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FO RI^IO R¡)

This thesis Iras $¡ritten ín paper style according to the

regulatíons specified in the I976 Plant Science Thesis

GuÍder sêction 3. Tl're thesis "The Control of Carbon Dioxide

Concentratíon and Itffects of Carl¡on Dioxlde Concentration on

Lactuca Sativa L. CV. 'Grand Rapids' g,rowth Ín relation to

ctranging "PhotosyntheÈic Photon FIux Density'r.rf consísts of

t\,üo manuscripts:

l. Microprocessor llased conducEimefric Carbon Dioxide

Analyser/Controller.

2. Affects of Carbon Dioxide Conc.entration and

Photosynthetíc Photon Flux Density on the early

growth of 'Grand RaPids' lettucêo

The former has been submitted for publication ín

HortScíence antl the latter has been submitted for

publication in the Journal of the Amerlcan Society of

Itorticultural Science.
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ÂB STR ACT

Crant, Cor<1 on

October, I 983 .

and Effects of

Douglas. lI . Sc.,

The Control of

The IInÍversity

Carbon Díoxide

of Ì{anitoba,

Concentration

Carbon Dioxlde Concentration ín LACTUCA

SAT IVA CV. 'Crancl Rapids' ín relatÍon to Changing

Photosynthetic Photon Flux Density. Ì4ajor Professor: Dr.

L. J. Lacroix.

A ts¡o phase study \,tas undertaken to examine effects of

COZ analyser/controller capable of regulating COZ

concentratlons ín controlLe<1 environment growth chambers. A

microprocessor was used to provide proportíonal control of

COZ concentrations. A second COZ analyser/controller I^Ias

custom designed by Agrfcultural Canacla Engineerlng and

Statistical Research Institute based on the principles of

ernpirical gas analysf s. The tl,ro controllers r^/ere used to

monitclr an<l control six carbon dioxicle concentrations under

varying photosynthetlc photon flux denslty ( six values).

Roth controllers functioned satlsfactoriLy. The

conductimetric controller had å response tirne of 3 ninutes

an<l an accuracy of control of 3.5 '/".

The second phase of the stucly I"7âs an analysis of the

effects of varying COZ concentration an<l PPFD on the early

grorvth of 'Crand Rapíds' lettuc€ o Lettuce plants were gror¡/n

!
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in 10.2 cm pots under eighteen treatment conbinatLons

organized into three experinents. Both COZ concentrations

and PPFD ha<l a signlficant effect on lettuce plant growth.

Inereasing tOZ concentration wouLd compensate somewhat for

slow growth under low PPFD conditlons. Optimun CUZ

concent.rations for plant growth varLed wlth the ambient

PPFD. [Inder l-ow PPFD conditions during the wlnter

(approximately 150 uE.m '."-t ) a commercial lettuce grohter

may wish to supplement COZ concentrations to 33 or 38

-1mmol.m - wlrereas under higher PPFD conditions during sprlng

(300 325,r8.*-2."-1) suppl-emental CoZ concentrations of 42

-3to 44 mmol.m " are more optimal.
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I}ITRODII CT T O}I

suggestions thaE supplemental carbon dioxide (c02) in the

planÈ atmosphere ¡voulcl irnprove crop production I{ere flrst

ma<1e over 90 years ago (wittwer and Robb 1964) . Ilowever, it

tras only been durlng the last trnlo decacles that the attention

of the sclentlfic community has focused seriously on variorrs

aspects of plant growth and development in relation to 
"OZ

concentration. In 1979 gtrÍde1ínes were establlshe<1 for the

rnonÍtoring and control of CnZ in controlled envíronments

(pa11as 1979). The gutdelines establlshed by the Controlled

Envi ronment s l,lo rkÍng Conf erence recommended that

concent.rations of CnZ be reported for studies undertaken in

controlled envíronment facilitles (Tíbbitts and Y.oz|owski

1e79).

Control and monltoring of 
"A2 

concentratíons Ín growth

rooms has generally been effecEed r¡ith the use of ínfrared

gas analysers (IRCA) (Bailey C-g a1. 1970). These units are

expensive and their response is non-linear at hígtrer CO,

concentrations. Condrrctimetric analyser/controllers l^rere

develope<l by Bo¡vman- ( 1968) and Slack and Calvert (1972) and

ref ined by Kimball and l{itche11 ( 1979). I,Jíth the advent of

low cost mlcroprocessors and microcomPuters the question

ârises as to whethe-r Ëheir use Ín a concluctimetrlc

I
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controller \{i11 further enhance controller performance r,¡hi1e

maintaining facilíty of use for the researcher. One aspect

of the- current research effort h¡as to develop a

microcomputer baserl COZ analyser/ controller of sufficLent

precision to be used in controlled environment roons and

which could be assembled by a plant science researcher with

limited technical backgrouncl from materials 8enerally

available in the research lab or readily available fron

general supply houses. To achieve this aim a mlcrocomputer

based contluctimetríc controller llas designed and built based

on a conductimetric controlLer designed by Kirnball an<l

Itltchell ( 1979). A series of perf ormance tests IÁIere run to

ensure that the desired Precísíon cor¡1d be achíeved. In

order to have a comparison eontroll-ed system and to

facilitate concurrent experlrnents wíth Èhree CO,

concentrations, ambient an<l tIn/o elevated concentratíons, a

second controller was custom designed by AgrÍculture Canacla,

Engineerlng and Statistical Research Institute' Ottawa.

This 1o¡,¡-priced IRGA basecl unit conslsted of drral , f l1ter

isolated, inf ra-red r.tave ban<l s an<1 a 50-cn foldecl radiation

path. Commercial marketing of tl're unit is contemplatecl ,

conseqlrently a ful1 description is not available.

Scientific interest fn 
"OZ 

effects has been on-goíng for

the last t\nto cleca<l es. I{any experiments have been perf ormed

with the intent of studying 
"OZ 

concentration effects but

have in actuality been performed with poor control of the
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"r2 
concentratlon (Calvert 1972, Knecht and O'Ì,eary 1974,

Kretchuan ancl llowlett 1970). In one study the range of

control achieved varied from 500 to 2000 ppm (approximately

2l to B3 mmot.*-3) for a set concentration of 1500 ppn

(approximately 62 mmo1.r-3) (Kretchman and IIowlett 1970).

Research has been able to eståh1ísh a positive effect of

elevatecl anbient ,O2 concentratlon on crop growth yet little

research has been accomplisheci to quantify the relationship

( palLas 1979, [Iitt$rer an<1 Robb 1964) . As rve11, recent v¡ork

has emphaslzed the necessity of consiclering 
"OZ

supplementation as part of a multífactorial study (Xrizek et

a1. 197 4). Temperature, vaPor pressure def lcit , and PPIIt)

have been observed to influence plant response to CrZ

concentration (l^teibe and Lorenz 1982, Lee and Whittingham

1974, Cavalchini and odone 1969).

The aim of the second part of the current research effort

has been to clarify the effects of CrZ concentration on

plant growtlr v¡hen photosynthetic photon flux clensity (PPFD)

is inclucled in the p1-ant response model. A qrrestion of

special lnterest to commerclal greenhouse agrlcrtltrrre is

r¡hether CO, supplementation can be used to overcolne the

efects of 1ow PPFD. A question of similar importance is

whether the same effects on grorvth can be achieved with

moclerate lncreases in 
"nZ 

conceritration as are observed r¿ith

higher increases in CO
2

concentrat ion .
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In order to investigate these questions a crop which has

been <lemonstrated to respond favorably and dramatically to

CO^ concentration and PPFD was requLred. An investigatLon
¿

into previous research efforts found that Lactuca sativa t.

responded welL and ln addition ttas of some agronomic

sígnlf icance (I{i Èt}rer and Robb 1964, Kretch¡nan and llowlett

1970). It was for these reasons that 'Grand Rapids'

lettuce, a commerciaL greenhouse leaf lettuce was sel-ected

as a suitable test materl-al-. Lettuce plants ltlere grown in

growth rooms under different combinations of PPFD and COZ

concentration. A range of PPFD values ¡tere chosen to

approximate vaLues common to ¡¡inter and spring con{ltions.



LITERATI]RE REVIEIù

Ilnits of lleasure

Krizek ( I979) cites tr.trelve dJ.f ferent units of measure

used to report concentrations of carbon dioxide in

scientifíc literature. At the Controlled Environments

trlorkíng Conference held in Ìfadison, trIisconsin, Ín ì{arch

lg7g, this problem I.Ias adclressed and the units of *to1.t-3
_ -3or umol.m ütere recommended for adoptíon as the units to

report carbon dioxide concentrations in sclentlfic

lite-rature (f.rizek 1979). The rationale behind this comes

f rom the InternatÍonal Systern of Unlts ( S.I. ) v¡herein the

deflned base quantlties of a substance are rnoles (mo1). The

base unit for volume 1s defíned as length-3 that is

-1 -1metre J(m r). Concentration would then be expressecl as

-1mol.m-' wíth the appropriate prefix such as umol or mmol

(Krizek lgTg). In order to facilitate comparison of

research v¡ork reported in ctifferent unLts of concentration

an approximatíon of carbon dioxide concentration ís provitled

in parenthesis ín units of mmolCor.m-3.

Historically plant researchers have reporte{ radiation

leve1s in photometric units (foot candle or lumens.m-2)

whfch are units of measure cleflned by the spectral

sensitivlty of the l'¡uman eye ( shibles lçì76). Several

5
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researchers have suggested a number of reasons for this but

current measuremenEs of radiant energy should be over

$/avelengths and spectral sensitÍviÈes relevant to

photosynthesis (l"lcCree I979) . In f act, the use of the word

'1ight'ín plant photosynthesis studies is incorrect as

1íght refers to radiation visible to the human eye and is

therefore not relevant to plant studies.

The Committee on Crop Terminology of the Crop Science

Society of America has defined terminology suiEable for

reporting radiation levels relevant to photosynthesis

(Shibles L976). There are three basic defÍnÍtions.

Photosynthetically active radiation (PAR) is defined as

radiation over the ü/ave bands of 400 to 700 nm.

Photosynthetic photon flux density is defined by the number

of photons in 400 to 700 nm (PAR) band íncident upon å unÍt

surface area.-lrrrit Èirne-1. The reccommend unit is
-l -t -t -tnE.s'.cn'but uE.m'.s ^ would more closely follow the

S.I. system. An einstein (E) is defined as I mole of

photons. Photosythetic írradiarìce (PI) is the energy flux

density of PAR incident unit time.-I unit surface "."r-I.
The recommended unit is nüI .cm 2 b.rt tI .m-2 v¡ould more closely

follow the S. I. system. McCree ( 1979) observed that PPFD

ú/as a betËer measurement for photosynthetÍc activity than PI

as the prímary events in photosynthesis are photochemical.

The author of this thesis has chosen Eo report radíation

1evels in PPFD and in units of uE.m 2.t-I. In this
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literature re-vierv radiation levels are reportecl as tlte

original arrthors reported them as comparisons and

conversíons betv¡een clifferent neasurement and instrunent

systems are not accurate (McCree 1979b).

Plant Response to Carbon Dioxíde Supplementatlon

It is well docurnented ttrat 'normal' 330 ppm (ta mmol'm

ambíent carbon díoxide ( COZ) concentratíons limit

photosynthetíc fixation except at reducecl photosyntIetic

photon f lux densities (pprn) (rretcltman an<1 Ho¡.r1ett 1970,

-3
)

trlettwer and Robb I964). This review will. cover some of the'

theoretlcal ancl Practical aspects of p1-ant response and in

particular the response of lettuce (Lactuca sativa) to 
"OZ

enrichment. As we11, some of the interrelationshíps between

PPFD, temperature, and ,n2 concentratlon wl11 be reviewecl.

A wide range of 
"oz 

concentrations have been utilíze<l ln

commercial and research applícations. Lettuce plants have

been gror{n in supplemental COZ concentratLons in a range

f rom 600 ppn ro 6000 ppm (zs 25L mmo1.*-3) (t{and lgB0, I,(irn

et a1.. 1975) . Great Lake s '366' lettuce plants sltovred

responses to COZ r¡ithin 20 days of planting ¿nd increases in

plant mass vtere manifest up Èo 3000 ppn (I27 mmo1.*-3).

plants gro$rn in 6000 ppn (254 mmo1.*-3) coz had similar

masses as those grown in 3000 ppm (tzl mmo1.*-3) (Kim er al.

1975) Zatyko (1971) grel¡t hea<l lettuce <1uríng the late winter

in €Ìreenhouses enríctred to 0.1, 0.3, or 0.5 % Co, (42r127,
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-,1212 mmol.Tn-'') and observed that pJ-ants vlere 39-75 "/" heavier

ín yield than controls at 'normâ1' 
"nZ 

concentratíons. 
^

plateau r"Ias reached at 0.3 % CO2, which raisecl the mean heacl

welght. f rom 70 to I22.5 g. Ttrus it would seem that ttrere ls

an optimum COZ concentrati.on for rvhíctr a positive respollse

in plant growth or yield can be exPec!ed. Some evídence in

support of a hypot.hesis that Èhis optlmum varies with the

plant species, PPFD, ancl day temperature in the plant gror¿th

facilíty will be presented in this review.

A concentration of 400 ppn ( l7 mmo1.*-3) is ofLen the

control concentration used by plant researchers (Knecht and

o'Leary 1974, I'ladsen 1974). This COz concentratlon is not

always lndl-cative of concentrations commonly found in

commercial greenhouses. Concentrations as lorv as 150 ppm (A

-a -?mmo1,m-') to lB0 ppm (S mmol.m -) have been measured in

non-enrlched greenhouses (Wittvter and Robb 1964' tr'lhite

1.978). At low concentrations ttre COZ. compensation point for

a3 plants is approacl-red ancl litt1e net photosynthesis rvi1l

occur (ÌIicklenton and Jolliffe L978, I{ittI,ler and Robb 1964).

