the radiation, the shape and contrast of the radiation source and the
physiological state of the insect. Ben-Yakir et al. (2012) proposed to use optical cues
to divert pests away from crop plants, by repelling, attracting and camouflaging
optical cues. They suggested the incorporation of optical additives into the materials
of the screens/nets and supported this idea by their reported results that revealed
reduced infestation levels of sucking pests and incidences of viral diseases that they
transmit by 2-10 folds (Ben-Yakir et al., 2012, 2008; Shahak et al., 2009b).

Berlinger and Lebiush-Mordechai, (1995) reported the successful combination

of the mechanical effect of anti-insect screens with the behavioral effect of colors.
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However, although whiteflies reacted to colors, it seems that the main excluding
mechanism of screens is mechanical and not behavioral, contrary to the results
obtained with western flower thrips (Berlinger et al., 1993).

As insect proof screens acts as a barrier to momentum and transport processes
they promote the increase of air temperature and humidity inside the enclosures. The
technology can improve the mechanical exclusion without compromising the
effectiveness of the transport processes of the enclosures as clearly presented by
Boulard et al. (2011).

25

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



3. No data on confinement for screenhouse crop production

Despite of the elevated interest in growing horticultural crops inside
screenhouses, the reported studies related to the influence of the covering screens on
the performance and productivity of the covered crops do not sufficiently cover this
subject matter. Furthermore, the majority of these studies have been conducted in
geographical regions with different climate than this of Greece, and especially of
central continental Greece. Additionally, the majority of the screens that are produced
or imported in Greece are green and black, mostly due to their durability and long-
lasting usage, while their impact on the underneath microclimate and crop
performance have never been evaluated. Moreover, the shade intensity of the majority
of the available shade nets are over 30%, which may be effective in some regions in
lower latitudes but probably not suitable for Greek regions and therefore they do not
contribute to the overall increase of the quantity and quality of the screened
horticultural production. Thus, the necessity of the determination of suitable
screens/nets for different horticultural crops in Greek regions arises in order to

maximize the productivity of the crops and the quality of their yield.
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4. Aim of the study

The overall objective of the current work was to investigate the modification of
the ambient microclimate inside screenhouses as it is imposed by their covering
screens/nets with different shade intensities, porosities and color and its influence on
the covered sweet pepper crops.

More detailed, the objectives of the present research are:

i.  The characterization of the screenhouse/crop microclimate.
Ii.  The investigation of the ventilation performance of the enclosures
iii.  The development of a model for screenhouse air exchange simulation as
a function of screen physical properties and outside climate variables.
iv.  The investigation of the performance and productivity of crops inside
screenhouses.
v.  The investigation of the influence of screen properties on the Water Use

Efficiency and on the Radiation Use Efficiency of the covered crops.
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5. Materials and methods

5.1. Experimental facilities

The experiments were performed in three experimental flat roof screenhouses,
located at the experimental farm of the University of Thessaly near Volos (Velestino:
Latitude 39° 23, longitude 22° 45, altitude 79 m; Figure 1), on the continental area of
Eastern Greece, from late spring until autumn of 2011 and 2012.

Figure 1. Satellite photo (Google earth) of the experimental site (screenhouses,
meteorological station and control room). The photo was taken on 2010 i.e., one year
before the present work.

The geometrical characteristics of the screenhouses were as follows: length of
20 m (oriented North-South, 36° declination from North), width of 10 m and height h
of 3.2 m (Figure 2). The distance between two adjacent screenhouses was 8 m.
Adjacently to the screenhouses complex, an open field treatment was installed as a

control (hereafter, Cont) against the protected crops’ performance.
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Figure 2. Configuration of experimental facilities: screenhouses constructions and
sensors deployment.

Figure 3. Screenhouse covering materials with rank indication as in the text: (a) IP-13,
(b) IP-34 and (c) S-36. The ruler indicates measurement scale in cm. Background
colours: (a) blue, (b) black and (c) white.

Three different screens were tested and installed on screenhouse frames (Figure
4). Two were insect-proof (IP) screens (Figure 3, a-b) manufactured by Meteor Ltd.,
Israel: (1) a clear 50 mesh (10/20) AntiVirus™ screen with a mean light transmittance
in lab measurements (350-1100 nm) of 87%, that is, a shading factor of 13%
(hereafter, IP-13); and (2) a white 50 mesh (10/20) BioNet™ with a mean light
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transmittance of 66% (hereafter 1P-34). The third one (Figure 3, ¢) was a green shade
screen (Thrace Plastics Co. S.A. Xanthi, Greece) with a mean light transmittance of

64% (hereafter S-36). The screenhouses were named as their covering screen/net.

Figure 4. Photo of general view of the experimental facilities at the experimental farm
of the University of Thessaly in Velestino. Front: IP-34; Middle: IP-13; Back: S-36.

The latter transmission values were determined together with other optical
properties (spectrum: 350-1100nm; t: transmittance; r: reflectance a: absorbance;
NSF: Nominal shade factor (NSF=1-t)) prior to installation of the screens, in the
laboratory by means of a spectroradiometer (model LI-1800, LI-COR, Lincoln, NE,
USA) equipped with a 10 W glass halogen lamp and an external integrating sphere
(model LI-1800-12S, LI-COR, Lincoln, NE, USA), following LI-COR protocol. The
optical properties of the screens used in the present research are presented in Table 2
and in Figure 5 (spectral distribution of the properties).
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Figure 5. Optical properties (transmittance; reflectance; absorbance) of the screens IP-
13 (red line), IP-34 (blue line) and of the shade net S-36 (green line), as measured in
the laboratory.
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Table 2. Optical properties (transmittance: t; reflectance: r; absorbance: a) and
Nominal Shade Factor (NSF) of the insect proof screens (IP-13; 1P-34) and the shade
net (S-36) within the spectrum of 350-110nm, as measured in the lab.

Screen T r a NSF
IP-13 0,87 0,11 0,02 0,13
IP-34 0,66 0,34 0,00 0,34
S-36 0,64 0,04 0,32 0,36

The insect proof (Figure 3, a-b) had a regular mesh netting with a hole size of
0.75 x 0.25 mm and thread diameter of 0.24 mm, while the green shading net, due to
its different knitting (Figure 3, c), presented meshes that were irregular in size and
arrangement and mean thread diameter of 0.25 mm. Screens porosity () was
measured by image processing using an image analysis software (ImageJ). The
calculated values of porosity for the screens IP-13 and IP-34 were of 0.46, as also
reported by Moller et al. (2010), while the porosity of S-36 was of 0.63.
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5.2. Cropping techniques

5.2.1. Experimental crops

Sweet pepper plants (Capsicum annuum L., cv. Dolmy) were transplanted on
May 31 and on May 8 on 2011 and 2012, respectively, inside the three screenhouses
and at the open field. Final harvest took place at the end of October on both years.
Plants were laid out 0.5 m apart in the row, in five double rows with a distance
between the double rows of 1.2 m and a distance between the two rows of a double
row of 0.5 m. The planting pattern resulted in a plant population of 360 plants per
treatment i.e., per 200 m® Thus, the planting density was considered 1.8 plants per
m?. To compare with open field conditions, plants were also transplanted and

cultivated outside under open field conditions.

5.2.2. Cropping management

Figure 6. Photo of the interior of IP-13 screenhouse at the end of the experimental
period of 2012.

Cropping techniques (fertigation, pruning, chemical treatments) were identical
in all treatments. The plants were supported vertically by cords hanging from cables
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attached longitudinally to the frame of the screenhouses, or on special supporting
structures built for the outside crop (Figure 6). The plants were pruned in order to
form 3-4 main branches. Bellow the main branches all leaves and suckers were
pruned, while above the main branches intersection, plants remained unpruned.

Irrigation water was supplied through drip-laterals with one drip-line per row
and one dripper per plant. The dripper flow rate was 2 | h™. In all treatments,
irrigation scheduling was based on the concept of crop coefficient (Kc) as described
in Katsoulas et al. (2006). The amount of water supplied, with respect to the soil
mechanical and physical properties, identical for all crops, was calculated as the
product of Kc and a fixed integral of outside solar radiation (21.5 MJ m™). The value
of K. was fixed (after Allen et al. (1998))at a level that ensured that the crops were
fully watered during the months with the highest water demand.

The soil in the screenhouses and open field was silty clay. Analysis of physical
and chemical soil properties were made at the beginning of each experimental period.
Soil samples from each treatment were analyzed and no significant differences were
revealed between all treatments. Furthermore, one soil sample consisted of the
mixture of the samples from all treatments i.e., screenhouses and open field, was also
analyzed and presented (Table 3). The latter sample (mixture of samples) didn’t

significantly differed from those of each treatment.

Table 3. Physicochemical soil analysis of the experimental field. Analysis of one soil
sample, consisted by the mixture of the samples from all treatments (screenhouses and

open field).
Parameter Units Values | Parameter Units Values
Sand % 18.3 Mg mg/kg d.v. 340
Silt % 41.1 NOs-N mg/kg d.v.  143.6
Clay % 40.7 P mg/kg d.v. 14.4
ph - 7.8 K mg/kg d.v. 170
CaCOs3 % 6.7 Cu mg/kg d.v. 2.4
Organic matter % 1.9 Zn mg/kg d.v. 1.01
Elec. Conductivity = mS/cm 1.76 Mn mg/kg d.v. 15.8
Fe mg/kg d.v. 7.4
B mg/kg d.v. 0.48
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The screenhouse soil surface was totally covered by black polypropylene (water
permeable) mulch, primarily deployed against weeds and secondly in minimizing soil
water evaporation.

During the two campaigns, the insect population was monitored and controlled
to similar levels by color traps and spray application of pesticides, according to the
common practice followed by the local growers.

Pollination was supported by a bumblebee heave (Koppert B.V., The
Netherlands) that was alternatively installed between screenhouses after 2 continuing

days of pollination.
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5.3. Measurements

5.3.1. Screenhouse spectral properties
5.3.1.1. Measurements’ protocol

Measurements of the spectral properties of the screenhouses were conducted
during the experimental periods of 2011 and 2012, by means of the LI1-1800 portable
spectroradiometer (LI-COR Inc., Nebraska, USA), in the range 350-1100 nm at 1nm
intervals. The spectroradiometer which was equipped with a cosine receptor (2n
steradian field of view) was located at 0.8m above the ground. All measurements
were made under clear sky conditions, about 60 minutes around solar noon, at an
interval of 3 min, alternately in the open field and in the middle of each screenhouse
construction (Figure 7). Four measurements were conducted for each screenhouse at
each measuring date.

A variation of the above mentioned method was followed in order to conduct
spectral analysis measurement for the total (beam+diffuse; b+d) and the diffuse (d)
solar radiation inside screenhouses and at the open field, during summer 2012. The
measurements were conducted during days with clear sky. Three representative days
were chosen at July 25, August 14 and September 4. Measurements took place at 2
hours intervals around solar noon i.e., 9:30, 11:30, 13:30, 15:30 and 17:30, for the
investigation of any potential changes in optical indices of the screens during the
measurement day, due to the change of the azimuth of the sun-screenhouse system. In
order to measure the diffuse component (d) of the total solar radiation, a custom made
opaque square (10cm x 10cm) plate that was covered with a non-reflective black cloth
was held 40 cm above the cosine receptor of the spectroradiometer in order to mask
out the beam radiation. Coupled measurements at the same treatment (screenhouse or
open field) were conducted for the determination of total solar radiation and its
diffuse fraction i.e., initially for total solar radiation immediately followed by a
measurement for its diffuse component, in order to ensure steady sky conditions and
sun position. The protocol involved coupled measurements alternately in the open
field and in the middle of each screenhouse construction.
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Figure 7. Photos during in situ measurements of light quality by means of a portable
spectroradiometer LI-COR 1800. Left: measurement inside the screenhouse; Right:
measurement at the open field.

5.3.1.2. Calculation of spectral screenhouse transmittance

In every case of the above mentioned protocols, an average spectral distribution
was calculated from all the individual energy curves for the total (b+d) and for the
diffuse component (d) of the solar radiation. Additionally, the spectral distribution of
the direct (beam; b) component of the solar radiation was calculated as the difference
between the total minus the diffuse component at each nm across the entire spectrum.
Al spectral data were expressed as solar energy (W m™? nm™).

Using the solar radiation spectra measured in the open-field (subscript ‘0’) and
inside the screenhouses (subscript ‘i*), broadband integrals of solar radiation (W m)
over the total (T, 350-1100 nm), the photosynthetically active radiation (P, 400-700
nm), the blue (B, 400-500 nm), the green (G, 500-570 nm), the red (R 600-700 nm),
the far-red (FR, 600-700 nm) and the near infrared (N, 700-1100 nm) wavelength
band and were calculated. The screenhouse vertical transmittances in the respective

wavelength bands were then obtained by calculating the following ratios:

eQ-53TR=§; eq. 6: TFRz:l};i;eq,?: TN:%

The latter calculations were conducted for the total (b+d; 7,4 ) solar radiation

and for its direct (b; t;,) component.
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5.3.1.3. Calculations for the diffuse and direct (beam) fractions of the solar radiation
5.3.1.3.1. Fraction of diffuse-to-total solar radiation

The fraction of diffuse-to-total (beam+diffuse; b+d) solar radiation (fyir) was
calculated using measured data of diffuse (d) and total radiation (b+d) at the open
field and inside each screenhouse was determined. The calculations were conducted
for each respective wavelength band; T, P, B, G, R, FR and N. In the following
example is presented the calculation for through the T wavelength band, while

accordingly were conducted for the rest of the bands:

. Tqif,
€qg. 8: f — Tdif,o = Tloo and

. Taifi
eq. 9: f — Taigi = Tli g

for outside and inside each screenhouse, respectively.

5.3.1.3.2. Diffuse ratio of screenhouses
The diffuse ratio (74 ; Cabrera et al., 2009) (or enrichment ratio of diffuse
radiation after Moller et al. (2010)) of each screenhouse was calculated for each

respective wavelength band; T, P, B, G, R, FR and N as:

Taifi
Taif,0

eq. 10: 74 =
5.3.1.4. Light quality parameters

The light quality parameters were calculated after Kittas et al. (1999). The
literature on plant photomorphogenesis indicates that two main photoreceptors are
involved in the perception of light quality, phytochrome and cryptochrome (Casal,
2000; Franklin et al., 2005).

The most common way of characterizing the phytochrome response is through
the ratio of red to far-red light, which is generally quoted as {. According to Kittas et
al. (1999), ¢ was calculated as the narrow wavelength band ratio of red (R, 655-665
nm) to far-red (FR, 725-735 nm) radiation, both R and FR being expressed in W m™.

A surrogate to C is the broad wavelength band ratio R:FR, where R and FR are in the
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wavelength bands of 600-700 nm and 700-800 nm, respectively (Kittas et al., 1999;
Rajapakse et al., 1999).

The cryptochrome response is generally analyzed through the
morphogenetically active radiation (MAR), defined as the amount of radiation in the
broad wavelength band 400-500 nm. In this study, we used the ratios B:R and B:FR,
where B corresponded to the wavelength band 400-500 nm (Kittas et al., 1999;
Rajapakse and Shahak, 2007).

The effect of green light, that has been quoted by several researchers (Klein,
1992; Sellaro et al., 2010), was also studied in the present study in order to reveal any
impact of the green shade net (S-36) to the crops inside the respective screenhouse.
The wavelength band under study for the green light was considered the 500-570 nm
(Klein, 1992; Sellaro et al., 2010).

The above mentioned calculations were conducted for the (i) total
(beam+diffuse) solar radiation and its (ii) diffuse and (iii) direct components, inside

and outside screenhouses.

5.3.2. Microclimate characterization
5.3.2.1. Climate Measurements

Series of climatic data were recorded in the centre of each screenhouse and
outside. Air temperature and vapour pressure deficit were monitored by means of
temperature and humidity sensors (HOBO H8 ProRH/ Temp.Logger., Onset, USA),
placed inside a protective (heat insulated) and aspirated shield against solar radiation,
1.5 m aboveground (Figure 8).

Leaf temperature was measured by means of copper-constantan thermocouples
(Cu-Co, type T, wire diameter 0.5 mm, Omega Engineering, Manchester, U.K.). The
thermocouple junctions were firmly attached to the back side of leaves and the canopy
temperature was calculated as the mean value of measurements on 10 healthy and
mature leaves per treatment, distributed randomly along the different layers of the
canopy (Figure 8).

Moreover, the wind speed and direction were also measured outside the
screenhouses. Irrigation water was monitored by means of flow meters properly

installed to the main tubes of irrigation supply network each treatment (Figure 8).
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Figure 8. Monitoring system configuration for microclimatic parameter measurements

Global solar radiation (Rg,; Rgi) was measured, by means of pyranometers
(model SP-LITE Silicon Pyranometer, Campbell Scientific, Inc., U.S.A.), placed 1.5
m aboveground, at the mid-length above central crop row of each treatment (Cont; IP-
13; IP-34 and S-36). The diffuse component of global solar radiation (Rgjs—ij) was
measured by means of a shadow ring (CM 121B, Kipp & Zonen B.V., Delft, The
Netherlands) that shielded a pyranometer (CM11 Pyranometer, Kipp & Zonen B.V.,
Delft, The Netherlands) that was mounted on it from solar radiation. The shadow ring
was installed in the corridor between the central and an adjacent double crop row, at a
height of 1.5m above ground (Figure 9). Next to the shadow ring, a second CM11
pyranometer was installed to measure total (beam+diffuse) global solar radiation
(Rg,i) simultaneously to the mounted pyranometer. The configuration of the shadow
ring plus the pyranometer for the total solar radiation was transferred at 1 day
intervals between the three screenhouses in order to determine the ratio of diffuse to

total solar radiation in each screenhouse at about the same solar inclination.
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Figure 9. Shadow ring for diffuse radiation measurements.

5.3.2.2. Data acquisition

Solar radiation (global and diffuse), leaf temperature, wind speed and direction,
crop transpiration rate and irrigation water supply measurements were recorded in a
data logger system (model DL3000, Delta-T Devices, Cambridge, U.K.).
Measurements took place every 30 s and used to compute 10 min average values, but
for the irrigation water that was cumulatively recorded at each event as the sensors of

the flow meters were digital.
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5.3.2.3. Calculations for the microclimate characterization
5.3.2.3.1. Radiative environment
5.3.2.3.1.1. Screenhouse hemispherical transmittance
The screenhouse hemispherical transmittance to global solar radiation (t; 310-
2800 nm) was calculated from the pyranometer data sets installed inside (Rg;) and

outside (Rg o) screenhouses as:

Rgi

eq.1l: 7, = -

G,0

5.3.2.3.1.2. Screenhouse fraction of diffuse-to-global solar radiation
The fraction of diffuse-to-global solar radiation (f — Rg.qiri) inside each
screenhouse was calculated using measured data of inside diffuse (Rg.qgir—i) and

global radiation (Rg ;) calculated as follows:

) _ Rgdifi
€q. 12: f — Rgaiti = =5
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5.3.3. Crop transpiration rate determination
5.3.3.1. Measurements

For the determination of the transpiration of the sweet pepper crop under
screenhouse conditions, measurements of the crop transpiration rate inside each
screenhouse were performed during August and early September 2011. The crop
transpiration rate (Tr;) was measured every 10 min using weighing lysimeters
located in a central row of each screenhouse. The device included an electronic
balance (model 60000 G SCS, Presica, Dietikon, Switzerland, scale capacity = 62 kg,
resolution = +1 g) equipped with a tray carrying two plants on separate pots and an
independent system of water supply and drainage (Figure 10). The soil surface of the
pots was covered with the same black PP mulch as the screenhouse soil. The weight
loss measured by the electronic balance was assumed to be equal to crop transpiration.
Two lysimeters were available and therefore it was not possible to measure crop
transpiration simultaneously in all four treatments. Thus, the lysimeters were moved

in the different treatments in sequence almost per week.

Figure 10. Left: photo of net pyrradiometer set-up above and below the crop canopy
for the determination of the intercepted net radiation. Right: photo of lysimeter
configuration for crop transpiration rate measurements. Electronic balance equipped
with a tray carrying two plants in a container.
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Additionally, incoming net radiation above and below crop canopy were
measured by means of two net pyrradiometers (CN1-R Net Thermopile
Pyrradiometer, Middleton Solar, Victoria, Australia) per treatment (Figure 10).

All measurements took place every 30 s and 10-minute average values were
recorded in a data logger (model DL3000, Delta-T Devices, Cambridge, U.K.).

5.3.3.2. Crop Transpiration Model
The P-M equation (Monteith, 1973) has been originally developed to calculate
evapotranspiration from homogeneous vegetated surfaces. When applied to

greenhouse crops it may be written as:

eq.13: Tr;=AE = AR, + BD

) PCpYa
———— and B=——"—"—"—
8+y(1+9a/9c) S+y(1+9a/9c)

with: A =
where Tr; is the transpiration rate (W m™), E, is the transpiration rate (kgm? s™), R,
(W m) is the solar radiation measured above the level of the crop, D (kPa) is the air
vapour pressure deficit, p and C, are the density (kg m™) and specific heat (J kg™ K*)
of air, respectively, g, and g. are the crop aerodynamic and stomatal conductance (m
s1), respectively, y is the psychrometric constant (kPa K™) and § is the slope of the
humidity ratio (or vapour pressure) saturation curve (kPa K™). A is referred to as the
‘radiation term’ and B as the “aerodynamic term’ (sometimes called ‘advection term”’).
Hence, A and B may be referred to as the ‘radiation coefficient’ and the “aerodynamic
coefficient’. eq. 13 may be regarded as empirical formulae, with A and B obtained by
regressing measured evapotranspiration against measured R; and D. From this point
of view, A and B are often treated as constants for a given crop, or as simple functions
of readily measurable quantities, such as the leaf area index (LAI). These coefficients
may be corrected for changes in the environmental conditions and for water stress.

Baille et al. (2006) suggested the following formulas for A and B as functions of LALI:

eq. 14: A = afy(LAD) = a[1 — e k4T
and
eq. 15: B = Bf,(LAI) = BLAI
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where K is the extinction coefficient (k = 0.7 (Marcelis et al., 1998)). The reason for
the choice of eqg. 14 is that represents the classical relationship for radiation
interception by a canopy. The choice of eq. 15 is straightforward as LAI can be
considered as a multiplicative factor in the 'advective' term of the Penman-Monteith

equation.

5.3.3.3. Aerodynamic, total and stomatal conductance calculation
The sensible heat flux H, (W m™) exchanged between the canopy and the air

was estimated from:
eq. 16: H. = Ry ine — AE,

where R, i, Is the intercepted net radiation (=Rzpope — Rpetow: W m?), A is the
latent heat of vaporization of water (Jkg™(vapour)) and E. is the transpiration rate
(kgm™ (ground covered by crop) s™). The aerodynamic conductance was calculated

from the relationship linking H, to the canopy-to-air temperature difference AT:

Hc
eq.17: g, = pC,aT

where p is the air density (kg m™) and C,is the specific heat of air (J kg™ K.
The total canopy conductance to water vapour transfer g, (mm s') was

estimated from:

AE ¥
pCpDc—qir

where vy is the psychrometric constant (kPa K™) and D,_;, the canopy-to-air vapour

pressure deficit. The bulk conductance g, (mm s™) was estimated from:

eq. 19: g, = —gi“_g;t
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5.3.4. Ventilation rate determination
5.3.4.1. Physical Measurements

The dimensions of the constructions were: (i) screenhouse covered area A, of

200 m?, (ii) screen cover area A, of 392 m? and (iii) screenhouse volume V;. of 640
m?. The distance between two adjacent screenhouses was 8 m. Plant height was not
considerably changed during the period of measurements in the different treatments
varying from 0.9 m (mid of August) to 1.1 m (mid of September).

In Figure 2 (on page 29) the microclimatic monitoring systems configurations
are presented. The following climatic data were recorded:

(a) wet and dry bulb temperature by means of aspirated psychrometers (Type
VP1, Delta-T Devices, Cambridge, U.K.), at the center of each screenhouse (at 1.5 m
height aboveground) and outside at 1.5 m height aboveground,

(b) wind speed (u,) and direction outside the screenhouses by means of a cup
anemometer (AL100R Switching Anemometer, Campbell Scientific Ltd, U.K.) and a
wind vane (W200P Windvane, Vector Instruments Ltd, U.K.) located at a height of
3.5 m above ground,

(c) wind speed (u;,) and direction at the centre of each screenhouse, 2.5 m
above ground, by means of 2-D sonic anemometers (WindSonic™, Gill Instruments
Ltd, U.K.) (Figure 8, on page 40). Two 2-D anemometers were available and
therefore the anemometers were moved in the different screenhouses in sequence in
appropriate time intervals.

(d) For the determination of the ventilation rate of each screenhouse,
measurements of screenhouse and outside microclimate variables were performed
during August and early September 2012. The vapour fluxes measured were used for
the calculation of screenhouse ventilation rate, water vapour balance technique
(Boulard and Draui, 1995; Roy et al., 2002). Finally, the calculated values of the
screenhouse ventilation rate were used for the calibration of a model for screenhouse
ventilation rate simulation.

Measurements took place every 30 s and 10-minute average values were
recorded in a data logger (model DL3000, Delta-T Devices, Cambridge, U.K.).
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5.3.4.2. Calculations for ventilation rate determination
5.3.4.2.1. Air flow characteristics of porous screens

Wind tunnel tests were conducted in order to determine the aerodynamic
properties of the screens. The screen samples were fitted in the wind tunnel and an air
flow of a vertical angle attack was forced to the samples’ surface. The pressure drop
(4P) through screens’ surface was measured over a range of upstream air velocities
(u). The discharge coefficient (C,s) of the screens was estimated by fitting the data of
AP and u to Bernoulli’s equation (Teitel, 2001), using Marquardt’s algorithm
(Marquardt, 1963):

) _acPY pu® pu?
eq. 20: AP = 0.5 . = 0.5 2. = 0.5 ez

where, p is density of air (kg m3), ¢ is porosity (dimensionless), Cyg. discharge

coefficient of a screen multiplied by its porosity (dimensionless).

The permeability (K) and the inertial factor (Y) of the screens were determined
by fitting the data of AP and u into the Forchheimer’s equation (Forchheimer, 1901;
Miguel, 1998; Miguel et al., 1997b; Teitel, 2001; Valera et al., 2006, 2005):

eq. 21: (u/K)u+ p(Y/KY?)|ulu = aP/dx

where p is the dynamic viscosity (Kg m™ s%), K is the permeability of the
porous material (i.e., the screen/net) (m?), p is the density of air (kg m®), ¥ is the

inertial factor, P pressure (Pa) and x the direction of flow (m).

5.3.4.2.2. Ventilation rate estimates applying the water vapour balance technique
The screenhouse ventilation rate was determined using the water vapour balance

technique, using the water vapour as tracer gas (Boulard and Draui, 1995; Roy et al.,

2002). Assuming homogeneity of the water vapour within the air, the following

relation holds:

eq. 22: p Vye 2 = —p Q(0)[x;(t) — xo(8)] + Try(E)

N dt
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where: p is the air density (kg m™), Vi, is the screenhouse volume (m®), Q is the
ventilation rate (m3 s1), x;(t) and x,(t) are the inside and outside concentrations (air
absolute humidity) of water vapour (tracer gas) (kg m™), and Tr; (¢t) is the rate of
supply of water vapour within the screenhouse by means of the crop transpiration
process (kg m?s™).

