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appeared the most suitable as a biomass energy source 
based on stover carbohydrate yields and partitioning. 
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Estimating Pearl Millet Leaf Area and Specific Leaf Area 

W. A. Payne,* C. W. Wendt, L R. Hossner, and C. E. Gates 

ABSTRACT 
Leaf area and specific leaf area (SLA) are Important pa-ametcrs 

ra many agronomic and ecological processes, but can &.-difficult ani 
expensive to measure. 1 ks study was made to test simplified meth-
ods of estimating pearl millet [Penisetdm glaucm (L.) R. Br.] leaf 
area and SLA. Leaf length, maxir. um width, area, and dry mass 
data were obtained at 2-wk hitervals fromn plants grown in 75-L pots. 
Pts contained 85 kg of acidic, P-deficient Bets sand 'sandy, sil-
cdoas, thermic Psammentic Ppleuntall) and were treatt i with four P 
levels and two water treatments (stressed and nonstressed). Individ-
val leaf area was estimated non-destructively with the following 
equations: 

Leaf area - 0.68 X (leaf length X maximum wdth
 
- 0.114 (WV - 0.955) 


and 

Ln(leaf area) - 2.08 X Lnlength) - 3.53 (R- - 0.939). 


Individual leaf area aJ whole plant leaf arwere clated from 
dy mar hefoleing pnea aIndieduaf by t wereuatoeaf dry m by the following linear and no2 ear equations: 

Leaf area - 133.6 X Leaf mass + 22.nd9 (W - 0.900),
and 

Leaf area - 162.84 X Leaf mass" (R - 0.973). 

W.A. Payne, ICRISAT Sahelian Center, B.P. 12404, Niamey, Niger,
West Africa; C.W. Wendt, Texas Agric. Exp. Stn., Rte. 3, Lubbock,
TX 79401; L.R. Hcssner, ept. of Soil and Crop Sciences, Texas 
A&M University, College Station, TX 77843, and C.E. Gates, Dep. 

Residual errors indicated that the nonlinear equAtion was more ac
curate for area estimation of small leaves (_0.20 g, and that leaf 
area data were heteoscedastlc. Leaf dry mass was also used to cal
culate SLA by the nonlinear equation 

-SLA - 176.7 X Leaf nrass "s (R2 - 0.918), 

which gave excellent fit to experimental data independent of harvest 
date, P level and waterink treatment. Our results demonstrate that 
pearl millet leaf area %ndSLA can be accurately estimated and 
easily simulated from sliple regression equations. 

T EAF AREA AND ITS RATio to leaf dry mass, specific 
JLi leaf area (SLA), are impertant parameters in 

many agronomic and ecologicai processes, including 
photosynthesis, transpiration, and field energy bal
ance. Simple, accurate methods for estimating theseparameters are therefore necessary for many applica
tions, including crop simulation models. Although 

simple methods exist for estimating leafarea of some 
common crops, e.g., maize (Zea mays L.), sorghum
(Sorghum bicolor Moench), and cotton (Gossypium
hirsutum L.), we know of none reported for pearl mil

let. Furthermnre, there are currently no well-known,
simple methods of estimating crop SLA.of Statistics, Brigham Young University, Provo, UT 84602. Re-ceived 13 Dec. 1990. *Corresponding author.__________________________
Abbreviations: DAE, days after emergence; and SLA, specific leaf 
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Estimating leaf area from the equation 
Area =C X (length maximum width), [1]

where C is an empirical coefficient, can provide non-destructive leaf area estimates to within 0.05 accuracy(Norman and Campbell, 1989). McKee (1964) usedthis approach to obtain a value for C of 0.73 for maize,Bonhomme et al. (1974) obtained values of 0.74 for sugarcane (Saccharum officinarum L.) and 0.64 forcowpea [Vigna unguiculata(L.) Wap.]. Stickler et a.A(1961) reported a value of0.75 for fully expanded sor-ghum leaves, while McCree et al. (1984) used a valueof 0.68 for expanded and expanding leaves. We knowof no such coefficient reported for pearl millet.Leaf area can also be estimated for a number ofplant species from a linear, log-log relation with leaf 
length (Wendt, 1967; Wendt et al., 1967). These au-thors stated that the log-log relationship between leafarea and leaf length had been found to exist in fivespecies with widely differing leaf morphologies andmay exist in all plant families. The obvious advantageof the log-log method is that it doesn't require leafwidth measurements. No such equation has been re-ported for pearl millet,

Specific leaf area reflects leaf thickness and the rel-ative proportions of assimilatory and conductivemanical orproptiosfs s milavest eal., 197nductivmechanical tissues in leaves (Xret et al., 1971), andhas been used to estimate crop leaf area (Rhoads andBloodworth, 1964; Reddy et a., 1989) and leaf daily
growth rate for partitioning of respiration (Kimura et
al., 1978). The inverse of SLA, specific leaf mass, has
been positively correlated with leaf water use efficien-
cy among alfalfa (Medicago sativa L.) cultivars by