The economic benefits described in the literature may be

underestimated clue to 'normal' greenhouse COZ concentrations

belng lower than the'normal'ambíent global atmospheric

coficentrations. Several researchers consider a CO,

concentration of 1000 ppm (42 mmol.t-3) to 1500 ppn (Of

-?mmol.m-') to be optímum f or plants in the reProcltrctive

phase ancl 2200 ppn (g3 mmol.*-3) optímum for plants in the
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vegetative phase of growth (ltadsen 1970 ' 
I{ittwer and Robb

1964). llent ( 1979) pointecl out that these optimrrm ,oz

concentrations rnay be of little neaning as plants absorb 
"OZ

at noticeably clífferent rates at different tines of the clay

and under ctif ferent physiological conclf tions (Krizek 1979)'

StudÍes v¡here the duration of the period of enrichment have

been varíed indicatecl that the optírnum benefit from COZ-

supplementatlon occurecl wlten supplementation is maintaíned

for ttre entirety of the light period. Calvert ancl Slack

( 1976) clemonstrated that by successl-vely shortening the

duration of the daily enrichment perlod, lower yields of

tomatoes (LYcoP ersÍcon esculentum) were obtained. Ending

the enríchment period earlier in the afternoon had less of a

detrirnental effect on yield than did beginning the

enrichment period 1a ter ln the morning . This l^las primarily

due to the lower rates of photosynthesis of tomato plants ln

the late afternoon from clirnlnishing light 1evel's (Calvert

and S1a ck L97 6') .

lfany researchers have forrnd a positive correlation

between srrpplemental 
"OZ 

and yield in tomatoes with

lncreases in yíeld varying from 25 to 7| 7" (Calvert 1972'

I{icklenton and Jolliffe 1978, KreÈctrman and Howlett 1970'

l{adsen lg7 4) . Others have estlmatecl tomato f ruit yield

increases to be 43 U (Iüitt\'ler and Robb 1964). Johnston

(I972) tested sixteen different varieties of head lettuce in

ttre fa11 1n a ¡¡reenhouse enrictred to 600 ppÏn (25 mmol.t-3).

Average lncrease in mass of the plants vtas 30 %. Krízek et
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a1. ( 1974) observed a 2. to 4.6 f olcl l-ncrease f n plalt mass

f or head l.ettuce, tomatoes r and cucurnbers (Cucumís sativus)

af ter l5 {ays f rom planting. The see<1 ling environment rvas

'progrâmmed' for rapid grorvth. Irradiance ' Co2

concentration an<l temperature l,tere all increased to values

flreater than that normally recommended for optimurn grol¡Ith of

the plants. Two groups of control plants I^Iere used' one set

in a growth chamber at 400 ppn ( t Z mnol .r-3) COZ ancl the

other set in a greenhouse rvi.thout supplementary J-lght or 
"OZ

an<l a normal- temperature regime. Crowth of plants ín the

hf gh CO2 r higher light, anc{ high temperature growtTr roorn was

as l0 to 25 times Ëhat measured for plants of all three

species in the greenhouse (rrizek et a1. 197 4). Frydrych

( lgSl ) grev¡ lettuce plants wfth a supplemental COZ

concentration of 200 uL.L-t (t mmo1.*-3) and srrpplemental

1ight. The lncrease in overall plant mass r{as 49 "/.

Dullforce (1966) observed final dry weight lncreases of 26 7"

for heacl lettuce plants groû¡n in a 
"nZ 

supplemented

atmosphere. The researcher commentecl that Ëhis same

increase in growth could be obtained in the control plants

1f they were planted 4 or 5 days earlier.

Hand ( 19S0) gre$7 winter head lettuce in ,OZ

concentrations varying fron 800 vprll to 1600 vpm (33 68

-1nmol.m-') and observed an lncrease in the mass of markeEable

heads of 2L to 31 7o. The íncrease Ln mass Iüas due to a

greater dry matter content per unit leaf area. IIand's
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researctt involved varying ethylene concentrations in the Cnz

suppl emented atmosphere. Plants exposecl to 50 vphm

ethylene an<l 1600 vpm ,nZ showed an increase 1n trea<i mass of

27 % compared to 31 7. ohserved in plants grot{n wittr 1600 vpm

CO^ (6S mmol.r-3) and no ethylene. The irnplications of this
I

are that groÌ¡rers usfng CnZ burners may be una\dare of

cletrimental effects caused by ethylene pollution Ín the

greenhouse. Ttris may be due to a partíal maskíng of the

lrarmful effects of ethylene by the posltl,ve effects if 
"OZ

supplementation on the tread lettuc€ IItâsS ¡ Others have

reported an antagonístic effect of elevated COZ

concentråtion on ethylene symptoms. Uota ( 1969) observed

that a l0 i¿ CO2 concentration prevente<1 ethylene-induced

sleepiness of carnation blooms. The author note<1 that tlte

co^ rüas fnhiblting the biologlcal synthesis of ethylene in
¿

the plant.

I^Iith tomato plants a 180 7" lnerease in the rate of

photosynthesls can be expected with a 225 % increase in the

COZ concentration above 'normal' ambient levels (Ilicklenton

and Jollif fe 1978). Ho (1977) report,ed a 20 7" Lncrease in

the rate of carbon fixation 1n plants grol'/n in COZ

suppl"emented atmospheres. The relationshlp of rates of

plant atmospherephotosynthesis and CnZ concentration in the

T^ras quantified as being linear over the range

-,ì1000 ppn (+ 42 mmol.m -) trnder 'normal' day

conditions. As a result, Lee an<l I{htttingham

of 100 ppn to

light

( 1970)
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conclu<l ed that COZ r,¡as 1imíting photosynthesls under

'normal-' <taylight conditions in the greenhouse.

supplemental aoz has been reportecl to improve tl-re tnz

utilizaÈion efftclency of tomato plants (Hicklenton and

Jo1liffe l97B). Decreases in the cþlorophy1l content of

tomato leaves gror^rn Ín 
"O2 

enrichecl atmospheres substantlate

this observation (Madsen 197 4) . As welL ' respiratory losses

of COZ v¡ere observed to be a smaller Proportion of net

photosynttretic gain in chrysanthemums (Chrysanthemum

morifolirrrn) grol{n ín an atr¡ospltere supplementecl to 1500 ppn

-a( OS mmol.m-') 
"oZ 

versus those grol{n in a 325 pprn CnZ ( tA

-îmmol.m-') atmosphere (IIughes an<1 Cockshttll 1972). Ileath and

l{ei<lner ( 1967) observe<1 a decline in both t}re COZ

compensatíon point and light compensaÈion point for 'Grand

Rapids' lettuce grol{tn in a ,OZ strpplemented atmosphere.

Hence at relatively low light inËensltíes additional aOZ may

be improving the photosynthetic efficiency of t.he plant by a

recluction in the light compensatíon point whic.h woul<1 enal¡1e

the plant to make better use <¡f the available liglit.

An increase 1n percent carbon fíxecl to sucrose ¡vifh a

corresponcling c1.rop ín percent carbon f ixecl to gl ycine ancl

serine ln tomato leaves growíng in a COr-enrichecl atmosphere

has been dernonstrated (Lee and I'^Ihittingharn 197 4) .

Col<lsworthy (1969) observed a similar reduction ln glycolate

formation which may recluce the rate of photorespíration antl

therefore ímprove the efflclency of CnZ utllízation. Since
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sucrose is the prímary transport form <¡f carbon from leaves,

the obvÍotrs deduction is that there shorrl<1 be an increase in

carbon transport from leaves with increasing COZ

concentrations in Èhe plant atrnosphere. llo (I977) observed

srrch an increase in the order of 40 7" in tomato plant leaves

grow i.n a C0, suPplementecl atmosphere.

classical growth analysls applied to coz enríchment

studies has shown that mean unit p¡rowth rate of leaves

increased wiEh Cr2 concentration in chrysanthemum plants yet

there was no effect of supplemental CnZ on mean specÍftc

leaf area, mean leaf welght, mean leaf area ratio or final

leaf area (IIughes and Cockstrull L972). IIur<1 (1968) observecl

increases in relative growth rate (RGR) and net assimílation

rate (¡IAR) 1n tomato plants gror¡In in COZ supplemented

atmospherês r Dullforce ( I 966) observed similar increases

for head lettuce grol¡tn 1n a 1ow 1íght and a ,n2 supplemented

envíronment. However RGR still decrease<1 âs the lettuce

plants became older and more complex wlth leaves

increasingly shading one another (nutlforce 1966, Ilolstei¡¡n

1981 ). Dullforce ( 1966) postulated thaÈ this decrease in

RGR rnay be drre to a reductlon in difftrsion rates of COZ lnto

the leaves and perhaps through closure of the stomata. lfore

recent work does not support this. Stomatal resÍstances in

apical leaves of tomato plants Ì{ere observed to be equal to

those observed in 1o¡¿er leaves of p1-ants grol{n in a CO,

enriched atmosphere (nicklenton ancl Jolliffe 1978). Plants
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grolirn ín a non-enriched atmosphere hact lower stomatal

resistances in apical l-eaves than in l-ower leaves, thus.

incticatíng an increase in stonatal r:esístânce with COz

concentratíon I Yet increasíng COZ concentratíon Ímproves

RCR. Jones and l{ansfield (1970) observe<1 partial closing of

stomata in lettuce plants expose<1 to a 1000 ppn (42

-?mmol.m-') COZ supplemented atmosphere. The authors noted no

evíclence of acclimatization of the stomata to high roz.

They suggest that further benefits from COZ supplementation

c.oulcl be obtalned if stomatal closure l^tere prevented during

CO^ srrpplementatl-on could be obtalned if stomatal closure
¿

r,rere prevented during CrZ supplementation. l{evertheless, Ít

becomes obvious that increasing COZ concentration mttst

improve plant productivity by some means ottrer than just an

improvement 1n tl're 
"nZ 

concentration gradient. This is

based on the observation that as the concentration gradient

is improved there is a corresponding increase in resistance

Èo CO^ flux.
¿

Large dtfferences in net phoEosynthetic r¿rtes in response

to CO^ have been measure in different genotypes of tomatoes
¿

(Nilwik g.,¡! al. 19S2). Dif f erences betr'¡een r50 2o9 mg CO2.

-2m r^rere recorded in ten di f f erent genotypes at 1or¿ light

fluxes and 'normal' aOZ concentrations and aË high light

fluxes and high 
"nZ 

concentrations. Carbon clioxide

compensatfon points rllere observed to vary betr'reen genotypes

and to vary within genotypes trnder different light and 
"O2

treatments. Thus cultivars of a species can be exPected to
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be more or less suiterl to COZ suppplementation depencling on

how the physiologÍcal status of the plant changes in terms

of light compensation points in response to lncreasing CO,
¿

concentrations.

Young leaves of tomato plants $tere observed to be more

responsive to COr-enrichment than older leaves and earller

growth was observed to be greater (Ilicklenton and Jolliffe

1978). l,eaf expanslon in lettuce, tonatoes, and cucumbers

was enhanced by supplemental 
"OZ 

and an increase in lateral

bucl formation for all three species r¡¡as observe<1 (f.rtzek et

a1. 197 4) , Tomato leaves in a CO2 *tpplernented atmosphere

$rere observed to be thicker by 5 to B 7" (llurd 1968).

Studies ¡+lth head lettuce plants incllcated that average leaf

size of 1eËtuce plants in co2 enríched and non-enriched

atmospheres are the same (Dullforce I966). Carbon clioxide

suppleaentation did not effect head cllameter' leaf length or

rate of leaf maturation in lettuce (CavalchÍni ancl 0done

1969) . Yet heafl masses elere lncreased by 20.75 7" on average

an<l heart rvid th by 9 .06 7" on average .

Extendecl rlaylength hras clemonstrate<l to lncrease hea<l

welght ancl leaf number and shorten leaf 1-ength of head

lettuce plants but only when usecl ln coniuction ¡.rl,tÌr high

( f 700 ppm¡ 72 mmol...-3) Co, (CavalchÍni ancl oclone 1969).

I^Iith 'normal' atmospherlc Zo^ concentrations extended
z

claylength increased the number of heart leaves but the

e f f ect \¡ras more pronouncecl at high COZ concentrati<¡ns . A

posítlve interaction between light 1evel an<1 CO,
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concentration l\ras observed ín chrysanthemum plants with an

increase in rrnít leaf growth rate, f inal total dry mass ancl

f inal total flor^¡er mass (ltughes and cockshull 1972-).

A number of research efforts have been directed towards

the question of whether PPFD or coz concenEration in the

growtlrfacilityísthemorelirnitlngfactortoplantgrowth

(Ho Ig77, IIurd 1968' Uurd and Thornley 1974, Lee and

I,lhittingharn L97 4> . It rAras observed that under wÍnter light

levels rates of carbon fixation trere similar ín plants gro\^7n

inCozenrichedandnon-enrichedatmospheresingreenhouses

(lto lg77) . llowever, when experiments were perf ormed with

high ltgtrt leve1s tomato leaves had a 72-l0o % higher rate

of carbon fixation when in a COZ enriclred atmospl'rere (l{o

lg77). It is apparent then that 1íght is limiting in winter

greenhouses. llo rna<1 e the observation that leaves in the 
"nz

enriched atmosphere had a less dramatíc response to changing

light leve 1s '
Research of others has sho¡vn that relatively small

increases in lor¡ 1-ight 1eve1s corresponcl to srrbstantial

increases ln coz concentration in Èerms of thelr effects on

tlre photosynthetic rate (Lee and I,Ihittingharn 197 4) , Otlters

have confirrned this response (Hicklenton and Jolliffe 1978 '

Iturd 1968). Ìllcklenton and Jo11if f e ( 1978) I^Iere able to

demonstrate a beneficíal interaction betçreen 
"oz

ancl light Íntensity. In an atmosphere

to 1500 pprn ( 63 mmol.or-3) with a light

same rate of growth occurred ín tomato

concent rat ion

supplementecl

5,38 2 \x the

flux of

pLants
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-3as r{as observed under 16,500 lx and /+00 ppm ( tZ mnol.m )

CO^ co¡centration. In r¡orlc with'Crand Rapids'lettuce an
¿

optimum 1i.ght f 1ux f or maximum leaf area $Ias observecl at 0.3

-, - I
to O.4 l(trlh m-'.day-' (Craker and Seibert 1983). The authors

went on to suggest that leaf ârea I,7as more sensitive to

photoperiod than to j.rratliance 1eve1. Rut 1t is apparent

that thís statement is not supporterl by the re.search methods

employetl as irradíance level and cluratíon I{rere not

dlfferenttatecl from eactt other. Plants under different

lrracllance cl uratl.ons did not receive the same daí1y

integrated quantum f1ux. Cavalchini and Odone ( 1969)

presented evidence from research with hea<l lettuce

srrpporting the above hypothesis. In high COZ. concentration

treatments an interaction between duration and intensity of

írradiance htas observed. T¡.¡elve hour light drrrations gave

ttre largest hea<1 masaes rvhen appliecl at a meclium 1íght

intensity but 1B-hour duration gave the largest head masses

at trigh intensiEy. The authors notecl that benef lcial

effects of supplemental ltghting in terms of intensíty and

duration !,¡ere only manifest vrhen supplemental 
"OZ 

rrras

appliecl . Best results r.rere obtained when all three factors

of srrpplemental COZ eoncentratíon, light íntensity, anrl

light duration rrtere cornbined.