The air flow rate (G,.; m® s™) of the screenhouse can be calculated as follows
(Josef Tanny et al., 2003):

ax;

Tr ;(t)—h ar

eq. 23: Gsc = Ay Z—
where: h is the screenhouse height (m). Then, the screenhouse air exchange rate (N, in

h is calculated as follows:

eq. 24: N = 36002

sC

where V,. (m°®) is the screenhouse volume.

5.3.4.2.3. Screenhouse ventilation modelling

Based on the application of Bernoulli’s equation, G,. can be also derived by
taking into account the two main driving forces of natural ventilation: the wind and
stack effects (Boulard and Baille, 1995; Baptista et al., 1999). However, since the air
velocity in the screenhouses is relatively high and inside to outside air temperature
differences are low, the stack effect could be ignored (de Jong and Bot, 1992; Kittas
et al.,, 1996). Thus, following the modelling procedure used in greenhouse, the
ventilation rate could be expressed by the following equation (Kittas et al., 1996):

_A

eq. 25: Gy, = ZT Cd\/ Cwu+ Ggep

where Ar is the ventilation area, C; the discharge coefficient of the
screenhouse, C,, is the wind related coefficient and G , the ventilation rate observed

at zero wind velocities. Fitting the ventilation rate calculated by eq. 23 and the wind
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velocity measured to eq. 25, the dual coefficient Cdm for each screenhouse was
estimated.

In greenhouses with screened vent openings, the total pressure drop coefficient
indicates the pressure drop across both the inlet opening and the screen (Kittas et al.,
2002; Teitel, 2007). In screenhouses, the total cover area can be considered as a
screened vent opening. Therefore, it could be assumed that the total pressure drop
coefficient is equal to the pressure drop coefficient across the screen, alone. Thus, the
total discharge coefficient C; of the screenhouse construction (or “vent”) is

considered to be equal to the discharge coefficient of the covering screen (C; =
Cas*)-
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5.3.5. Crop determinations
5.3.5.1. Plant measurements

Each treatment was divided in four equal blocks of 10m length by 5m width
(four quadrants of each treatment), in order to minimize any differences due to soil

variability or plant position in each experimental plot (Figure 11).

Experimental plants of Block A Experimental plants of Block B

Entrance

Experimental plants of Block D Experimental plants of Block C

Border plants. Excluded from all measurement protocols

Figure 11. Configuration of the experimental plot inside each of the 4 treatments.

Destructive measurements were conducted during 2011 and 2012 cropping
period at 3-week interval throughout the whole crop cycle. The respective schedule of
the measurements is presented in Table 4 (on page 55). On each measurement date, 4
plants from each treatment (1 from each block) were cut off just above soil surface.
Plants from the outer double rows were excluded from sampling in order to eliminate
any errors associated to the alley effect. Prior to the detachment of the plants from the
experimental field, their height (vertical projection of canopy’s side view) was
measured.

After the removal of the aerial part of the plants from the experimental field
their different organs (vegetative: stems + leaves; generative: presented unripen fruits)
had been separated in respective groups per plant. The number of the attached on the
plants (presented) leaves and fruits were counted. The different organs (stems, leaves

and fruits) were first weighted to record their fresh mass weight.
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Afterwards, the leaf area (L,) per plant was measured. All leaves of a plant were
scanned and the black ‘n” white pictures of each plant were processed with an image
analysis software (DT-scan; DeltaT-Devices, USA) in order to determine the area of
leaves of each picture. The sum of all pictures of each specific plant was the Leaf
Area (L,) of the plant. Multiplying the L, by the plant density (1.8 plant m®) the LAI
of each plant was also been calculated.

Consequently, the dry weight of the different organs of the plant were measured
after been dried for 48 h at 85°C and the dry matter production and partitioning were
determined. The dry matter partitioning was calculated by dividing the dry weight of
each organ by the total dry matter of the respective plant, while the dry matter content
of each respective organ was calculated as the ratio of its dry to fresh weight.

During the reproductive period of the plants ripened fruits were collected every
week. As ripe fruits were considered those who had the characteristic marketable
colour of Dolmi cultivar (medium to light green). Fruit harvesting was conducted by
experience and at each collection date the ripe fruits were harvested. The fresh and
dry weights of the ripened harvested fruits that were collected during the harvesting
period up to the date of the destructive measurement were measured on each
harvesting date and summed up on the destructive date as the total fresh and dry
weight of harvested fruits. The total fresh and dry weight of harvested fruits added to
the corresponding weights of the attached on the plants (present) fruits to determine
the total fresh and dry weight of the fruits. The total dry matter production (hereafter,
DMP) was the total aerial dry matter production and it was calculated as the sum of
the dry weights of stems, leaves and the total dry weight of the fruits (presented +

harvested).

5.3.5.2. Crop yield

Fruit harvest from 8 randomly selected plants per treatment (same plants from
the beginning to the end of each period) at each collection date was recorded and
summed up to determine the cumulative and the final total yield, expressed in fresh
fruit mass per unit area (kg m?). Moreover, the number of the harvested fruits per
plant was recorded and the number of fruits per ground area (# m™) was determined.

The same procedure was conducted on both experimental periods (2011 and 2012).
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5.3.5.3. Fruit quality
5.3.5.3.1. Fruit shape, color and chemical characteristics

The quality of crop yield was determined during cropping period 2011. A
sample of 16 fruits per treatment (4 fruits from each block) and harvesting date was
randomly collected five times during the harvesting period and used for quality
measurements, which included fruit shape, color, total soluble solids, and titratable
acidity of the fruit sap.

The shape of fruits was determined by calculating the ratio of the vertical
(height; H; mm) to the longitudinal (width; W; mm) axis’ length. The value of the
longitudinal axis was the mean value of two (perpendicular to each other)
measurements of the axis.

With respect to fruit color, the results were expressed by means of the L*, a*,
b* (CIELAB) system. L* represents the lightness of the color i.e., gives the difference
between light (where L* = 100 indicates diffuse white) and dark (where L* = 0 yields
black), a* its position between red and green i.e., gives the difference between green
(a* = -50) and red (a* = 50), and b* its position between yellow and blue i.e., gives
the difference between yellow (b* = 50) and blue (b* = -50). The chroma (c), which
indicates color saturation or intensity, was also calculated on the basis of the

following equation:

eq.26: c = [(a*?+b?)

where ¢ = chroma, which indicates color saturation or intensity (dimensionless)
a* = gives the fruit color difference between red and green (dimensionless)
* = gives the fruit color difference between yellow and blue (dimensionless).
Higher values of ¢ indicate a more vivid color, whereas lower values correspond to
dull colors.

The free acidity in the fruit sap was measured by titration with 0.1 M NaOH to
pH 8.0, while the total soluble solids were determined in the fruit sap using a manual
refractometer (model ART 53000C, TR di Turoni & C. snc, Forli, Italy). Color
measurements were also performed by means of a colorimeter (Miniscan XE Plus,
model MSXP-4500L, Hunter Associates Laboratory, Inc., Reston, Va.) on two

opposite sides of the pepper fruit surface at the equatorial region.
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5.3.5.3.2. Marketable yield and fruit defect analysis

During the entire cropping period 2012, on each harvesting date, measurements
relative to the quality (physical characteristics) of the fruits were carried out on the
harvested yield. The marketable yield (fresh weight and number of fruits) was
determined excluding all fruits with a defect (sunscald, BER, Thrip and Helicoverpa
attacks) from total yield. The marketable number of fruits was calculated by
subtraction from the total harvested number of fruits the number of fruits with any
defect due to sunburn, BER, and pest attacks. The marketable yield (kg m?) was
calculated by multiplying the mean fruit weight for each treatment (at each harvesting
date) by the number of marketable fruits. The defect analysis was based and therefore
expressed as the number of defected fruits (# m™) that were excluded from the total

number of harvested fruits.

5.3.6. Water use efficiency

For each treatment the water use efficiency (WUE; kg m™) was determined as
the ratio of the total fresh fruit yield (kg m™) to the total water provided (rain +
irrigation; mm) to the crop, while irrigation water use efficiency (IWUE; kg m™) was
determined by dividing the total fresh fruit yield to the applied irrigation water to each

crop.

5.3.7. Simulating dry matter production
5.3.7.1. Interception model

In order to calculate the fraction (f;_;) of the incident radiation just above the
crop (I,) that is absorbed (I ps1) by the underlying LAI (L; m? m™), the following
model was adopted (Marcelis et al., 1998):

eq. 27: fi; = Lpsi/lo = (1 —p) (1 —e™™1),

where: p is the canopy reflection and k the extinction coefficient and took
default values of 0.07 and 0.7, respectively as suggested by Marcelis et al. (1998).
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Daily PAR interception (PARI) was calculated from the daily values of f;_p4g
and the daily sum of PAR energy (MJ m™) just above the crops:

eq. 28: PAR; = fi_par * (PAR/TOTAL) ;cor1800 * ZRsx) = fi—par * 0.57 * Ry,

The PAR energy just above the crops was calculated as the product of
measurement of the daily sum of global solar radiation that was measured just above
the crop of each treatment (YR;,) and a ratio PAR/TOTAL
((PAR/TOTAL);cor1800) fOr each screenhouse and for the open field treatment. The
latter ratios were determined by the spectrum analysis measurements that were
conducted by means of a portable spectroradiometer (LICOR 1800) and were

calculated about 0.57 for all screenhouse cases and for the open field.

5.3.7.2. DMP model
Daily increment of dry matter production for a given day (DDMP;; g m?) was
obtained as the product of the cumulative intercepted PAR (c — PAR;) until that day

and the crop radiation-use efficiency (RUE) for an entire pepper crop:
eq. 29: DDMP, = c — PAR; * RUE,

RUE was estimated by fitting the data of DMP and c — PAR; (measured values
from throughout the calibration crop (2011period)) into eq. 29, using Marquardt’s
algorithm (Marquardt, 1963). DMP refers to the aboveground crop DMP i.e., stems
leaves fruits (mature harvested during productive period until the day of the
destructive measurement plus the presented on the plant on the day of the destructive
measurement). DMP for a given day was the accumulated value up to and including
that day.
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5.3.8. Schedule of agronomical measurements

Table 4. Schedule of destructive agronomical measurements.

# of 2011 2012
measurement DATE WAT* DAT** DATE WAT* DAT**
1 29-Jun 4 29 13-Jun 5 37
2 21-Jul 7 51 3-Jul 7 57
3 10-Aug 10 71 24-Jul 10 78
4 1-Sep 13 93 13-Aug 13 98
5 20-Sep 15 112 3-Sep 16 119
6 26-Oct 21 148 25-Sep 19 141
7 30-Oct 24 176

* WAT: Week After Transplanting; ** DAT: Days After Transplanting

Table 5. Schedule of measurements of fruit quality (fruit shape;
chemical characteristics) and fruit color.

2011 2012
Quality Color
DATE WAT*  DAT** DATE WAT* DAT**

18-Aug 11 79 20-Sep 15 112
1-Sep 13 93 22-Sep 16 114
20-Sep 15 112 30-Sep 17 122
30-Sep 17 122 6-Oct 18 128
12-Oct 19 134 12-Oct 19 134

* WAT: Week After Transplanting; ** DAT: Days After Transplanting
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5.4. Statistical analysis

The statistical package SPSS (SPSS-14.0 for Windows standard version, 2005,
SPSS BI Greece S.A.) was used for statistical analysis of the data.

5.4.1. Statistical analysis of data of crop determinations

Agronomical data (section 2.2.2.) were analysed using General Linear Model
Analysis (Univariate Analysis), with the level of significance set at P < 0.05, and

Duncan's multirange Post Hoc Tests.

5.4.2. Statistics of DMP simulation

Models that were used to predict leaf area and DMP were calibrated and
validated by means of non-linear regression analysis using Marquardt’s algorithm
(Marquardt, 1963).

To evaluate the agreement between simulated and measured values, the
following statistical indices were used: (1) the root mean square error (RMSE) and the
relative error (RE) (Stockle et al., 2004), (2) the Willmott index of agreement (d)
(Willmott, 1982) and (3) the slope (m) and coefficient of determination (R?) of the
linear regression between simulated and measured values. The slope and the intercept
of the linear regression equations were compared with the 1:1 line by determining
simultaneous confidence intervals at P<0.05 (Montgomery and Peck, 1992). All
statistical analyses were conducted with SPSS (SPSS-14.0 for Windows standard
version, 2005, SPSS Bl Greece S.A.). The performance of these indices was
interpreted using the criteria developed by Stockle et al. (2004):

d>0.95 and RE <0.10 very good (VG)
d>0.95and 0.15 > RE > 0.10 good (G)

d>0.95 and 0.20 > RE > 0.15 acceptable (ACC)
d>0.95 and 0.25 > RE > 0.20 marginal (M)

Other combinations of d and RE values indicated poor performance (Stockle et
al., 2004); in addition, all combinations with m < 0.9 or m > 1.1, or with R?< 0.85

were considered poor.
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6. Results

6.1. Microclimate inside screenhouses and at the open field

6.1.1. Air temperature and vapour pressure deficit

In Table 6 are presented the monthly average of daytime mean values (11-17h)
and monthly average of mean daily maximum air temperature (T,r; °C), during 2012
period. In Table 7 are presented the respective values of the above mentioned
statistical parameters for the air vapour pressure deficit (D, kPa), during 2012
period. The presented microclimatic parameters were measured at a height of 1.5 m
above ground, by means of sensors HOBO H8 (5.3.2 above on page 39). The interval
of time period (11-17 h) was selected in order to reveal any differences between the

treatments during the warmer period of the day.

Table 6. Monthly average of daytime mean (11:00-17:00 h, local hour) and monthly
average mean maximum daily air temperature, during 2012 period.

Air Temperature (°C)
Cont IP-13 IP-34 S-36
Month Mean (+Stdv) Max Mean (zStdv) Max Mean (£Stdv) Max Mean (+Stdv) Max
June 326% 20 320 331% 19 325 326* 22 32.0 319* 20 315
July 34.6% 20 36.3 352% 1.7 36.8 34.6% 21 36.2 33.6% 1.9 351

August  33.2% 24 351 33.3% 20 352 329% 25 349 323% 24 342
September 27.7% 3.3 295 27.8% 26 29.6 27.4% 33 29.2 26.9% 32 2838
October  24.6% 0.9 258 245% 09 25.7 242% 09 253 242% 09 25.0

" Means with different superscript letters within the same line are statistically
significantly different (a=0.05)

Table 7. Monthly mean daytime (11:00-17:00 h, local hour) and monthly mean
maximum air vapour pressure deficit (kPa; Max), during 2012 period.

Dair (kPa)
Cont IP-13 IP-34 S-36
Month Mean (+Stdv) Max Mean (+Stdv) Max Mean (£Stdv) Max Mean (+Stdv) Max
June 3.61% 07 3.94 358% 07 3.91 3.44% 07 3.76 3.28° 06 3.61
July 4.00* 0.7 4.66 4.02* 0.7 4.66 3.83* 06 4.47 356° 07 4.21

August 3.47% 0.8 4.15 3.45% 08 4.19 3.38% 0.8 4.13 3.34% 09 4.15
September 2.07% 0.8 256 1.99% 09 254 197*% 09 251 1.92% 08 248
October 1.58% 02 1.88 1.50% 0.2 1.81 1.48?% 02 177 1.48%* 01 1.72

" Means with different superscript letters within the same line are statistically
significantly different (a=0.05)
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The observed differences of air temperature (Table 6) and vapour pressure
deficit (Table 7) were not statistically significant. As it can be seen, the screenhouse
IP-13 was warmer than the open field about 0.21 °C (by on average from June to
October), unlike the IP-34 and S-36 screenhouses that were cooler than the open field,
by 0.23 °C and 0.78 °C, respectively. About the same values of differences between
inside and outside the screenhouses were measured for the monthly average of the
mean daily maximum Ty i.e., 0.21, -0.21 and -0.80 °C for 1P-13, IP-43 and S-36,
respectively. The Dy, inside screenhouse IP-13 was about equal to the ambient D,
(0Dair in-out = -0.02 kPa), while lower as compared to the ambient D,;- by 0.11 and 0.21
kPa, inside IP-43 and S-36 screenhouses, respectively. Finally, no statistically
significant differences were revealed between the four treatments, for the respective
parameters, for diurnal (08:00-20:00) or daily (24 h) intervals, respectively (data not

shown).

Figure 12. Evolution of inside-to-outside: air temperature differences (figure A; °C)
and air vapour pressure deficit differences (figure B; kPa), for the screenhouses IP-13
(squares), 1P-34 (diamonds) and S-36 (triangles), during experimental period 2012.
On the left vertical axes of each figure is presented the ambient (circles) condition: (i)
air temperature and (ii) vapour pressure deficit, respectively. Data points are weekly
averages of mean daytime (11:00 — 17:00 h; local hour) values of air temperature and
vapour pressure deficit. Dashed red lines represent the zero axes for the inside to
outside air temperature and air vapour pressure deficit differences and for ambient air
vapour pressure deficit.

In Figure 12 are presented the evolution of the weekly averages of daytime
mean (11:00 — 17:00 h; local hour) values of the inside to outside T, differences
(Figure 12 A; °C) and Dy, (Figure 12 B; °C) for the screenhouses IP-13, IP-34 and S-

36. On the right vertical axes are presented the ambient air temperature and air vapour
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pressure deficit in Figure 12 A and B, respectively, during experimental period 2012.
The presented microclimatic parameters were measured at a height of 1.5 m above
ground. The highest values of the weekly average of mean daytime (11:00-17:00 h,
local hour) ambient air temperature were recorded on July 9 (35.8 °C) and on August
6 (35.9 °C), while only after September 10 the value decreased bellow 30 °C. The
screenhouse enclosure seems to be cooler than the ambient in the case of the heavy
shaded screenhouses (IP-34; S-36), while only after September 10 screenhouse 1P-13
managed to be cooler than the ambient. Screenhouse IP-13 was warmer (0.4-0.9 °C)
than the ambient from the commence of the experimental period until 23 of July
(DAT 79), while IP-34 had about the same air temperature as the ambient. The air
vapour pressure deficit inside the IP-34 and S-36 screenhouses was lower than the
ambient during the entire experimental period, while inside IP-13 was about equal to

the open field and only after mid-August became lower than the open field.

Figure 13. Daily (24 h) evolution of (i) inside to outside air temperature difference
(left; 0T4r; °C) and (ii) inside to outside vapour pressure deficit difference (right;
0D,ir; kPa) for the screenhouses (IP-13: squares; IP-34: diamonds; S-36: triangles).
On the left axis are presented the ambient (Cont, circles) air temperature (left; T;; °C)
and vapour pressure deficit difference (right; Dgir; kPa). Each data point is the mean
of six (6) measurements (20-25 August, 2012). Vertical bars stand for the 95%
confidence intervals.

In Figure 13 are presented the daily evolution of: (i) inside-to-outside air
temperature difference (6Tar; °C) and (ii) inside-to-outside vapour pressure deficit
difference (0D4ir; kPa) for the screenhouses (IP-13: squares; IP-34: diamonds; S-36:
triangles). Moreover, the air temperature (T, °C) and the vapour pressure deficit
(Dair; kPa) at the open field treatment (Cont, circles) are also presented. The

measurements had been conducted by means of aspirated psychrometers during the
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measurement period for the screenhouse ventilation rate determination (5.3.4.1, on
page 46). The hottest part of the latter period (20-25 August, 2012) is presented in
order to investigate the microclimate of the enclosures under harsh summer
conditions. Each data point is the mean of six (6) measurements.

During the daytime interval between 08:00 and 20:00 the air inside screenhouse
S-36 was steadily cooler than the ambient by on average 0.49 °C. Inside the insect
proof screenhouses IP-13 and IP-34, between 08:00 and 14:00 h, the air was warmer
by about 0.33 °C and 0.10 °C, respectively. Only after 14:00 until 20:00 the air
became cooler than the ambient by 0.20 °C and 0.54 °C, inside IP-13 and IP-34,
respectively. The maximal positive dT, was 0.3, 0.57 and 0.09 °C for the IP-13, IP-
34 and S-36 screenhouses, respectively, recorded at 11:00 h and 08:00 h for the insect
proof screenhouses and the shade screenhouse, respectively. During daytime, the
greater reduction of air temperature was observed at 16:00 h inside screenhouse S-36
(-0.78 °C) and at 18:00 h inside IP-13 (0.25 °C) and IP-34 (0.64 °C) screenhouses.

Table 8. Average of daytime (11:00-17:00 h, local hour) mean and max air
temperature (Tqr; ‘C) and vapour pressure deficit (Dair; kPa) over 6-day intervals.

[0}
T,(C) D,, (kPa)

Period Treatment Mean . +Stdv Max Mean . +Stdv Max
o Out 3433% 187 36,382 382% 055 4552

2(01 2)5 IP-13 3437% 185 36,222 363* 050 4,30°
Aug '2012 IP-34 34,35% 127  36,08° 3,70° 054 4,342
' S-36 33,67% 123 3562° 356% 046 425"

nd Out 31,85% 266  33,67° 326% 071 3592
2(2 3)1 IP-13 31,74* 260 32,68° 304%° 066 333%
Aug, 2012 IP-34 3152% 271  3252° 306° 068 339%
' S-36 31,23%° 256  32,06° 301* 065 3,30°

rd Ut ] y y y ] ]

0 27.46% 051  31,77° 206% 011 3,062
(f 6) IP-13 27.46% 047  31,68° 1,90 0,09 283%
Sept '20 1 IP-34 2737% 053  31,37° 1,89 0,10 2,80°

S-36 27,03% 051  30,98° 1,89% 0,10  2,79"°

[1] .
Mean values calculated as the average of the mean diurnal (11:00-17:00, local
time) temperature and the respective standard deviations.

*” Means with different superscript letters within the same column are statistically
significantly different (a=0.05)
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In Table 8 are presented the average values of daytime (11:00-17:00 h, local
hour) mean and max air temperature (Tqir; 'C) and vapour pressure deficit (Dair; kPa)
over 6-day intervals. The measurements had been conducted by means of aspirated
psychrometers during the measurement period for the screenhouse ventilation rate
determination (5.3.4.1, on page 46). About the same results as these presented by
Table 7 are also observed in Table 8. In all period intervals, the S-36 screenhouse was
slightly cooler than the ambient and the insect proof screenhouses, while the vapour

pressure deficit inside the enclosure was lower than the ambient.

6.1.2. Airto crop temperature and vapour pressure deficit differences

In Figure 14 is presented the daily (24 h) evolution of: (i) air temperature (Tq;
°C) (ii) canopy temperature (T¢; °C) and (iii) inside to outside canopy temperature
differences (right; 0T¢inou; “C) Of the crops inside screenhouses (IP-13; IP-34; S-36)
and at the open field treatment (Cont), from 20 until 25 August, 2012. As it can be
seen the canopies of the protected crops are cooler as compared to the canopy of the
open field crop during the daylight period (08:00-20:00 h) by on average 3.34 °C,
2.35 °C and 1.92 °C, for the crop canopy inside screenhouse IP-13, IP-34 and S-36,
respectively. The lower heat loads (NIR radiation) incident on the canopy surface of
the covered crops, along with their transpiration rates as compared to the respective of
the open field crops should be the cause of the recorded lower canopy temperatures
inside screenhouses.

Accordingly, the canopy-to-air temperature difference is significantly lower
inside the screenhouses, unlike at the open field (Figure 15). The average value of
OTc.air Was -1.69 °C, -2.53 °C, -0.76 °C and +0.78 °C, for IP-13, IP-34, S-36 and Cont,
respectively. During the period between 15:00 and 19:00 the OTc.air of S-36 was
statistically significantly greater than the T4 Of the insect proof screenhouses. The
incident NIR inside IP-13 was greater (Table 10, on page 65) than the respective
inside S-36 and seems like a logical expectation the recorded T, and T inside the S-
36 would be lower than the moderate shaded enclosure of IP-13 screenhouse. But the
recorded values were absolutely reversed i.e., Tcand T, for the S-36 were greater as
compared to the respective values of IP-13 screenhouse. The grate values of diffused
NIR inside the screenhouse (Table 12,0n page 69 and Table 13, on page 70), unlike

the shade screenhouse could probably ascribe to the greater decrease of the dTc.air
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inside the former screenhouses as compared to the respective decrease inside the

shade screenhouse (S-36).

Figure 14. Daily (24 h) evolution of: (i) ambient air temperature (T,; °C; left & right;
orange-solid line), (ii) canopy temperature (left; T.; °C) and (iii) inside-to-outside
canopy temperature differences (right; 6Tcinou; C) Of the crops inside screenhouses
(IP-13: squares; IP-34: diamonds; S-36: triangles) and at the open field treatment
(Cont, circles). Each data point is the mean of six (6) measurements (20-25 August,
2012). Vertical bars stand for the 95% confidence intervals.

Figure 15. Daily (24 h) evolution of (i) canopy-to-air temperature difference (left; oT..
air; C) and (ii) canopy to air vapour pressure deficit (right; Dc.air; kPa) inside
screenhouses (IP-13: squares; IP-34: diamonds; S-36: triangles) and at the open field
treatment (Cont, circles). Each data point is the mean of six (6) measurements.
Vertical bars stand for the 95% confidence intervals.

About the same rank as for the 6Ty Was revealed for the canopy-to-air vapour
pressure deficit (Dc.qjr; KPa; Figure 15), from 20 until 25 August, 2012. During
daytime period between 10:00 and 18:00 the D at the open field was on average
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3.13 kPa and statistically significantly deferent than the respective values of Dc.ir
inside the screenhouses (IP-13: 2.04 kPa ; IP-34: 1.60 kPa ; S-36: 2.36 kPa).
Significant differences of the Dc.ir Were observed between the insect proof
screenhouses (Dc.air-1pscr) @and the shade screenhouse (Dc.air-s-36) during the time period
between 14:00 and 18:00 h; Dc.air-ipser= 2.19 kPa and D¢_air-s-36= 2.78 kPa.

6.1.3. Irradiance regime
6.1.3.1. Total solar radiation and its diffuse component
6.1.3.1.1. Incident solar energy above crops

In Table 9 is presented the monthly average value of daily integrals of the
incident total solar energy (MJ m™? d™), together with the corresponding daily average
values of diffuse fraction of the total solar radiation, during experimental period 2012.
The hemispherical transmittance of the screenhouse (ratio of inside:outside daily
integral of the incident total solar energy) was 0.75, 0.61 and 0.62 for screenhouse IP-
13, IP-34 and S-36, respectively. Insect proof screenhouses enhanced their radiative
environment with greater amounts of diffuse radiation compared to the screenhouse
covered with the plain shade net. The average values of the diffuse fraction of solar
radiation during July, August and September were 0.66, 0.62 and 0.40 for IP-13, IP-

34 and S-36 screenhouse, respectively.