Gutschick (1988), who reasoned that leaves with high

specific leaf mass are cooler under a given radiationload due to higher stomatal conductance and lowerwater vapor pressure deficit. A decrease in water vapor
pressure deficit increases water use efficiency (Tanner
and Sinclair, 1983). Charles-Edwards (1982) hasshown a positive correlation between SLA and light-use efficiency for several species. Thus, SLA is an im-portant crop parameter to estimate

The relations between SLA, growth stage, and en-vironmental stress are not fully understood. As re-viewed by Reddy et at. (1989), some scientists assumeviewed by R eav al. econstant SLA 0l989),so e pscintists a u efor leaves after full expansion, whileothers maintain S A vanes with plant growth stageand the supply and demand for C. These authorsshowed that cotton SLA changes differentially withtime and canopy layer, and can be correlated withmean daily flux of photosynthetically active radiationof the previous week. They hypothesized this was dueto demand ofgrowing parts for photosynthate, and tothe resultant effect upon leaf starch content. Gibson'1975) observed an ontogenetic decrease of SLA975)f g svest. in
hree field grown sorghum varieties. Similarly, Mc-
:.rec (1983) showed unambiguously that sorghum3LA decreased with increasing plant size under both:ontrolled and field conditions. 

Since larger plants may be expected to have largereaves, it can be hypothesized that SLA varies witheaf mass. The objectives of this stuy were (i) to testwo models that estimate pearl millet leaf area non-
estructively, namely (a) the length-by-maximum. 

width method (e.g., Norman and Campbell, 1989),
and (b) the log-log method usedto estab.ish regression equations byby which pearl millet 

Wendt (1967); (il)
leaf area can be calculated from leaf dry mass; and(iii) to test a statistical model that calculates SLA ofindividual leaves from their dry mass. It was a furtherobjective that models be independent of plant age,nutrient stress, and water stress. 

MATERLAs AND METHODS
Leaves for this experimrfnt were harvested at 2-wk intervals from plants used in a growth analysis experiment conducted in the semiarid climate of Lubbock, Texas, duringthe summer of 1988 (Payne, 1990; Payne et al., 1991). Tento twenty seeds ofthe pearl millet culivar ICTP 8203 (Raiet al., 1990) were planted in 75-L pots lined with plastic andcontaining 85 kg of acidic, P-deficient Betis sand (sandy,silicious, thermic Psammentic PaleustaL0. This soil was se.lected for its chemical, physical, and mineralogical properties, which were similar to those ,f sandy millet fields ofNiger, Senegal, and Mali (Payne et al, 1991). The studyconsisted ofa completely random experimental design withfixed effects due to P lcvel and water treatment. Pots weretreated with four P levels (0, 1.15, 3.38, and 7.77 g P m- inpots of 0.139 m' area). Each pot also received 128.1 g.NH4NO3 m-2 and 40.3 g K2SO 4 m-'2. Fertilizer was appliedin powder form and thoroughly mixed into the upper 0.15m of soil before planting. Phosphorus levels were subjectedto two water treatments: water stressed and non-waterstressed. The waer stressed treatment was maintained at anaverage soil water content of 0.03 to 0.07 m3 M-3, whereasthe non-water stressed treatment was maintained at an average ';oil-water content of 0.12 to 0.20 m2 m-3. Phosphoruslevels and water treatments were randomly assigned to num

bered pots.At 14 d after emergence (DAE), plants were thinned totwo plants per pot, and pot liners were sealed around plantsto restrict water loss to transpiration. Average soil watercontent was determined with a load-cell balance calibratedin the field by adding known amounts ofwater to an emptypot. Thn amount of water required to maintain average soilwater content within the specified range was determinedtwice weekly by weiguing pots and calculating the averagerate of transpiration for each watering level of each P rate.Additional experimental details are presented elsewhere(Payne 1990; Payne et al., 1991).Five plants from each water treatment ofeach P level wererandomly selected fur harvest at 2-wk intervals after emergence, for a total of six harvests. At the first throigh fifthharvests, tops of plants selected for harvejt were cut andimmediately placed into large plastic bags with several moistpaper towels. Bags were then quickly sealed and transporkd
to a cool room so that leaves would retain turpar. At the
first harvest, approximately 60 leaves were selected to obtaina wide range of lengths, but without regard to treatment; atthe second through fifth harvests, two fully expanded, non.damaged leaves were selected from each plant, for a total of10 leaves per treatment, or approximately 80 leaves per har-Within individual treatments, leaves were selected toobtain a widc range of lengths, and without regard to canopy 
layer.Length and maximum width of selected leaves were measured to the nmarest 1mam. Leaf area was measured with aLi-Cor area meter (Li-Cor model LI-3 100; Li-Cor, Inc., Lincoln, Nebraska') which was calibrated v'ih disks of knownarea. Measured leaves were placed in labeled paper bags andIMention of trademprk names does not constitute an endorse. 
menu 
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oven dried at 70to the neare-st I mg.C. After drying, leaf mass was determined 
(Wilinson, 1987) (SYSTAT, lmn., Evanston, INl.)For leafarea estimatio, the M 
LH module ofSYSTAT
was usedto test three linear models. Model statements were 
(i) Area C X (length X maximum width) 