Temperatrrre has been shown to bring about a ríse in the

"AZ 
compensatíon point of lettt¡ce f rom 7O ppn (: rTmol.t-3)

to 150 ppm (6 mmol.r-3) with a teüperatr¡re rí se f rom 6 C to

22 C (I.Ieibe and l,orenz 1982). At a lor¡ light flux of 5 klx
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maximum rates of plìotosynthesis occurred at 6 C while the

optimum tenperature for leaf growth hlas mlrclì higher at l6 C.

Stokes (1978) establlshed a standard temperature regime for

\¡rínter greenhouse head lettt¡ce prodtlction as 10 C clay and 4

C night temperature. I,lhen supplemental ,nZ \"ras added to the

greenhouse atmosphere, increases in head mass were obtalned

wíth a day temperature of 13 C. Iltrghes ¿rnd Cockshull (I972)

observe,il posltive interactlons of temperature ' CnZ

concentratíon an<1 light intensity for greenholrse

chrysantlìemums. Tomato frult manifest a sirní1ar temperature

and CO^ concentratíon interaction. Yields of f ruit r,Iere
z

improved when the CnZ concentratíon and day temperature $¡ere

increase{ but yields are reduced if only day temper¿rture I^/as

elevated (I.lhite 1978).

It becomes apparent then that the effects of 
"Oz

concentration on plant growth and developmenÈ c¿lnnoE be

studied in isolatíon if relevent conclusions are to be

drawn. Temperature and PPFD have been clearly demonstrated

to form significant interactions rvlth 
"nZ 

concentratl-on. As

well, the physiological age and genotype of the plant

influence the plant response to ,O2 supplementation.

Although many researchers have observed interactlons between

PPFD and CO^ concentration, relatively little progress has
¿

been made to quantify this relationship.
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Nonitoring an<l Contr:o1 of Carbon Ilioxicle

pa11as ( 1979) listed six netho<1s r.rhichhad been used to

monitor and to varyi-ng extent s control carbon d j'oxide ( CO2)

concentrationsinplantgrowthstrrrctures.Ttresel.Jere:

absorption of infrare<1 energy ' electrochemístrY ¡

photochemisÈry, interferometrY, gas chromatograPhY' ancl

f-iquid scintillation spectrometry. of these techniques,

infrared gas analysis and electrochemical, irtcluding pII and

con<l uct irne tric tectrniques , lend themselve s mosÈ reaclily to

adoptionincontinuousmotrÍtoríngan<lcontrolsÍttrations.

The prí-nctple featllres of rlif ferent ,oz monitoring systenìs

\^rere s umma rízed in Table I '

}fanyresearchersareoftheopinionthatmonítoríngof

CO^ in controlled environment chambers Ís essential and
¿

control higtrly rleslrable ( pallas 1979) ' The need f or COZ

regulation ín a controlled environment chamber is dependent

on the relationslrip of the size of the charnT:er and the

material in the chamber (Ile11mer ancl Giles 1979) - I'le1lmers

and Giles (197g) state that in a matter of a ferv hours after

lights had come on Cg plants hacl lowered the 
"n2

concentration to 150 ppm and 
"h 

plants to 50 ppm' In a

fullyloacledclramberthecalculatedrateofdeclíneinCoz

concentrationhTasobservedtobeIT.ofthechambervoltrne

per minute. T,arge fluctuations can be observed in cl'rambers'

Carbon ctioxitie concentration increases rapirl 1y as an

l-nvestígator enters the chamber. Iiven to maintain a fixecl
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TABLE 1

A Comparison of the Merhods
Concentratlon of COZ

Ðescribed for lleasuring the
in Air (Bowuran 1968).

l-fe t ho d

I'faximum
sens it ivi tY
vpm

Tirne for one
determination
min

ControlSanp 1- e
size
m1

Infra-red absorpt ion 0.05 100 0 I Yes

Electrlcal concluc-
tivity of aLkaLi
so lut lon

El-ectrical conduc-
tivíty of deionlzed
hrater

Equilíbrium pI{ of
a1kali solutlon

Titration of a1ka1i
s olut ion

Chemical absorption
( indi cator tube)

ChenicaL absorPtion
(volumetric )

0pÈical interfero-
meter

I(atharone ter

2 100 0.5 Yes

Yes

No

llo

No

No

Difficult

No

Yes

Gas chromatograPhY 50

10

20

50

50

50

60

200

50 I

I 000 30

300 5

100 3

20

I

100

200 2

5

2

0.5



2t

'norm¿r1' arnbient COZ concentration ân

7 5 % of the voltrme of the chamber per

(Hel1mer and Ciles 1979).

The simplest method of CnZ control

t íme clock syst.em . Idi th thÍ s approach

air exchange rate of

hour Ís necessary

$ras by the use of a

estimates of the rate

of CO^ use on a per hour or per half-<l ay basis were
¿

calculated. The volume or mass of Cn2 required to maintain

t.hls concentration f or the growth f acility rrtas derived. Ä

timer riras then set ín conjunctíon wÍth the output from a CO,

generator or the flor¿ rate of COZ gas from a tank. Checks

r^rere made of the 
"nZ 

concentration r.rith clisposable sarnpling

trrbes (Badger and Poole 1979). This metho<1 of control rúas

not that relíable or precise a meansr as it does not take

Ínto account changes in ttre rate of 
"OZ 

usage by the crop or

changes in the råte of COZ loss from the plant growth

structure. At the Classhouse Crops Research InstiEutet

Englancl , CO^ gas \ì¡as Ín jected at a constant rat.e of 50
¿

Lb/acte/hour into glasshouses. The mean concenLration I.Ias

observed to be 1230 vpm (St mmolCor.rn-3) with no wind and

750 vpm (3t mmolCo^.*-3) when there Í/as a 10 rnph r,rind (Slack
¿

and Calvert 1972). Thus it is quite concelvable that

groûrers are either under or overshooting the optimun CnZ

concentraEion set for a particular crop.

The use of infrared gas analysers (IRGA) by plant

researchers for 
"OZ 

regulation is r¿e11 establishe<1 (Pa11as

1979). ÏÌe suggests that IRGA offers the potential for the

greatest precislon of control. A clrawback in the use of
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IRCÀ in the commercial greenhouse is the ÌrÍgh sensitivity of

tlre IRCA to rtrater vapour when the 2.7 um band is rrot

f iltered out (Sestak 1971). Interf erence by Ì^/ater vapour

can be avoidecl by filtering with lea<1 telluride optical

,wedge' fllters placed over the detector ce11 windows

( Ilowrnan 1968) . The rrse of optical f ilters instead of a

<1 ryíng system üras clemonstrated to improve the response time

of a complete IRCA system by approximately 40 il. This \\7as

due to a reduction in sI^Ieep volume brought aborrt by the

removâ1 of the drving systen (Borvman f968b). Ile used an

IRGA at Ehe heart of a 6-stage proportional cont.r()1ler

system designed for use in plant research facilitíes.

Performance ü7as withín 2 % of ful1 scale of the IRGA. The

arrttror noEes that absolute accuracy of the system Ifas

lirnited by Ëhat of the analysed gas mixtures used for

calibration (Bor¡man 1968b). IRGA t¡as been used in

conjunction with microcompuÈers to optlmize COZ control ín

plant gror,rth f acilities. The microcomputer v/as tlsecl to

compare the CnZ concenËratíon measured by the IRCA to a

preprogramme<1 set 1eve1. The computer rvould tÌren calctrl-ate

the in--i ecÈlon rate Ín terms of number of seconds open per

mínute. The microcomputer lìras programmed to acljust the

calibration of the IRGA system to correspond to an analysed

gas mixture supplied to the system (ïle1lmers ancl Clles

1979).
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Con<1uctimetrlc CnZ gas analysers are based on the

prlnclple that electrical conductivíty of ütater increases

proportionally with the dissolved 
"OZ 

concentratíon (f.imba11

and lfitche1l 1979). In most systems air from the plant

growth facilíty Ís bubble<t through a column of <leionized

r^rater. Some of the COZ Ín the air is <1 issolved in the

water. The 
"nZ 

charged water is Èhen passecl through a flow

through conductlvity ce11 whlch is the actt¡al sensing clevice

of the system (pa11as 1979). Most systems are <lesignecl to

be recirculating and use a bed of cl eionizing resin to remove

the CO^ f rom the l^later (ßowman 1968). ConductimetrÍc
¿

controllers are considered to be limited in accuracy to +15

-1uL.L-l at 30 uL.L l co Z (0.6 mmolCor.m-3 "t l2 mmolCor.m-3)

( pa1las 1979). Ilor,rman observecl that less than 5 7" of the

CnZ content of the al.r was dissolve<1 by the deionlze<l waEer

(Bowman 1968b). Response tíme for a conductlmetric

controller Iùas observed to be 2.5 minutes for a 90 % change

in output after a step change ín CO., concentration (|(irnbal

and ìlitchel1 1979).

Conductimetríc controllers vary in sensiÈivlty to

temperature. Responses had varied from 0.25 7" of ful1 scale

to 1.5 7" per C (S1ack 1974, Bowman l96Bb). The degree of

temperatrtre sensittvity'hras of a smaller magnltu<l e Èhan one

would expect due to the opposíte responses of electrical

resistance ancl solubillty of CnZ to changing tenperature.

As temperat.ure increases there was a corresponding decrease
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in solubility of 
"nZ 

in \Àtater and an lncrease in

conductivity. These trìro effects tencled to cancel ottt eacl.t

other (Bowrnan l96Bb).

Long term stu<l ies wíth condrrctivity type 
"nZ 

controllers

indicate a <lrifÈ in calibration with time (Slack L974).

This ÌÁras due primarily to a decrease ln the effíciency of

the deionízing resin rvith time and the accumulation of dust

Ín the solvent system (rvafer) of the controller. Reports

wíth another conductívity CO2 controller indicaÈecl weekly

ctrlfts of *10 % from the set level but no long term clríft

(Kinba11 anci }litche1l 1979).

An electrochemical sysÈem has been <1 evelopecl for

monitorlng COZ concenErations in fluids or air. The system

uses a pH electrode and a Ag-AgCl reference electro<1e

surrounded by a tris(hydroxymethyl)arnino-methane buffer.

Carbonic anhydrase htas a{ded to the buffer solution as a

catalyst. The detector and buf fer solution \ìIas covered with

a 3 rnl I (7 6.2 un) silasÈic membrane which rn'as highly

permeable to CrZ (Ryes C.,lE a1. 1967). The system provides

continuous monltoring of CrZ in air as well as that

dissolved in liquids . Re sponse time Ì¡ras observed to be

quiÈe rapid with less than 2 seconds required to indicate a

9B i( step change ín ,OZ concentration.

An alkali solutíon (NaOtI) has been used ínsteacl of

deionTzed water. I,Iith t.his approach the electrical

conductivity of the solution Íras measure before and after

air f rom the plant grorvttt f acílity htas brrbbled throrrgh it.
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TI're sensitivity of the system hTas observed to be

approximately 2 ppm (Bowman 1968). llowever a large negaÈ1ve

temperature coefficÍenÈ of 2 "/" of fu11 scale per C was

observed. The researcher notecl Èhat flow rafes of the

sensíng fluid and gas from the plant growt.h facÍ1ity must be

maintained constant and that tlte NAOtt solutÍon must be

replenished often.

Conclusion

In conclusion one can readily âppreciate Èhe complex

ïìature of plant response to varying COZ concentrations. The

1evel of PPFD significantly effects plant response to CO2.

It r^ras for this reason that experinents r¡/ere designe<1 to

ftrrther illucidate the relatíonship of COZ and PPFD.

In order to maintai.n adequate control of 
",2

concentrations in the growth rooms iE is necessary to have

accuraLe and precise COZ monit.oring and control equipment.

From the literature reviewed it became apparent tltat a

conductineÈric analyser/controller system offered a

reasonable compromÍse between ease of construcÈion and 1eve1

of precision and accuracy necessary for growth rooftl

experimentation. For these reasons a conductirnetric system

Ì^Ias constfucted.
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analyser/controller utilizing a rnicrocomputer I¡Ias clesigned t

built and tested. A phototransistor llras incorporated to

distinguish betr¿een day and night perlods. A proportional

control program which varies the duration of the carbon

dioxide tnjection period \ras writÈen to reduce oscillations

around the control concentra tion. Oscillations h/ere recluced

from 6 "A to 3.5 7".
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Introdtrction

Pa11as (1979) voiced the opinion of many researchers that

monitoring of carbon dloxíde (COZ) in controlled environment

chambers is essentÍa1 and control highly desirable if

controlled environment studles are to be more meaningful and

precise. The most common system usecl for CnZ analysís and

control has been the infrared flas analyser (IRGA) (Pa11as

1979 ) . IRGA's are ratlìer expensive however and reqrrire arl

on-going recallbration program if their accuracy is to be

maintained (Bowman 1968). A number of researchers have

investigated lor.ler cost alternaÈives and in partícular

conductimetrlc systems (Borvman 1968, Slack ancl Calvert 1972t

Kirnbal and l{ítche11 1979). Kírnba1 and l,litchell (1979)

írnprovecl upon designs of Sl-ack an<I Calvert (I972) and ßov¡man

(1968) by incorporating a temperature compensating

thermistor into the controller circuit. I¡or controllecl

environment studies this feature may not alr¡'ays be neeessary

íf the CO^ analyser/controller unlt is ca1íbrated at the day
¿

temperature of t.he growth room slnce there is not 1ikely to

be large daytime oscillations in temperature in the growth

rooa (Salisbury I979). Conductimetric analyser/controllers

have been used a conductivity netet/controller to control

the CO^ concentration in the plant growth facility (Bowman
¿

1968, t(imba1 and lfitchell L979) . In order to irnprove the

versatil-ity of the controller a srnall rnicrocomputer \tas used

as the controller in the system described in thís article.