Table 9. M%nthlly averages of daily integral values of incident global solar radiation
(Re; MI m~ d ) inside screenhouses IP-13, IP-34 and S-36 and at the open field,
during experimental period 2012. In the parenthesis are the daily average values of
diffuse fraction of total solar radiation (f — Rg.giti)-

Cont IP-13 IP-34 S-36

e 4 NG RS RS 4
Month MIm d) (MIm d) (MIm d) (MIm d)
May 19,48° 14,53 11,68° 12,28"
June 28,26 21,15" 16,92° 17,84°
July 25,62° 18,75" (0,63)  1541° (0,58)  1598° (0,39)
August 22,08" 16,30" (0,69)  1352° (0,65)  13,64° (0,41)
September  17,07° 12,87" (0,66)  10,62° (0,63)  10,31° (0,40)
October 11,32° 8,89" 7,24° 6,90°

In Figure 16 are presented the evolution of the total (beam+diffuse) and diffuse

solar radiation energy (W m™; 310-2800 nm) inside screenhouses (IP-13, IP-34 and S-
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36) and the total solar radiation (310-1100 nm) at the open field, during sequential
representative summer days of experimental year 2012. Moreover, the diffuse fraction
(ratio diffuse to total radiation) of total solar radiation inside screenhouses is also
presented during the same period. The shape of the curves that stand for the diurnal
evolution of the diffuse fraction of radiation are in agreement with the reported curves
by Jones, (2014).

Figure 16. Upper row: Daily evolution of global solar radiation (Rg; W m) at the
open field (solid lines and solid symbols; 310-2800nm). Lower row: Daily evolution
of diffuse fraction of global solar radiation (f-Rg g4ir) (dashed lines and open symbols;
310-2800nm) inside screenhouses (IP-13: squares; IP-34: diamonds and S-36:
triangles). The presented values are from measurements during three representative
summer clear sky days of August 2012; 13" for IP-13, 14™ for S-36, and 15" of
August for and IP-34. Dashed-dotted lines represent the best fitted regression line for
a local time period for each day between 11:30 and 16:30.
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6.1.3.2. Spectrum quality of screenhouse solar radiation
6.1.3.2.1. Screenhouse transmissions

In Table 10 are presented the spectral transmissions of the screenhouses (IP-13,
IP-34 and S-36) during the two experimental periods (2011-2012). The selected
wavelength band ranges were (i) Total (350-1100nm; T), (ii) PAR (400-700nm; P),
(iii) NIR (700-1100nm; N), (iv) Blue (400-500nm; B), (v) Green (500-570nm ; G),
(vi) Red broad band (600-700nm; Ry), (vii) Red narrow band (Rpa, 655-665 nm),
(viii) Far-Red broad band (700-800 nm; FRy,), (ix) far-red narrow band (FRpa, 725-
735 nm) and (x) near-infrared (800-1100 nm; N).

Table 10. Values of screenhouse (IP-13; IP-34 and S-36) spectral transmissions for
the Total waveband (350-1100 nm; T), the PAR (400-700 nm; P), the NIR (700-1100
nm; N), the Blue (400-500 nm; B) wavebands, during period 2011 and 2012.

Year Treatment T % B G R, PR~ R R N

nar

IP-13 0,82% 0,807 0,78% 0,81% 0,82 0,83% 0,82% 0,84% 0,842
= 1p-34 0,63° 0,61° 0,58° 0,61° 0,63° 0,65° 0,63 0,66° 0,67°
~ 536 0,68° 0,64° 0,64 066° 0,64° 066" 0,63° 0,68° 0,72°
. P13 0,76% 0,75% 0,79% 0,73* 0,75% 0,77% 0,79% 0,77 0,782
= IP-34 0,60° 057" 0,64° 0,554° 0,57° 0,61° 0,62° 0,60° 0,62°
Y 536 0,65° 0,62° 0,69° 0,63° 0,63° 062" 0,64° 061" 0,65"

ab.¢ \/alues followed by a different superscript letter within the same column are
statistically significantly different (a=0.05).

6.1.3.2.2. Light quality parameters of total diffuse and direct solar radiation

In Figure 17 are presented the spectra of: (i) total (beam+diffuse; b+d) solar
radiation (Figure 17; A) and the respective transmittance (t,.4 ) of the screenhouses
(Figure 17; B). Moreover, are presented the spectra of the diffuse and direct
components of the solar radiation (Figure 17; C and D, respectively) along with the
diffuse ratio (z4;r) and the transmittance (Figure 17; E) of the direct component
(Tp+q ) OF solar radiation (Figure 17; F) of each screenhouse. The data are from a
solar noon measurement on August 14, 2012.

Screen IP-34 and shade net S-36 presented about the same Nominal Shade
Factor when determined in the lab (IP-34: 0.34; S-36: 0.36) (Table 2; on page 32).
The spectra of the shade net S-36 presented a pick at 475nm, enriching the radiative
environment of the enclosure with green light that was radiated from its threads

(Figure 17; A). Dissimilarly, the anti-insect screens (IP-13 and IP-34) as neutral
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colored did not present such picks that indicate spectral modification of the incident
solar radiation. Moreover, they enhanced the scattering of the incident solar radiation,
enriching the underneath radiative environment with greater amounts of diffused solar
radiation energy per nm across the entire spectrum 350-1100 nm (IP-13) or from 497
up to 1100 nm (IP-34) (Figure 17; C and D), unlike the S-36 shade net. As it can be
seen in Figure 17 (E), the IP-13 screenhouse presented the greatest 7, across the
spectrum 350-1100 nm, followed by IP-34, while S-36 screenhouse presented the
lowest 7,4;¢ values. The rate of increase (slopes of regression best fit lines y=ax+b) of
the 74 of the insect proof screenhouses were about the same (IP-13: 38.8 10 IP-
34:38.5 10™) and about 77% greater than the corresponding rate of screenhouse S-36
(21.8 10™). The diffuse ratio was increasing with the increase of the wavelength,
which is not in agreement with the results reported by Pearson et al. (1995) on trials
with cladding greenhouses materials. The latter authors quoted that **scattered
radiation decreased with wavelength™. Moreover, the 7,4;r of screenhouse IP-13 was
steadily higher across the entire spectrum about 0.40 when compared to the 74 of
screenhouse IP-34. The shade net (S-36) decreased the diffuse fraction of the PAR
across its entire spectrum by 0.26 (-26%) (shaded area on Figure 17; E), while the IP-
34 screen decreased diffused PAR only across 400-496 nm by 0.15 (violet and blue
regions of the spectrum), unlike across the remaining PAR spectrum (497-700nm)
where its diffused component was increased by 1.37 on average. Unlike g4/, the
transmittance of the direct component of irradiance was steady across the entire
spectrum (350-1100 nm) (Figure 17; F) been on average 0.47, 0.36 and 0.58 for
screenhouses IP-13, 1P-34 and S36, respectively.
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Figure 17. Spectra of: (A) total (beam+diffuse; b+d) solar radiation, (B) diffuse
component of solar radiation, (C) screenhouse transmittance and (D) diffuse ratio
(diffuse in : diffuse out) inside screenhouses (IP-13: red/dashed line; IP-34: blue/thin
line and S-36: green/dotted line) and at the open field (Outside: orange/thick line).
Measurements were conducted at around solar noon (x 30min) on representative
summer day (August 14, 2012), for waveband intervals of 1nm. In figure (D) the
straight lines are the best fit regression lines.
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In Table 11 are presented selected quality parameters for the total
(beam+diffuse; b+d) solar radiation inside screenhouses (IP-13; IP-34; S-36) and at
the open field (Cont), on experimental periods 2011 and 2012. Values presented are
average values of measurements around solar noon (£ 30 min) during 5 and 3

representative summer days, on 2011 and 2012, respectively.

Table 11. Values of light quality parameters for the total (beam+diffuse; b+d) solar
radiation inside screenhouses (IP-13; IP-34; S-36) and at the open field (Cont), on
experimental periods 2011 and 2012. The presented values are average values of
measurements conducted around solar noon (£ 30 min).

Year Treatment C R:FR B:R B:FR P:T P:N G:R

Cont 127 125° 106" 132° 058" 1,39 081"
< IP-13 126 123" 1,02° 125" 058" 1,34 080°
& IP-34 122" 118" 098" 116° 056° 1,24 0,78°

S-36 125° 1,06° 1,08 125° 056° 1,24° 0,85

Cont 127 127 1,07° 136° 059° 143° 081"
N |P-13 1,24 125" 101° 1,26° 058 1,37° 079°
& IP-34 123° 123° 095" 116" 056° 127° 077"

S-36 124 118° 111 131" 056° 1,.28° 084°

2b.¢v/alues followed by a different superscript letter within the same column are
statistically significantly different (a=0.05).

In Table 12 are presented the values of the ratio diffuse:(beam+diffuse) of the
solar radiation across selected wavelength bands, inside the screenhouses and at the
open field. The values are mean daily values of measurements during 3 representative
summer days on 2012; July 25, August 14 and September 4. In each day
measurements were conducted in 2 hours intervals around solar noon i.e., at 09:30,
11:30, 13:30, 15:30 and at 17:30 local hour. The diffuse component of solar radiation
inside screenhouse IP-13 was significantly greater than the respective inside
screenhouse IP-34, followed by that of shade screenhouse (S-36). Across the total
waveband range (T; 350-1100 nm) the values for the diffuse radiation are slightly
decreased (on average 6.5%) inside the insect proof screenhouses (IP-13 and IP-34)
and significantly decreased (27%) inside screenhouse S-36, as compared to the values
presented in Table 9 (on page 63). The values of Table 9 are from measurements
conducted between 08:00 and 20:00. During the initial morning (08:00-09:00; local
hour) and the last evening (19:00-20:00; local hour) hours the diffuse fraction of solar

radiation at the open field and consequently inside screenhouses is extremely
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increased (0.75-0.85 for all screenhouses) (Figure 16; on page 64). Measurements of
diffuse solar radiation by means of the spectroradiometer during that part of the day
were not available and thus not included in results presented in Table 9. The latter
could be the explanation to the differences between the diffuse fraction of global and
Total (350-1100nm) radiation presented in Table 9 (on page 63) and Table 12
(below). Furthermore, the different instruments (pyranometer vs spectroradiometer)
deployed for each measurement procedure could be an additional factor that
contributes to the decrease of the respective fraction in Table 9 (on page 63). Diffused
PAR was significantly increased inside the insect proof screenhouses (IP-13: 0.62 and
IP-34: 0.56) as compared to the diffused PAR at the open field (0.22), unlike inside

the shade screenhouse (S-36) where it was slightly increased (0.28).

Table 12. Fraction of diffuse:(beam+diffuse) solar radiation (fgif), across selected
wave length bands. Data presented are mean daily values of measurements during 3
representative summer days; July 25, August 14 and September 4, on 2012 period.
Values presented are mean daily values of data as measured in 2 hours intervals
around solar noon i.e., at 09:30, 11:30, 13:30, 15:30 and at 17:30 local hour, on each
measurement day.

faif
Treatment  TU ptH B G R™ FR™ N
Cont 017" 022 030" 021° 014" 012° 0,10°
IP-13 059° 062" 065" 062° 059° 058" 057"
IP-34 055"  056° 058" 055 054° 054" 054°
S-36 027° 028° 038 029° 020° 022° 024°

I T (350- 100 nm); P (400-700 nm); B (400-500 nm); G (500-570 nm)

21: R (600-700 nm); FR (700-800 nm); N (700-1100 nm)

abed: \zalues followed by a different superscript letter within the same column are
statistically significantly different (a=0.05).

In Table 13 are presented values of light quality parameters for the total
(beam+diffuse; b+d) and the diffuse (d) component of the solar radiation inside
screenhouses (IP-13; 1P-34; S-36) and at the open field (Cont), during experimental
period 2012. Data presented are average values of mean daily values of measurements
during three representative summer days; July 25, August 14 and September 4. In the
total (b+d) solar radiation, the phytochrome related ratios ({; R:FR) were slightly, but
statistically significantly reduced under screens, with the R:FR seemed more sensitive
and been more reduced inside the heavy shaded screenhouses (IP-34 and S-36). The

reduction of the cryptochrome related ratios (B:R and B:FR) were also statistically
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significant inside all screenhouses, except for the B:R ratio inside S-36 screenhouse
that was greater compared to the ambient. The B:R ratio was found increased about 8
and 11% for 2011 and 2012, respectively, inside the green screenhouse (S-36) as it
was compared to the neutral colored screenhouses IP-13 and IP-34. The P:T and P:N
ratios were also significantly reduced inside screenhouses, presenting the lowest

values inside the heavy shaded screenhouses (IP-34 and S-36).

Table 13. Values of screenhouse spectral transmittances (zy4q), diffuse ratio (z4;5)
and light quality parameters for the total (beam+diffuse; b+d) and the diffuse (d)
component of solar radiation inside screenhouses (IP-13; IP-34; S-36) and at the open
field (Cont), on experimental period 2012. The measurements took place at 2 hours
intervals around solar noon i.e., 9:30, 11:30, 13:30, 15:30 and 17:30.

T p ] B [l G
Treatment 7,9 Tar™ T4 Ta Thed  Tdif Thed  Tdif
IP-13 0,72° 288" 071" 224" 069" 158° 071" 2,39°
IP-34 058" 212° 055" 155 052° 1,04° 056° 1,68
S-36 061° 1,06° 059° 082° 060" 077° 059° 0,85
R 12] FR 12] N 12]
Th+d Laif Tob+d  Ldif To+d  Ldif
IP-13 0,73 361" 073" 429" 074" 501°
IP-34 058" 262" 060" 327" 062" 3099°
S-36 057" 091° 061" 135° 065 1,89°
R:FR P:T P:N
O+d® @) (O+d (@ (+d (@ (b+d) (d
Cont 127" 143" 125" 150° 058" 076" 140" 321°
IP-13 126 128" 124" 126° 057" 059° 1,34° 146
IP-34 123° 1,23 121° 120" 056° 056" 125° 1,27
S-36 124 124" 116° 103° 056° 059° 1,25° 1,43
B:R B:FR B:P G:R
(b+ db) (Ol)a (b+ S) (Ol)a (b+ Sl) (Ol)a (b + S) (Ol)a
Cont 1,04° 246° 131° 370° 033" 048" 080" 1,27
IP-13 099° 1,10° 1,23° 1,40 032° 034" 078" 0,82°
IP-34 093" 100" 123" 121° 031° 033" 076" 078"
S-36 1,10° 208" 128" 213" 034" 045" 084" 122"

Mand ¥ as in Table 12. ! ¢, . 4: Transmittance of beam+diffuse solar radiation across

a wavelength band. 4] Tqif - diffuse ratio of screenhouse enclosure.

I (b+d): beam+diffuse radiation and '°! (d): diffuse component of the solar radiation
a0.¢.d- v/alues followed by a different superscript letter within the same column are
statistically significantly different (a=0.05).
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In the diffuse fraction (d) of solar radiation the { and R:FR ratios were not
significantly altered as compared to the total (beam+diffuse) radiation inside all three
screenhouses, which is in agreement with the findings of Shahak et al. (2004b). The
B:R ratio of the diffuse component inside S-36 was about the double as compared to
the insect proof screenhouses (IP-13 and IP-34). The increase of the latter ratio inside
the S-36 screenhouse could probably be ascribed to the greater energy across the
green wavelength band and the simultaneous decreased energy across the red (R), as
originated by the optical properties of the shade net S-36. About the same behavior
was recorded for the B:FR ratio, while no significant alternations were recorded in
P:T and P:N ratios of the diffuse components as compared to the total (beam+diffuse)

solar radiation inside all three screenhouses.
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6.2. Transpiration of sweet pepper crop under screenhouse conditions

6.2.1. Screenhouse and Outside Climate Characteristics

The data selected for analysis in this section correspond to sunny days of
August and September 2011. The mean values of the daily solar radiation integral and
the mean daily values of outside climate parameters (averaged over 8 — 20 h local
time) during the period of August and September are given in Table 14. Furthermore,
the average values of the daily solar radiation integrals in the three screenhouses
during August and September are presented in Table 15 along with the mean daily
values (averaged over 8 — 20 h local time) of air vapour pressure deficit in the three

screenhouses.

Table 14. Daily average values (period 8 h — 20 h local time) of the outside climatic
variables during August and September 2011.

aRs,out Tout (°C) Dout (KPa) Uout (M 3-1)
Month (MIm?day’) Mean +Stdv Mean = Stdv Mean =+ Stdv
August 22.43 29.1 +1381 227 £0.42 2.37 +£0.60
September 17.46 26.3 +3.46 183 +0.72 2.13 +£0.43

% Rs out, OUtside global radiation (MJ m™ day™); Tou, outside air temperature (°C);
Dout Vapour pressure deficit (kPa); uoy outside wind speed (m s™).

Table 15. Mean values of daily solar radiation integrals (Rs) and of vapour pressure
deficit (Dair) over 8 h - 20 h, in the three screenhouses during the period of
measurements (2011).

*Rs (MJ m? day™) ® Dir (kPa) (Mean + Stdv)

Month IP-13  IP-34 Sz IP-13 IP-34 Sa6%

August 18.14 1434 1549 2.32+0.41 2.25+0.37 2.23+0.32
September 14.02 11.17 12.07 1.90+0.71 1.83+0.67 1.79+ 0.65
2 Rs, screenhouse solar radiation integral (MJ m day™); Dair screenhouse air vapour
pressure deficit (kPa).
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6.2.2. Crop Transpiration Modelling

The relation between AE and Rs measured under the three screenhouses and
outside is shown in Figure 18. It can be seen that AE presented similar relation with
Rs in all treatments. Linear regression of AE and Rs revealed that the slope of the
regression line between the above variables was between 0.15 and 0.17 (Cont, IP-13,
IP-34: 0.80<R?<0.84; S-36: R?= 0.70).

Figure 18. Covariation between transpiration rate and solar radiation observed under
the three screenhouses and outside.

A statistical regression between the data (hourly average values) of pepper crop
transpiration rate (W m) and R, (W m™), D (kPa) and LAI was performed and gave
the results presented in Table 16. It has to be noted that for the calibration of eq. 13:
Tr; =AE = AR; + BD (eq. 14 and eq. 15), data of more than two days per

treatment have been used.

Table 16. Values of the coefficients o and B of the simplified model of the P-M
equation (eq. 14 and eq. 15).

a (Wm?) B (kPa™)
Treatment Estimate  St.Error (+)  Estimate  St.Error () PIR?
Cont 0.248 0.012 12.8 15 0.99
IP-13 0.223 0.015 3.1 0.7 0.98
IP-34 0.199 0.017 49 1.4 0.97
S-36 0.243 0.011 1.7 0.9 0.97

[UR? coefficient of determination.
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Table 16 shows that the values of radiative term o were found to be higher for
the open field and the S-36screenhouse crop while the lower values were observed
under the IP-13 and IP-34 screenhouses. Furthermore, the advective part of the
Penman-Monteith equation was high under the open field crop (B=12.8 W m? kPa™)
and the S-36screenhouse (B= 7.7 W m kPa™) and low under the IP-13 (3.1 W m™
kPa™) and IP-34 (4.9 W m™ kPa™) screenhouses. The higher values of B observed
under the S-36 screenhouse compared to the IP-13 and IP-34 screenhouses could be
attributed to the higher values of g, under the above treatments, since it is considered
that the air velocity under the S-36 screenhouse will be higher than the IP-13 and IP-
34 screenhouses due to differences in their porosity. Furthermore, it is expected that
ga Will be higher under open field conditions than under the screenhouses due to the
effect of the screen on air velocity reduction.

6.2.3. Model Validation
The values of the o and § parameters shown in Table 16 and the eq. 13, eq. 14

and eq. 15 were used for the estimation of AE in the three screenhouses and outside
during periods different than those used for the calibration of eq. 13. Comparisons
between measured and estimated values are presented in Figure 19 (on page 75). It
can be seen that there is good agreement between measured and estimated values of
transpiration rate for all treatments. The residuals with respect to solar radiation and
air vapour pressure deficit were found to be distributed randomly (results not shown)
which means that the influence of the climatic variables R, and D was correctly taken
into account by the model.

Using eq. 13 and the values of a and B shown in Table 16, it can be seen that
for a crop with LAI of about 2, R, of 500 W m™ and D of 2.5 kPa AE is about 37%
lower under the IP-13 and IP-34 screens than outside or about 18% lower under the S-
36screen than outside and consequently, a similar reduction of crop water
consumption under the above screens is expected.

The good agreement between the measured and estimated values of crop
transpiration rate shows that it is possible to use the simplified Penman-Monteith
formula for the irrigation scheduling of screenhouse pepper crop cultivated in

Mediterranean climate conditions.
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Figure 19. Comparison between measured and estimated values of crop transpiration
rate under the three screenhouses and outside. (a) open field, (b) IP-13 screenhouse,

(c) IP-34 screenhouse, (d) S-36 screenhouse. Continuous line: measured values,
discontinuous line: estimated values.

6.2.4. Canopy conductance

The evolution of the diurnal variation of crop stomatal conductance in the
three screenhouses and outside during selected days on both periods (2011 and 2012)
is presented in Figure 20. For the 2011 period the selected days were 25 September
for the outside treatment and 29 September for the three screenhouses. It can be seen
that the crop stomatal conductance values under screenhouse conditions were similar
or higher (IP-13) than the values observed for the open field crop. The mean daily
values of the crop stomatal conductance observed for the period 10:00-17:00 during
the selected day under the IP-13, IP-34 and S-36 screenhouses were 4.5 mm s, 3.0
mm s, and 2.7 mm s, respectively, while the respective value under open field was
3.7 mm s™. It appears that although the crop temperature, and accordingly the canopy

to air vapour pressure deficit, were lower under screenhouse conditions, the crop
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stomatal conductance was not increased under shading indicating that the crop might

still be under stress conditions even below shading.

Figure 20. Diurnal evolution of canopy stomatal conductance (g.; kPa K™) inside
screenhouses (IP-13: squares; IP-34: diamonds; S-36: triangles) and at the open field
(Cont: circles). Left: 2011 period (25 September for the outside treatment and 29
September for the three screenhouses) Right: 2012 period. Data points are the mean
value of 12 days measurements (August 20-31, 2012). Vertical bars stand for the 95%
confidence intervals.

For the 2012 period hourly averages of twelve days were calculated for each
treatment. Unfortunately there was no available lysimeter for the outside treatment
and therefore crop stomatal conductance was not calculated and presented in the
figure. The mean diurnal values of the crop stomatal conductance observed for the
period 08:00-20:00 during the selected days (20-31 August, 2012) under the IP-13,
IP-34 and S-36 screenhouses were 3.12 mm s*, 2.55 mm s*, and 2.50 mm s,
respectively. The values of 2012 period were lower as opposed to that of 2011 period,
which could be attributed to the different period of year that measurements had been
conducted; 2011 — end of September, 2012 — twelve last days of August. Harsh
summer climatic conditions had been passed for the 2011 period case and therefore,
higher values of canopy stomatal conductance had been recorded, unlike the end-

summer period of measurements for the case of 2012 period.
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6.3. Ventilation rate determination in screenhouses

6.3.1. Air flow characteristics of porous screens

In Figure 21 are presented the pressure drop against air velocities from the wind
tunnel tests. In the wind tunnel were tested samples detached from different heights of
the side walls (0.5 and 1.5 m above ground) and from the roof of the screenhouses.
Moreover, new (as if they were just bought from the supplier) samples of the
respective screen were also tested in the wind tunnel. At the figure that presents the
“pooled data” results”, each data point represents the mean value of four
measurements (new, roof, 0.5 and 1.5 m above ground). For comparison reasons the
results from the “new” samples are also presented next to the “pooled data” figure. A
slight departure from the pressure drop pattern of the new samples of IP-13 screen
was observed as opposed to the IP-34 screen respective samples. However, the
statistical analysis results revealed that the differences between the insect proof
screens were not significantly (a=0.05) and therefore the insect proof data could be

pooled without great error.

Figure 21. Pressure drop (AP; Pa) and upstream velocity (u; ms™1) during wind
tunnel tests of the insect proof screens (IP-13: squares; IP-34: diamonds) and the
shade net (S-36: triangles). Left: pooled data from tested samples cut off from
different locations of the screenhouse cover; each data point is the mean of four
measurements; vertical bars stands for the 95% confidence intervals; curved lines
represent the best fit regression lines for the insect proof screens (IP-13: dashed line;
IP-34: continuous line) and the shade net (S-36: dotted line). Right: New samples of
insect proof screens and shade net.
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The mean estimated values of Inertial factor (Y) and permeability (K; m?) of
the covering screens that were estimated by fitting the data of AP and u, measured in
the wind tunnel, into eq. 21 ((u/K)u+p(Y/KY?)ulu= aP/dx) using
Marquardt’s algorithm (Marquardt, 1963), are presented in Table 17.

Table 17. Estimated values (95% confidence) of the Inertial factor (Y) and
permeability (K; m?) of the covering screens.

Screen [Mpn Bl By Bl B2 Bkx1p® By Bl [FlaAxx10™

Blps 56 1.277 3.019 0583 0.99 2.93 0.210 0.46 4.80
S-36 28 0.444 0.742 0.787 1.00 19.8 0.065 0.63 8.00

U number of measurements; “la,b,c: coefficients of the best fit regression lines
(AP = au? + bu + ¢); BIR?: coefficient of determination; “!K: permeability (m?);

Bly: inertial factor; (6. porosity; [MAx: thickness of the screen / net (m); €1 |ps:
Insect proof screens pooled data

In Figure 22 are presented the Pressure drop though screen/net samples against
the product 0.5pu?s~2 for the insect proof screens (IPs; IP-13 and IP-34) and the
shade net (S-36). Each data point represents the mean value of four measurements
(new, roof, 0.5 and 1.5 m above ground). The differences in pressure drop between

the insect proof screens and the shade net are very distinctive.

Figure 22. Pressure drop though screen/net samples against the product 0.5pu?s~2 for
the insect proof screens (IP-13: squares; IP-34: diamonds) and the shade net (S-36:
triangles). Pooled data: tested samples cut off from different locations of the
screenhouse cover; each data point is the mean of four measurements; vertical bars
stands for the 95% confidence intervals (the intervals are extremely narrow and
therefore not visible); curved lines represent the best fit regression lines for the insect
proof screens (IP-13: dashed line; IP-34: continuous line) and the shade net (S-36:
dotted line).
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The discharge coefficient C,, of the screens was estimated by fitting the data of

2 2
AP and u measured in the wind tunnel into eq. 20 (4P = 0.5 ‘;’; =05 8’2’22 =
ds ds
2
0.5 g ) using Marquardt’s algorithm (Marquardt, 1963). The mean estimated values
ds*

of the discharge coefficient C,;; from the different screen samples tested are presented
in Table 18.

Table 18. Estimated values (95% confidence) of the discharge coefficient (Cy5) by
means of eq. 20 for the insect proof (IP-13 and 1P-34) and shade (S-36) screens.