+ Constant + E
for the length X maximum width method; 

(ii) Ln(area) - M X Lnolength) + Constant + Efor the log-log method; andS+ues 

(iii) Area B X mass + Constant + E 
to regress leaf area on leaf rmws.In the above statements,C, M, and B represent empirical coefficients, hd E is theerror term. For obvious reasons, Models (i) and (ii) are onlyvalid for leaf width and length >0.The NONLIN module of SYSTAT (Wilkinson, 1987)asmass.The model statements were dry 

(iv) Area T X Leaf massQ + E 
and

(v) SLA S X Leaf mass" + E. 
Simplex minimization was used to estimate the parametersT,Q,S,and P, and required eight to 15 iterations to estimate 
their absolute magnitude to within a tolerance of 0.00005. 

RESULTS AND DISCUSSION
 
Leaf Area


The relation between measured and calculated leaf 

area using length-by-maxim~rum width [Model (i)] is
shown in Fig. 1.The value of the coefficient C, 0.68, 
was lower than that reported for sorghum (0.75) (Stickler et al., 1961), sugarcane (0.74) (Bonhomme et al.,1974), and maize (0.73) (McKee, '964), and equivalent to the value McCree et al. (1984) obtained forexpanding and fully expanded sorghum leaves. Dataindicate a high degree ofassociation, and the low stan-da- , rror of estimate for C (0.008) suggests that therelation accurately estimates pearl millet leaf area in-dependent of age, water, and fertility. The model es-timate of the additive constant, -0.114,signficntl frm did not differzro.meat 


significantly from zero.coA plot of Ln(leaf area) vs. Lnoeaf length) [Model 
400 

Ara-0.683 x (Length x Max. Width)k6s8 30 - 0.114300 123 

O'~~~~ 

it 0 ee 0 0 10 0Clldloafaa 20 Cr 300 

level, and water treatment (n 361, Rn.- 0.955, Fratio - 7556,and the std. error of coefficient C- 0.008). 

939 

00i) 
 is shown in Fig. 2. The estimate of the coefficientM, 2.083, was similar to that found by Wendt (1967)for sorghum (2.152). The low standard error of theestimate of Al'curately estimated pearl millet leaf area; however, it 
(0.028) indicates that this model ac

slightly overestimated experimental values obtainedat the low end ef the curve.
Stickler et al. (1961) found that C varied only from 

0.739 to 0.756 among six sorghum varieties studied;similarly, Wendt (1967) found minimal varietal
change of M insorghum. Therefore, although Ohe val.of C and M reported here ought to be verifiedbefore use with other pearl millet cultivars, they
should be good approximations.For non-destructive determinatiou of leaf area ofpearl millet, either of the above linear methods is approprmte.The l method appeared to be only slightly more accurate than the loglog method for this data set. Whether this slight gain 

in accuracy warrants measuring leaf width as well as 
leaf length would depend upon the nature of each investigation. However, our data suggest that for mostapplications, measuring leaf width to obtain leaf area 
may not be necessary.Leaf area vs. leaf dry mass data (Fig. 3) used in 
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0 50 100 150 200 250 300 350Area Estimate lcm2)Fig- 4.Residaal errors for leaf area estimation from leaf dry mmusing (a) the nonlinear model and (b) the linear model. 
Models (iii) and (iv) were more scattered then area vs.length-by-width (Fig. 1) and area va. length (Fig. 2)data. Furthermore, as mass beconeb :so. I g, leaf areawas overestimated by the linear mc-del. The nonlinearmodel tended to be more accurate for small leaves.This fact is better illustrated by a plot ofresidual errors(Fig. 4). If Model (iii) had been forced through theorigin; i.e., if the constant had been set tcqual to zero,4hen the model would have tended to overestimateleaif !ea. Thus, where leaves tend to be small due togrr -*,h stage or stress, the nonlinear model is moreappropriate for leaf area estimation. The fan shape ofresiduals in Fig. 4a and 4b indicate heteroscedastici.,yin the leafdata, and so it may be argued that a weightedegression model is appropriate, with weighte in,'rselySoportiona to observed variances. For example, thenverse square mot of leaf mass could be used as aweight in the linear model to attenuate the fau shapedpattern of Fig. 4b. 
To reiterate, the major advantage of using Models(iii) and (iv) is that weighing dl leaves togethi-withoutregard to their number is much less time consumngthan measuring individual leaves with a ruler, as re-

quired by Models (i) and (ii), or measuring them oneby one with an area meter. Obvious'y, neither destruc-tive method is appropriate for small plant populations,e.g., growth chamber studies.to 