A r,rater pump \ÂIas adclecl to improve the

of the system in orcler to make better

microcomputer ancl reduce oscillations

ciue to Ehe control method.

2B

1ag ancl re s Porìse E ime s

use of ttre

in COZ cortcentration

Description

The conductlmetríc "o2 
analyser/controller can be dividerl

ínto two basic sub-sysrems, the sensor sub-system ancl the

analyser/controller sub-system. The sensor sub-sysÈen is

simllar ín clesign to that described by Kimbal- and l{itchel1

( lg 7g) . sensor operation is based on the principle that

electrical conductance of delonized water increases with the

concentration of ions in the water. The basic operatíon of

the recirculatíng sensor sub-system is described by Kimball

and llitchell ( 1979). The sensor described by Kimball ancl

Ì.fitche11 ( 1979) $7as based on the entrainment of elater by

rising air bubbles to clrive the recírculation system ' The

current sysËem uses an impeller pump to clrculate the I'¡ater.

Ttre analyser/controller system conslsts of a Ìfotorola

t'lC6800 microProcessor to :

1. transform concluctivity values into CO, concentrations

2. cl etermine whether or not ad<1 itional CO,, needs to be

injected

3. cietermlne the lenght <lf the injection ancl wait periocl

req uÍ recl .
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A digital LED clisplay of the current COZ concentration in

the growth facility ls displayed. As we11, a radíation

sensirrg circuÍt is incorporatecl to distinguish between day

and night periocls.

Construction

The sensor ( Figure 3. I ) e¡as constructed f rom reacli1y

available materials. The aír prrmp t\tâs a sma11 diaphram

aquarium pllmp. Alr flo¡¿ raLes lÁtere monitore<1 an<1 set at 100

-1mL.mín-' wlth a Cilmont size 1 1 roÈameter. The bubble

column consisted of a 30 cm length of CP\¡C rigid PVC plastíc

ttrbing (12.7 mn ID) filled with 6 mn glass beacls to

increase the contact area area between the air bubbles and

the deionized water. Joints ¡'ríth the PVC tubing r{ere sealed

wíth plastic cement. Fifteen cm of Tygon R3603 (6.4 mm ID)

flexible tubíng connecterl their separation chamber to the

conductívíty ce11. A llarkson Science Inc. model 1 100

conductivity ce11 htas connecte<1 Ëo a llarkson conductívity

meter ¡vhich provtded an analog outptlt to the microcomputer.

I.later flow rates ltere monitore<1 and controlled rvith a flow

meter and by a<1 jrrstlng t.tre prrmping rate of the impeller purnp

to a rate of B0 rnl..mín I f or the system. A Barnstea<l D8902

ultra-prrre <1 eni.neral lzíng c.artridge equí ped rvíth trose

f ittings r¡ras used to remove Cn2 f rorn the l"ater. I"later

flowed frorn the bottorn to the top of the cartridge to

prevent packing of the resin in orcler to recluce resistance

to r,¡ater f1o\Àr of the system. AfËer passlng throrrgh the
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<leloni zíng column \dater I^/as returned to the bubble column

via a 70 cm length of tygon tubing.

The CO^ analyser/controller section ( Figure 3.2) consists
¿

of a HeathKiÈ rnodel IIT-3400 microcomputer. The computer is

configurecl rvith a l-lotorola Ì1C6800 rnicroprocessorr equípped

wíÈh a hexidecímal inprrt lceypad, six 7-segment LED's,

breact-boarcl area, and 0.5K of RAl.f . A lK ROll monitor a1lows

the user to enter ancl debug machine code progrâms.

A 7 4l operational arnplíf íer is usecl f or signal

condltlonfng of the conductivity meter output prior to input

into an Analog Devices ADCoB04 analog/dif:ltal (A/D)

converter. Digíta1 output f rom the converter 1^7as inputtecl

to the A port of a llotorola lfc6B2l peripheral interface

adapter (PIA) whích functions as an interface to t,he

microprocessor. The phototransistor circuiÈ ls interfacecl

through the C^2 input of the PIA. An analog ot¡tput of Ëhe

actual CO^ concentration I¡/as provided by the }lotorola
¿

MCI40BLB digital-/analog (D/A) converter to a strip chart

recorder. Carbon <1 ioxide control $Ias achíeved with a simple

on/off solenoid gas valve connected to a compressed

tank. The input signal to the solenoid r¡Ia s through

sr^ri tch.

,oz

the Cß2

Theoutput of the PIA into a mechanlcal relay

signal to the relay r{as condítioned by a

( H2t{4 r24) .

po$rer transistor

program wtrictr occupied less than

IìAU. Input frorn the A/D wâs

A short machine language

500 bytes r{as stored in t}re
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transformerl ínto actual CO2 concentration rvith a lool<-up

table in the RAll antl clisplaye<1 on the LliD's and outputted to

the strip chart via the D/4. Tlre desired control 1eve1 r¿as

ent erecl through Èhe keyparl and storecl ín the RAlt.

Proport.ional control hras achieved by varying ttre duration of

the on time of the solenoid valve in response to the

difference between the set concentraÈion of 
"rZ 

and the

actual CO^ concentration measured in Ëhe growth facility by
¿

the sensor.

Performance

The CO^ con<1 uctivity sensor r,¡as tested at three different
,L

f low rates of air anrl water. Analysís of variance \4Ias

perf ormect ( Table 3.1) to determíne ttre ef fects of water and

air florv rates on the conductivity meter reading. Ilater

flow rat.e Ì¡tâs found to be signíficant at the 90 7" confi<1 ence

leve1 but Ehe air flow rate r¿hich appears to have some

ef f ect on meter reacling \^ras not sígnlf ícant. An increase ín

traÈer flor\r rate from 4O to B0 mL.min-1 tuhile air flov¡ rate

\^ras maintainecl at 6O rn].min-1 redtrced the meter readíng by

15 7" f or a calibrated gas of 47 .84 mmol.m-' ao". An
L

increase in aÍr flow rate from 60 to 100 mL.nÍn-1 v¡ith a

r.rater f 1o\^r râte of 40 mL.min- I brought

the meter reacling by 11 7" Íor the same

A s¡ater pump

the conductivitY

\¡ras not initially lnclttdect in the design of

about an increase in

calibrate<1 ga s .

sensor. The \"rater flow due to the
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entrainment of \,rater by the air bubbles was observed to be

approximately 5 mL.*i.r-l, this gave a response time for a 90

7, change in me Eer rea<l Íng af ter a step change in tO2

concentration from 0 mmol.m-3 ao 47.84 mmol.m 3 of greaEer

than 5 rninrrtes. Response tímes r¡íttr the r¡ater punp

installecl varie<l f rom 4.5 minutes f or a f loI{ rate of 40

mL.min-l to 3 nninutes f or a f 1ow rate of B0 mL.o'í"-l '

The relationship of COZ concentration and electrical

concluctivity carì be approximate<1 by a ctrbic function (Ximbat

and ì{itchel_l 1979). t^Jhen the crrbic function, f(co2

concentration) = concl .rctance3 + intercePt r rras f itted to

calibration data r âD R2 of 0.s9 rnas observed (Flgrrre 3.3).

The sensttivity of the system I^¡as calculated from the l"t

derlvatlve of the calibration equatíon at a COZ

concentrati-on of 47. B4 mmol .m 3 rr,.1 observed f o be 49 .26

mmolCO^.m-3 .,r*l,o=-1. This gíves a sensltivity of 0.0203
¿

umhos .mmolCo -l -3
2'm

Test of the amount of oscillation around a control

setting r^rere made with the use of an IRCA. Ïnitial

oscillations I,rere observed to be 6 ä for a control settíng

of 26 **ol-.*-3 f or a símple on/of f control system in the

controller progf'ârrro I'lhen the proporÈíona1 control

suhroutlne hras written into the program oscíl1ations vtere

rerltrce<l to 3.5 7" f ot a control setting of 27 mmol '*-3.
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Concl-usíon

A conductimetric controller is a practical alternative to

IRCA monitoring and control of ,Oz in air. The use c¡f a

mÍcrocomprrLer for the controller subsystem enhances the

versatilÍty and performance of Ehe controller. Improvements

ancl modificatÍons are easily facllitated as clemonstratecl by

the ad<1 ition of a sirnple light sensltive circuit to prevent

CO^ supplementation duri.ng the night. Ttre use of a
z

mlcrocomputer enables a degree of intelligence' to be

incorporated into the controller. The controller can

responcl to the characteristics of the growth facílity and

a<ljust the duration of 
"nZ 

injectlon when it senses the 
"O2

conc.entration approaching the set concentration. The

techniques of prograrnrning microcomputers ancl designing

simple circuits using integrated cÍrcuits are not above the

abilities of the plant researcher and with the decreasing

costs of mlcrocomputers ancl integrated circuits Èhe future

of micro-electronics in agricultural research looks

promi slng .



TABLIÌ 3 . I

Analysis of Variance for Effects of ldater and Air
on the Ì'latural LogariLhm of Concluctivity Ìleter
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Florv Rates
Rea<1 íng.

S OTIRC]I DF SS Ì{s F-VAI,IJIl

l{ode1

tr'Iater

Air

I^Iater

Er ror

8

2

2

4

10,402

9.243

0.8251

0.3740

191.517

I .300

4 .602

0 .413

0.094

0.1952

6.66

23.57

?t

2. tr

0.48Air

981

Total 989 201.919

slgnificant at the 90 "A confi<tence 1evel
¿
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Abstract

,Gran<1 Rapids'1eËtuce (Lactuca eel¿Is L.) plants htere groütn

in controlled envlronment chambers under síx photosynthetic

phoron flux densitíes (pp¡'n) (150r 175,225, 300,325
-, - I

rrll .m '.s-t) and síx carbon <1 ioxícle (COZ) concenLratíons ( 14'

25, 33, 38, 42, 44 mmol.*-3) . Plants \^7ere harvesÈed six

times at weekly íntervals and fresh an<1 clry mass

determlnations of lettuce top growth were made up to 39 days

past emergence. Both coz ancl PPFD signífícantly effected

lettuce plant fresh an<l dry mass. Regresslon analysis

indtcated larger gains in growth accrue from increases in

PPFD ttran f rom COZ. concentration. Even under 1ow PPFT)

conclitlons 
"O2 

concentration íncrease<1 dry mass by B5 to 93

7" ancl fresh mass by 57 to 68 7". Largest day mass gains of

228 % vtere recordecl for higl-r PPFD and high COZ

concentration. Hence operators of commercial winter lettuce

greenhouses may choose to vary the level of COZ

supplementation in responses to ambient PPFD as it changes

<luring the progression from winter to spring plants.

Int rocluc t ion

llrrch research has been conducted which clocurnents the

positive effect of carbon dioxide (C0Z) concentratlon on

lettuce plant growth. Lettuce plants have been gro$¡n in

aEmospheres with supplemental COZ concentrations varyin¡¡

-? ')from 600 to 6000 ppn (ZS to 254 mmol.m -)'(ITand f980, Kim
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et â1r 1975). Increases in lettuce mass rvith supplernental

CO^ have varied from 30 t¡l 460 % (Johnston I972, Krizek et
¿.

a1. 1974). Several researchers have observed an

interrelatlonship betrveen irradiance (PAR) and CnZ

concentration (Xrízek et a1. 1974, Frydrych 1981, IIeath and

Ileidner lg67). Heath and lfeidner ( 1967) observe<1 a decline

in COZ and light compensation poínts of 'Crancl Rapids'

lettuce plants exposed to supplemental COZ.

IIo (1977) observed that rates of carbon fíxation h/ere

sl-mi1ar in tomato P1-ants (l,ycop ersicon esculentum t'lILL. )

grornrn fn COr-enrichecl an<l non-enriched greenhotrses during

1ow lrra<liance ( photosynthetically active radiation) of the

wínter. gnder high irradíance leve1s plants in tl-re enriched

atmosphere had a 72 to 100 "/" trigher rate of cârbon fixation.

IIo (1977) observed that leaves of plants in the supplemental

COZ treatments manifested a less drarnatic response to

changing radiaÈion 1eve1s. The question arises; does an

íncrease in ,nZ concentration partially overcome the effect

of 1ow photosynthetic photon flux density (PPrD) on plant

growth?

Research has demonstrated that smal1 increases in 1ow

irraclíance leve1s correspond to stlbstantial increases in COZ

concentration in theír effects on the rate of photosynthesis

(Lee and I1'hlrringham 1974). IIícklenton and Jo11if fe ( 1978)

observed a benefícía1 interaction betrveen CnZ concentration

ancl radiation 1eve1. In an atmosphere srrpplemented to 1500
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ppm (64 mmol.t-') Co^ ancl an illuminance of 5r382 lux
¿

similar growth rates occurred in Èomato plants as \úere

observed for plants un<1er 16r500 ltrx and 400 ppm (17

mmol.m -) Co^ concentration.
¿

Dullforce ( 1966) investígated the questlon of the use of

supplemental COZ to overcome the effects of redttced

irracllance leve1s in ¡.rlnter greenhouse tread lettrrce

production. Althorrgh increases in head masses of 26 Z rvere

reported the questlon cottld not be frrl1y ansr,rere<1 as orrly

tv¡o CO^ concentrations and one lrradf ance leve1 ì^/ere use<1 .
¿

The authors of this paper have attempted Ëo better clarify

the relationshlp between COZ concentration and PPFD in the

growth of 'Crancl Rapids' lettuce ' a leaf lettuce.