Std. Error
Screen Estimate ) MR? 2l
IP-13 0.991 0.015 0.92 27
IP-34 1.035 0.017 0.91 27
IP screens
(pooled data) 1.013 0.011 0.91 55
S-36 1.262 0.029 0.76 27

[YIR2: Models coefficient of determination
2l4f: Degrees of freedom

In order to test if the C;, values of the two insect proof screens were statistically
different, the t-test was used (Dagnelie, 1986):

1.03-0.99
1/(0.017)2+(0.015)2

eq. 30: t = = 1.97 < 2.00 (to.05:54)

The t value estimated (1.97) was lower than 2.00, which is the corresponding t-
value for 95% of confidence and 54 degrees of freedom (the sum of the degrees of
freedom for each fit). Accordingly, the C, values estimated for the two insect proof
screens were not significantly different and thus, the data were pooled and a unique
value was estimated. The C, value estimated by means of eq. 20 was 1.01 (+0.011)
with R? of 0.91.

The corresponding C,,+ values were 0.465 and 0.795 for IP and S-36 screens,

respectively.
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6.3.2. Screenhouse microclimate during ventilation rate determinations
6.3.2.1. Air temperature and vapour pressure deficit

The average daytime (08:00-20:00, local time) mean values of the internal air
temperature (Table 19) in all three screenhouses were about 0.2 °C lower than the
outside air temperature. The maximum air temperature recorded under screenhouse
conditions was about 0.7 °C lower than the corresponding outside. A similar trend
was also observed for the air vapour pressure deficit values (Table 19). The maximum
air vapour pressure deficit values observed in the screenhouses were about 40%

higher than the mean values observed outside during the 12 h period.

Table 19. Average of daytime (08:00-20:00) mean and max air temperature
(Tair; °C) and vapour pressure deficit (D,;,; kPa) over 6-day intervals.

Tair (OC) Dair (kPa)
Period Treatment mean stdev  max mean stdev max
Out 316 152 364 3.2 041 46
(1% IP-13 316 148 36.2 30 038 43
20-25 Aug. IP-34 316 127 36.1 3.1 040 43
S-36 31.1 123 356 29 034 43
Out 29.3 2.08 337 2.7 045 3.6
(2”") IP-13 29.2 201 327 25 043 33
26-31 Aug. IP-34 288 260 320 25 055 33
S-36 289 206 320 25 043 33
Out 275 051 318 2.1 011 31
(3“’) IP-13 275 047 317 19 009 28
1-6 Sept.  IP-34 274 053 314 19 010 28
S-36 27.0 051 309 19 010 28

The diurnal (08:00-20:00, local time) inside to outside air temperature
difference (Figure 23) followed similar trends for all three screenhouses, with the
minimum air temperature difference observed during noon to reach about -0.7 °C and
the minimum vapour pressure difference to reach about -0.4 kPa. The lower vapour
pressure deficit values observed inside the three screenhouses could be attributed to
the enrichment of screenhouse air by air vapour through crop transpiration.
Comparing the three screenhouses, the lower air temperature and vapour pressure

deficit values during the most part of the day were observed in the S-36 screenhouse.
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Figure 23. Diurnal (08:00 — 20:00, local time) inside to outside: (a) air temperature
difference (T,;; °C) and (b) vapour pressure deficit (Dg;; kPa) for screenhouses
IP-13 (triangles), IP-34 (closed squares) and S-36 (open squares) during 2 consecutive
days (30 & 31August, 2012).
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6.3.2.2. Screenhouse air velocity and direction
The wind velocity observed inside the three screenhouses was highly correlated

to that measured outside the screenhouses (Figure 24).

Figure 24. Air velocity inside the screenhouses as a function of the external wind
speed. The figure presents data points from August 25 until 31, 2012, for
screenhouses IP-13 (triangles) and S-36 (open squares). For IP-34 (closed square),
data points represent measurement values from October 26 until November 5, 2012.
Solid lines present the best fit regression line.

It was found that the air velocity measured inside (u;;,) the IP screenhouses was
about 50% lower than that observed under the green shading screen and about 20% of
the outside (u,). The regression lines obtained between inside and outside air velocity

values for the three screenhouses were:

eq. 3L: wyy,,_,, = 0.195 (4 0.007) u, + (2.80 * 10™*) (+ 0.008), with R? = 0.80,
eq. 32: wyy,,_,, = 0.205 (£ 0.007) u, — (1.53 * 10~*)(« 0.008), with R? = 0.82,
eq. 33: Uin,_,, = 0.437 (£ 0.013) u, + (1.04 * 10~*)(+ 0.015), with R? = 0.84,

for IP-13, IP-34 and S-36, respectively. The values given in parenthesis correspond to
the standard error of slope and intercept, respectively. The slope for all cases was
statistically significant (a = 0.05), while the intercept was not statistically significant

and could be excluded without any statistical error. A t-test was performed to compare
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the slope of the correlations for IP-13, 1P-34 and was found that the values were not
statistically different (data not shown), and thus the data from the two screenhouses
were pooled and the new correlation found between inside and outside air velocity for
the insect proof (IP) screenhouses was:

eq. 34: uy,, = 0.201 (+ 0.005) u, — (7 * 10~*)(+ 0.005), with R? = 0.81

The value of the intercept was not statistically significant and can be ignored
without any statistical error.
The wind direction inside the IP-13 and S-36 screenhouses (hourly mean

values) as a function of the external wind direction is presented in Figure 25.

Figure 25. Wind direction inside screenhouses IP-13 (triangles) and S-36 (squares ) as
a function of the external wind direction. The figure presents data points from August
25 until September 15, 2012. Solid lines are 1:1 lines.

It was found that the inside wind direction was correlated with that of the
outside air with data points in S-36 screenhouse uniformly distributed around the 1:1
line. The same type of distribution was less uniform in the case of IP screenhouses,
something that could be attributed to the differences in the texture of the shading and
insect proof screens tested. The IP screens that were denser than the shading screen
seem to affect in a higher degree the wind direction, compared to the less dense
shading screen. The IP screenhouses presented similar relation between the inside and
outside wind direction and that is why the data from 1P-34 screenhouse are not shown.
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6.3.2.3. Crop transpiration

The evolution of the crop transpiration rate in the three screenhouses is shown
for consecutive days (30-31 August 2012) in Figure 26. The higher values of crop
transpiration rate were observed in the screenhouse with the higher transmittance to
solar radiation (IP-13) while the screenhouses with the lower transmittance (IP-34 and

S-36) presented similar values of crop transpiration rate.

Figure 26. Diurnal (08:00-20:00, local time) crop transpiration rate (g m-2 s-1) inside
screenhouse IP-13 (triangles), 1P-34 (closed squares), S-36 (open squares) during 2
consecutive days (August 30 & 31, 2012).

6.3.3. Screenhouse ventilation modelling

In the results presented below, the analyzed data correspond to the main wind
direction of the region (E-SE 115° + 25°). Data from different directions were not
included in the analysis. Moreover, the ventilation analysis was conducted in 30-min
average climate values with stable wind direction, in order to fulfil the steady state
conditions during measurements period.

The volume air flow rate observed during the period of measurements in the two
IP screenhouses was similar with an average daytime value of 0.06 m* m™ s while
the respective values observed in the S-36 screenhouse were about double (0.11 m*m™

2 51 of those observed in the IP screenhouses.
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The hourly mean air exchange rate (N, h™) values observed during the period of
measurements in the S-36 screenhouse and the IP screenhouses (pooled data) are

shown in Figure 27, as a function of the outside air velocity.

Figure 27. Screenhouse air exchange rate (h-1) as a function of measured external
wind speed, during August 30 until 31, 2012. Diamond: pooled data IP-13 and 1P-34,
squares: S-36, closed circle: 8 ha banana screenhouse (Tanny et al. 2006) and open
circle: 0.66 ha pepper screenhouse (Tanny et al. 2003). Solid lines present the best fit
regression line.

The regression lines obtained between the air exchange rate and the outside air

velocity for the two IP screenhouses and the S-36 screenhouse, respectively, were:

eq.35: N;p = 23.8(+3.2) u, + 28.5 (+5.5),withR? = 0.66,
eq. 36: Ng_ss = 66.6 (+ 7.7) u, + 14.4 (+ 13.4), withR? = 0.79

The air exchange rate was ranging between 35-80 h™ and 55-180 h™, for the
case of the insect-proof (IP-13 and IP-34) and the S-36 screenhouses, respectively, for
wind speed values ranging between 1 m s™* and 2.5 m s™. The slope of the regression
line presented above for S-36 is about 2.8 times higher than that of the IP

screenhouses.
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Fitting the measured values of the ventilation flow rate (G,.) for the two type of

screenhouses to eq. 25 (Gg. = ? Cq+/Cw u+ Ggp), Using Marquardt’s algorithm

(Marquardt, 1963), allowed the estimation of model parameters (C4+/Cy, and Gs,)
shown in Table 20. The ventilation area A considered in eg. 25 was the sum of the

windward and leeward side walls (2 x 64 = 128 m?) and the roof surface (20 x 10 =
200 m?).

Table 20. Regression coefficients estimates (95% confidence) of the overall
coefficient of wind efficiency on ventilation (C4./C,, ) and of the ventilation rate at

zero wind velocity (G, ) for groups of data ( Gy, A, and uey), for screenhouses IP
(Pooled data for IP-13 and IP-34) and S-36.

Cd\/C_w Gsc,o

Std. Error Std. Error
Screenhouse  Estimate ()  MsSig. Estimate ()  Msig. PIR? Blgf
IP

(Pooled Data  0.133 0.018 0.00 5.064 0.940 0.00 0.66 30

IP-13 & IP-34)
S-36 0.371 0.043 0.00 2.532 2.385 030 079 21

(M sig.: Significance; If Sig < 0.05 then the parameter is significant and will have to be
considered.

?2IR?: Models coefficient of determination
Blgf: Degrees of freedom

The estimated value of the overall pressure drop and wind effect coefficient
(Cd\/C_W) for the insect proof screenhouses (pooled data IP-13 and IP-34) was 0.026
(£0.003), while the value estimated for the S-36 screenhouse (0.072 +0.008) was three
times higher than that of the IP screenhouses.

Assigning to eq. 25, the C,,+ values estimated by means of the wind tunnel
measurements (Table 18) and following the same calibration procedure (Marquardt,
1963), the C,, values estimated for the IP and S36 screenhouses were 0.003 (+0.001)
and 0.008 (x0.002), respectively.
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6.4. Agronomical parameters of pepper crops

6.4.1. Plant height and number of leaves

The evolution of plant height for all treatments and for 2011 and 2012 periods
are presented in Figure 28. Similar trends of the evolution have been observed for all
treatments in each experimental period, with the plants inside screenhouse S-36
tended to be higher compared to the plants inside insect-proof screenhouses, during

the entire crop period, on 2011 and 2012.

Figure 28. Evolution of plant height inside screenhouses (IP-13: squares; IP-34:
diamonds; S-36: triangles) and at the open field treatment (Cont, circles), for the two
experimental periods 2011 (left column) and 2012 (right column), as measured during
destructive measurements program.

Table 21. Plant height and number of leaves inside screenhouses (IP-13; IP-34; S-36)
and at the open field (Cont) treatment, for the two cropping periods (2011 and 2012).

2011 2012

Plant Height # of leaves Plant Height # of leaves
Treatment cm #plant cm #plant
Cont 91,5° 336,8" 08.8° 288,5°
IP-13 102,8" 480,5° 105,0™ 298.0°
IP-34 1115% 402,8% 106,0™ 317.8°
S-36 117.8° 374,8" 124.0° 360,3"

. Means with different superscript letters within the same column are statistically

significantly different (a=0.05)

The final height per plant (vertical projection of canopy’s side view) for each
treatment for each experimental year is presented in. In each experimental period the
height per plant presented statistically significant differences (a=0.05) between the
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four treatments. The height of the plants was higher inside S-36 screenhouse as
compared to the open field treatment, on both periods. Generally, the plant height is
strongly related to the shade percentage that a crop is receiving, as it is been increased
with the increase of the shade percentage. Consequently, it was expected that the plant
height would have been increased with the increase of the shade factor. Actually, this
was the case in the present study inside all treatments except in the IP-34 screenhouse,
which did not differed statistically significantly compared to the IP-13 screenhouse,
on neither of each experimental year.

In Figure 29 are presented the evolution of the number of leaves per plant inside
the screenhouses and at the open field treatment during each experimental period
(2011 and 2012). At the end of 2011 experimental period the number of leaves per
plant was statistically significantly (a=0.05) greater in screenhouse IP-13 as compared
to the number of leaves inside IP-34, S-36 and at the open field. No statistically
significant differences were revealed for the number of leaves per plant at the end of
2012 period. The final number of leaves per plant on 2011 was greater as compared
within each treatment to the corresponding numbers of the 2012 period.

Figure 29. Evolution of number of leaves per plant inside screenhouses (IP-13:
squares; IP-34: diamonds; S-36: triangles) and at the open field treatment (Cont:
circles), for the two cropping periods 2011 (left column) and 2012 (right column).

88

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



6.4.2. Leaf area index

In Table 22 are presented the Leaf area index (LAI; m?> m™), area per leaf (cm?
leaf!) and the respective number of leaves per plant (# plant™) that were
measured/scanned in order to determine the LAI. The LAI and the respective area per
leaf were increased inside screenhouses on both experimental periods. The LAI of the
crop inside screenhouses was on average for both periods and for all screenhouses
greater by about 60% as compared to that of the open field crops. No significant

differences were revealed between screenhouse treatments.

Table 22. Leaf area index (LAI; m?> m™), area per leaf (cm? leaf) and the respective
number of leaves per plant (# plant™®) that were measured/scanned in order to
determine the LAL.

2011 2012
# of Ieave[f] g areaper  #of leaves area per
per plant LAI leaf per plant LAI leaf
-1 2 -2 2 -1 -1 2 -2 2 -1
Treatment # plant m m cm leaf # plant m m cm leaf
Cont 255,0 13 28,5 288,5° 1,3° 25,6
IP-13 367,0 2,3 34,6 298,0° 1,8% 34,2
IP-34 256,0 1,8 39,2 317,8° 2,28 38,8
S-36 310,0 2,4 43,6 360,3° 2,0® 30,6

*>°. Means with different superscript letters are statistically significant different

(a=0.05)

1 ..
. Only the leaves of 1 plant per treatment were scanned. Therefore, no statistical

analysis presented.

6.4.3. Correlation between leaf number and leaf area

Good correlation was found between measured leaf area (L,) and number of
leaves per plant (L,,) and a model that calculates the leaf area per plant using only its
number of leaves was calibrated for each treatment and each cropping period. Non-
linear regression conducted for groups of pooled data of L, and L,, for 2011 period,

in order to estimate the best fit regression line:
eq. 37: L,=al,

The analysis conducted for the following case studies: (i) for each treatment

separately, (ii) for the “heavy shaded” screenhouses IP-34 and S-36 pooling their data
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together as one treatment (Pld-35) and (iii) for all three screenhouses pooling their
data together as one treatment (Pld-Scr). In Table 23 are presented the estimates for
the slope of the regression line for each case. A t-test analysis (Dagnelie, 1986) for the
estimates revealed that IP-34, S-36 and Pld-35 were not significantly different one
each other. Moreover, the estimate of Pld-Scr case was significantly different from IP-
13.

Table 23. Regression coefficients estimates (95% confidence) of the slope and
intercept of the best fitted line for groups of data for L,, and L, for screenhouses (IP-
13, IP-34 and S-36), for the open field treatment and for pooled data for IP-34 and S-
36 screenhouses (Pld-35).

a
Estimates Std Error ()

x 10° x 10° MR i
o Cont 2,979° 0,070 0,99 13
rﬁgggr?/t:;gaot; IP-13 3,450" 0,072 0,99 13
from 2011 IP-34 3,909° 0,094 0,97 12
period S-36 3,852° 0,123 0,98 13
Pld 35 3,876° 0,078 0,98 26

ab.¢: values with different superscript letters are statistically significantly different

(a=0.05)

[1: R? = coefficient of determination; [?:df = degrees of freedom

Following the above mentioned analysis, the proposed models in the present

study are different for each shading level (0%, 13% and 35%) and hold as following:

eg. 38 Cont:  L,=(2,979%1073) * L,
eq. 39 IP-13: L= (3.459*1073) * L,
eq. 40 Pld-35: L,= (3.876%1073) * L,

A validation of the proposed models (eq. 38 - eg. 40) was conducted for groups
of data (L, and L) from period 2012. The calculated values (via model for 2011) of
L, were plotted against measured values of L, for 2012 and the slope of their best fit
regression line was compared against the 1:1 line (Figure 30). As it can be seen in the
Figure 30 for the Cont and S-36 cases an excellent correlation was found between
calculated and measured values, while for the cases of IP-13 and IP-34 the models

slightly underestimate L, about 6% and 4%, respectively. Figure 30 also presents the
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residuals (L, cajcusated = La, measured) @9ainst the leaf number per plant. The randomly
scatter of residuals indicate that the leaf number correctly was taken into account by
the model (eq. 37: L,=al, eq. 37). Moreover, the performance of each respective
model (eq. 38 - eq. 40) was evaluated using the criteria of (Stdckle et al., 2004)
(Table 24).

Figure 30. Left: Measured values of leaf area per plant against calculated values of
leaf area per plant by fitting measured leaf number into eq. 38 - eq. 40. Right:
Residuals of calculated and measured (Lg, cqicutated — La, measurea) 1€af area values
against number of leaves. Top row: measured and calculated values of 2011; Bottom
row: measured and calculated values of 2012. Cont: circles; IP-13: squares; 1P-34:
diamonds; S-36: triangles.

Table 24. Statistical indices of the validation of the model using data of 2012 period.

Treatment Wy BrMsE BRe Mg B BR® [pgrformance
Cont 24 0,076 0,18 1,00 0,99 0,92 ACC
IP-13 27 0,063 0,11 1,00 1,05 0,98 G

IP-34 24 0,052 0,09 1,00 1,04 0,98 VG

S-36 27 0,079 0,14 0,99 0,99 0,96 G

Mn n: is the number of data; 'RMSE: root mean square error; PIRE: relative error;
“lg: Wilmott index of agreement; ®'m and IR slope and coefficient of
determination, respectively, of the best fit regression line between simulated and
measured values.

Mperformance: VG (very good), G (good), ACC (acceptable). Performance was
evaluated using the criteria of (Stockle et al., 2004), which are described in
(Giménez et al., 2012).
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6.5. Productivity of pepper crops

6.5.1. Total fresh fruit yield

In Table 25 are presented the fresh weight (kg m™), the number of fruits (# m?)
and the mean fruit weight (g fruit®) of mature fruits harvested during the entire
experimental periods (2011 and 2012).

The production of fresh fruit weight, during each period, inside screenhouses
was greater (in absolute values) as compared to the open field production. Though,
statistically significant differences were clearly observed in 2011 period only between
screenhouse 1P-13 (been the most productive) and the other three treatments, whereas
in 2012 period between the insect proof screenhouses (IP-13 and IP-34; been the most
productive) and the shade screenhouse (S-36) and the open field (Cont) treatment.
The moderate shade (=20-25%; IP-13) enhanced the increase of the production by
21% (mean of both periods) as compared to the heavy shade of the IP-34 screenhouse,
while the crops inside the heavy shaded insect proof house produced more by 17% as

compared to the shade screenhouse.

Table 25. Total yield (kg m®) and total number of harvested fruits (# m™) for the
crops inside screenhouses (IP-13; IP-34; S-36) and at the open field (Cont), at the end
of the experimental periods 2011 and 2012.

2011 2012
Fresh fruit Total fruit Fresh fruit Total fruit

weight number weight number
Treatment kg m™ #m? kg m™ #m?
Cont 3,3° 63,9 4,4° 56,3
IP-13 56° 85,1° 7,0° 69,8°
IP-34 4,4° 58,1° 6,0° 58,5
S-36 4,3° 58,5 4,6° 42,8°

b, . . L
. Values followed by different superscript letter within the same column are
statistically significant different (a=0.05)

)

Crop inside screenhouse IP-13 produced 41% and 33% more fruits (# m )
compared on average to the crops of screenhouses IP-34 and S36 and to the open field
treatment. The number of fruits that were harvested inside S-36 on 2012 was lower

than the corresponding number on 2011.
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6.5.2. Cumulative yield

In Figure 31 are presented the evolution of the cumulative yield (fresh weight of
harvested fruits; kg m) of the crops inside screenhouses (IP-13, IP-34 and S-36) and
at the open field treatment, during the entire experimental periods of 2011 and 2012.

The pattern of the evolution of the cumulative yield was the same between all
treatments, within each period. Differences observed in the pattern of the evolution of
the cumulative yield between the two periods. On 2011, on W.A.T. 15 a steep
increase of the cumulative yield was observed for all treatments though, in a different
rate; while on 2012 a linear increase was observed for all treatments.

In both periods crops inside screenhouse S-36 yielded about the same fresh fruit
weight, unlike the rest of the treatments. On 2012 period, from W.A.T. 19 (around
September 22) until WAT 21 the harvested yield inside S-36 screenhouse was
significantly lower as compared to the IP-34 yield. That resulted to a significant “slow
down” phase of the cumulative yield in the S-36 house during that period, which
could ascribe to the hysteresis of the final yield of S-36 screenhouse as compared to
the IP-34 yield.

Figure 31. Cumulative yield (kg m?) during the two cropping periods 2011 (left
column) and 2012 (right column). Cont (circles), IP-13 (squares), IP-34 (diamonds)
and S-36 (triangles).
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6.5.3. Production per harvest and time evolution

In Figure 32 are presented the evolution of the harvested fruits per week of
harvest for the crops inside screenhouses (IP-13; IP-34 and S-36) and at the open field
(Cont), during experimental periods of 2011 and 2012. During period 2012 strong
fluctuations of the number of harvested fruits per week was recorded for all

treatments. Analogous fluctuations were not observed during 2011 period.

Figure 32. Evolution of the number of harvested fruits (# m™) per week for the crops
inside screenhouses (IP-13; IP-34 and S-36) and at the open field (Cont), during
experimental periods of 2011 and 2012.
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6.5.4. Yield Quality

The yield quality analysis was conducted in two parts: i) of the fruit size and the
fruits defects from biological and non-biological agents (Table 26) on 2012 period.
and ii) of the shape, the color and the chemical characteristics (Table 27) on 2011

period.

6.5.4.1. Marketable and non-marketable yield

On each harvesting date, measurements relative to the quality (physical
characteristics) of the fruits were carried out on the yield. In Table 26 are presented
the marketable production (by excluding all defected fruits), the fruit size (g fruit™)
and defectiveness analysis in terms of defected fruits from sunburn, BER, Thrip and
Helicoverpa attacks of total yield of 2012 period.

Table 26. Marketable production and defection analysis (sunburn; BER; Thrip and
Helicoverpa attacks) of total yield (Total Fruit number) inside screenhouses (IP-13,
IP-34 and S-36) and at the open field treatment at the end of the experimental period
on 2012.

Marketable
production as Defects as ,
% fraction of Fruit size % fraction of Total Fruit number (# m )

] 2] B3
Treatment T.FFW. T.Fr# gfruit® Sunburn  BER  Thrip Helicoverpa

Cont 508°  557°  821° 1406° 1354° 14,06°  2,60°
IP-13 869° 860" 1020° 080" 800" 520° 0,00
IP-34 9,6° 895" 1044 142" 667" 238" 000"
5-36 895"  874° 1079 000" 769" 495"  0,00°
a,

*. Means with different superscript letters within the same column are statistically
significantly different (a=0.05).

. TEEW. is the Total Fresh Fruit Weight (kg m ).

21 T Fri is the Total Fruit number (#m ).

B3I Fruit size as determined from the ratio of (total yield)/(fruit number).

The marketable yield was increased on average about 50%, while fruits were
about 28% heavier inside screenhouses as compared to the open field. The fruit
sunburn was nearly eliminated inside screenhouses. The defected fruits due to BER
were statistically significantly reduced inside IP-34 and S-36 screenhouses. The
reduction was enhanced by the increase of the shade factor of the screenhouses.

Defects from thrips attacks on fruits surface were also significantly decreased inside
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insect proof screenhouses as compared to the open field treatment, as it was been
expected. The reduction was two-folded inside the IP-34, though not statistically
significant. The UV manipulative anti-insect additives on the threads of that covering
screen could be ascribed for the two-folded reduction as opposed to the IP-13 screen
(no UV modification). The decreased number of defected fruits inside S-36
screenhouse cannot be ascribed to the ant-insect geometrical characteristics of the
shade net that covered that screenhouse. The protection against Helicoverpa sp. was
been absolute for the crops inside screenhouses, unlike the crop at the open field.

6.5.4.2. Fruit shape, color and chemical characteristics
In Table 27 are presented the dimensions, the color analysis and the chemical
quality characteristics of the harvested fruits.

Table 27. Analysis of physical (shape and color) and chemical quality characteristics
of harvested fruits from the crops inside screenhouses (IP-13; IP-34; S-36) and from
the open field (Cont) during experimental period 2011.

Treatment N HE  wkB | *B  gxM@ =Bl 6] ggll 148l pH

Cont 80 69,1° 634° 62,5° -91° 461" 471° 50° 7,7° 63"
IP-13 60 78,2° 752% 604° -97° 443% 4547 44% 79° 61°
IP-34 60 788" 754% 587% -10,1* 435% 44,7%* 45° 78% 62"
S-36 60 834% 750% 57,9° -10,0° 436° 447%° 44* 78° 61°

2b.¢: Means with different superscript letters within the same column are statistically
significantly different (a=0.05).

M'N: number of samples,

2y, w; Height (length of vertical axis) and Width (length of horizontal axis)

31 *: gives the difference between light (L* = 100) and dark (L* = 0).

[4 a*: gives the difference between green (a* = -50) and red (a* = 50).

B h*: gives the difference between yellow (b* = 50) and blue (b* = -50).

% ¢: indicates color saturation or intensity as calculated by eq. 5.

[l 5S: Soluble Solids (%)

81 TA: Titratable Acidity (meg/100 mL sap).

The ratio H:W (i.e., vertical to horizontal axis) determines the shape of the
fruits. As it can be seen in the Table 27, harvested fruits were slightly elongated inside
the insect proof screenhouses (IP-13: 1.04; IP-34: 1.05), while they were significantly
elongated in the open field (Cont; 1.09) and inside screenhouse S-36 (1.11).
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Fruits harvested inside screenhouses were statistically significantly darker (L.:
57.9-60.4) as compared to those harvested from the open field treatment (L: 62.5).
The darkness of the fruit color was enhanced with the increase of the shade factor of
the screenhouses. Moreover, fruits from screenhouses were statistically significantly
“more green” (a*= -9.9) and “less yellow” (b* = 43.8) compared to those harvested
from the open field (a* = -9.1 and b* = 46.1). Furthermore, the color of fruits
harvested from the open field treatment was statistically significantly more saturated
compared to those harvested from the crops inside screenhouses, as can be derived
from the higher c values.