Specific Leaf Area
The slope of the plot of area vs. leaf mass (Fig. 3)represents an average SLA for this wide range of leafmass. The fp-ct that the linear model tends to under-estimate lerarea of small leaves suggests that smaller 

aduction and may in part explain why dry matter pro.ef area are diracuit to simulate duringthe seedling -tape.-The piot of SLA vs. leaf mass (Fig. 5)confirms thatleaves tend to have greater SLA. A gradual increase in leaf SLA occurs as !eafmass decreasts from2.0 to 0.6 g, becoming .reater from 0.6 to 0.1 g, andalmost infinie at valuns S0.1 g. As data in Fig. 5ind2cate, the greatest measured SLA was over 800 cm 2
g'. The model relating leaf mass to specific leaf massgives an excellent fit to experimental data.
Leaf area for individil leaves 
can be calculateddirectly from area vs. mass relations, as shown in Fig.3, or from multiplying mass by SLA. Relating SLA toleafmass using an equation such as that shown in Fig.5 rend s the simujtion ofleaf area increase from drymatter incremens much easier to simulate than tryingto relate SA to leaf canopy position and/or the fluidensity of photosynthetically active radiation (Reddyet aL, 1989). Using equations of this type, one onlyneeds to simulate the avervge dry mass of plant orcanopy leaves, then calcuiate average SLA to obtainleaf area. Because an a Sverge A is required, onemust determine the number of plAt or canopy leaveswhen multiplying mas by SLA to estmate Plant orcanpy leaf are However we using Models (iii) or(v), total area can be calculateend diety from totalmass without iowing leaf number. The choicemethods may depend upon leaf size. Our data set sug-

of 
gests that the nde ofSA is narrow for leave of larg.mass but wide for those of small maross (Fi 5). oneversely, the scatter of leaf area values for leaves ofsmall mass is less than scatter for those of large mass

(Fig. 3 and 4).
We have Presented Models (iv) and (v) in nonlinearform simply because the data as shown in Fig. 3 andnonlinear. A linear model could alsobe fitted to Ie data, Le., Model (v) could readily be 
trainsformed to 

(vi) In(SLA)  In(S) - P X inqeaf mass).However, in view of the extremely good fits that wereachieved with nonlinear regression, this alternative was not explored. 

woeo 
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eqaor s equa P~rs foi lar e pr portor unceveloped leaves. ons fdax aged NW
crops withwith large proportions of damagedEheringer,rops 

.raan, J.M., and G.S. Campbell. 1989. Canopy structmr. p.301del (ed.) Plant physiological ecology. Field metods and instniFinaily, a disproportionate number of the smn 
HA Moon and P.W. Run

leaves used to develop the relationship in Fig. 3 and 5 
mentation. Chapman and Hall, New York

fro mdwata rd/os ress pt eat 
Paync, W.A. 1990. Growth and transpirational water use efficiency*of 

were from water stressed and/orlow P treatments, sinceUversity,lo ent , pea rlMillet inresponse to water and phosphorus supply. Pli.D. 

It is appropriate to mention that values of the cf-ficients C, M, B, T, Q, Sand P were found to be verystable independent of harvest (i.e., time), P level andwatering treatment (data not shown). Since leaf-N con-centration and plant-N uptake varied with P rate andwatering level (Payne, 1990); leaf area axd SLA canbe calculated independent of time, nutrient stress, andwater stress at least for this cultivar. Theert er D~i~ e~o method 
shc" Itheefoeb practical for many field and growthprctialforman fild nd rowiichamber applications. It should, however, be reiter-ited that even though leaves from stressed plants wereinsedtis study, all models were developed usingused inti tdalmdl eedvlpduigfully expanded, non-damaged leaves. Error is ot"ious-ly introduced when attempting to use any of these 

these tended to grow very slowly. Therefore, they tend-ed to have smaller .ass and, as data in Fig. 5 indicate,higher SIA. Yet phosphorus stress increased leaf starchcontent in this millet cultivar (Payne, 1990). Therefore,in the case ofphosphorus stress in pearl millet, it is notsafe to assume that SLA is inversely propordonal to 
starch content, as is normally expected. 
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