Materials and l'letho<1s

Three i<1 entical rvalk-ín growth rooms r,rlere used

s írnul taneously t o grow plant s un<Ie r thre e CO, concen t rat íons

and tvo PPFD's. 'Grand Rapi<1 s' lettuce plants \{ere gror'tn

trn<le r 2.4 m x 1.2 m light banlcs witl'r Sylvania VIIO Cro-1ux
t

r¡ide-spectr,m' f luorescent tubes spacecl lO.2 cm aparr.

Plants l^rere grot{n rrnder six dtfferent PPFD's over three

experiments. Densities maintained were 150, 175, 225, 275,

300, and 3?-5 uE.m 2. 
"- 

I . These values lrere chosen to

approxLmate PPFD contmon ín l,Ianitoba greentrouses during the

winter to sprlng perlod. Flux <1 enslties r{ere set and

monitored wlth the use of a Llcor rnodel LI-1854 quântum

ot [rANtTOtA

(lgR¡
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meter equippe-d with a quantun sensor. Ì{easlrrenlents Iüere

made biweelcly at the top of the plant canoPy. PPFD valttes

r¡rere corrected biweekly to the desire<l level by ad j ustment

of the light canopy. Readings füere averaged over tÌre entire

fluorescent tube bank. A 16-hour day 8-hour nlght

photoperiod \,¡as maintalned f or all experiments '

carbon dioxide concentrations 1n the growth rooms hlere

monítored and maintained rvith the use of an IRCA controller4

ancl a concluctimetric controller ( Crant and Lacroix 1983) '

One room r,/as designated as the ambient control concentration

for each experiment, no supplemental CO2 stas arlded and the

CnZ concentratíon of the air in the room I'¡as monitored wíth

a Beckman model 2I5 IRCA for part of each experiment.

Carbon clioxlde concentrations maintained lrrere 25, 33, 38, 42

and 44 mmol.flt 3 with the control room concentration observed

to be 14 mmo1.n 3 for each experÍment. Variation of CUZ-

-î
control wít.trín rooms was approximately +l-2 mmol.m -.

srrpplemental 
"nz 

rÀras suppliecl from liqtrid crz tanlcs through

9.5 mm Tygon R3603 tubing to the venËilation fans located on

the celling of the growth roofiì.

Alr temPeratrrres r,rere

night temperature for all

determined bY the use of

set to 23+0.5 C daY and l5+0.5 C

growth rooms. Ternperatures q/ere

a shielded YSI thermistor Probe

wíth readings taken at the plant canopy 1eve1. No control

of humi<1 ity r{as maintainecl . Relatíve humidity \,¡as observed

to fluctuate from B0 Z strortly after !üaterlng to 50 7"
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several hours later for one growth room at the end of

daily with tapexperiment three.

water.

Plants I.tere rvaterecl once

Plants \rere dírect seeclecl or transplanted into 10.2 cm

diameÈer green plastlc pots. Pots I{ere f il1ed nith a¡ì

unsteril l- zeð soil mix of 1 soil: 1 peat: I sand. Lettuce

plants vrere fe.rtilizecl twice weekly r^riÈh 0.9 g of 20-20-20

\ùater sol-ubl-e f ert IIízer with trace elemerìts per plant (0.18

g N, 0.08 I P, 0.15 S K). Plants in the first experiment

r^rere cl irectly seecle<1 lnIo pots. Plants in the second an<1

thírd experiments l,tere seecled into a fl-at an<l after 5-6 days

transplanted ínto plastic pots in each growth rooln¡

Emergence varied f rom 3-4 clays betrveen experíments. Twice

roeekly, plants lrtere randornly redistributed under the bank of

fluorescent tubes to nlniníze the effec.ts of varying PP!'l)

under different areas of the light source.

In experlment one, f ive lett.uce plants !¡ere randornly

removed from each treaLment every three <1ays for measurement

of fresh mass and dry mass of the top growth. In

experiments two and ttrree plants ütere randomly sampled once

weekly. Analysís lvas conclucted at ínEervals of sÍx days f or

experinent one and weekly intervals for experiments tr{o an<l

three. Plants lirere grohrn for 42 to 56 days but only the

fírst 39 days after emergence tr{ere used for analysis.
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Results ancl Discussion

Each experiment was analysecl separately. Iil ffects of 
"OZ

concentration and PPFD on cl ry rnass are presented in Table

/r.1. ,Analysis of varíânce was performe<1 and both CnZ

concentration and PPFIJ \dere found to have a highly

signifícant effect on clry rnass gain of lettuce plants for

all three experíments. The inÈeract,ion of 
"OZ 

by PPFD was

calculared to be sígnificant for tI.Io of ttre three

experiments. Cornparison of means of the dry mass for 3

experiments at the final harvest lnclicated an increase in

clry mass of ttre plants with both increasing COZ

concentratíon and PPFD (Figure 4.1). For a particular PPFI)

an increase in 
"nZ 

concentration brought about an increase

in dry rnass. A trend of Íncreasíng RCR wíth 
"OZ

concentratl-on was observed but analysis of variance dÍd not

indicate a significanË effect of 
"rZ 

concentraEíon or PPFD

on RGR ( Tabl e !+ .2) . An inltial doubling of COZ

concenÈration above normal ambient levels (14 mnol.*-3) had

a more profound effect on increases in dry mass production

than a further increase of l1 t,o 17 *to1.*-3 Co^ (Table
¿

4.3). The trenc{ in dry mass response seemerl to in<l icate an

ultÍmate ltrníting of increases in dry mass in response to

increasing COZ concentratlon indicatíng a PPFD limiting

ef f ect. A símil-ar ef f ect f or PPFD htas observed. Initial

Íncreases in PPFD at normal ambient CnZ concentrations (14

-?mmol.m -) had a simflar effect on lettuce dry mass



45

-lproduction as dict increases in PPFD co 40 and 325.r8.*-2."

whereas at higher CnZ concentrations increases in PPFI)

ef f ected positf ve increases in clry mass. llence at hígher

PPFI), normal CO 2 "oncentration 
appears to be lirnitlng clry

mass proclucÈion.

Although analysis of dry mass procluction ís of value in

terms of scfentific lnterest, fresh mass production is Èhe

prirnary parameter of inÈerest to a commercial producer of

greenhorrse lettLrce. Theref ore, a separate analysis of f resh

mass response to CnZ concentration and PpFD r^Ias unclertaken.

Analysis of variance demonstrated a sígnificant effect of

CO^ concentration on fresh rnass procluction for all three
¿

experiments (Table 4.4). The PPFD !ìIas not signif ícant nor

rùas the ínteract ion of CrZ concentration ancl PPFD. 0ne may

wonder though íf the effect of PPFD on fresh mass may not be

confounded by increases ln ttre transpíration rates with

íncreasing PPFD which woul<1 tend to offset any positive

effects on fresh mass growth. There is some evidence for

this as analysi-s of varlance of the rati-o of f resh mass !dry

mass indicated a slgnificant effect of PP!'D but not for COZ

concentration (table 4.5). The grorvth responser expressed

as fresh mass, to increasing 
"OZ 

concentration is similar to

that observed for changes in <1ry mass. Increases Ín fresh

mass are more dramatic for moderate increases in CnZ

concentration above normal ambient than for larger increases

in CO
2

concentration (42 mrnol.m -3 ) (Tab1e 4.6). A reduction
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in the rate of increase of fresh mass pro<1 uction was

concentration treatments .

concentraÈion to 33 ttol.t-3

observed

llo<1 erate

most PPFD

4.2).
Results

the ratio

At some PPFI)

ratío and at

for some Ìrígl-t C0

i-ncreases in ,rz
2

for

treatments produced the largest plants (Figttre

concerning ttre effects

of fresh mâss:dry mass

t reatment s there $/a s

other flux densiËies

of CO^ concentration on
¿

appear to be inconclusive,

observed a decrease in the

there !ías an increase in

the ratio with increasing COZ concentration (Figure 4.3).

A nrrmber of linear ancl quadratic models were studied to

qrrant if y the relationship of ,A Z concentration ancl PPFD on

Èhe rates of lettuce growth. For both fresh and dry mass it

vras calculated that a quadrat,ic model dicl not slgnÍficantly

improve the flt of the moclel, therefore a linear model which

r{as signif icant in bottr cases I{as used. A beÈÈer f it $7as

obtainecl when fresh and dry masses uere transforme<1 into

natural logarithms. ImprovemenL in the coefficient of

fletermination (n2) for fresh mass \â/4s from 0.78 to 0.93 when

naËura1 logarittrm transforme<1 data ldere usecl , and f rorn 0.70

to 0.94 for dry mass after data transformation. In order to

derive an overall- growth constant for each treatment, 1og

transformecl <1ata were fitted to the linear model:

T,n(Fresh or DrY rnass) = B0 + nt * X

rvhere B^ is the intercePt
o
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B. is the pararDeter equivalent to the growthI
constanE

X is the nurnber of days past emergence.

The firsr derivative r^ras calculated for each modelled

treaÈment fn order to derive the overall rate of change in

mass of the lettuce plant per unit tÍme. In fact

just Ut as O0 dísappears during differenÈiat,ion.

eíghteen growth constants vrere calculated, one for

thís is

l{e nc e

each

treatment of the three experiments. Analysis of variance

indicated a signifÍcant, ínteraction term for dry mass but

not for fresh mass. Regressíon analysís of the response

surface dÍcl not indicate a signifÍcant ínteraction term with

the estimate for the ínteractfon parameter one to tlvo orclers

of magnítucle less than the other parameters of COZ ancl ppFD.

Growth constant* (Ga) for natural 1og transformed dry mass

r¡rere f Ítted t.o a linear model by least squares methocl . The

1ínear nodel wi th es tirnated parameters is:

G 0.00 244co + 0.00065I,PFD
2

-2 -IUnde r low l'P¡'D condí t ions ( 150 ufl .nr oS ) the calculated

rate of change in lettuce growth attribuEed to a doublíng in

"OZ 
concentration from normal ambient concentratlons ( l4

-1 -l -lmnrol.m -) hras 2.83 mg.day '.mlno1(C02) ' which results in an

overall increase in the rate of gror^rth of 39.7 mg(dry

rnass)..1"y-1. Doubling Èhe PPFD from 150 to 300 uE,m 2."-l

at. L4 mmo1.*-3 COZ concentration has an associated rate of

change of o.779 rng.day t. (r'ro m-2."-t)-l f o, an overall

íncrease ín the rate of growth of 116.8 ag (dry mass).¿.y-I

d
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nore than twice the rate Íncrease observed for a doubling of

COZ concentration. Un<1er moderate PPFD condÍtíons (200

-) -r -'> -lull.m'."-t) a furÈher increase in PPFD to 300 trE n '.s

trrrder nor¡na1 arnbÍent COZ concentratíons has an associated

rate of change of O.7gl nrg.clay-t.(uu.m-2."-t)-t for an

overall increase in the grohtth raÈe of 79.1 mg (clry

-1mass).day-^. Whereas doubling the COZ concentrâtion frorn l4

to 2B rnmo1.*-3 under higtrer PPFD (300 uE.m 2."-l) condÍtions

has an associated raÈe of change of 3.12 mg.day-l.mmo1C02-l

for an overall increase in the rate of growth of 43.7 nìg

(dry mass).d"y-1. IIence both 
"OZ 

concentration and PPFI)

have a positive effect on lettuee plant dry mass produclion

but greater benefÍts appear to accrue from increases in PPFIJ

(Figure 4.4).

The linear model for the response of the fresh mass

growth cons tant ( expressed in natural logari thrns ) with

parameter estimates is:

o.oo232 c0 0.00064 PPFD
2

Thls results in a raÈe for a doubling of COZ concentration

from I4 Ëo 28 mmol.t-3 CoZ at low PPFD conditions ( 150

uE.n '."-t) of 2.68 mg.day-l.t*olco2 I fo. an overall

increase of 37.5 rng ( fresh mass ) d.y-l . A comparÍson of the

linear models developed for dry mass and fresh mass índicaLe

that the parameters for both COZ concentration antl PPFD are

quantÍtatÍve1y very sirnilar, hence calculations developed

for dry mass response will also apply to the fresh mass

"t



49

apply

tha t

to the fresh mass response. It would seem Eherefore

fresh mass response ís a reflection of the tlry mass

response.

Concltrsion

Both COZ concentratíon ancl PPFD positively effect the

growth of,Grand Rapicls'1eÈtuc€o The effects of PPFD

appear to be greater than the effects of COZ concentration.

Ilo¡vever un<1er low PPFD conditlons Íncreasing COZ

concentration has a positive effect on lettuce growth and

rvorrld appear tlterefore to compenate somewhat for slow growth

under reducecl PPFD conclítions. The ultimate response of

lettuce to increased COZ concentration appears to be a

function of and is therefore lirnited by the PPFD environment

in whích the 1eÈtuce plants are grol^rn. A commercial winter

greenhouse letÈuce produced may wish tlterefore to a<1 jusÈ CO2

concentrations in the greenhouse several tímes clurín¡¡ the

growing season. As the PPFI) increases through the growing

perlocl optimurn 
"n 2 c.oncentrâtions f or max j.ma1 grourth wt11

also íncressê o During 1ow PPFD conditions (vrinter) COZ

concentrations of 33 to 3B rnmol CO¡ril ' *u, provide optimal
z

grorvth. I{}rereas at duríng higher PPFD conclitions (spring) 
'

"oZ 
concentration of 44 mmol Co2.*-3 may be nore

appropriate.
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TABLF, 4.I

llíghlights of Analysls of Variance of Ef fec-ts- of 
-9OZ

Concentratlon and PPFD on LeLtrrce Plant Flnal llry MasÍs '

SOURCE D. F. lfE AN SUl,t oF S QUARE S

1

EXPERIUE}TT
2 3

}TODE L
co
PP
co
* 2

Conc.
D

Conc.
PPFD

69.223
2.420
2.r37

0.071
0.145

1 30 .480
20.857
35.843

10
2
I

z
z
2

z
z
z

2r9
41
t2

.tt47

.16 4

.27I

z
z
z

r
2.320y
0.748

3. lz5
I .349

x

ßRROR
CORRECTET)

2

r69
TOTAL I79

zs ieniflcant
Yr iä ni f ic antxstänificant

at
at
at

the
the
the

99
95
90

% confidence
Z confldence
i4 confidence

level
l-evel
Level
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TABLB 4.2

I{igtrlights of AnalYsis
Concentration and PPFD on

Plants from emergence

of Variance of Effects of COo

Relatíve Growth Rate of Lett'uce
to 39 daYs PasÈ emergence.