The total Soluble Solids (SS) in the fruit sap were slightly reduced under
screenhouse conditions, while Titratable Acidity (TA) did not present significantly

differences between the four treatments.
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6.6. Water Use Efficiency

The irrigation water and the precipitation accumulation during both
experimental years had been monitored. Thus, the Water Use Efficiency (WUE) and
the Irrigation WUE (IWUE; kg m™®) of the crops inside screenhouses and at the open
field were calculated. WUE is defined as the ratio of the total harvested fresh fruit
weight to the total water provided to the crop by irrigation and from the precipitation,
during the cropping period. IWUE is defined as the ratio of the total harvested fresh
fruit weight to the total irrigation water provided to the crop during the cropping
period. In Table 28 are presented the seasonal yield, irrigation water, IWUE and WUE
for the open field treatment (Cont) and inside screenhouses (IP-13, IP-34 and S-36),
for the two experimental periods (2011 & 2012).

Table 28. Seasonal yield, irrigation water, IWUE and WUE for the open field
treatment (Cont) and inside screenhouses (IP-13, IP-34 and S-36), for the two
experimental periods (2011 & 2012).

2011 2012

) Seasonal _ Seasonal

Treatment (kg m_z) (mm) (kg m-3) (kg m_S) (kgm) (mm) (kg m_s) (kg m-3)

Cont 33° 4% 66 52° 44 602 74° 69°
IP-13 56° 372 152° 111°  70° 418 167° 153"
IP-34 44° 283 155° 105° 60° 341 175° 158"
S-36 43 306 139° 97° 46 350 132° 119°
hed : Means with different superscript letters are statistically significant different
(a=0.05)

The statistical analysis of the results revealed that the IWUE increased
significantly inside screenhouses, been on average about 2.3 and 2.1 higher compared
to the IWUE at the open field on 2011 and 2012, respectively. On 2012 the IWUE
inside the insect proof screenhouses was significantly higher compared to the S-36
screenhouse. This could be attributed to the statistically significant differences of the
yield of these treatments on 2012. Similarly to IWUE, the WUE was significantly
increased inside screenhouse, been on average about the double, on both periods,
compared to the WUE of the open field treatment (Cont).

The pooled data of the cumulative yield (Y, ; kg m) for the two experimental

periods (2011 and 2012) for each respective treatment, were plotted against the
98

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



irrigation water (W, m> m) that was provided to the crops (Figure 33). The IWUE
during those experimental periods for each treatment was estimated by fitting the data
of the cumulative yield and irrigation water to the following equation using

Marquardt’s algorithm:
eq.41: Y. = IWUE * W, £ const

where, const is the intercept implied by the non-linear regression analysis.

Figure 33.Cumulative yield (Y, ; kg m?) against irrigation water (W, m> m*) for the
open field (Cont; circles) and the screenhouses (IP-13; squares, IP-34; diamonds and
S-36; triangles) pooled for the two experimental periods (2011 & 2012). The lines
represent the best fit regression line for each group of data; Cont: dotted line, IP-13:
red-dashed line, IP-34: blue-dash-dotted line and S-36: green-solid line.

The equations of the best fit regression lines presented in Figure 33 were:

eq. 42 Y, = 95 (£145)* Wy, — 2,1 (£0.61),with R? = 0.83
eq.43: ¥, . =23.3(+330) * Wy, — 3.6 (£1.00),with R? = 0.85
eq.44: Y, , .. =248 (+3.71) * Wy, — 3.1 (£0.90) , with R? = 0.83
eq.45: Y, . =17.7 (+2.21) * W, — 2.0 (£0.56) , with R? = 0.88

for Cont, IP-13, IP-34 and S-36, respectively. The values given in parenthesis
correspond to the standard error of slope and intercept, respectively. The slope for all

cases was statistically significant (a = 0.05). The intercept of each regression line
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corresponds to the irrigation water that should be applied until the first harvest of
ripened fruits. A t-test (Dagnelie, 1986) was performed to compare the slope of the
best fit regression lines for all three screenhouses (eg. 43 - eq. 45) and was revealed
that the values were not statistically different (data not shown). Therefore, the data
from the screenhouses were pooled and the new correlation found between the

cumulative yield (Y, ,,,5.) and irrigation water (Wi piqsc) for all screenhouses

(PldSc) as following:

eq. 46: Y, =19.7 (+1.71) * Wiy prase — 2.3 (+0.43) , with R? = 0.81

,PldSc
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6.7. Growth analysis

6.7.1. Dry matter production

Figure 34 presents the evolution of total dry matter (aerial dry matter)
production along with the dry matter distributed to different plant’s organs (leaves,
stems and fruits), during the two experimental periods (2011 and 2012). The rate of
the increase of the total dry matter production is mainly influenced by the
corresponding rate of the fruits dry matter. Total dry matter evolution is about the
same for all treatments from the first destructive measurements up to about W.A.T.
15, where a significant and steep increase of the rate of the increase of the total dry
matter is observed for the crop inside screenhouse IP-13, on both experimental
periods (2011 and 2012). This steep increase could be attributed to the corresponding
increase of the yield (Figure 31,0n page 93; Figure 32, on page 94), which resulted in
an analogous increase of fruit dry matter (Figure 34 - 2" row) of the crop inside this
screenhouse, compared to the other three treatments (Cont, IP-34 and S-36). During
experimental period of 2011 the evolution of the total dry matter of Cont, IP-34 and
S-36 presented the same pattern and the measured values did not differed statistically
significant in each destructive measurement date. The dry matter allocated in the
fruits that is presented in Figure 34 stands for the dry matter of the total number of
fruits (Total Fruits’ Dry Matter) produced on the plants ((i) the dry matter allocated to
the mature harvested fruits during each experimental period + (ii) the dry matter
allocated to the fruits that were attached on the plants on the day of the destructive

measurement).
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Figure 34. Evolution of total dry matter (1* row; g plant™) and dry matter (g plant™)
allocated in the different plant organs (fruits (harvested+presented fruits): 2" row;
leaves: 3" row; stems: 4" row) during the two experimental periods (2011: left
column; 2012: right column). Cont (circles), IP-13 (squares), IP-34 (diamonds) and S-
36 (triangles). Vertical bars stand for standard deviation (Stdv) of the respective mean
values.
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Figure 35. Evolution of fruit dry matter production per plant during the two cropping
periods 2011 (left column) and 2012 (right column). 1% row: Fruits presented/attached
to the plants on the day of the destructive measurement; 2" row: harvested mature
fruits during each experimental period until the day of the destructive measurement.
Cont (circles), IP-13 (squares), IP-34 (diamonds) and S-36 (triangles). Vertical bars
stand for standard deviation (Stdv) of the respective mean values.

In Table 29 is been presented the total dry mater production (DMP) along with
the dry matter allocated in the vegetative (leaves and stems) and reproductive organs
(fruits) of the plants for each treatment at the end of the two experimental periods.
The latter dry matter of fruits is the sum of the dry matter allocated in the present
(attached) fruits on the plant on each date of destructive measurement and the sum of
the dry matter of the harvested fruits per plant until the date of the destructive
measurement i.e., the date that the plant was cut off just above the soil surface. In both
periods, crops inside IP-13 screenhouse produced statistically significantly greater
amounts of total dry matter compared to the other three treatments (Cont, IP-34 and
S-36). Moreover, the crops inside IP-34 screenhouse produced more dry matter than
the S-36, but these differences were not statistically significant. Total DMP, on
average for both experimental periods (2011 and 2012), of the crop inside IP-13 and
IP-34 was 34% and 12%, respectively, more than the total DMP of the crop at the
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open field (Cont), while total DMP, of the crop inside S-36 screenhouse was 3% less

than the corresponding of the control (Cont).

Table 29. Total dry matter production and dry matter distribution to different organs
(fruits, leaves and stems) per plant in the open field treatment (Cont) and inside
screenhouses (IP-13, IP-34 and S-36), for 2011 and 2012.

2011 2012

Total Fruits Leaves Stems Total Fruits Leaves Stems

Treatment ¢ plant-1 g plant_1 g plant_l g plant_1 g plant-1 g plant-1 g plant_1 g plant '

Cont 3126° 162,70 66,0° 839° 3705% 2099 50,2° 110,4°
IP-13 468,2" 2486° 978" 121,8" 4456 2665° 591" 120,1°
IP-34 3643 1547° 933" 1163° 403,07 214,6% 661" 122,4°
5-36 336,6° 157,10 833" 963" 3264° 1625° 587" 1052°
a,

° Means with different superscript letters are statistically significantly different
(a=0.05)

The final values of the dry matter allocated in fruits (harvested + presented) was
greater in 2012 compared to the respective of 2011 (Table 29), something that could
be attributed to the greater yield and weight per fruit observed in 2012 (Table 25, on
page 92; Table 26, on page 95). The dry matter allocated in fruits was on average for
both experimental periods (2011 and 2012), for the crops inside IP-13 screenhouse
38% more than the fruits” dry matter of the crops at the open field (Cont), while dry
matter of the fruits produced inside S-36 screenhouse was 4% less than the
corresponding of the control (Cont). Fruits dry matter of the crop inside screenhouse
IP-34 was about the same compared to the fruits dry matter of the fruits of the control
(Cont), on average for both experimental periods (2011 and 2012). Leaves dry matter
is smaller in 2012 compared to 2011, which can be ascribed to the lesser number of
leaves developed in the 2" cropping period compared to the corresponding of the 1%
period (Figure 29, on page 88).

Stems dry matter is about the same for all treatments during the entire
experimental period of 2012, while in 2011, from W.A.T. 15 until the end of the
period there are statistically significant differences between the four treatments
(Figure 34, on page 102). At the end of the period dry matter allocated in stems inside
insect-proof screenhouses was 0.75 on average of the corresponding average inside S-
36 and at the open field.
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6.7.2. Dry matter partitioning

In Figure 34 are presented the evolution of the dry matter partitioning (ratio of
dry matter of an organ to the total dry matter of the plant) during experimental period
2012.

Figure 36. Dry matter partitioning per plant in the open field treatment (Cont: A) and
inside screenhouses (IP-13: B; IP-34: C; S-36: D), during 2012. Fruits (closed circle);
Stems (triangles); Leaves (open circles).

The fraction of dry matter of the vegetative organs (stems and leaves) is steadily
decreasing and reaches a plateau from W.A.T. 11 until W.A.T. 25 (24 July until 25 30
October), while the fraction of the dry matter allocated in the fruits is steadily
increasing and reaches a plateau at the same period (W.A.T. 11 — 25). At this period
the dry matter allocated in the fruits is 58%, 54%, 49% and 50% of the total plant dry
matter for IP-13, IP-34, S-36 and Cont respectively. In 2011, dry matter partitioning
followed about the same trend, whereas the fraction of dry matter allocated into fruits
at the plateau reached values of 50%, 43%, 40% and 48% for IP-13, IP-34, S-36 and

Cont respectively. This difference in the dry matter partitioning between the two
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experimental years could be attributed to the enhancement of vegetative growth
during 2011 period by the incident precipitations, as severe flower abortion had been
observed after every rainfall (data not recorded). The increased vegetative growth is
mainly supported by the increased dry matter allocated in leaves (Figure 34; Table 29)

due to the increased number of leaves per plant measured in 2011 on page 88).

6.7.3. Dry matter content
In Table 30 is been presented the dry matter content of vegetative (leaves and
stems) and reproductive organs (harvested fruits and presented fruits at the time of the

destructive measurements) for 2011 and 2012.

Table 30. Dry matter content of vegetative (leaves and stems) and reproductive organs
(harvested fruits and presented fruits at the time of the destructive measurements) for
2011 and 2012.

2011 2012
Presented Harvested Presented Harvested
Stems Leaves Fruits Fruits Stems Leaves Fruits Fruits

Treatment % % % % % % % %
Cont 228" 167" 59° 75" 245" 213" 58 66
IP-13 214° 167" 61° 58" 237% 171° 116" 6,0°
IP-34 230" 174"  63° 58" 235" 168° 81" 56"
S-36 212% 156"  62° 56° 235 180" 7,0° 58"
ab.c: Means with different superscript letters are statistically significantly different
(a=0.05).

The dry matter content of harvested fruits was on average on both experimental
periods 5.8% and 7.1% for the crops inside screenhouses and at the open field,
respectively. The values for the crops inside screenhouses on each period were
statistically significant different compared to the corresponding value of the open
field treatment. The dry matter content of the fruits at the open field treatment was
statistically significantly higher than the respective inside the screenhouses. No
statistically significant differences in fruit DM yield were recorded between the
moderate (IP-13) and the heavy shaded screenhouse treatments (IP-34 and S-36), in

each period.
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6.8. Modeling Dry Matter Production

6.8.1. Model calibration

An attempt to calibrate a model that predicts the dry matter production (DMP; g
m™) using as input only the cumulative intercepted PAR (c-PARi; MJ m™) was done.
The calibration of the model conducted by means of Marquardt (1963) algorithm
(non-linear regression) for groups of data (DMP; c-PARIi) measured through 2011
experimental period (Figure 37). The equation of the best fit regression line was linear
y =ax , wherey = DMP; a= RUE; x = c—PARi) and for each specific

treatment holds as following:

eq. 47, Cont: DMP = 1.05 (+0.0220 St. Error) X (c — PARi), with R? = 0.99
eq. 48, IP-13: DMP = 1.44 (4+0.0631 St.Error) X (c — PARi), with R? = 0.98
eq. 49, IP-34: DMP = 1.41 (40.0449 St.Error) X (c — PARi), with R? =0.99
eg. 50, S-36: DMP = 1.26 (+0.0128 St.Error) X (c — PARi), with R? = 1.00

Figure 37. Dry matter production (DMP) against cumulative intercepted PAR
(c — PARI) for the crops inside screenhouses (IP-13: squares; IP-34: diamonds; S-36:
triangles) and at the open field (Cont: circles) during calibration period (2011). The
straight lines stand for the best fit regression line for the group of data DMP and c-
PARI of each treatment.
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There was very good agreement between the simulated and measured values of
DMP throughout the calibration crop (2011; Table 32; Figure 38). The model
perfectly simulates the measured values for the crop inside the S-36 screenhouse,
while slightly under-estimates by about 3% the DMP of the crops at the open-field
and inside IP-13 and by 6% the respective value inside IP-34 screenhouse.

A t-test analysis (Dagnelie, 1986) for the estimates revealed that IP-13 and IP-
34, were not significantly different one each other. Therefore, an additional
calibration was conducted using pooled data (Pld-IPs) from IP-13 and IP-34

treatments. The best fit regression line for the case of Pld-IPs was:

eq. 51, Pld-IPs: DMP = 1.43 (+0.0386) * (X (c — PARi)), with R? = 0.99

Moreover, the respective t-test analysis revealed that the estimate for the Pld-

IPs case was significantly different from the estimates for the Cont and S-36 case.

Table 31. Statistical comparison by means of t-test analysis (Dagnelie, 1986), between
the estimates of eq. 47- eq. 50.

Comparison pairs t-value  Total df Critical t-value Difference
Cont - IP13 5,78 10 2,23 Y
Cont - IP34 7,20 10 2,23 Y
Cont - S36 8,41 10 2,23 Y
IP13 - IP34 0,34 10 2,23 N
IP13 - S36 2,68 10 2,23 Y
IP34 - S36 3,13 10 2,23 Y
S-36 — PId-IPs 4,00 16 2,12 Y
Cont - Pld-1Ps 8,48 16 2,12 Y
IP13 - Pld-1Ps 0,13 16 2,12 N
IP34 - Pld-IPs 0,96 16 2,12 N
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Figure 38. Evolution of measured (data points) and simulated (curves) Dry Matter
Production (DMP; g m™) during the calibration period (2011). Cont (circles), IP-13
(squares), IP-34 (diamonds) and S-36 (triangles).

Table 32. For each treatment, measured and simulated values of the final dry matter
production (DMP; g m™), their relative difference (RD) and the slope of the best fit
regression line of calculated vs measured DMP values through the calibration period
(2011). In the parenthesis are indicated the respective values calculated using the
model for Pld-IPs case for IP-13 and IP-34 data.

Parameter Cont IP-13 IP-34 S-36
Measured 563 843 656 606
Calculated 548 816(811) 619 (626) 604
RD -0,03 -0,03(-0,04) -0,06 (-0,05) 0,00
m 1,00 0,99(0,98) 1,00(1,01) 1,00
R2 0,99 0,97(0,97) 0,99(0,99) 1,00

[ RD: relative difference i.e., difference of simulated minus measured as a fraction of

the measured value.
12'm and ! R? are the slope and the coefficient of determination of the best fit

regression line between measured and simulated values.
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6.8.2. Model validation

The model for each treatment was validated for data from experimental period 2012.
The measured values for 2012 period were plotted (1:1 plots) against calculated
values by eq. 47 - eq. 50 (Figure 39, (A; B; C; D)).

Figure 39. Upper set (A; B; C; D): Measured against simulated Dry Matter Production
(DMP; g m™®) during experimental period 2012. Diagonal lines are the 1:1 line. Lower
set (E; F; G; H): Evolution of measured (data points) and simulated (curves) Dry
Matter Production (DMP; g m™) during experimental period 2012. Cont (circles), IP-
13 (squares), IP-34 (diamonds) and S-36 (triangles).
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The statistical indices of the validation process that were calculated after
Stockle et al. (2004) are presented in Table 33. The performances of the models for
the crops inside screenhouses were evaluated as good (eq. 48; eq. 49) and very good
(eqg. 50), unlike the performance of the model for the open field treatment that was

graded as poor (eq. 47).

Table 33. Summary of statistical indices of the validation of the model using data of
the validation period (2012). In the parenthesis are indicated the respective values
calculated for the validation of the model for Pld-IPs case using data of IP-13 and IP-
34 cases, separately for each case.

. . 2
halidationset  PIn BRMSE HBIRe  Blg 6ln  UIR®  Blperformance

Contintoeq.47 7 59481 019 098 084 0,99 poor

IP-13intoeq. 48 7 39,885 0,11 0,99 0.95 0,98 G
IP-13 into eq. 51
(P1d-1Ps model)
IP-34intoeq. 49 7 42,117 0,13 0,99 0.91 0,99 G

IP-34 into eq. 51
(P1d-1Ps model)

S-36 into eq. 50 7 27,356 0,10 0,99 0.93 1,00 VG

(7) (41,406) (0,11) (0,99) (0.95) (0,98) G)

(7) (38,340) (0,12) (0,99) (0.92) (0,99) (G)

[Malidation set: data set of each respective treatment fitted into the respective model,
ex.; Cont data fitted into the respective model for Cont treatment is written into the
table as: “Cont into eq. 47.”

h: is the number of data; ®'RMSE: root mean square error; “/RE: relative error;
Blg: Wilmott index of agreement; ©®m and R? slope and coefficient of
determination, respectively, of the best fit regression line between simulated and
measured values. ®'Performance: VG (very good), G (good), ACC (acceptable).
Performance was evaluated using the criteria of (Stockle et al., 2004).

The DMP of the crops inside IP-13 and S-36 screenhouse are slightly under-
estimated (5% and 3%, respectively) by the respective models. The under-estimation
for the DMP of the crop inside IP-34 screenhouse (9%) is relatively greater than those
previously mentioned. The validation of the model that was calibrated using pooled
data (Pld-IPs) measured from the crops of IP-13 and IP-34 is also presented in Table
33. The validation was conducted separately for the data of each specific case. The
adoption of the Pld-IPs model slightly improved the RE and m only for the IP-34
case, unlike its general performance that was unchanged, according to the overall

scheme of performance evaluation (Giménez et al., 2012).
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The evolution in time (W.A.T.) of the simulated and measured values of DMP
for all treatments during the validation period 2012 is presented in Figure 39 (Lower
set (E; F; G; H)). There is a fairly good fit of the curves of the simulated values of
DMP for the crop inside IP-13 and S-36 screenhouse. The observed deviation of the
simulation curve from the measured data points of DMP by the crop inside IP-34
screenhouse is due to the underestimation of the DMP by about 12% (on average)
from W.A.T. 16 until the end of the validation period (2012; W.A.T. 24). The
simulated values of the DMP of the crop at the open field were systematically
significantly under-estimated from W.A.T. 10 until the end of the period, as clearly
presented by the deviation of the curved line (simulated values) from the marks

(measured values) in Figure 39.

6.8.3. Radiation Use Efficiency

The seasonal Radiation Use Efficiency (RUE; g MJ™) of crops inside
screenhouses (IP-13; IP-34; S-36) and at the open field that was estimated through the
calibration period 2011 and validated for data measured through period 2012 was
1.05, 1.44, 1.41 and 1.26 for Cont, IP-13, IP-34 and S-36, respectively (section 6.8.1.,
eq. 47 - eq. 50). The protected crops by the highly diffusive insect screens (IP-13 and
IP-34) and by the moderate diffusive shade net (S-36) utilized solar radiation by about
36% and 20%, respectively, greater efficiency as compared to the respective
efficiency of the open field crop.
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7. Discusion

7.1. Microclimate

7.1.1. Precipitation

In Figure 40 the precipitation rate during each experimental period is presented.
On 2011 the precipitation occurrences were rather unusual for Greek summer period,
as it was presented high rates at mid-June and at the beginning and end of August. On
2012 the summer was rather dry. The raining and windy weather observed during the
beginning of the experimental period 2012 affected negatively the crop grown under

open field conditions (optical observations).
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Figure 40. Precipitation rates during experimental year 2011 (blue bars) and 2012 (red
bars).

7.1.2. Air temperature and vapor pressure deficit

The screenhouse enclosure seems to be cooler than the ambient in the case of
the heavy shaded screenhouses (IP-34; S-36), while only after September 10
screenhouse IP-13 managed to be cooler than the ambient. Screenhouse IP-13 was
warmer (0.4-0.9 °C) than the ambient from the commence of the experimental period
until 23 of July (DAT 79), while IP-34 had about the same air temperature as the
ambient. The screenhouse enclosure seems to be cooler than the ambient in the case
of the heavy shaded screenhouses (IP-34; S-36), while only after September 10
screenhouse IP-13 managed to be cooler than the ambient. Screenhouse IP-13 was

warmer (0.4-0.9 °C) than the ambient from the commence of the experimental period
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until 23 of July (DAT 79), while IP-34 had about the same air temperature as the
ambient. The greater air temperature inside IP-13 screenhouse as compared to the
ambient could probably be ascribed to the insufficient transpirational cooling of its
crop until that time. From the end of July the air temperature of the two insect proof
screenhouses differed from 0.2 up to 0.4 °C, with the air inside screenhouse IP-13
been warmer and inside IP-34 cooler than the ambient. Up to that date (23 of July;
DAT 79), the crop was successfully established and had developed a large canopy
(about 110-120 leaves plant™; Figure 29, on page 88). The transpirational cooling
effect of the well-developed canopy seemed to contribute enough to the reduction of
the air temperature inside the IP-13 screenhouse. Therefore, the air temperature inside
IP-13 was better regulated, been about the same as the ambient air temperature. It is
very distinguishing that during the hottest period of the 2012 summer (July 6 until
August 9) inside to outside air temperature difference is steadily decreasing until 0.1
°C, while during the hottest week (August 6 £3 days; weekly mean air temperature =
36.0 °C) of that summer, screenhouse IP-13 was 0.2 °C warmer and IP-34 was 0.3 °C
cooler than the ambient. As both enclosure presented the same ventilation rates
(Figure 27, on page 85; eq. 35eq. 36, on page 85), due to their equal porosities (0.46)
the observed difference between their air temperature could be ascribed to the
different heat loads form solar radiation due to their different radiation transmittance.
Similarly, Romacho et al. (2006) reported that the higher transmittive screenhouse
was slightly warmer as opposed to the lower transmitive house. Screenhouse S-36
seemed to be about 0.8 °C on average cooler than the insect proof screenhouses from
the mid-June until mid-September. This could be ascribed to the greater air exchange
rate observed in that screenhouse (Figure 27, on page 85) due to the larger size of
holes of the covering shading net compared to the insect proof screens (Figure 3, on
page 29). During October, where the energy of the incident global solar radiation was
significantly decreased (Table 9 on page 63) the air temperature inside all
screenhouses are about equal to each other and about 0.3°C lower than the ambient air
temperature.

The daily evolution of inside-to-outside air temperature difference air
temperature (6T, °C) and inside-to-outside vapour pressure deficit difference (6Dair;
kPa) inside screenhouses were presented in Figure 13 (on page 59). During the
daytime interval between 08:00 and 20:00 the air inside screenhouse S-36 was

steadily cooler than the ambient by on average 0.49 °C. Inside the insect proof
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screenhouses IP-13 and IP-34, between 08:00 and 14:00 h, the air was warmer by
about 0.33 °C and 0.10 °C, respectively. Only after 14:00 until 20:00 the air became
cooler than the ambient by 0.20 °C and 0.54 °C, inside IP-13 and IP-34, respectively.
This delayed decrease of the insect proof screenhouses could probably been attributed
to the lower ventilation rates of these enclosures as compared to the S-36 screenhouse
(Figure 27, on page 85).

Furthermore, screen IP-34 seems to affect the cooling process more efficiently
as compared to the IP-13, since the maximal and minimal 6T, between 08:00 and
19:00 were +0.57 °C and -0.64 °C, respectively, whilst the mean daily 6T, was -0.07
°C. On the other hand, the T, inside screenhouse IP-13 was about the same as the
ambient T,, since the daily (08:00-20:00 h) T, was -0.04 °C. Since the
transpirational cooling is the only means to regulate the T of the enclosures, it seems
that the greater net radiation incident to the crop inside screenhouse IP-13, as
compared to the respective values in IP-34, resulted in increased transpiration rate
which rapidly affected the 64, maintained its values between +0.31 °C (11:00 h) and
-0.49 °C (20:00 h), respectively. Counter-wise, the transpiration rate of the crop inside
screenhouse IP-34 was lower as compared to the respective in IP-13 screenhouse, thus
the process of transpiration cooling was slower, resulted to a greater elevation of the
Tair inside IP-34 screenhouse. In the progress of the daytime, the transpirational
cooling effectively regulated the T, resulting to a greater decrease of the Tg, as
compare to the respective of IP-13 screenhouse.

The daily evolution of the air temperature inside the insect proof (IP)
screenhouses differed significantly as compared to the respective evolution inside the
shade screenhouse (Figure 13, on page 59). The observed differences could probably
attributed to the reduced ventilation rate of the insect proof screenhouses as compared
to the shade screenhouse. The lower ventilation rate of the insect proof screenhouses
as compared to the shade screenhouse, reduced the heat exchange rate between the
inside and the ambient for the IP screenhouses as opposed to the S-36 screenhouse.
The incoming solar radiation increased heat accumulation from 08:00 and 14:00 h.
increasing the internal air temperature of the IP screenhouses above the ambient air
temperature. Obviously, during that period the crop transpirational cooling could not
reduce the internal air temperature below the ambient air temperature. Only after
14:00 h the crop transpiration succeeded to reduce the air temperature of the insect

proof enclosures.
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The results presented by Moller and Assouline (2007), Mdller et al. (2003) and
Josef Tanny et al. (2003) revealed that the average internal temperature of a
screenhouse is not significantly affected (x1 °C) by the structure or by the covering
material (+1 °C for a 50-mesh IP screenhouse; -1 °C for a shade screenhouse), while
as Romacho et al. (2006) the region (coastal or continental) where the structure is
installed affect the internal temperature. In the present study no significant
(statistically or arithmetically) differences were observed between the internal and the

ambient air temperature.

7.1.3. Crop temperature and vapour pressure deficit

The reduction of screenhouse incoming solar radiation followed by a reduction
of heat incident onto the crop canopy, resulting a reduction of canopy temperature of
the covered crops unlike the respective of the open field crops. Moreover, the
increased fraction of diffuse solar radiation of the enclosures further decreased the
canopy temperature inside the screenhouses (Dai et al., 2004). Thus, the dual effect
(decreased heat loads and increased diffuse fraction) of the screenhouses over the crop
temperature could probably ascribe to the improved performance of the protected
crops (less photoinhibition) (Kempkes et al., 2011,Li et al., 2014 and Urban et al.,
2012). In accordance to the present results are the results presented by several authors
for reduced canopy temperature under different shade regimes (Al-Mulla et al., 2011;
Kittas et al., 2012; Leyva et al., 2015). Furthermore, the reduction of canopy
temperature resulted in a significant reduction on the crop-to-air vapor pressure
defficit (Figure 15, on page 62), which resulted in increased stomatal conductance , at
least iside IP-13 screenhouse (Figure 20, on page 76), that possitively influences the
rates of photosynthesis (Cohen and Moreshet, 1997; Haijun et al., 2015; Kittas et al.,
2012; Nicolas et al., 2005).

7.1.4. Radiative environment
7.1.4.1. Global solar radiation

Screenhouses reduced the incoming solar radiation with respect to the
transmissivity of their covering screens as measured in the laboratory. Differences in
the transmittances were observed between the two experimental periods. The greater
reduction was observed in screenhouse IP-13, followed by S-36 and IP-34

screenhouses. The differences between the laboratory and in situ tests could be ascribed
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to; (i) the diffuse component of the solar radiation, which is not present in laboratory
trials, (ii) the inclination of the sun towards covering screen depending on sun’s
azimuth and elevation, while in laboratory tests a perpendicular light source is applied
(Castellano et al., 2006), (iii) the frames of the supporting construction reduce the
transmittance of the overall construction (Castellano et al., 2008b), (iv) the dust
accumulation (Cabrera et al., 2009; Haijun et al., 2015; Klose and Tantau, 2004;
Linker et al., 2002; Lépez-Martinez et al., 2013; Moller et al., 2010; Shahak et al.,
2008b).

The IP-13 was more sensitive to dust accumulation due to its clear threads,
which were drastically dimmed out as compared to the same porosity but with
different colored threads IP-34. Shahak et al. (2004b) also documented the dust effect
on different in texture (woven; knitted) and color nets/screens. The authors quoted
that the relative dust effect might be expected to depend on the initial transmittance
through the threads (the more opaque, the less dust effect), on the texture of the net
and on the surface and electrostatic property of the threads. Therefore, the here
studied IP-34 screen that embedded opaque white threads in its texture had been less
susceptible to dust accumulation, as opposed to the clear transparent IP-13 screen.
The shade net S-36, which hole size was greater than the insect screens was less
affected by the dust effect since less surface was available for dust accumulation.
Additionally, its less transparent threads as opposed to these of IP-13 farther

contribute against dust effect.

7.1.4.2. Diffuse radiation

The fraction of the diffuse component of the total solar radiation was on average
for the entire experimental period 0.64, 0.62 and 0.40 for screenhouse 1P-13, IP-34
and S-36, respectively. The differences between the insect proof screenhouses (IP-13
and IP-34) and the shade screenhouse (S-36) could probably be attributed to the
different geometrical characteristics of their covering screens, as the insect screens
had lower porosity (¢ = 0.46) compared to the shade net (¢ = 0,63). As total
(beam+diffuse) solar radiation passes through screen matrix, one proportion of the
total solar radiation freely passes through the holes of the screen without striking onto
the structure of the yarns and therefore maintains its diffuse fraction, while another
proportion hits onto the surface of the screen’s yarns and is been scattered, enhances

the diffuse fraction of total solar radiation below the screen. Thus, the denser the

117

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



screen matrix and the smaller its hole size, the greater the part of total solar radiation
that impacts the screen’s yarns and consequently, the greater the diffusive effect of the
screen. The latter could clearly explain the observed differences of the diffusive
efficiency between the insect proof screenhouses (IP-13 and IP-34) and the shade
screenhouse (S-36) (Table 9, on page 63; Figure 16, on page 64; Figure 17, on page
67). Both insect proof screens had the same geometrical characteristics therefore, the
amount of the total solar radiation (i) that freely passed through the holes downward
to the crop and (ii) that who had been scattered from the surface of screen’s structure
was equal for each anti-insect screen. The remaining part of the incident total solar
radiation is been either transmitted through or absorbed by the structure of the yarns,
or reflected back to the sky, proportionately to screens’ optical properties (Table 2, on
page 32). The transmitted part of the total solar radiation inherits a greater proportion
of diffuse to beam solar radiation. The clear yarns (IP-13) contribute about 10%
(0.64/0.58=1.10) more diffused radiation, as compared to the white dyed yarns (IP-
34), due to the scattering of solar radiation that passes through its clear (transparent)
threads. It seems that the white dye of the yarns of IP-34 screen decreased the
transmittance of the screen (-21%), but also decreased the diffuse fraction of the
downward radiation. The addition of the white dye at the clear threads partially
blocked their diffusive capacity.

The diffuse fraction of total solar radiation was about steady from of the day,
around solar noon, while in early morning and late evening hours was significantly
increased. During the time period between 12 to 16 hour (local time) the freely passed
proportion of the total solar radiation through the holes of the screens takes the
maximum possible values and consequently the diffuse fraction of total solar radiation
takes the minimum. The increased fraction during the morning (9-11; local time) and
the evening (17-19 h) could be ascribed to the low incident angle of the solar
radiation. As the solar-screenhouse azimuth increases the incident angle of solar
radiation onto the screenhouse roof decreases. Therefore, the portion of the total solar
radiation that strikes the screen’s yarns increases and consequently the ratio
diffuse:beam solar radiation increases inside screenhouses. The latter is in agreement
with the reports of several authors who investigated the correlation of the diffuse
radiation transmittance relatively to the incident angle (Al-Helal and Abdel-Ghany,
2010; Castellano et al., 2008b; Healey and Rickert, 1998; Mdller et al., 2010; Oren-

Shamir et al., 2001; Romero-Gamez et al., 2012). Moreover, the diffuse fraction of
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total solar radiation during the morning and the evening hours is already increased
before passing through the covering materials of the screenhouses, due to the
increased ambient humidity at those periods of the day and the low solar elevation
angle (Jones, 2014).

The effect of the screen porosity and color to their optical properties were
clearly presented by several authors (Al-Helal and Abdel-Ghany, 2010; Castellano et
al., 2008b; Mdller et al., 2010; Oren-Shamir et al., 2001; Romero-Gamez et al., 2012).
At equal porosity, the non-colored translucent screens were the most transmissive to
global radiation and PAR, followed by the green screen and finally the black screens.
Moreover, the global and PAR radiation transmittance lower porosity non-colored
screen (20 x 10) was lower than that of the higher porosity green screen (6 x 6)
(Romero-Gamez et al., 2012), which is in absolute agreement with the results
presented in the present work. Al-Helal and Abdel-Ghany, (2010) demonstrated the
effect of color and porosity on the transmittance, reflectance and absorbance in PAR
energy values. Due to scattering, net color has a stronger effect on net transmittance
than net porosity. Given the same color, nets with high porosities are expected to have
higher transmittances than nets with low porosities, while given the same porosity,
increasing the brightness of a net i.e., from dark green to green, increases the PAR
transmission due to scattering from the net texture (yarns). Moreover, the authors
reported that the forward scattering of the incident radiation on the thread surfaces
mainly depended on the net color, increased with increasing net brightness and
decreased with the net darkness. Similarly, (Castellano et al., 2008b) reported that
nets with transparent and black threads have different values of the transmissivity for
a diffuse light source. This value could be a significant parameter in the choice of the
net/screen depending on the weather condition of the region and on the performance
required to the netting system. In cloudy regions, they suggested the installation of
nets with transparent threads as more suitable in order to maximize the transmission
of diffuse radiation. In regions with many overcast periods transparent nets should be
recommended for many applications (Castellano et al., 2008b). The correlation
between the porosity and the diffusive effect of the agricultural nets have also been
stated by Oren-Shamir et al. (2001), who reported and increase by 2.5-2.9 of the
diffuse light by the more densely knitted colored nets when compared to the nets with
higher porosity (black net; aluminized reflective net). This grade of enrichment of the

diffuse fraction of solar radiation below the screens is in absolute agreement with
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values for the insect proof screenhouses of the present study (IP-13: 2.88 and IP-34:
2.12; Table 13, on page 70). The dense colored nets in their experiments reached a
ratio of diffuse:beam radiation of 0.46-0.53. The later values are in agreement with
the respective value of the IP-34 screen of the present work for mean value between
11:00 and 17:00 h (0.52; Figure 16, on page 64), while they are 0.81 of the here
presented mean diurnal/hemispherical value (0.62; Table 9 on page 63).

Romero-Gamez et al. (2012) measured the transmitted diffuse radiation with
respect to transmitted global radiation (Di/Gi in %) for different screens tested at the
various angles of incidence. The densest non-coloured screens greatly enriched
diffuse radiation at all angles of incidence, followed by the more open weave non-
coloured screens and for the green screen (Romero-Gamez et al., 2012). Moéller et al.
(2010) reported a greater enrichment in diffuse radiation below the densest screens
because of the increased scattering effect of the 50 mesh screens as compared to the
25 mesh screens. Moreover, they reported tShat that diffuse radiation below a non-
black screen was much larger than that above the screens because of the contribution
of scattered light by the screen threads. Similar conclusions were reported by
(Castellano et al., 2008b), as the non-coloured threads maximized the transmission of
ambient diffuse radiation and surplus the conversion of ambient beam into diffuse
radiation, alike diffusive plastic greenhouse covering materials. The reported results
of the present work are completely aligned to those reported by the latter authors.

The diffuse ratio (diffuse in : diffuse out) of the radiative environment inside
screenhouses with diffused solar radiation were above presented in Table 13 (on page
70). As it was expected, the insect proof screenhouses (IP-13 and IP-34) greatly
enriched the enclosure with diffuse radiation through the entire wavelength spectrum
(T; 350-1100 nm) and through the PAR range (400-700 nm). The latter was
significantly beneficial for the photosynthetic capacity of the covered crops, as they
were illuminated with more uniformly distributed PAR thorough out the greater part
of their canopy (Hemming et al., 2008; Shahak et al., 2004a, 2004b). The increased
proportion of diffuse light, and observed increased rates of photosynthesis, possibly
caused by more even distribution of light within the leaf canopy (Geider et al., 2001;
Gu, 2002; Hollinger et al., 1994; Krakauer, 2003; Misson et al., 2005; Roderick et al.,
2001; Urban et al., 2007). The differences of canopy photosynthetic responses to
diffuse and direct PAR result from the differences in diffuse and direct radiative

transfer regimes in plant canopies (Gu, 2002). Furthermore, the increase of the
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irradiance shifts leaf photosynthesis from RuBP regeneration (electron transport)
limitation to Rubisco (CO, diffusion) control (Farquhar et al., 1980). This leads to
photosynthetic saturation and decrease in RUE under high irradiance levels. Therefore
the transfer regime of direct beam radiation wastes photons by concentrating the light
resource to only a fraction of all leaves, leading to a less efficient photosynthetic use
of light by plant canopies. Diffuse radiation, however, effectively avoids the light
saturation constraint by more evenly distributing radiation among all leaves in plant
canopies, and leads to a more efficient use of light (Gu, 2002).

Additionally, the study of Brodersen and VVogelmann, (2007) showed that leaves
absorb approximately 2-3% less diffuse light than collimated (direct) light. On the
other hand, diffuse light distributes PAR more uniformly to all leaves within a
canopy, enhancing the overall rate of photosynthesis (Gu, 2002), suggesting that
direct and diffuse light affect photosynthetic processes differently. Actually, the
overall differences between the direct and the diffuse light in their utilization by the
photosynthetic mechanisms (Brodersen et al., 2008) consist in the spectral distribution
of the available light and not to the difference of the absorbance between direct and
diffuse visible light (Gorton et al., 2010). Measurements conducted by the latter
authors revealed that the transmittance difference spectrum (direct minus diffuse) of
shows a peak in the green region of the spectrum, which however is not strongly
absorbed by leaf mass as red or blue light (Brodersen and Vogelmann, 2010;
Vogelmann and Evans, 2002).

Moreover, remarkably interesting was the rate of the enrichment in the NIR
range (N; 700-1100 nm), which actually is responsible for the heat of the bodies
receiving the incident energy of that waveband. The corresponding indices were 5.0,
4.0 and 1.9 for the IP-13, IP-34 and S-36 screenhouses. Thus, the heating energy was
greatly scattered inside the insect proof screenhouses i.e., the quantities of solar
beams that directly stroke onto the surface of crop canopy were redirected in various
directions. That prevented crops from receiving extreme heat loads concentrated on
the particularly small area of the outer part of the canopy, uniformly heating it in
depth and consequently maintaining negative crop to air temperature differences
(Figure 14; on page 28). The positive effect of the diffuse radiation was also quoted
by Dai et al. (2004) how supported that “beam (direct) light heats leaves more than
the scattered light in the shade, and hence sunlit leaves can be several degrees

warmer than shaded leaves under sunny and dry conditions”.
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7.2. Transpiration of a sweet pepper crop under screenhouse conditions

The presence of the screen material decreases the advective part of crop
transpiration, something that is attributed to the reduction of air velocity inside the
screenhouse. Furthermore, the results showed that screenhouse crops had from about
20 to 40% lower transpiration rate than the open field crop and accordingly that
consumed from about 20-40% less water than the open field crop. Similarly, Moller
and Assouline (2007), Modller et al. (2004b) and Siqueira et al. (2011) reported
decreased crop transpiration rates and water consumption inside screenhouses, as

compared to the open field.

122

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



7.3.  Screenhouse ventilation regime

7.3.1. Air velocity reduction

The screens used for screenhouse covering created a barrier between the
screenhouse environment and the outside environment and significantly reduced
screenhouse air velocity (Figure 24, on page 82 and eq. 31 to eq. 34, on page 83). This
result is in general agreement with the wind tunnel measurements of lower pressure
drops across the shade net as compared to the insect proof screens (Figure 21, on page
77). Tanny, (2013), using data from Desmarais et al. (1999) who reported wind
measurements inside and outside several types of screenhouses, elaborated a rough

linear regression between the inside and outside air velocity as following:

eq. 52: u;, = 0.2(u, — 1.16)

This relationship is similar to the one found in the present study for the insect
proof screenhouses. Furthermore, Moller and Assouline, (2007), for a 30% black
knitted shade screen found a relationship between inside and outside air velocity as

following (as shown by Tanny, (2013)):

eq. 53: u, = 0.5016(u, — 0.119)

that is in agreement with the presented reduction rate of S-36 screenhouse found in

the present study.

7.3.2. Effect of screens’ and screenhouse size on ventilation

Harmanto et al. (2006) presented values for the discharge coefficient (C,,+) of
different anti-insect screens. A 52-mesh (anti-whiteflies and larger pests; hole size:
0.80 mm x 0.25 mm; d: 0.31; &: 0.38) and a 40-mesh (Econet M®, anti-leaf miners and
larger pests; hole size: 0.44 mm x 0.39 mm; d: 0.25; €: 0.41) had Cq4 values of 0.28
and 0.31, respectively. For the IP-13 and IP-34 screenhouses, the C;s+ values
observed in the case of the present study were higher, something that could be
attributed to the higher porosity and the different yarn and hole dimensions of the IP
screens of the present study.
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Teitel, (2001) reported that for a woven/knitted 22% shading screen (tape
threaded; €: 0.49) the discharge coefficient observed was 0.73 which is close to the
C4s+ value observed in the present study for the S-36 screen (C,5 * € = 1.262 * 0.63 =
0.795).

Wind tunnel measurements of the present work were fitted into the
Forchheimmer equation to estimate the permeability (K) and the inertial factor (Y) of
the screens that were used, following the procedure presented by several authors
(Miguel, 1998; Miguel et al., 1997b; Teitel, 2001; Valera et al., 2006, 2005). The
estimated K values were 2.93 x 10”° and 1.98 x 10, while Y values were 0.120 and
0.065 for IP and S-36 screenhouse, respectively (Table 17; on page 78).

Knowing the geometrical characteristics (g; Ax) of a screen it could be possible
to calculate (i) its aerodynamic characteristics (K and Y), (ii) the resulting pressure
drop through its matrix (using Forchheimmer equation) and consequently (iii) the
discharge coefficient (C,4+) of the screen (Molina-Aiz et al., 2009; Teitel, 2001).
Finally, using the calculated C,4+, the ventilation rate of a screenhouse could be
estimated using eq. 25. Several authors have reported equations relating the
aerodynamic properties with their porosity (Miguel, 1998; Teitel, 2001; Valera et al.,
2006, 2005). Calculating the K and Y of the screens of the present work using the
equations reported by Valera et al. (2006, 2005) resulted in a good agreement between
the calculated values of Cy¢+ coefficients (IP: 0.401; S36: 0.838) and those estimated
using the wind tunnel measurements (IP: 0.465; S36: 0.795).

However, using the equations proposed by Miguel, (1998) we did not find an
agreement between the calculated values (IP: K= 9.93 x 10° & Y= 0.225; $-36: K=
1.64 x 10° & Y= 0.115) and the estimated values from the wind tunnel tests. Similar
results were also found by Teitel, (2001) who also did not found a good agreement
using the values calculated after Miguel, (1998).

The ventilation rate values observed in the experimental screenhouses of the
present study (IP-13, IP-34, and S-36) were much higher than the ventilation rate
values observed in large scale (= 0.66 ha pepper screenhouse and =~ 8 ha banana
screenhouse) commercial screenhouses (Fig. 7), as those reported by Tanny et al.
(2006, 2003).

Tanny et al. (2006), comparing the ventilation performance of a greenhouse

against a screenhouse, stated that for a large enough naturally ventilated structure with
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a well-developed dense canopy, the air exchange rate in the middle of the structure is
less dependent on its size and vent area, since the latter represents only a small
percentage of the total covered area. In the present work the size of the screenhouses
seems that strongly influenced their air exchange rate. Comparing the ventilation
performance of small scale screenhouses (200 m?®) against that of two large
commercial constructions (= 8 ha and 0.66 ha) presented by Tanny et al. (2006, 2003),
it can be seen that the air exchange rates of the large screenhouses (= 7.4 - 33.3 h for
a pepper screenhouse and 10 - 45 h™ for a banana screenhouse) were much lower than

the small scale screenhouses (= 35-160 h™') of the present work.

7.3.3. Comparison between screenhouses and greenhouses

In the present work, apart from the C,;4+ values of the screens, the values of the
dual coefficient (Cd\/C_W) of the screenhouses and of the wind related coefficient C,,,
were also estimated. To the best of our knowledge, there are no previous works
reporting the Cd\/m or the C, coefficients in screenhouses and that is why the
observed values will be compared to those observed in greenhouses.

Teitel, (2007) reported that the presence of an insect screen in the vent openings
of a greenhouse reduces the Cd\/ﬂ coefficient by about 50%, depending the porosity
of the screen used, resulting in reduction of greenhouse ventilation rate. Katsoulas et
al. (Katsoulas et al., 2006a) reported values of the Cd\/m coefficient of 0.078 for a
small greenhouse (ground covered area of 160 m?) without screens in the side vents
and of 0.096 for the same greenhouse with screened side + roof vents. These values
are close to the Cd\/m values estimated for the S-36 screenhouse of the present work
(0.072). The same authors reported a value for the dual coefficient for screened roof
vent which is about the same with the estimate of the C4,/C,, coefficient of the insect
proof screens of the present work (0.026). Kittas et al. (2002) measured the ventilation
rate of a small greenhouse (4, = 200 m?) with only a roof vent and estimated the

Cq+/Cy to be about 0.132 for a screened vent opening, which is about double of the

corresponding value for the S-36 screenhouse. A Cq4./C,, value of 0.14 was reported
for a large Canarian-type greenhouse, for wind directions perpendicular to the side
openings (Fatnassi et al., 2002). Pérez Parra et al. (2004) estimated the dual

coefficient for a Paral-type greenhouse and for the case of rolling roof + side walls
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vents reported a value of 0.025 which is similar to the Cdm value of the insect
proof screenhouses presented in this work (0.026).

Considering that C,, is related to the pressure distribution around the structure,
and taking into account that the 1P-34 screenhouse could be considered as windward
and the S-36 as leeward screenhouse, the lower values of the parameter in the case of
IP screenhouses could be explained by the differences in the created pressure profile
along the wind direction blowing the screenhouses. The so called ‘side wall effect’
(Boulard and Baille, 1995; Fernandez and Bailey, 1992) induces an inflow in the
leeward side of the screenhouses’ complex, something that could explain the higher
values of C, observed in the leeward screenhouse (S-36). Fatnassi et al. (2006)
reported, for a 922 m? screened greenhouse a C,, value of 0.0009, which is one order
of magnitude lower than the values estimated for the screenhouses of the present
work. The C,, values of the screenhouse constructions estimated in the present study
are at least on order of magnitude lower than the corresponding values reported for
greenhouses (Kittas et al., 1997; Molina-Aiz et al., 2009; Pérez-Parra et al., 2006; Roy
et al., 2002). Screenhouses are constructions covered with highly permeable materials
unlike greenhouses which are perfectly closed constructions. Consequently,
screenhouses may not disturb the wind profile as the perfectly the greenhouses do,
which promotes a different pressure distribution pattern around a screenhouse
construction. Thus, the lower values of the C, coefficient estimated for the
screenhouses of the present study (IP: 0.003; S-36: 0.008) compared to those reported
for greenhouses may be the result of lower pressure differences between the leeward
and windward sides of the screenhouse construction.

Based on previously published data for other screenhouses, an effort was made
to estimate the Cdm for the pepper and the banana screenhouses reported by Tanny
et al. (2006, 2003). Furthermore, knowing the characteristics of the screens, their Cq4
values were also estimated (Bionet: C;4+= 0.465; Crystal Shade Net: C;4+= 0.616) as
described in section 4.2. Then the C,, of the constructions referred in Tanny et al.
(2006, 2003) were also estimated and found equal to 0.0001 for the pepper
screenhouse of 0.68 ha and 0.0002 for the banana screenhouse of 8 ha. In an effort to
generalize the results and estimate the C,, values for different constructions and based

on the C,, values of the present study and those estimated for Tanny et al. (Josef
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Tanny et al., 2003; Tanny et al., 2006), the following relationship was found between

the C,, and the screenhouse volume:

eq.54: C, = 0.166 V,;%>%,

with a value for the determination coefficient R? of 0.78.

Thus, based on eq. 54 that correlates a geometrical parameter of the screenhouse
construction with the C,,, on the C, coefficient of the screen, which is related to its
geometrical characteristics, and using the ventilation model proposed in this study eq.
25 (on page 48), it could be possible to calculate the ventilation performance of any

flat roof screenhouse.
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7.4. Crop performance inside screenhouses

7.4.1. Plant height and leaves number

Plant height was significantly different among screens and open-field; the
screenhouses imposed to the covered plants the “shade avoidance syndrome” (Mullen
et al., 2006; Zhang et al., 2011). The lowest and highest values were observed for the
open field crop and under the green screen respectively, whereas intermediary and
similar values were observed under the two insect proof screenhouses. The increase of
plant height inside screenhouses could be ascribed to the decreased values of R:FR
under the screens (1.20; on average for both years and for the three screenhouses) as
compared to the respective value at the open field (1.26) (Table 11, on page 68).
Similarly increase in height with increasing shade was reported by Kittas et al. (2012)
for tomato crops under four different shade nets. The differences in plant height
between the heave shaded screenhouses IP-34 and S-36 could also been attributed to
the different R:FR ratio of the irradiance inside the respective enclosure; IP-34 = 1.21
and S-36 = 1.17. The green coloured S-36 shade net strongly absorbed the incident
ambient solar radiation through the red wavelength band (reducing R:FR), while
significantly enriched the green band increasing G:R. The green net is acting as
supplementing green to background white light, or as a plant canopy that transmits
solar radiation to understorey. Both cases enhances the “shade avoidance syndrome”
(Folta and Maruhnich, 2007; Franklin, 2008; Zhang et al., 2011).

The final number of leaves per plant on 2011 was greater as compared within
each treatment to the corresponding numbers of the 2012 period (Table 21on page
87). This increased number of leaves could probably been ascribed to the increased
volumes of precipitation of 2011 (unlike the respective volumes of 2012; Figure 40,
on page 113), which probably enhanced the vegetative growth and development. The
latter is further supported by the decreased yield on 2011, as compared to the yield on
2012 (Figure 31, on page 93).

Heuvelink and Buiskool, (1995) investigated the influence of the sink-source
ratio as determined by fruit and truss pruning on dry matter production and
partitioning in tomato. The dry matter production was not influenced, whereas dry
matter partitioning was greatly influenced favoring the vegetative growth. They also
reported that the development rate (number of leaves) of tomato plants was not
influenced by the low sink-source ratio. However, in their experiments all side-shoots

128

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



were removed weekly, similar to commercial practice and their plants could not
increase sink source by producing side-shoots, which of course restricted the
vegetative development by lateral shooting. Similarly, fruit pruning (removal) favored
vegetative (leaves + stems) growth in cucumber (Marcelis, 1991).

The role of the already developed vegetative sources (leaves) is to supply
assimilates mainly toward the newly developed generative and vegetative organs plus
new lateral shoots. Upon the absence of newly developed generative organs due to
removal after heavy rainfall, assimilates from the sources were probably distributed
toward the present sinks that succeeded to remain attached to the plants i.e., already
well grown fruits and newly developed laterals. These newly developed laterals upon
their growth would shift from sinks to sources that would supply assimilates to their
neighboring sinks (buds, flowers and fruits). Should there a new heavy rainfall
occurred, those assimilates would redistributed to the already present sinks that
succeeded to remain attached to the plants. This scheme of influence of the rainfall to
the sink:source ratio that promoted the vegetative growth and development was
observed during experimental period 2011, where heavy summer precipitations were
distributed uniformly across summer months. The removal of flowers and small fruits
(newly fertigated flowers toward just formed fruitlets) after heavy summer night
rainfalls was severe in period 2011. This removal of the young generative sinks
promoted the vegetative growth (dry matter production) and development (number of
leaves) during summer months (June-August). Consequently, the greater number of
leaves per plant that recorded during 2011 period as compared to the respective
number recorded on 2012 period could probably be ascribed to the influence of heavy
summer precipitation to the sink:source ratio of the pepper plants. The fact that our
pepper plants were remained unpruned (unlike the work of Heuvelink and Buiskool,
(1995)) allowed a freely developed canopy. The combined effect of the freely
developed canopy and the rain regulated sink:source ratio resulted in more
“bushy/vegetative” formed plants i.e., plants with greater number of leaves as
compared to the plants of 2012 period (Table 21on page 87, ).