I'fF,AN sur.f oF SQIIAR ESsottRcE D. F.

t
EXPERII,IENT

2 3

ÌfoDEr, l0
Days from Emergence 5

CO^ Conc. 2

PPÉD I
CO^ Conc.
*¿pPFD 2

ERROR 25
CORRBCTED TOTAI" 35

0.05 lBz
0 .0gg0z
0.0051
0.0049

0.0041
0 .0066

0.0348
0 .0688
0 .0007
0 .0004

o .0000
0 .0009

0. o4B9
0.0974
0 .0008
0 .000 I

0 .0000
0 .0010

z
z,

z

zsignificant at the 99 f confidence level'



Bf fect of
Lettuce

Values are

TABLE 4.3

Expressed as Percent of Arnbi.ent CO

Control and Lowest PPFD.

CO. ConcentraËion and PPFD on Final
Plánt Tops llarvested 39 Days After

52

Dry I'lass of
Eme rgence .
Concent rat ion

2

co,, coNc4IITRAT ION
(rnáo1.m -)

-t - I(uE.m o.s ')
225 275 300 325150

PPFD
175

l/+ (Norrnal)
25
33
3B
42
44

o
77

68
50
26

r23

180

63
52

199

245
188

l3 66 32 66 56
141
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TABLll 4 .4

Ilighlights of Anal"ysis
Concentratfon and PPFD

of Varíance of Effects of COZ
on Lettuce Pl-ant Fresh Mass.-

S OURCE D.F. }fEAN SUM OF SOUARES

I
EXPERIMBNT

2 3

MODEL
co
PP
co
*

Conc.
9630.869

4t6.O92
50.711

6.417
23 .9 63

rt564.2L4
t2a7 .97I

33.056

178 I 6. 139
2660.669

32.934

69 .7 06
83.533

10
2

I

z
z

z
z

z
z

ß¡
2

Conc.
PPFD 2

t69
TOTAL 179

100.156x
35.041ERROR

CORRBCTED

zsienificant
Yr iãr i f ica ntxst[nificant

at the 99 Z confidence LeveL
at the 95 % confidence leve1

at the 90 % confidence leve1
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TABLB 4.5

Highlights of Analysis of Varianee of Effects of
Concentration and PPFD on Ratlo Fresh:Dry Lettuce

Hass.

co^
Pla¿n t

s ouP.cn D. F. IÍEAN SUlf OF SQUARES

1

EXPHRII.'IE}IT
2 3

}lODEL
co
PP

Conc.
ñn

I 0
2
I

24.2272
17.67gx
g4.l32z

10.166
6.277

96.377
3 .340

608.075

101.1712
3.110

g3.7g4z

11.704
9.065

z

z

COo Conc.
*..PPFD 2

ERROR 169
CORRBCTED TOTAL 179

24.g252
1.684

zsienLficant
I"iä"ificant
^signlficant

at Èhe
at the
at the

99
95
90

14 confídence
% confidence
Z conffdence

leveL
leve 1
leve 1
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TABLE t¡.6

Ef fe ct
Le Ë tuce

are

of CO., Concentratl,on and PPFD on Final Fresh þlass of
Plant' Tops Harvested 39 Days Af ter Emer¡¡ence. Values
Expressed âs Percent of Arnblent COo Concentration

ControL ancl Lowe st PPFD.'

coo coNcENTRATI0ìl
t L - J\(mmoI.m )

PPFD ( uE.m-2.s-l
150 17 5 225 275

)
300 325

14 (NorrnaL)
25
33
38
42
44

0
59

59

7

42
2B

39

121

87

2 33 1B
46

31
2B

t22

108
72
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CENllRAI, DISCUSSIO}I

Tr,ro dif ferent Cn2 monitorlng ancl control systems nere

utilized in the autl'¡or's current researctr: an IRCA clevelopecl

at the Agriculture Canada Engineering and Statístical

Research Institute , Ot ta!,ta , Canada and a conclrrctime tric

system rlevelope<l by the author. The IRGA is a crrstom built '

self-contaínecl 
"nZ 

controller with a digí tal dlsplay

indlcatlng currefit COZ concentration of the atmosphere ín

¡,¡hlch the uni t i s place<1 . Since tlte inf rared beam and

receiver are open to the growth facility atmosphere there is

no need for a pump to move aír into the sensor. The

designer of the eqrrl-pment stated that the sensitivíty of the
.?

unit was *1 pprn (+0. 0416 nmol COZrm -) at 20 C ( Iìrach

l9B2). This \fas not verif ierl by the author. The maín

arlvantage of the unit ís the 1ow rnaintenance that it

requir. e s o llxcept for occasÍona11y c1-eaning the ref lecting

mirror no rnaintenance of the unit r^rås r:equirecl . The unit

tùas ot>serve<1 to have a response time of approxímately I

second.

The conductimetric controller is clescribecl in a prevfous

sectíon of this Ëhesis. The sensitivíty of the sensor tr¡as

49.26 mmol co^'m 3..,*ho"-1. The controller
¿

hardwarefsoftv¡are r^ras programmed to respond to chan¡¡es in

60
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-3CnZ concentration of O.42 mnol COr.m The assembly

language program of the controller is incluclecl in appen{ix

1. Accuracy of control htas 3.5 % or 0.95 mmol COnrm 3 tt a
¿

control concentr:ation of 27 mmoL co^'m-3' rt is
¿

interesting to note that the minimrrrn standard deviation in

dry mass observed for five plants sampled at 39 days past

emergence rfas 0.28/+3 g r This resulted Ín a 95 7i, conf idence

interval of *353.0 mg of planE dry mass. The effecÈ of CO,

concentratíon on ttre rate of <1 ry mass production was

calculatecl to be 2.8 ng.day-l(mmol CO2.*-3)-l at the lowest

PPFD treatmenË an<l 3.1 rng.day-l(nnmol co2.*-t)-t at the

highesE PPFD. Ilence the magnitude of an lncrease in CnZ

concentration necessary to produce an effect on 1eËtuce

plant grol^tn in these series of experiments larger than the

-195 % C.I. was *3.2 mmol COrrm - at the 1o¡¿ PPFD and +2.9

-,1mmol CO^¡m '' aL the high PPFI). Thus the controllers neecl
z

only be precise to this 1eve1 as furttrer precision is lost

through natural varíation in growth of plants v¡ithin the

same sample. Both the IRC1\ and condtrctimetrf.c controller

\{ere below this 1eve1. Alt}rough the conductimetríc

controller ís not as precíse as the IRG^ it will fttnctíon

with the necessary level of precision for control ancl

rnonitoring of 
"nZ 

concentratl-on in controlled environnents

ancl ¡¡reenhouses. Controller sensitivity varies inversely

with response time. Therefore tf greater precísíon is

de sire<1 , ttre \^tater f lor.r ín the system can be reduced whích

increases the response time. A recluction in \^tater f 1ow rate
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íncreases the contact time between the sarnplecl air an<1 the

rleionize<1 r,Iater ¡vhich resrrlts Ín a greater movement of CO2

from the air to the c1 eíonized v¡ater.

The use of a mÍcroprocessor in the controller facíl,iLates

these adjustrnents through rnodification of ttre controller

software to compensate for a 'fast' or 'sluggÍsh' sensor.

The feasíb11ity of measurement of CnZ flux from indíviclual

leaves by the unit has not been deterrninecl . The advantage

of the conductímetric controller is that it can be readí1y

assembled from inexpensive materials by ttre plant

researcher. Ttre use of a microcomputer as ttre controller

subsystem opens up possibtlitíes for data aquisition

interfaces with other computer and data storage systems.

Ilence tr4ro relatively precise 
"OZ 

analyser/controllers srere

avaíl-able for experimental work.

Gror¿th clata on lettuce plants r\¡ere collected for eigl-rteen

clifferent treatment combinations of COZ concentration and

PPFD. Gror+th clata of fresh and dry mass is presente<1 in

Table 8.1. Current work subst,antiates claims for a positive

effect of CO^ concentration on the growth of 'Crancl Rapids'
z

lettuce. Liebig's 'Larv of the ì{ínimum' appears to

accrrrately rlescribe the relationship of anZ concentratíon

an<l PPFD on lettuce pltrnt grol^tth. Carbon <1 ioxi<1 e and PPFD

have interdependent posítive effects on plant growth. JIence

plants grohtn fn a 150 uE.m 2.t- I 
"n.ríronment 

may

signlficantly benefit from íncreases in CO. concentration
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and may reflect rates of g,roI^Ith similar to a moderate PPFì)

-, - I(2.25 uli.m'.s') htíthout COZ strpplementation. It becomes

readlly apparent however that continued íncreases in CnZ

concentration have less and less effect on plant growth and

rvi1l not be able to manifest rates of growth in lettuce

plants corresponclíng to substantial increases in PPIID¡ i.ê. ¡

doubling the PPFD. Ilnder high PPFD conditlons the effect of

lncreasing COZ concentratí<¡n appears to be linear and does

not appear to have reache<1 a saturatíon poínt by 44 mmol

-?COrrm - (Figure 5.1). The relatíonship between 
"O2

c.oncentration and PPIrD is obviously more complex than a

1l-near relationship even though there is no statistical

support for this from analysis of the current c1ata.

There is a notíceable trend for a positive effect of CnZ

concentratÍon and PPFD on the RCR (Tab1e 5.1). Yet there

vras no observed stâtisEical signlficance for the factors.

This lack of significance may be clrre to the sma1l magnittrcle

of the changes in RCR observecl with the treatment

combinations. Du11force ( l9(r6) observed for lettuce plants

an ínitial increase in RCR with days from seedíng follotrrecl

by a decline in RGR. as the plants mature and there Ís more

leaf material sha<led, reducing the overall efflcíency of

plant dry matter production. A simí1ar trend \{as observed

in the author's research work. This overall trend may mask

the quantitatively less predominant effects of changing 
"nZ

concentration and PPFD. Iühen compouncled over several weeks
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of gro\,rth the end resulC ís significant differences in plant

mass from statistíca11y insignÍflcant changes in RGR.

There appears to be a trend for lncreasing 
"nz

concentration to positively effect t.he ratío of fresh

mass:dry mass ' 
particularly at the rnÍd-range PPFI)

treatments. The effect may be a result of a recluction in

the transpiration rate due to closure of the stomata in

response to increasing COZ concentratíon. Jones ancl

Ìlans fÍeld ( 1970) observed partial stomatal closure in

lettuce plants ln response to increasing 
"OZ 

concentration

-afrom 330 to 880 pprn (14 to 37 mmol COr.m -). There appears

to be an inverse relat.ionship between PPFD and the ratio of

f reslt: <1 ay mass. Hovrever, as stated previously the ef f ects

of PPFD and COZ concentratíon olt Èhe f resh mass:cl ry mass

ratio nây have been confoun<l ed by increase<! rates of

evapotranspíration wi.th j.ncreased radiation intensity un<1 er

lrigher PPFD treatments. The possíble effects of 
"OZ

concentratlon on the fresh mass:dry mass ratio have some

interesting irnpl ications for the greenhouse lettuce

pro<1 ucer. It is lettuce frestr mass which is marketed to

consumers. Plants wittr a high fresh mass:dry mass ratio are

more tender ancl may be more desirable tO consumers. As

we11, lncreases in the fresh mass:dry mass ratio íncrease

plant fresh mass above increases in plant dry mass

production hence larger plants r.¡íth a higher I.Tater content

may be produced even under lorv PPFD conditíons.
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TAßLIi 5 .1

ìlean RGR \¡a1ues for T-,ettuce Plants Ilarvest-ecl from 2 to 39
Days Past llmergence.

PPFD ( uE .n
150 r75 225

-2 -1
eS

27s 300 325
)

"n 2 coNcENTRAT rOlI

-?(mno1.m -)

lã-fuo rmtl )
25
33
3B
42
44

o.1942 0.3020
0 .209 0

0.1941
0.2098 0.1933

0.20/+0 0.1943

0.2113

0.2028 0.2035
0.2123

o .2t7 7

0.1933
0.1976 0.2r7 2

0.2167 0.22t3
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Both the IRGA and the conductimetric systems functione<l

satísfactorily as 
"n2 

analyser/ control.lêrs o It is quite

feasíble to monítor ancl control COZ concentratíons in

controlled environmenE growtÌt facil-itíes to a leve1 of

precísion necessary for scientific researclt usÍng 1ow cost

equipmenÈ.

The custom built '1or¡ cost' IRCA analyser/controller

worked well with little mainLenance and no repair required.

The conductimetríc controller can be readily assenbled by

a researcher. Through the use of a microcomputer and some

sfmple electronics an int.e11ígent controller can be

<1eve1ope<1 which Ís capable of responding to the physical

characteristLcs of the growth facllity. Furtl'rer

enhancenents of the analyser/controll-er ar:e facilitatecl

throrrgh changes in programming and the addition of firmware

modules.

Both CO^ concentration and PPFD $rere demonstrated to have
¿

a positive effect on lettrrce plant growth. lJnder low PPFD

condÍtíons there appeared to be a lirnit to the positíve

effect of CO^ concentration on plant growth. Therefore
z

during periods of 1o¡'¡ PPFD, maximum benef its of COZ

enrichment wil-1 occur at moderate COZ concentratl-ons from 25

to 3S mmol. CC -1)2., -. Commercial greenhortse operators must

67
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theref ore acl jrrst CnZ concentratÍons in response to changíng

light fluxes in the greenhouse. During the r^rinter months

when light is limitíng (approximated by the 150 ull.m 2-."-1

PPFD treatrnents) CnZ concentrations of 33 to 38 mmol COro

-3m - may be optimnl for lettrrce plant growth where as in late

spring (approximatetl by the 300 to 325 uE.m 2.s-l ,oon

treatments) CO2 concentrations of /t4 mmol Co 2rm ' *t,

provide optímal growth. Responses reported in this thesis

are specifi-c for leaf lettuce, in order to ascertaín optirnal

CO^ concentratlon in relation to PPFD for other greenhouse
¿

crops research on the specifíc crop is reqrrÍre<1 .