The increase of the LAI under shade conditions is another typical phenotype.
Kittas et al. (2012) reported that shading of an open field tomato crop increased its
LAI by approximately 42%, as compared to that of the open field crop. Smith et al.
(1984) reported that tomato plants adapted under different shade conditions by

increasing their leaf area, among other phenotypes. This increase was proportional to
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the shade intensity of the covering screen. Similar results reported by several authors
(Charles-Edwards and Ludwig, (1975); El-Gizawy et.al., (1992); Abdel-Mawgoud et
al. (1996)). The increased LAI of the screened crops, as compared to that of the open
field crop, greatly contributed to the transpirational cooling of the enclosures
(Katsoulas et al., 2002), inducing about similar internal air temperatures as the
ambient, although the reduced transport processes that were imposed by the covering

SCreens.
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7.5. Productivity of crops inside screenhouses

7.5.1. Yield

In general, the protected crops produced greater yields of fresh fruits as
compared to the open field crop; a deviation from this observation was recorded for
the S-36 screenhouse on 2012 period. The statistical analysis did not revealed
significant differences among all specific treatments. Nevertheless, the rank of the
crops with respect to the higher yield was: IP-13 > IP-34 > S-36 > open field. The
robustness of this rank could be strongly supported by the results of period 2012 of
yield harvested from each respective entire treatment i.e., harvests from all plants
(216 plant, excluded the border plants) inside each treatment (Rigakis et al., 2014).
The latter rank was: IP-13 (7.3 kg m?®) > IP-34 (5.3 kg m?) > S-36 (4.4 kg m?) >
open field (4.1 kg m™). The here presented beneficial effects of the shading to the
total are aligned to the findings of other authors for various horticultural crops and
shading technics and technologies (El-Aidy and EI-Afry, 1983; El-Gizawy et al.,
1992; Gent, 2008, 2007; Shahak et al., 2008a, 2004b).

Differences were observed between the respective yields of the two periods.
These difference could probably been ascribed to the different lengths (23 days) of the
cropping periods, as also been reported by Moller and Assouline, (2007) and
Romacho et al. (2006) for screenhouse crops and by (Hodges et al., 1995) for open
field crops. These differences demonstrate the necessity of early planting, before the
commence of the harsh summer conditions, that probably induce heat stress of the
crops at early (thus vulnerable) developmental stage (Wahid et al., 2007). Similarly,
Leyva et al. (2015) quoted that the differences in yield between the two experimental
period, could be due to a later sowing date (8th June and 24th May, for the 1% and 2™
period, respectively) when the development stage and plant processes are the most
sensitive to heat stress.

Furthermore, the cumulative yield during experimental period 2011 presented a
significant steep increase on W.A.T. 15. This increase could probably be ascribed to
the simultaneous growth of increased number of fruits that had been developed after
the last rainfall at the beginning of August. Due to the frequent precipitation incidents
during 2011 (Figure 40, on page 113) a significant flower abortion was observed, but
unfortunately not measured. Nevertheless, the abortion incidents changed temporarily
the sink to source ratio in favor of the vegetative development and growth, which
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obviously expressed by the significant increase of the number of leaves and lateral
shoots and their respective dry matter ((Heuvelink and Buiskool, 1995; Marcelis,
1991); (Figure 29, on page 88 and Table 29, on page 104)) Assimilates produced from
the increased leaf area of the crops 2011 enhanced the further development of lateral
shoots that increased number of flowers that successfully fertilized and became fruits.
Analogous steep increase of the cumulative yield was not observed on 2012, where no
significant precipitation incidents recorded and the development process was not
altered in favour of the vegetative or the reproductive organs. The “more” vegetative
2011 crop finally yielded less than the “more” generative 2012 crop.

The crops inside the insect proof screenhouses produced on average for both
screenhouses on both periods 5.75 kg m™ fresh fruit yield (Table 25, on page 92).
Thus, yielded about 30% more fresh fruit weight as compared to the respective of the
crop inside the S-36 screenhouse (4.45 kg m™ on average for both periods).

Screenhouses IP-34 and S-36 imposed about the same amount of shade over
their respective crops (Table 10, on page 65); in particular screenhouse S-36
transmitted about 5 % more solar radiation (T = 5% and P ~ 4 %; on average for both
periods) toward its covered crop. Thus, the observed differences in their yield could
not been attributed to the difference on the availability of the PAR. Probably the
observed differences of the crops yield between the heavy shaded screenhouses (I1P-34
and S-36) could be ascribed to the differences in light quality (spectrum and diffuse
component of the incident light) incident in the covered crops (Table 11, on page 68,
Table 12,0n page 69 and Table 13, on page 69). Accordingly, a possible explanation
of the decreased crop productivity inside screenhouse S-36 could be the negative
effect of the green light emitted by the net surface over the underneath. The green
light probably negatively influenced plant growth (Dougher and Bugbee, 2001; Klein,
1964; Klein et al., 1965; Went, 1957) resulting in decreased yield on 2012
experimental periods, as compared to the yield of the crops of screenhouse 1P-34.
Another reported negative effect of green light over plants is the flowering inhibition
(Banerjee et al., 2007; Klein et al., 1965; Vince et al., 1964). In the present study no
measurement relevant to flowers had been conducted. Nevertheless, observing the
final harvested fruit number an insight of the flowers that became harvested fruits
could be outdrawn. Inside screenhouse S-36 a significant reduction in number of
harvested fruits was recorded on 2012 period, but not in 2011 period. Thus, no secure

conclusion could be drawn on the effect of green light on crop flowering.
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Additionally, the microclimate inside the IP-34 screenhouse was more improved
as compared to the respective inside S-36 screenhouse; the canopy to air temperature
difference and the canopy to air vapor pressure deficit (Figure 15, on page 62). The
latter improved microclimatic parameters probably increased stomatal conductance
and therefore enhanced photosynthesis rate (Cohen and Moreshet, 1997; Haijun et al.,
2015; Kittas et al., 2012; Nicolas et al., 2005).

The differences between the white (IP-34) and the green (S-36) screenhouses of
the present study are not aligned with the results reported by Romacho et al. (2006),
how compared the influence of two 15-mesh screens, one green and one clear (black
and white woven threads), on cherry tomatoes where they did not observed any
significant differences between the two houses. The different findings between the
two works could be ascribed to the different textures of the screens used in the two
studies. Probably, the screens used by Romacho et al. (2006) scattered the incident
solar radiation in a similar trend due to their same texture. The clear threads have the
inherited property to scatter the incident light in a significantly greater proportion than
the darker green threads, while black threads only absorb the incident solar radiation.
The combination of the black and white threads in the same weave probably
significantly reduced (by 50%) the diffusive effect of the clear screen. The scattering
effect due to screen texture was the probably same, as both screens were 15-mesh.
Therefore, the scattering due to screen texture probably could not compensate the
reduction of the diffuse radiation due to the green colored threads and the two
enclosures probably presented about the same diffused solar radiation, thus there
beneficial effect of diffused solar radiation was about the same on both enclosures.
Differently, the available solar radiation to the crop (thus, also the PAR) inside the
clear house was 4% greater as been compared to the green screenhouse. Combining
the above written; since the effect of diffuse radiation was equal on both enclosures,
the greater amounts of available PAR to the crops inside the green nethouse probably
compensated for the negative effect of the green light enrichment on the crop
productivity, leading to equal fruit yields between the green and the clear houses.
Adversely, in the present study, in the S-36 screenhouse the low diffuse fraction of
solar radiation (as compared to the 1P-34 fraction; Table 12, on page 69; Figure 16, on
page 64; Figure 17, on page 67) probably could not be enough to compensate for the
negative effect of the green light enrichment, thus produced lower yields as compared

to the IP-34 screenhouse.
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The results of the present study corroborate with results previously reported by
several researchers. Kittas et al. (2012) reported significant increase of tomato total
yield under shading nets by about 43% as compared to that of the open field. The
authors attributed this increase to the improved microclimate (radiative, 0Tc.air and D.
air) Of the protected crops, which resulted in better physiological performance of
shaded crops.

Moller and Assouline, (2007), reported yields for sweet pepper crops of 5.93
and 9.26 kg m™ on two consecutive summer periods on 2004 and 2005, respectively.
Their sweet pepper crops were grown inside a shade-net (30%; black) covered
screenhouse, under Israeli climatic conditions for 21 and 26 weeks on 2004 and 2005
periods, respectively. The resulted crop yields inside the insect proof screenhouses of
the present work are about 17% and 30% lower from the latter mentioned yields for
2004 and 2005 period, respectively. The different (i) cultivars of sweet pepper plants
(Dolmy vs Selica; present study vs Moller and Assouline, (2007)), (ii) climatic
parameters of the experimental fields, could probably explain the differences between
the fresh fruit yields of the present study and the study of Médller and Assouline,
(2007). As Silber et al. (2009) quoted, a commercial summer season cultivation (21
weeks duration) of sweet pepper of Selica cv, produces fruits that could be weighted
between 145 and 185 g and the total number of harvested fruits could be about 50-55
m, resulting in an average fresh fruit yield of about 8.6 kg m™. Consequently, the
different types of fruits (Dolmy vs Selica; 100g vs 145-185g per fruit) between the
present work and the work of Moller and Assouline, (2007), could probably explain
the differences between the total yields on both periods (late summer planting 2004 vs
2011; regular spring planting 2005 vs 2012).

The open field productivity of the present study is compared to the respective
yields previously reported by other authors. Méller and Assouline, (2007) quoted
fresh fruit yields for open field pepper crops of about 3.9 kg m™ (on average) as
reported by other researchers (Doorenbos and Kassam, 1979; Hartz et al., 1996;
Hodges et al., 1995; Posalski, 2006; Rilsky and Adamati, 1989; Sezen et al., 2006),
which is not very different than the yield reported for the open field in the present
study. Despite of the different experimental treatments and cultivation practices
among the latter mentioned crop, that were clearly remarked by Méller and Assouline,
(2007), their low productivity highlights the necessity of the cultivation inside

screenhouses. The benefits of the shade protection of an open field crop were also
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demonstrated by Kittas et al. (2012) who studied the effect of various shade nets, with
different shading intensities and colors, on a tomato crop grown under Mediterranean
Summer. The authors reported an increase of the productivity (43% on average for all
shaded treatments) of the shaded crops unlike the open field.

The number of harvested fruits (# m™) per week presented strong fluctuations
during experimental period 2012, unlike period 2011. That fluctuation pattern is
typical of pepper crops and it is well documented by several authors (Gonzélez-Real
et al., 2009; Shahak et al., 2008; Marcelis and Baan Hofman-Eijer, 1997; Heuvelink
and Korner, 2001; Hall, 1977; Bakker, 1989). Pepper crops shows a cyclic growth
pattern where periods of high fruit set and slow fruit growth alternate with periods of
low fruit set and rapid fruit growth (Marcelis et al., 2004). The fluctuations can be
explained due to the great sink strength of the pepper fruits. Fruits are highly
competitive organs to their nearby sinks (new leaves and other fruits) in terms of
assimilates (Gonzélez-Real et al., 2008). Due to this competition pepper plants are
susceptible to bud, flower and fruitlets abscission and therefore present cyclic
fluctuations through the entire reproductive stage (Bakker, 1989; Hall, 1977). The
abortions and thus the characteristic fluctuating pattern can be ascribed to
microclimatic parameters (heat stress, rain etc.) (Aloni et al., 1997; Turner and Wien,
1994) and to the number of the existing fruits how act as strong sinks (Heuvelink and
Korner, 2001; Marcelis and Baan Hofman-Eijer, 1997). The sink strength of the fruits
is decreasing upon their maturity, allowing the initiation of a new generative cycle by
the formation of new fruits (Gonzélez-Real et al., 2009).

During experimental period 2011 these fluctuations were dimmed out probably
due to the increased abortion of flowers and fruitlets occurred after every heavy
precipitation incident especially in mid-June and early August. The fruits that were
already well formatted continued to grow and finally harvested, but their number was
reduced compared to the number of fruits that could have been harvested under
“regular/typical” summer conditions. Due to the excess abortion the vegetative
development and growth was enhanced and the plants presented a significant greater
number of leaves when compared to the corresponding number of the 2012 period.
Thus, a very steep pick presented on W.A.T. 15 (mid-September), where a great
number of ripened fruits were harvested from the crops of all treatments. After early
August 2011, a balance between vegetative and generative development and growth

seems been established and the final number of harvested mature fruits from the crops
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did not differed significantly from the respective of 2012 period (Table 25,0n page
92).

7.5.2. Quality of yield

The 50% increase of the marketable yield of crops inside the screenhouses as
compared to the open field marketable yield corroborates the results previously
reported by several authors. The increased marketable yield inside the screenhouses
primarily can be attributed to the significant decrease of the sunburned fruits in the
respective treatments and secondarily to the significant reduction of pest defected
fruits. The reduction of BER influenced in a lesser extend the increase of the
marketable yield inside screenhouses. The beneficial effects of the shading to the
marketable production in the present study are aligned to the findings of other authors
for various horticultural crops and shading technics and technologies (EI-Aidy and EI-
Afry, 1983; EI-Gizawy et al., 1992; Gent, 2008, 2007; Shahak et al., 2008a, 2004b).
Kittas et al. (2012) reported a doubling of the marketable yield of tomato crop under
shade nets as compared to the respective of the open field, while Rylski and
Spigelman, (1986) presented an increase about 60% of marketable yield of a sweet
pepper crop under shade, as opposed to the yield of the open field crop. The shade
increased the marketable tomato production by about 35% compared to non-shading
conditions in experiments under white, black and photoselective shade nets (Ili¢ et al.,
2012). Additively, the marketable yield of a shaded greenhouse tomato crop was
significantly higher than the respective obtained in an unshaded greenhouse (Lorenzo
et al., 2003).

The reduction of the sunscald was remarkably significant, demonstrating the
protection of the yield against the combined effects of supra-optimal irradiance and
high air temperature (Adegoroye and Jolliffe, 1987). The reduced NIR (Table 10, on
page 65) (and net) radiation inside the enclosures alleviated the harsh conditions
imposed by the excess summer solar radiation upon crops, resulted to lower leaf and
presumably fruit surface temperature. Moreover, the increased diffuse solar radiation
inside screenhouses protected fruits against sunburns, as the diffuse radiation acted on
fruits surface in the same way as in leaf surface; diffuse light results in lower leaf
temperature (Li et al., 2014; Urban et al., 2012) because of less severe local peaks in
light intensity and consequently lower locally accumulated heat radiation. Sunlit fruits

at the open field received more near-infrared radiation than shaded fruits and therefore
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presented extensive sunscald. The significant reduction of sunscald inside
screenhouses is aligned with the reports for shade crops by several authors (EI-Aidy
and El-Afry, 1983; El-Gizawy et al., 1992; Gent, 2008, 2007; Gindaba and Wand,
2008; Kittas et al., 2012; Lopez-Marin et al., 2011; Rylski and Spigelman, 1986b;
Shahak et al., 2008a, 2004b).

Moreover, in the present study was observed a significant reduction of BER
occurrences on the fruits harvested was inside screenhouses as opposed to those
harvested at the open field. This decrease could probably be attributed due to the
improved microclimate inside the screenhouses (lower values of 0T, and Dec.air).
The lower 0T and D4y induced a better water status in the plant and to their fruits
via regulating their transpiration, unlike the highly transpiring plants and fruits at the
open field crop due to their exposure at high D, values (Bertin et al., 2000;
Guichard et al., 2001; Ili¢ et al., 2014; Kittas et al., 2012; Cherubino Leonardi et al.,
2000; Leyva, R. et al., 2013; Lorenzo et al., 2004). The observed differences between
the moderate shaded (=25%; IP-13) and the heavy shaded screenhouses (=35%; IP-34
and S-36), even though they were not statistically significant, could probably be
ascribed to the lower transpiration rate of crops inside the latter enclosures (Figure 26,
on page 84). High BER incidence is related with an unbalance between the cell
expansion rate and the calcium requirement of the fruit during the rapid growth period
(Guichard et al., 2001; Lorenzo et al., 2004). The lower water content of fruits (Table
30, on page 106) could indicate lesser influx of xylem sap to the fruit and thus
calcium (Lorenzo et al., 2004).

Rylski and Spigelman, (1986) quoted that the highest yield of high-quality fruits
was obtained with 12-26% shade, which is in agreement with the findings of the
present work. The screenhouse crops increased their fruit size (greater horizontal and
vertical dimensions) (Table 27, on page 96) as well as the weight per fruit (Table 26,
on page 95), which corroborates the finding reported by the latter authors. Moreover,
there seems to be a correlation between the shade factor (and/or the diffuse radiation)
with the shape (elongation; H:W) of the fruits. The ratio H:W is decreasing with
increase of the shade up an upper limit of shade beyond which the ratio is increasing.
The results presented by Rylski and Spigelman, (1986) also imply a congener
correlation between shade factor and shape of the sweet peppers they used in their
experiments. The elongation (H:W) of their fruits was: 0% shade factor (SF) = 1.09;
12% SF=1.08; 26% SF = 1.06 and 47% SF = 1.11.
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The analysis of fruits’ chemical characteristics revealed that Titratable Acidity
(TA) did not present significantly differences between the open field and the covered
crops, similarly to the findings reported by Ili¢ et al. (2014). Adversely, SS were
decreased under all screenhouses by on average 12%, as compared to the SS of the
fruit from the open field crop (Table 27, on page 96). Similarly, Ili¢ et al. (2014)
reported also a decrease of SS (12% on average) of tomato fruits from crops grown
inside screenhouses (with photoselective shade nets) as compared to the respective
values for the fruits from an open field treatment. The reduced VPD causes a
significant increase in fruit fresh weight and fruit water content and a decrease in
soluble solids (Bertin et al., 2000; Guichard et al., 2001; Ili¢ et al., 2014; Cherubino
Leonardi et al., 2000; Leyva, R. et al., 2013; Lorenzo et al., 2004). The Dy was not
improved inside screenhouses in the present study. However, the significant reduction
of the 6T¢.air and Dc.4ir could probably be ascribed to the significant increase in fruit
fresh weight and fruit water content and to the decrease in SS. Additionally, the fruits
dry weight was not affected at the open field and inside the insect proof screenhouses,

as also quoted by the above mentioned authors.
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7.6. Water use efficiency

7.6.1. WUE of screenhouse crops

The here presented profound effect of screenhouses is increasing the water use
efficiency of the covered crops as compared to that of the open field (Table 28, on
page 98), is in accordance with results reported for various screened/shaded crops by
several researchers (Alarcon et al., 2006; Medina et al., 2002; Nicoléas et al., 2005;
Siqueira et al., 2011) (Lorenzo et al., 2004, 2003). Leyva et al. (2015), reported that
the WUE by a cherry tomato crop inside an insect proof screenhouse was 7.03 kg m™
(fresh mass).

Moller and Assouline, (2007) reported, for a screenhouse sweet pepper crop,
that the irrigation WUE ranged between 10.70 and 13.54 kg m™, while the respective
value for an open field crop was (on average) 4.75 kg m™. These values were on
average (11.8 kg m™) 0.87 and 0.73 of the corresponding average (2011 and 2012
periods) value of the shade screenhouse (S-36; 13.6 kg m™) and of the insect proof
screenhouses (IP-13 and IP-34; 16.2 kg m™) of the present work, respectively. Their
case study could probably be more close to the S-36 case of 2012 (non-rainy summer)
the present study, as both are screenhouses covered by shade nets, which do not
(black net) or partially (S-36 net) enrich the enclosure with diffuse radiation. As
IWUE is an index that reflects the positive effect of the structures on the utilization of
the irrigation water by the covered crops there should not be neglected the differences
in the applied irrigation water and in the total fresh yield between the present study
and the study of Moller and Assouline (2007). In their case, the fresh fruit yield was
5.9 and 9.3 kg m™ and applied irrigation water 554 and 673 mm on 2004 and 2005,
respectively. These values are significantly greater than those of the present work,
unlike the IWUE that were significantly lower. Those differences could probably be
ascribed to the different optical properties (shade factor, no diffuse enrichment due to
black color) of their screen as compared to the here presented insect proof screens,
which enhanced the diffuse radiation of the enclosures, promoting the production of a
unit of fresh weight with the consumption of lesser units of irrigation water.

Moreover, Moller and Assouline (2007) carefully (because of several limiting
differences between their crop system and those of the open field crops) presented
data of yield, applied irrigation water and IWUE for open field pepper crops, as
previously been reported by several researchers (Hodges et al., 1995; Posalski, 2006;
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Rilsky and Adamati, 1989). Average values of yield, applied irrigation water and
IWUE for of the latter reported cases of open field pepper crops were 4.05 kg m?, 713
mm and 5.1 kg m™, respectively. The fresh fruit yield was not very different than the
yield reported in the present work (on average for both periods; 3.85 kg m™), unlike
irrigation water and IWUE, which were +30% and -27% of the respective values of
the present work (549 mm and 7.0 kg m™; average values for 2011 and 2012
periods). Sezen et al. (2006) reported for an open field peper crop under various
irrigation management, IWUE about 5.7 kg m™ on average for all their treatments,
which is 6% lower compared to the average value for both periods of the present
study. Moreover, Dagdelen et al., 2004 determined WUE and IWUE values for open
field grown pepper crops in the Aegean region of Turkey varying between 3.1 and 5.1
kg m™ and between 4.1 to 6.7 kg m?, respectively, while Karam et al. (2009) reported
value of WUE as 5.9 kg m™. After comparing our results for the open field crops
(2011 and 2012) with the results reported by the formerly presented researchers, it
could be assumed that the irrigation water in the present study was utilized by the
open field crops more efficiently than the latter cases.

7.6.2. WUE and screen characteristics

An attempt to correlate the optical characteristics of the screens with the values
of the IWUE by the crops of the present study. Non-linear regression analysis (using
Marquardt, (1963) algorithm) was conducted for groups of data of IWUE-Diffuse
fraction (fgir) solar radiation and IWUE-Total (T; 350-1100 nm) (Figure 41, A).
Furthermore, the diffused radiation was “decomposed” to its spectral components (P;
B; G; R; FR; N) which were also correlated to the IWUE (Figure 41, B).

A tight correlation was revealed by the statistical analysis between the IWUE
and the f;r of the solar radiation (global and T) and also between the IWUE and the

selected spectral bands of the diffuse irradiance:

eq. 55, fRg.air: IWUE = 29.18 * fRg.qir + 549, with R2 = 0.97
eq.56, fTyr: IWUE = 30.88 * fTys + 6.60, with R? = 0.88
eq.57, fPyir: IWUE = 32.01  fPy; + 542, with R? = 0.83
eq.58, fBgir: IWUE = 3859 x fByr + 0.37, with R? = 0.83
eq.59, fGair: IWUE= 3232 * fGgi + 0.37, with R? = 0.83
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eq. 60, fRgif : IWUE = 27.48 * fRyif + 8.72, with R? = 0.82
eq. 61, fFRyif: IWUE = 28.49 * fFRyj + 8.41, with R? = 0.88
eq. 62, fNgir: IWUE = 29.09 * fNg + 820, with R? =0.92

Figure 41. Irrigation Water Use Efficiency (IWUE; kg m™) against the diffuse
fraction (f4ir) of solar radiation of the: A) global (closed symbols) and T (350-1100
nm; open symbols), B) through the R (600-700 nm; R), the FR (700-800 nm;) and G
(500-570 nm) and C) through the N (700-1100 nm), the P (400-700 nm) and the B
(400-500 nm), wavelength bands, for each treatment (Cont; circles, IP-13; squares,
IP-34; diamonds and S-36; triangles) for the 2012 experimental. Straight lines
represent the best fit regression line for the corresponding groups of data; A) global-
thick line and Total-dashed line, B) R-dashed line, FR-thin red line and G-thick line
and C) N-thick line, P-dashed line and B-thin line.
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The reduction of the radiative load and air velocity in the enclosures resulted in
lower crop transpiration rate than the open field and accordingly that protected crops
consumed about 25-40% less irrigation water than the open field crop (Table 28, on
page 98). Additionally, the increased diffuse radiation in the enclosures enhanced the
productivity of the covered crops. The combined effect of the global solar radiation
and its diffuse fraction on the increased but less irrigated productivity is clearly
presented by the equations eq. 55 - eq. 62. The extremely high coefficient of
determination suggests the strong positive correlation between the IWUE and the
diffuse solar radiation (global and Total; eq. 55 and eq. 56). These strong correlation
is also valid through each specific band (eqg. 57- eg. 62) through the entire wavelength
band (T).

Moreover, non-linear regression analysis was conducted for groups of data of
IWUE and light quality parameters (B:R; B:FR; G:R and G:R), in order to be
investigated any correlation between them. The data of the respective groups were
plotted against each other and the best fit regression line for each group of data was
fitted, as presented in Figure 42. The correlation between the IWUE and the light
components was also significantly tight as been derived by the following equations of

the best fit regression line for each case (Table 34).

Figure 42. Irrigation Water Use Efficiency (IWUE; kg m®) against quality
parameters of the diffuse solar radiation in each treatment (Cont; circles, IP-13;
squares, IP-34; diamonds and S-36; triangles); A) B: R, B: FRand B) G: R, G : FR).
Straight lines represent the best fit regression line for the corresponding groups of
data for each wavelength band.

142

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



Table 34. Regression analysis results (slope of the best fit regression line; R?) of
groups of data of IWUE and spectra quality components of the diffuse irradiance as
were determined for each respective treatment.

Spectral quality component [t PIR?
G:B 52.15 0.93
G:R -24.71 0.83
G:FR -15.76 0.98
G:T -333.37 0.94
B:R -9.19 0.92
B:FR -6.08 0.99
P:N -6.95 0.84
G:N -28.85 0.86

—_
[y
_—

a: slope of regression line; ”IR?: Coefficient of determination

As it can be seen by the presented coefficients of determination in Table 34 the
quality of the diffused radiative environment is also tightly correlated to the IWUE of
the crops. Interestingly, the quality parameters relevant to the green light further
support the negative effect of the green light on the productivity of the crop inside the
green-shaded S-36 screenhouse (Dougher and Bugbee, 2001; Klein, 1964; Klein et
al., 1965; Went, 1957). No significant correlation was revealed neither for { nor for
R:FR parameters. Therefore, it can be supported that the profound positive effect of
the here presented screens/net on the IWUE was probably cryptochrome related.

Finally, the negative impact of the harsh summer radiative environment to the
crops is characteristically represented by the plot of the IWUE against the
transmittance of the screenhouses to the direct component t;, of the solar radiation
and fully expressed by the extremely tight negative correlation between the latter
parameters, that was revealed by the statistical analysis (Figure 43 and Table 35). As
Tp, Was stable across the entire T wavelength band (Figure 17, on page 67), the
equations of the best fit regression line for each selected spectral band were about the

same (Table 35) and therefore only one case (T; 350-1100 nm) is presented.
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Figure 43. Irrigation Water Use Efficiency (IWUE; kg m™) against transmittance to
the direct component (t,) of solar radiation through T (350-1100 nm) wavelength
band as were determined for each respective treatment (Cont; circles, IP-13; squares,
IP-34; diamonds and S-36; triangles). Straight line represent the best fit regression

line for the respective group of data (RUE; t},).