Although there \^ras no sÈatistical supPorÈ, there appeared

to be a trend for increasing COZ concentratíon to increase

Èhe ratio of fresh mass:dry mass of lettuce plants. An

increase in the fresh mass:<1ry mass ratio improveci the freslr

yielcl of Iettuce plants whích worrld be of econorníc

signífÍcance to commercial greenhouse lettuce proclucers.

Statistical analysis índicated that the relatíonship of

PPFD ancl ,OZ concelttration on lettuce plant grorvth could be

clescribed most appropriately by a linear model. Hov¡ever

tlris ignores the plateau effect of 
"OZ 

concenLration at low

PPFD's. Therefore Ít appears that the response of lettuce

plants to PPFD ancl CO. concentration are lfnear ttntí1 either

2
PPFII or CO concentration become the liniting resource '



RNCO}I}IENDATIONS FOR FURTHER STUDY

The use of '1ow cost'IRGA an<l conc{uctimetric CnZ

analyser/controllers vlere demonstrated to be feasible for

use in controlled environment groroth fací1 ities.

Possibilities for further work are in the area of commercial

implementatÍon. llow many sensing points are requirecl per

hectare of greenhouse interior to maintain a reasonable

1evel of within house variation of 
"nZ 

concentration? Ìlost

grohrers who use supplemental CrZ obtain it from the burning

of fossil fue1s. An area to be investigated therefore ís

ttre srritabílity of these controllers for the regulation of

fosil fuel Cn2 generaËors. IIow does the duration of the

on/off cycle influence the rate of evolution of pollutants

and given this what 1evel of precision can be exercised

while attemptíng Èo minímize pollutant 1eve1s?

The current research effort rrncovered several avenues for

fttrther plant research. The issrre of the effects of COZ

concentration on fresh mass ancl 1n particular the lrtater

content of the plant as expressed as the fresh mass:dry mass

ratiohas not been clarif iecl or resolvecl . Do increases in

,,rZ concentration above-'normal'

ürater content <¡f lettuce plants

effected? These questions have

ambient leve1s increase the

is ttrisantl if sor how

some economic s igní ficance

research troulclto commereial pro<1ucêrs¡ A practícal area of

69



be the feasibility of

reduce growth rates to

crop cycle. A grolùer

"OZ 
concentration Ín a

unforeseen changes in

or behind sctredule.

70

varying CnZ concentration fo hasten or

meet market dates for a particular

may fínd it useful to rnaniprrlate the

lettuce greenhouse in response to

climate r¿hich may force the crop ahead

A better description of the aOZ PPFD interaction is

required. Perhaps individual plant studies of short

duratlon rrith nore stringent control of CnZ concentration

and PPFD are in order. This rvould also allow the

possibllity of study of any hysteresís effects in lettuce

plants in response to changíng CO2 concentration ancl PPFD.

As we11, srrch f actors as temperature an<l vapour pressure

<leficit need to be incorporated into experiments.

Hanipulation of the vapour pressure deficlt ín relation to

C0^ concentration ancl PPFD offers some interesting
z

possibilities in terns of effects on stomatal closurê o
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175
175
275
275
275
275
275
175
t75
17 5
175
t75
275
275
275
275
275
175
r75
175
t75
175
275
275
275
275
275
175
t75
r75
r75
175
275
275
275
275
275
175
175
r75
175



OIìS. DAYS DAYS ]TROì.Í E}IP.
FROI.Í SENNI}trC EI,ÍEP.GNNCE

205
2A6
207
208
209
2to
2rl
?. t2
2t3
2-t4
2t5
216
217
2t8
2t9
220
2_2, I
2^22

223
224
2?.5
226
227
228
229
230
231
232
233
234
235
236
237
238
2 3cl

240
241
242
243
244
245
246
247
248
249
250
25t
252.
253
254
255

43
43
43
43
43
43

7
7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7
7

7

7

7

7

7

7

7

7
7

7

T4
t4
I4
T4
T4
T4
t4
t4
I4
t4
r4
T4
t4
T4
T4

39
39
39
39
39
39

4
4
4
4
4
4
4
4
4
4
la

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

l1
ll
I1
l1
ll
II
ll
11
11
1l
ll
11
l1
1l
1l

93

CO

CO frc
PP]ID FRE fìII

IlAS S

7T
6t
72
63
54
6B

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

DRY
ìf AS fl

4.8070
5.5420
5.5370
5.1310
5.7400
5 .0890
0.00t5
0.0026
0.002/r
0 .0015
0 .00 l9
0.002-5
0 .00 29
0.0027-
0.0023
0 .00 34
0.0025
0 .0017
0.0020
0.0023
0.0024
0.0029
0.0031
0.0031
0.0027
0.0023
0.0010
0 .0015
0.0018
0.0017
0 .0019
0 .0019
0.00r8
0 .001 5

0 .00 30
0.0035
0.0185
0.0r0-5
0.0123
0 .01 l3
0.0111
0.0285
o.0232
0.02r4
0.0206
0.0231
0.0157
0.0158
0 .009 I
0.01/+7
0.0lBl

42
42
42
42
42
42
L4
I4
I4
t4
r4
t4
t4
t4
ï4
t4
25
25
25
25
25
25
25
25
25
25
37
37
37
37
37
37
37
37
37
37
t4
t4
14
r4
T4
T4
t4
T4
14
14
25
25
25
25
25

175
275
27s
275
275
275
150
150
150
150
150
325
325
325
325
325
150
150
150
150
150
325
325
325
325
325
150
r50
150
150
150
325
325
325
325
325
150
150
150
150
150
325
325
325
325
325
150
r 50
150
150
150

3300
5200
9800
4 300
2 500
3000
0149
029 2

026 5

o17 2

0200
o237
0310
0245
0258
0313
0301
0209
a244
0263
o2B4
0266
027 7

o263
o24s
0213
016?-
0233
027 0
o?_49
0202
ot77
017 0
or67
0304
0256
247 5

1354
r564
1554
1563
3225
? 597
2237
2332
2632
2320
?-339
12.63
2t22
2455
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oßs. DAI]S DAYS FRO}I EXP. CO

FP.OI.{ SIlEDTNG EI{ERCI]]'ICE CO

P PFI) FRE SH
I{ASS

DRY
llAS fì

0.0156
o.o24L
0.0317
0.0132
0.011+3
0.0146
0.0r14
0 .0I 16
0.0149
0.0118
0.0169
o.o22l
0 .0290
0.0248
0.0310
0.llB8
0.1028
0.0983
0.1r97
0.0926
0.1981
0.2854
0.r414
0.1791
0.2584
0.r379
0.2198
0.1398
0.1r46
0.1545
o.3234
0 .3006
0.3846
0.29r3
o.3977
0.1340
o .1227
0.r292
o . 1269
0.r151
0.2323
0./r485
o .2423
0./r183
0.5854
0.8401
o .4629
a .7 a32
0.6867
o .42r6
1.1030

irc

?_5 6
257
258
259
260
26r
262
263
264
26s
266
267
268
269
270
27r
272
273
274
275
276
277
278
279
280
2Br.
282
283
284
28s
286
287
2BB
289
290
29r
292
293
2c) 4
295
296
297
298
299
300
301
302
303
304
305
306

t4
t4
t4
14
r4
t4
t4
t4
It+
t4
t4
14
t4
t4
r4
2I
2l
2T
2t
2l
?.1

2l
2T
2t
2l
2I
2T
2T
?.7

2t
2t
2l
2T
2T
2l
2T
2I
2t
2l
2t
2T
2t
2t
2T
2t
28
28
2B
2B
?B
28

11
11
l1
11
l1
t1
11
11
ll
11
1t.
11
11
11
11
IB
1B
18
18
1B
IB
IB
IB
1B
18
1B
1B
1B
1B
1B
IB
IB
1B
1B
1B
IB
1B
1B
IB
IB
1B
IB
IB
IB
l8
2.5
25
25
25
25
25

2.5

25
25
25
25
37
37
37
37
37
37
37
37
37
37
14
t4
I4
14
T4
14
t4
I4
r4
I4
25
25
25
25
2.5

25
25
25
25
25
37
37
37
37
37
37
37
37
37
37
14
T4
t4
t4
L4
I4

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
l.
l.
1.
1.
¡t

3.
1.
2.
3.

2

3
2
I
2
3

3
4
3
4
2
I
I
1

I
2
4
2
4
7

2

2

2
2

2

?-

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

2

2

2

2

2
2
2
?-

2
2

2

2

2
2
2
2
2

2
2

2
2

2

2

2

2

2

2

2

2
2-

325
32.5
325
325
325
150
150
150
150
150
325
325
325
325
325
r 50
150
150
150
150
325
325
325
325
325
r50
150
I _50

150
150
325
325
325
325
325
r 50
150
150
150
150
325
325
325
325
325
150
150
150
150
150
325

17 27
2863
3836
1606
t549
2OB B

1708
1617
r9 27
r633
1753
237 0
317 2

27 39
3332
4980
5400
3840
7390
3040
5300
47 60
8300
1450
3420
.17 4
.180
.419
.67 2

.455

.7 B9

.600

.560

.4?-B

.9 07

.004

.777

.95s

.777

.698

.62r

.845

. B5B

.659

.149
rt .7 40
6.4s8
9 .591
9.690
s.657

11.820
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OBS. DAYS DAYS FRO}I EXP.
FIìO}{ S EED II{C E]\IEN.GIITICR

CO
cc) lrc

PPFTI rRE SIl
}{AS S

DRY
I'1AS ÍJ

1.3930
r.2230
I .297 0
1.4480
I . 1350
0.5054
0.8736
1.0590
t.lBB0
2.0530
1.8930
2 . t320
2.3400
1.4530
L .0240
0.9672-
0.639s
1.1939
0.5206
2 .24s0
2 .3440
2.7920
2.4600
2 .4080
2.4360
2.O360
2.A430
2.3390
1.9430
2.9010

2.901
3.404
3.328
3.390
4.045
4 .045
3.197
2.893
3.561
5.50q
5 .509
s.329
5 .1+f) 3
s.234
2.e46
2.946
2.675
2.498
2 .666
6.287
(t ,287

307
308
309
310
3r1
312
313
314
315
316
317
3lB
3r9
320
321
322
323
324
325
326
327
328
3 2.9

330
33r
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
3s3
354
355
356
357

2B
2B
2B
?.8

2B
2B
2B
2B
2B
2B
2B
2B
2B
2B
2B
2B
2B
28
28
2B
28
28
2B
2B
35
35
35
35
35
35
35
3s
35
35
35
35
35
35
35
35
35
35
35
3-5

35
35
35
35
35
3s
3lr

T4
I4
T4
14
25
25
25
25
25
2.5
25
25
25
25
37
37
37
37
37
37
37
37
37
37
r4
I4
t4
t4
t4
t4
l4
T4
T4
L4
25
25
25
25
25
25
25
25
25
25
37
37
37
37
37
37
37

325
325
325
325
150
150
150
150
150
325
325
325
325
325
150
150
150
150
r50
325
32.5
325
325
32s
150
150
150
1s0
150
325
32s
325
32s
325
1s0
150
150
150
150
32s
325
325
325
32s
150
150
150
150
150
32s
325

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
2-5
25
25
25
25
25
25
25
?_5

32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32

2
2

2
2

2
2

2

2
2
2
2

2

2

2

2
2

?.

2

2
2

2

2

2

2

2

2

2
2

2

2

2
2

2

2
2
2
2
2

2
2

2
2.

2
2
2

2

2

2

2

2

2

15.630
13.680
I 6 .000
16.500
16.990
6.BBB

12.610
17.390
I 7 .050
20.620
20 .010
2 1.380
27.600
16.310
15.710
r4.320
9.892

17 .47 0
8.070

23 .7 90
23.100
26 .2s0
25 .200
26.2,2.O
30.62.0
30 .6 20
35.190
32 .490
34 .620
37 .630
37.63
36.40
37.86
4l .37
55.94
55.94
50.59
46 .43
55.57
44.79
44.79
44.89
36.91
47.37
53.04
53.04
4B .48
35.24
54 .44
53.31
_53.31
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OBS. DAYS DAYS FRO}{ EXP. CO

FRO}f SEEDINC E}lNRC]iT.ICE CO fic.
PPFD FRE S}I

ì{AS S
DRY
r{As s

5.926
7.015
6.133
3.944
3.895
4 .2s3
3. BOB
3.343
5.659
6.056
4.993
5.582
6.203
6.119
7.050
7.463
7.23t
7.772
8.351
8.OBB
8.705
7 .BO6
8.576
6.984
7.775
7.888
7.753
6 .719
9.780

10.210
8.496

I I .900
9.866
6.931
5.894
8.503
s.346
7 .203

13.670
13.550
13.950
15.350
11.950
13.650
11.520
14.250
9.42e

10.240
o oto().()-J()

r0.590
11 .790

358
359
360
361
362
363
364
365
366
367
368
369
370
37L
372
373
374
375
376
377
378
379
380
381
382
383
38/r
385
386
387
3BB
389
390
391
392
393
394
39.5
396
397
398
399
400
401
442
403
404
405
406
407
/+08

35
35
35
42
42
t+2

42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
t+2

42
42
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49
49

37
37
37
T4
T4
I4
I4
L4
T4
I4
1.4

L4
I4
25
25
25
25
25
25
25
25
25
25
37
37
37
37
37
37
37
37
37
37
T4
14
T4
t4
t4
T4
14
t4
t4
L4
25
25
25
25
25
25
25
25

325
325
325
150
1.50
1_50
150
150
325
32s
325
325
32s
150
150
¡ 50
150
150
325
32s
325
325
325
150
150
150
150
150
325
325
325
325
325
150
150
150
150
150
325
325
32s
325
325
150
150
150
150
150
325
325
325

32
32.
32
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46

2

2
2
2

2

2

2
2

2

2

2

2
2.

2

2
2
2
2
2
2

2

2
2
2
2
2
2

2

2
2

2

2

2
2

2

2
2
2
2
2
2

2

2
2
2
2
2
2
2

2
2

53.71
56.23
57 .82
50.93
49.0s
s4.89
49.60
36.L7
53.07
50.71
47.72
52.54
53.68
68 .87
68.74
79.19
78.72
81.96
62 .60
64.tr
s9.56
59.55
7 1 .05
79.r6
79.66
84.56
84.28
7 6.33
73.77
7I.60
62.44
81.1/+
7I.17
79.53
67 .49
78.46
53.21
7 5.32
93.54
95.03
85.59
91.55
85.54

106.40
101.20
104 .9 0
105.70
99.34
72.()()
7 4.40
Bs.4l
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Oß fì . DAY fì NAY S FROI'Í EXP .
FRO}T SI]EDINC ETIERCIT}ICE

co
co frc.

PPFI) FRE fìII
}'fASS

65.7 r
67 .O5

I11.20
108.10
1 00 .80
l 03 .60
79.79

1o2.22
91.65

106 . l0
100.00
I 08.50
84.s9
97.70
94.43
88.91
84.51
BB.O2
84.96
86.32
87.86
90.03

111.33
tr6 .42
113.r4
11/+.16
r2.3 .7 0
111.92
BB.5B
I5..29
q3.52

102.66
100.54
111.82
Ir9.40
119.30
r22 .40
LOz .65
113.95
t06 .7 4

103.180
119.200

0.022
0.016
0.025
0.025
0 .021
0.011
0.028
o .026
0.019

DRY
}fASS

7 .653
B .524

r2.160
10.660
10.060
10.550
7.931

r5 .420
12.650
18.130
15.570
t7.o20
9.108
9.430
9.468
8.993
8.779

r1.570
11.530
l 1 .000
tt.24o
r1.740
t2- .480
i3.830
r2.620
t3 .420
i6.110
17.840
r4.240
r4 .7 90
r6.130
15.550
I 0 .600
1I.510
13.070
t2.230
r2 .450
16.780
18.680
16.6s0

15.0700
18.5500
0.0017
0.0014
0.0022
0.0023
0.0021
0.0006
0.0024
0.0025
0 .0016

409
410
411
4 t?-
413
4t4
4rs
416
417
418
4t9
t+ 2O
42t
422
423
424
425
t+26
427
428
429
430
43r
t+32
433
434
43_5
436
437
43B
439
44A
441
442
443
444
445
446
447
448
449
450
4sr
4s2
4s3
4s4
455
456
4s7
458
459

49
49
49
49
49
49
49
49
49
49
49
49
56
56
56
56
56
56
56
56
56
56
56
56
s6
56
56
56
5(r
56
56
56
56
56
56
56
56
56
56
56
56
56

o(r

I
I
B

B

B

B

B

B

25
25
37
37
37
37
37
37
37
37
37
37
t4
t4
T4
I4
14
l4
t4
t4
L4
t4
25
25
25
25
25
25
25
25
25
25
37
37
37
37
37
37
37
37
37
37
T4
t4
t4
t4
t4
T4
I4
T4
t4

325
325
150
r50
150
150
150
325
325
325
325
32s
150
150
150
150
150
325
325
325
325
325
150
150
150
150
150
325
32s
325
325
325
150
150
150
150
150
325
325
325
32s
325
225
225
225
225
2.25
300
300
300
300

46
46
46
46
46
46
46
46
46
46
46
46
s3
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
s3
53
53
53
53
53
53
53
53

2
2_

2

2

2
2
2
2
2
2
2
2
2
2

2
2
2
2

2
2

2

2
2
2
2.

2
2
2

2

2

2

2

2
2

2
2
2
2

2

2
2

2
3

3
3
3
3
3
3
3

3

53
53
53

4
4
4
4
4
4
4
4
4
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oßs. DAY S DAY S FROI.Í EXP .
FROI.Í SEEDTNC EI.IERCE}iCE

CO

CO frc
PPFD FRE S}I

l{As s
DRY
}lASS

0.0013
0.0023
0.0019
0.0016
0 .00 21
0.0022
0.0025
0.00r4
0.0033
0 .0026
0.0022
0.0024
0.0028
0.0017
0 .00 31
0.0017
0 .00 21
0 .0016
0 .0015
0 .0018
0 .0015
0.0155
0.0r43
0.0214
0 .0151
0 .0 104
0.0209
0.0137
0.0192
0.0056
0.0174
o.o17 2

0.0152
0.0147
0.0178
0 .028.' I
0.0291
0.0235
0.0433
0.0154
0.0170
0.0259
0.0137
0.0249
0.0214
0.0203
0.034s
0.0311
0.0193
0.0238
0.0288

460
46r
462
463
464
465
466
467
468
469
47A
47r
472
473
474
47s
476
477
478
479
480
481
482
483
484
485
486
487
4BB
489
490
491
4q2
t+9 3
494
495
496
497
498
1199

500
501
502
503
504
505
506
507
508
509
510

B

B

B

B

B

B

I
B

B

B

B

B

B

B

B

B

B

B

B

B

B

15
15
l5
15
l5
l5
l5
l5
l5
15
15
15
15
15
15
15
15
15
15
15
l5
l5
15
15
l5
15
15
15
15
t5

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

11
11
ll
11
11
1l
11
l1
l1
r1
11
l1
11
ll
11
l1
11
l1
1l
ll
11
11
11
11
11
ll
11
1l
1l
11

3
3
3
3
3
3
3
3

3

3
3
3
3
3
3
3

3
3
3
3
3

3
3
3

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

3
3

3

3

3
3

3
3
3

14
33
33
33
33
33
33
33
33
33
33
42
42
42
42
42
42
42
42
42
42
I4
T4
L4
T4
T4
t4
t4
14
T4
t4
33
33
33
33
33
33
33
33
33
33
42
42
42
42
42
42
4?.
42
r¡2
42

300
225
225
225
225
225
300
300
300
300
300
225
2.25
225
225
225
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300

0.015
0.028
0.023
o .o24
o.024
o.026
0.026
0.016
0.035
0.030
0.023
0.032
0 .035
0.022
0 .037
0.025
0.026
0.019
0.023
0.025
0 .020
0.186
0.191
0.319)
0.2r7
0 .122
0.269
0.t77
0.238
0 .048
0.206
o.249
0.200
o.220
0.242
0.318
0.363
o .26L
o.542
0 .203
0.190
0.361
0.190
o.332
o.282
o .27 3l
0.3938
0.3551
o.2236
0.2906
0 .330-5
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oììs. DAYS DAYS FRO}Í EXP. CO

FROH SNEDIT.TG E}'ITIRGEI'ICN CO

P PFD FRE S}I
I{AS S

DRY
IlASS

0.2147
0.l.l84
0,2115
0.1831
0.2091
0.2049
0.1649
0.1152
o.2283
0.2835
o .2443
0.1937
0 .2s69
0.201.8
o .2.4 40
0.3312
o .37 32
0.4030
0.3836
0.3591
0.3570
0.1778
0.2592
o .4357
o .427 3

o.2936
0.36i3
o .4257
0 .3866
0 .4017
1.0050
0.8854
I .0430
t.t22a
1.5020
1.9580
I .4/+00
1.3890
0.9533
1.3950
1.5fì80
2 .17 60
1.9690
1.7990
1.9540
2.0350
2 .25 r0
2.s320
2.9350
2.5950

1.302

lrc

5tl
5 t?_

513
514
s15
516
5L7
518
519
520
52t
522
523
s24
525
526
527
528
529
530
531
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533
534
s35
536
537
538
s39
5110
541
5 t'+2

543
544
54s
546
547
548
549
550
551
552
553
554
55s
s56
557
558
55-q
s60
561

22
22,,'
22.
2.7.

22
22
22
22
22
22
22
22
22
22
22.
22
22
22
22
22
22
22
2.2
22
22
2.2
22
22
22
29
29
29
29
29
29
2.9

29
29
2.9
29
29
29
29
29
29
29
29
29
29
29

I4
T4
T4
I4
T4
T4
T4
14
T4
L4
33
33
33
33
33
33
33
33
33
33
42
42.
42
42
42
42
42
42
42.

42
t4
T4
t4
74
T4
T4
T4
T4
r4
I4
33
33
33
33
33
33
33
33
33
33
42

225
225
225
225
225
300
300
300
300
300
225
22s
225
225
22.5
300
300
300
300
300
225
225
225
225
22.5
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300
225
225
225
225
2?-5
300
300
300
300
300
225

1B
IB
18
IB
IB
IB
1B
IB
IB
IB
1B
IB
1B
1B
IB
1B
1B
1B
1B
1B
18
1B
1B
1B
IB
l8
1B
1B
IB
l8
2.5
25
2.5
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

2.9060
1.5090
2.8080
2 .29 40
3 .1220
2 .7 BOO
2.2490
I .3980
3.08 30
3 .97 50
3.6530
?..6480
3. B2B0
2.8850
3.9320
4.36s0
4.6080
5 .3/r9 0
4.5560
4 .5820
5 .2260
2.5350
4 .7 690
5.7110
6.1430
3 .7 020
4.7 r60
5.8920
5 .47 20
5.6730

15.5600
13.9400
t7.BB00
19.1100
23 .97 00
29.1900
23 .7 200
19.5700
13.5200
22.6800
20.3200
19.8900
17.7800
22 .8900
I B .0000
26 .9 400
3 -5 .2400
30 .5400
31.0500
3r.0100

?-7 .15
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580
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582
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5B/r
585
586
587
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589
590
591
592
593
s94
595
596
s97
s9B
59S)
600
601
602
603
604
605
606
607
608
609
610
611
612

2ot

29
29
29
29
29
29
2c)
29
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
43
43
43
43
43
43
43
43
43
43
43
43

25
25
25
25
2.5

25
25
25
25
32
32
32
32
32
32
32
3?.

32
32.
32
32
32
32
32
32
32
32
32
32
32
32
32
32.
32
32
32
32
32
32
39
39
39
39
39
39
3S
3ç)

39
39
39
39

42
4?_

42
42
42
42
42
42
42
t4
r4
t4
T4
14
T4
T4
L4
I4
r4
33
33
33
33
33
33
33
33
33
33
42
42
42
t+2

42
42
42
42
4?.
4?-

t4
t4
l/r
Il+
l4
l4
t4
T4
14
T4
33
33

3

3
3
3
3
3
3
3
3
3
3
3

3
3
3
3

3

3

3
J

3
3

3

3

3

3

3
3

3
3

3
3

3

3
3

3
3
3
3

3

3
3

3
3
3
3
3
3

3

3

3

225
225
225
225
300
300
300
300
300
22s
225
225
225
225
300
300
300
300
300
225
225
225
2?.5
22_s
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300
225
?.2.5

37.52
34.23
28.I7
32.96
34 .20
35.79
44.37
46.02
43.32
37 .25
39.40
46.24
40.55
36 .68
40 .49
3s.66
43.11
3t.72
40.08
85.82
70.90
73.9r
78.14
74.s7
54. s0
61.50
7 6.63
BB.B5
77.97
53.36
5r.76
40.98
5t.76
55.10
52.77
57.11
sB .69
62 .4s
55 .2t+
64 .34
56.83
7 2.tB
74.05
62.44
67 .49
5r.23
57.89
s7.97
58.34
99.94
7 0 .27

1.297
1.148
1.431
r.138
2.r57
2 .686
2 .456
I .8 3/+

1.969
3.339
3.600
4 .132
3.525
3.087
3.670
3.513
4.?_14
2.967
3.640
4 .864
4 .563
3.535
4.57 5

4.132
5.765
6 .1.7 5

6.367
5.687
5.328
7.232
5.ç'14
6.226
s.968
5.827
6.139
6.612
8.690
9 .3t2
B .30(¡
6 .423
5 .610
6.760
6.607
5.706
7.019
s .038
5. B9c)
5.809
s.373
8.404
I .O7 6
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12.c)10
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9.472
9 .024
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10.300
7.304
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9 .034

10.310
6.285

15.890
15.370
16.700
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1.2.7 40
r1.160
11.120
r4.870
11.fi1.0
16.820
t7.560
14.340
I 6 .400
15.410
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2t .230
15.500
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6rB
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613
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43
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50
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39
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46
46
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46
46
46
46
46
46
46
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46
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46
46
46
46
46
46
46
46
46
46
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33
33
33
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33
33
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42
42
42
42
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42
42
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t4
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T4
14
t4
t4
I4
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14
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33
33
33
33
33
33
33
33
33
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42
42
42
42
42
42
4?-

42
42
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300
300
300
300
300
22.5
225
225
2?.5
225
300
300
300
300
300
225
225
225
2.25
225
300
300
300
300
300
225
225
225
225
225
300
300
300
300
300
22.5
225
225
225
225
300
300
300
300
300

3
3
3
3
3
3
3
3

3
3

3

3
3
3
3

3

3
3
3
3
3
3
3
3
3

3
3
3

3
3

3

3
3

3
3
3
3
3
3

3
3
3
3
3

3
3

3
3

109.5fi
toB.22
I 16 .40
99.53
97.56
98.46
71.15

105,0r
74.76
78.93
85.22
88.41
84.15
82.59
85.23
85.17
7 4.56

r03.60
99.89

101.37
9s.14
93.50
98.94
62.23
7 3 .77
7 4.47
B3.BB
61.10
90.82

111 . B0
96.57

l0l . l0
102.20
117.50
109.50
113 .50
r04.90
lll.60
125.90
13 2 .00
I l2 .30
t27 .9A
129.80
t42.40
I 40 .20
139.r0
111 .20
100 .20
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623
6 ?-4
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6 ?-6

627
628
629
630
631
632
633
634
635
636
637
f¡38
639
640
64r
642
643
644
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647
648
649
650
651
652
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655
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657
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