Table 35. Regression analysis results (slope of the best fit regression line; R?) of
groups of data of IWUE and transmittance to the direct component (t},) of solar
radiation through selected wavelength bands as were determined for each respective

treatment.

Wavelength band (g PIR2
T -21.73 0.98
P -21.76 0.98
B -21.73 0.98
G -21.75 0.98
R -21.78 0.98
FR -21.90 0.98
N -21.98 0.99

[a: slope of regression line; PIR?: Coefficient of determination
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7.7. Crop growth inside screenhouses
7.7.1. Dry matter production

Cultivating inside screenhouses enhanced crop growth. The significant increase
of total dry matter under the anti-insect screen could possibly be ascribed to the
alleviation of the negative effects of excess light on photosynthetic performance. The
protected crops probably spend less energy (assimilates) for PSII repair unlike the
highly energy expense occurred in the crops at the open field (Arboree et al., 2011).
Thus, the protected crops instead of wasting assimilates for recovery from photo-
damage they stored them as dry matter in their organs, which cumulatively promoted
the increased DMP, unlike the case of open field crops.

The differences in total dry matter production between the two consecutive
experimental years could primarily be ascribed to the differences on the dry matter
allocated to fruits. As an overall remark, it can be stated that light to moderate (~18-
25%) shade (IP-13) promotes dry matter allocation in fruits as compared to no shade
(Cont) or heavy shade (IP-34 and S-36) (Table 29, on page 104).

Crop inside screenhouse IP-13 was the most productive with respect in total dry
matter and fruit dry matter of all screenhouses. This superiority could be attributed to
the greater available PAR energy due to the greatest transmittance in PAR
(beam+diffuse) spectral band and to the greatest diffuse ratio (zyr; 2.24), as
compared to IP-34 and S-36 screenhouses (Table 10, on page 65; Table 12, on page
69; Table 13, on page 70).

The difference between IP-34 and S-36 in dry matter of the fruits as well as in
total dry matter could probably be ascribed to the quality of the radiative environment.
Firstly, the profound effect of diffuse radiation on the photosynthesis was greatly
weaken for the case of S-36 screenhouse, since its 74 across PAR band was
extremely decreased (0.82), as compared to the respective value for the IP-34
screenhouse (1.55). That was also presented graphically as the “grey area” in Figure
17, E (on page 67). The practical meaning of the value 0.82 for 74, is that the S-36
net reduced the ambient diffused PAR and thus provided lower diffused energy for
photosynthesis to the underneath crop, as compared to the open field. As the
respective value for the screenhouse IP-34 was 1.55, it can be deduced that the screen
IP-34 provided about the double diffused PAR to its underneath crop, as opposed to

the S-36 screenhouse. Thus, the quantitative difference between the diffused radiative
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environment of IP-34 and S-36 screenhouses differentially influenced photosynthesis
and consequently the total dry matter production (Brodersen and VVogelmann, 2007;
Brodersen et al., 2008; Gorton et al., 2010; Gu, 2002; Hemming et al., 2008; Kong et
al., 2012; Li et al., 2014; Shahak et al., 2008b). Secondly, the quality of the diffused
radiative environment of screenhouse S-36 probably negatively influenced its crop
growth. The S-36 enclosure was enriched with green light (direct and diffuse), due to
the color its covering shade net. The green light presumably inhibited crop growth
(Dougher and Bugbee, 2001; Klein, 1964; Klein et al., 1965; Went, 1957) inside
green screenhouse S-36, resulting in decreased total and fruit dry matter, as compared
to the yield of the crops of screenhouse IP-34 on both experimental periods.

The increase in total fresh fruit yield under shading may be due to the greater
amount of water accumulated in fruits, induced by the lower canopy-to-air VPD
(Figure 15, on page 62), which improved the water status of leaves and promoted
water movement to the fruit (Bertin et al., 2000). The greater water containment in
fruits diluted the dry matter inside the fruits, resulting in a decreased dry matter
content in the fruits harvested inside screenhouses (Table 30, on page 106).

7.7.2. Dry matter production correlations with screen optical properties

A profound effect of screens/nets is the increase of the diffuse radiation
underneath them, (Abdel-Ghany and Al-Helal, 2011; Al-Helal and Abdel-Ghany,
2011, 2010; Healey and Rickert, 1998; Oren-Shamir et al., 2001; Romero-Gamez et
al., 2012; Shahak et al., 2004b), which is documented that enhances photosynthesis of
lower, shaded leaves due to the improved light distribution over crops canopies (Li et
al., 2014), resulting in an overall increase of photosynthetic performance (Alarcon et
al., 2006; Arboree et al., 2011; Medina et al., 2002; Shahak et al., 2004b) and thus
increase growth of underneath crops and therefore the radiation use efficiency of
shaded canopies as compared to unshaded canopies (Healey et al., 1998). As Tanny,
(2013) quoted in his review paper, the “quantification of this effect of diffuse radiation
in a variety of crops and screenhouse types is a challenge for future research”.

In the present study an attempt was made to correlate the diffusive effect of the
covering screens/net to the productivity of the covered crops. In the following
analysis it was considered that the properties of the radiative environment of the

enclosures and at the open field were constant on both experimental periods, since
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detailed measurements of the diffuse component of the solar radiation were not
available on 2011 period. It is presumed that this assumption would not bring a
significant error to the final results.

In Figure 44 is presented the total dry matter per plant (DM; g plant™) against
the diffuse ratio (szf) through PAR (P) and green (G) wavelength bands for the
screenhouses and for the open field treatment, on both experimental periods (2011
and 2012). A significantly tight correlation between the total dry matter and the
diffuse ratio (rdif) of the screens was revealed by the statistical analysis (Table 36,
on page 148). The t4;racross P and G bands was tightly correlated to the total dry
matter per plant. The different slope of the best fit regression line for each respective
period could probably be ascribed to the differences of the total DM produced on each
period (2011 and 20102). These strong correlation was also valid through each
specific band of the entire wavelength band (T) (Table 36). For each respective band
the increase of the diffuse ratio enhanced the production of dry matter per plant.

Figure 44. Total dry matter (DM) per plant against diffuse ratio (rdif) of each
screenhouse (IP-13: squares; IP-34: diamonds; S-36: triangles) and of the open field
(Cont: circles), through the PAR (P; fig A) and green (G; fig B) wavelength bands of
solar radiation, on experimental periods 2011 (open marks/symbols and dashed line)
and 2012 (closed marks/symbols). Lines stand for the best fit regression line for 2011
(dashed line) and 2012 (continuous line) data.
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Table 36. Regression analysis results (slope of the best fit regression line; R?) of
groups of data of total dry matter per plant and diffuse ratio (le-f) of selected
wavelength bands as measured in each respective treatment on both experimental

periods (2011 and 2012).
[y [2IR2
Wavelength band 2011 2012 2011 2012
T: 350-1100 nm 66 49 0.87 0.86
P:400-700 nm 94 72 0.87 0.94
B: 400-500 nm 172 135 0.82 0.92
G: 500-570 nm 91 68 0.89 0.92
R: 600-700 nm 45 34 0.83 0.89
FR: 700-800 nm 37 28 0.83 0.80
N: 800-1100 nm 31 22 0.81 0.71

[Ma: slope of regression line; P'R?: Coefficient of determination
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7.8. Radiation use efficiency inside screenhouses

7.8.1. Simulating crop growth

The values of RUE of the crops of the Cont (1.05) were lower by about 0.35 and
0.52 the values reported by Vieira et al. (2009) (1.6 g MJ™ PAR), Karam et al. (2009)
(2.2 g MJ™* PAR), respectively, for open field pepper crops in southern Portugal and
in a Mediterranean climate. In their study, Karam et al. (2009) calculated the
intercepted Photosyntheticaly Active Radiation (PARI) using the formula of Lambert-
Beer (Shibles and Weber, 1965): PAR; = (PAR/PPD) * (1 — e kA1), where PPD is
the plant population density (plants m‘z), k is the extinction coefficient and LAl is the
leaf area index (m® m™2). The plant density in their work was 3.5 plants m™ and they
considered k-value for bell pepper to be 0.35 (Jovanovic and Annandale, 2000).
Should we use the same interception model for the data of the present work (PPD =
1.8 plants m?% k = 0.35) the RUE would have been increased by 1.9 times as
compared to the RUE evaluated in the present study (Table 37). Additionally, the
plant density (PPD) also affects the RUE; increasing PPD the fi-PAR is reducing thus,
the c-PARI is also reducing and therefore the RUE is increasing. The plant density in
the present study was about 0.5 of the respective in Karam et al. (2009) study. By
doubling the plant density on the model used by Karam et al. (2009) the c-PARI is
reduced in half and (assuming that DMP remains unaffected by the increase of the
PPD) the deduced RUE is therefore doubling. The latter analysis exhibits: (i) the
importance of the interception model in use to calculate the PARi from the crop under
study and (ii) the influence of the plant density on the c-PARI. The latter remarks (i,
il) could also explain the differences of the RUE between the present study and the
study of Vieira et al. (2009).

Healey et al. (1998) reported that RUE (g MJ™) was 1.28, 1.49 and 1.89 for the
crops (green panic and creeping bluegrass) at the open field and under a birdguard and
a solarweave, respectively. The positive effect of the shade nets on the increase of the
RUE by the underneath grown crops was documented by Kittas et al. (2012), who
reported that RUE by shaded tomato crops was between 2.04 g MJ™ and 2.62 g MJ™,
while the respective of an open field crop was 0.94 g MJ™. Their values were
relatively close to those given by Radin et al. (2003) for open field and greenhouse-

grown tomatoes.

149

Institutional Repository - Library & Information Centre - University of Thessaly
24/04/2024 05:45:40 EEST - 18.227.114.6



Table 37. DMP (g m™), cumulative intercepted PAR (c-PARI) as calculated by means
of the interception model reported by Marcelis et al. (1998) and Karam et al. (2009),
and the respective values of RUE, for the crops inside screenhouses (IP-13; IP-34; S-
36) and at the open field (Cont). RUE values we

DMlz c-PARI **RUIIE
@m) (MIm?) QM)
[1 21 [1] [2]

Treatement *M K K *M K K
Cont 522 563 183 311 1,08 3,07 (1,9 1,81 (0,7)
IP-13 569 843 221 339 1,48 3,82 (1,6) 2,49 (0,7)
IP-34 439 656 165 262 1,49 3,96 (1,7) 2,51 (0,7)
S-36 478 606 181 285 1,27 3,34 (1,6) 2,12 (0,7)

* M: interception model as reported by Marcelis et al. (1998).

**RUE was calculated using the values of DMP and c-PARi at the end of the period,
which slightly increased the respective values calculated by eq. 47 - eq. 50.

H K: interception model as reported by Karam et al. (2009), where (PPD = 1.8 plants
m?; k = 0.35 as reported by (Jovanovic and Annandale, 2000)).

. K: interception model as reported by Karam et al. (2009), where (PPD = 1.8 plants
m?; k = 0.70 as suggested by Marcelis et al. (1998)).

A crop growth model was developed by Giménez et al. (2012) for pepper crops
grown inside plastic greenhouses in Mediterranean regions. They reported a RUE of
4.01 g MJ™ PARI, which is about 2.93 greater than the RUE calculated in the present
study (on average for all screenhouses; 1.37 g MJ™ PARi). The monthly mean values
of integrals of daily solar radiation (MJ m™ d*) reported by Giménez et al. (2012)
during July, August and September (2005 and 2006) were about 0.52, while the
October values were about 0.77 of the respective values of the present study for 2012
period at the open field (Cont), allowing the assumption (without significant error)
that the greenhouse used by Giménez et al. (2012) were shaded (or blanched) during
summer and early autumn. Thus, the RUE reported by the latter authors (4.01 g MJ™
PAR) should be compared to the respective values for the screenhouse crops of the
present study (Table 37). The crops were transplanted (in PPD of 2.0 plants m™) on
July 21 and 20 on 2005 and 2006 period during the experiments conducted by
Giménez et al. (2012). The DMP that they reported was about 1100 g m™ at the end
of the cropping periods, been about 1.4 of the DMP of the crops in the present study
(703 g m™; average values for 3 screenhouses, for 2 periods). In their study the
cumulative global solar radiation was 1729 MJ m™ and the cumulative PAR was 743
MJ m? (PAR=0.43*Rs,giobat). Since DMP at harvest was 1193 g m? and RUE was
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4.02 g MJ™, the mean seasonal fi-PAR was 0.40. In the present work, the mean
seasonal fi-PAR was also 0.40 for the screenhouse cases. If it would have been used
in the present study as a conversion coefficient of global solar radiation into PAR the
value 0.43 instead of the 0.57 that was actually used (measured), the new RUE would
have been 1.87 for the screenhouses (overall average). Thus, the improved RUE is
about 0.5 of the respective value that Gimeénez et al. (2012) reported. As the PPD was
about the same it did not affected the RUE. Thus, it is easily concluded that the lower
integrals of available PAR due to the summer to winter crop season and the improved
microclimate of the greenhouse enclosure during that period of year, greatly increased
the RUE of the crop, unlike the screenhouse cases of the present study.

Comparison between protected (greenhouse) and open field crops was
conducted by Baille, (1999), who quoted that the high RUE values in greenhouses are
a consequence of the more favourable climatic conditions. Moreover, “Radiation Use
Efficiency increases when the diffuse component of incident radiation is enhanced
under shade”, as Healey et al. (1998) clearly presented. The latter is not only valid for
the plastic greenhouses but also for the screenhouses. In the present study was clearly
presented the influence: (i) of the rate of the enrichment of the radiative environment
with diffuse radiation and (ii) of the quality of the diffuse radiation on the productivity
(total dry matter; Figure 44, on page 147;) and on the RUE (Figure 45, on page 152;
Figure 46, on page 154) by the crops inside screenhouses The diffuse radiation
distributed more uniformly the PAR energy upon the canopy surface enabled plants to
utilize diffuse light better than direct light (Hemming et al., 2008). As more PAR
reached the middle and lower layers of a crop canopy, plant CO, assimilation per unit
of intercepted radiation is increasing, resulting in higher RUE (Healey et al., 1998).
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7.8.2. RUE and screen characteristics

The differences between the RUE of the crops inside the insect proof
screenhouses and the shade screenhouse S-36 could probably be ascribed to the
differences in their radiative environment (beam+diffuse, diffuse and beam
components), similarly to the respective observed differences of WUE and crop
growth (total dry matter). In particular, it is essential to distinguish the source of the
increased RUE of the crops inside screenhouse IP-34 as compared to the crops inside
screenhouse S-36, although they presented about the same transmittance across the T
and PAR wavelength band. Therefore, an attempt was made to correlate the optical

properties of the covering screens to the RUE by the covered crops.

Figure 45. Radiation Use Efficiency (RUE; g MJ™) against the diffuse fraction (fyir)
of solar radiation of the: A) global and T (350-1100 nm), B) through the R (600-700
nm; R), the FR (700-800 nm;) and G (500-570 nm) and C) through the N (700-1100
nm), the P (400-700 nm) and the B (400-500 nm), wavelength bands, for each
treatment (Cont; circles, IP-13; squares, 1P-34; diamonds and S-36; triangles) for the
2012 experimental. Straight lines represent the best fit regression line for the
corresponding groups of data; A) global-thick line and Total-dashed line, B) R-dashed
line, FR-thin red line and G-thick line and C) N-thick line, P-dashed line and B-thin
line.
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For this purpose, the slope (RUE) of the eq. 47 - eq. 50 was plotted against: (i) the
diffuse fraction (fy;) of global (R;) and Total solar radiation (T; 350-1100 nm)
(Figure 45, A), (ii) against the diffuse fraction of solar radiation through the PAR
(400-700 nm; P), the Blue (400-500 nm; B), the G (500-570 nm), the R (600-700 nm),
the FR (700-800 nm) and the NIR (700-1100 nm; N) wavelength bands, for each
treatment (Figure 45). The respective best fit regression lines were fitted and their
respective equations were statistically estimated conducting a non-linear regression
analysis using Marquardt, (1963) algorithm. As it can be seen in Figure 45 and in eq.
63 - eq. 70 the RUE of each treatment was tightly correlated to the f3;¢ of solar
radiation, with the best fit regression line obtained for each respective group of data

been as follow:

€q. 63, fRG;dif: RUE = 0.76 fRG;dif + 094 , with R? = 1.00

eq. 64, fT,. : RUE=080fT, + 097, with R* = 0.90
eq. 65, fP4if :RUE =0.84fPgr +
eq. 66, fBgir : RUE =1.02 fBgis + 0.80, with R* = 0.88
eq. 67, fGgir : RUE = 0.85 fGgir +
eq. 68, fRgir : RUE =0.71 fRyqir + 1.03, with R* = 0.84
eq. 69, fFRgir: RUE = 0.74 fFRyis + 1.02 , with R* = 0.90

eq. 70, fNgir : RUE =0.75 fNgif + 1.02, with R® = 0.94

094 , with R* = 0.86

0.94 , with R* = 0.88

The extremely high coefficient of determination of the above equations clearly
supports the profound positive effect of the diffused radiative environment over the
utilization of the radiation by the crops. The positive effect of the diffuse radiation
upon the RUE was also documented by Healey et al. (1998), but unfortunately, for
comparison reasons, non-statistically supported i.e., no regression equation was
reported by the authors.

Moreover, the spectra quality of the diffuse solar radiation that was been
available to the crops of each treatment was also strongly correlated to their RUE
(Figure 46 and Table 38). The slope and the coefficient of determination of best fit
regression line revealed by the statistical analysis for each respective group of data

(RUE; quality parameter of diffuse solar radiation) are presented in Table 38.
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Figure 46. Radiation Use Efficiency (RUE; g MJ™) against the quality parameters of
the diffuse solar radiation in each treatment (Cont; circles, IP-13; squares, IP-34;
diamonds and S-36; triangles); A) B: R, B: FR and B) G : R, G : FR). Straight lines
represent the best fit regression line for the corresponding groups of data for each
wavelength band.

Table 38. Regression analysis results (slope of the best fit regression line; R?) of
groups of data of RUE and spectra quality components of the diffuse irradiance as
were determined for each respective treatment.

Spectral quality component [ta PIR?
G:B 1.32 0.90
G:R -0.63 0.81
G:FR -0.40 0.95
G:T -8.33 0.89
B:R -0.23 0.90
B:FR -0.15 0.98
P:N -0.18 0.82
G:N -0.73 0.85

[a: slope of regression line; PIR?: Coefficient of determination

The correlations were significantly tight for the cryptochrome related ratios
(B:R and B:FR). Interestingly, the correlation was also tight for quality parameters
which embedded green wavelength band; G: B, G:R,; G:FR,G:Tand G: N. Asin
the IWUE correlations, the RUE correlations with the quality parameters relevant to
the green light further support the negative effect of the green light on the productivity
of the crops, due to the inhibition of the crop growth i.e., the decrease of the total dry
matter production, as documented by several authors (Dougher and Bugbee, 2001;
Klein, 1964; Klein et al., 1965; Went, 1957). The grade of the latter negative

correlations is supported by the higher absolute values of the slopes of the respective
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regression lines as compared to the slopes of the lines of the non-green light
embedded parameters, ex. the cryptochrome related parameters; G:R 0.63 > B:R 0.23
and G:N 0.40 > B:FR 0.15.

The RUE of the crops was also strongly correlated to the diffuse ratio of the
screenhouses (tgir), with the correlation for the NIR (z4;; — N) band been quite

interesting:

eq. 71, g — N: RUE = 0.09 74y — N + 1.02, with R® = 0.88

This tight correlation could be ascribed to the more uniform distribution of the
NIR radiation over the canopy surface, as opposed to the open field treatment, that
resulted to the reduction of the canopy temperature of the crop inside screenhouses,
unlike the crop at the open field (Dai et al., 2004). This probably occurs because the
heat load (NIR) transmitted by the diffuse light upon the crop canopy is
spread/distributed over a greater area rather than been concentrated in a smaller one,
which is the case of the NIR transmitted by direct light. That resulted in a reduction of
the canopy temperature and consequently in canopy-to-air vapor pressure deficit
reduction (Gu, 2002; Li et al., 2014; Urban et al., 2012). The synergistic effect of the
later improved microclimatic parameters and the overall microclimatic improvement
of the enclosures enhanced the photosynthetic performance of the covered crops
(Cohen and Moreshet, 1997; Haijun et al., 2015; Kittas et al., 2012; Nicolas et al.,
2005), resulting to increased productivity (DMP) inside screenhouses, as opposed to
that of the open field.

Another interesting correlation of the RUE was statistically revealed for the
direct component of the solar radiation in each treatment. The transmittance (zy,) of
the direct light was highly correlated to the RUE of the crops. As 7}, was stable across
the entire T wavelength band (Figure 17, on page 67), the equations of the best fi
regression line for each selected spectral band were about the same (Table 39) and
therefore only one case band is graphically presented (Figure 47). The negative
correlation of the RUE and the transmittance of the direct component of the solar
radiation that incident upon the crops clearly documents the lower utilization of direct

radiation by the crops.
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Figure 47. RUE against transmittance to the direct component (z},) of solar radiation
through G (500-570 nm) wavelength band as were determined for each respective
treatment (Cont; circles, IP-13; squares, IP-34; diamonds and S-36; triangles).
Straight line represent the best fit regression line for the respective group of data
(RUE; tp,).

Table 39. Regression analysis results (slope of the best fit regression line; R?) of
groups of data of RUE and transmittance to the direct component of solar radiation
through selected wavelength bands as were determined for each respective treatment.

Wavelength band (g [PIR?
T -0.55 0.97
P -0.56 0.97
B -0.55 0.97
G -0.56 0.97
R -0.56 0.97
FR -0.56 0.97
N -0.56 0.97

[a: slope of regression line; PIR?: Coefficient of determination
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8. Conclusions

The high solar radiation levels observed under open field conditions were
reduced under screenhouse conditions. The three different screens used resulted in a
reduction of solar radiation above the crop from 22% - 38%, depending on the optical
properties of the screen. Differences between the laboratory screen tests and the in
situ screenhouse transmittance were observed; the in situ transmittance was decreased
as opposed to that determined in the laboratory. Screens increased the diffuse fraction
of solar radiation inside the enclosures, with respect to their color (brightness) and
geometrical characteristics (porosity). Differences in the quality of the radiative
environment were revealed inside screenhouses after a spectrum distribution analysis
of their solar radiation (beam, diffuse and total), imposed by their colour.

The presence of the screen, although it reduced the incoming heat energy and
the air exchange rate, did not affect negatively the screenhouse air temperature which
was similar under screenhouse and open field conditions. Thus, the screenhouse
microclimate created under Mediterranean summer conditions was favourable for
pepper crop production, since the high solar radiation levels observed outside were
reduced under screenhouse conditions and the crop performed better, as indicated by
the lower values of canopy-to-air temperature difference and canopy-to-air vapour
pressure deficit observed under screenhouse conditions that in the open field.

Crop transpiration rate was decreased inside screenhouses by 20% and 40%,
resulting in proportionately reduced irrigation water consumption. It was found that
the presence of the screen material decreases the advective part of crop transpiration,
something that is attributed to the reduction of air velocity inside the screenhouse.

A good correlation was observed between the inside and outside air velocity
measurements in the three screenhouses. The reduction of air velocity was higher in
the case of insect proof screenhouses compared to the screenhouse covered by the
shading screen, something that was in agreement with the differences in the porosity
and permeability of the screens. The internal air velocity in the insect proof and the
shading screenhouses was about 20% and 44%, respectively, of that measured
outside. The discharge coefficient C,+ of the screens was estimated by means of wind
tunnel experiments and was found to be 0.465 and 0.795, for the insect proof and

shading screen, respectively.
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A good correlation was found between the air exchange rate values calculated
using the tracer gas method and the air velocity measured outside the screenhouses.
The data were used to calibrate a model for the prediction of screenhouse ventilation

rate related to the discharge C; and the wind effect C,, coefficients. The value of the

overall pressure drop and wind effect coefficient (Cd\/Q) coefficient observed for
the insect proof screenhouses was 0.026 while the respective value estimated for the
shaded screenhouse was 0.072. Finally, it was found that the ventilation rate observed
in the experimental, small scale screenhouses was much higher to that observed in
commercial, large scale screenhouses. A generalization of the results was attained and
a method for estimating the ventilation performance for screenhouses with different
volume and screens was proposed.

The total yield was significantly increased under screenhouse conditions (up to
66%) compared to open field fruit yield. Fruit yield quality was also improved under
screenhouse conditions, not only due to the reduction of physiological disorders and
pest defects but also due to the higher fruit size and weight. The most favourable
shade intensity was the moderate shade (=20-25%; IP-13) as compared to the heavy
shade (=34-38%; IP-34), assuming color similarity (neutral color; clear vs white
color); IP-13 increased the production by 21% (mean for both periods) as opposed to
that of IP-34. The most favourable screen color was the neutral white as opposed to
the green, at equal shade intensities; crops inside 1P-34 produced more by about 17%
as compared to that of S-36.

Irrigation Water Use Efficiency (IWUE) was increased by 93%-132% as
screenhouse crops consumed from about 20-40% less water in order to produce more
fresh fruit weight than the open field crop.

The quantity of the diffused solar radiation that is available to the crops and its
spectral quality influences their growth; the increased diffuse radiation inside the
insect proof screenhouses, unlike the shade screenhouse and the negative effect of the
green light enriched solar radiation inside S-36, as opposed to the insect proof
screenhouses, resulted in an enhanced crop growth inside the insect proof
screenhouses. The crop growth was successfully simulated by means of a model that
predicts the dry matter production using as input only the cumulative intercepted PAR
by the crops and the Radiation Use Efficiency (RUE) was estimated for the crop of
each treatment. The RUE was increased under screenhouse conditions.
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The quantity and quality of the direct and diffuse solar radiation of the

enclosures directly influences the IWUE and the RUE of the crops.
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9. Future perspectives for research

Cultivating inside screenhouses is a very challenging practice and therefore
research should be extended at different horticultural crops and especially highly
value added, such as cherry or purple tomatoes or even exclusively special cultivars.
Another possible subject matter that could probably be investigated is the integration
of a screenhouse construction by a hydroponic crop. The economic effectiveness of
this integration should be studied. Moreover, an effort could possibly be made in
order to investigate the effectiveness of bio-aggressors as been influenced by the
modification of the internal microclimate.

The study of the ventilation performance of the structures should be continued
toward the complete simulation of the transport processes inside the constructions in
order to thoroughly investigate the occurring phenomena, using additively different
screen and construction types.

Although screenhouses passively regulate their internal microclimate, yet they
are very sensitive in external impacts of the ambient microclimate and therefore very
complex systems. The numerical simulation of the microclimatic performance by
means of CFD methodology is very challenging. In the present research work an
attempt to investigate the microclimate distribution was done by conducting spatial
measurements of air temperature and humidity and wind speed and direction. The
process of these measurements could revealed interesting findings about the internal
microclimate configuration as been imposed by the ambient conditions and the

covering screen properties.
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