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appeared the most suitable as a biomass enerzy 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 ieaf area (SLA) are important pasameters
!n many agronomic and ecological processes, but can b2 difficult and
expensive to measure. Th's study was inade to test simplified meth-
ods of estimating pear] millet [Penxisezam glaucum (L.) R. Br.] leaf
area and SLA. Leaf length, maxirium width, area, and dry mass
data were obiained at 2-wk futervals from plants grown in 75-L pots.
Puts contained 85 kg of acidic, P-deficient Betis sand /sandy, sili-
cloag, thermic Psammentic Paieustaif) and were treate § with foor P
levels and two water treatments (siressed and nonstressed). Individ-
ual leaf srea was estimated non-destructively with the following
equations:

Leaf area = 0.68 X (leaf length X maximum width;
~ 0.114 (R* = 0.955)
and
Ln(leaf area) = 2.98 X La(length) — 3.53 (R~ = 0.939).

Individual leaf area and whole plant ieaf aren were calcuiated from
leaf dry mass by the following linear and nonlizzar equations:
Leaf area = 133.6 X Leaf mass + 22.59 (R® = 0.900),
and
Leaf area = 162.84 X Leaf mass** (R? = 0.973),
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Residual errors indicated that the nonlinear equation was more ac-
curate for area estimation of small leaves (=<0.20 g), and that leaf
ares data were heteroscedastic. Lzaf dry mass was also used to cal-
culate SLA by the nonlinear equation

SLA = 176.7 X Leaf mass*'¢ (R? = 0.918),

which gave excellent fit to experimental data independent of harvest
date, P level and watering treatment. Our results demonstrate that
pearl millet leaf area snd SLA can be accurately estimated and
casily simulated from simple regression equations.

EAF AREA AND ITS RATIO to leaf dry mass, specific
leaf area (SLA), are impertant parameters in
many agronomic and ecologica: processes, including
photosynthesis, transpiration, and field energy bal-
ance. Simple, accurate methods for estimating these
parameters are therefore necessary for many applica-
tions, including crop simulation models. Although
simple methods exist for estimating leaf area of some
common crops, e.g., maize (Zea mays L.), sorghum
(Sorghum bicolor Moeach), and cotton (Gossypium
hirsutum L.), we know of none reported for pearl mil-
let. Furthermore, there are currently no well-known,
simple methods of estimating crop SLA.

Abbreviations: DAE, days after emergence; and SLA, specific leaf
area,
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Estimating Jeaf area from the equation width methlod g, N;loor;rlnan éulx)d \Samgb(elll% ; ;.aa(o),
- . . and (b) the log-log met used by Wendt s (1)
Area = C X (length X maximum width), (1] to esﬁabfjsh regression equations by which pearl millet
where C is an empirical coefficient, can provide non- leaf area can be calculaied from leaf dry mass; and
destructive leaf area estimates to within 0.05 accuracy (iii) to test a statistical model that calcuiates SLA of
(Norman and Campbell, 1989). McKee ( 1964) used individual leaves from their dry mass. It was a further
this approach to obtain a value for C of 0.73 for maize. objective that models be independent of plant age,
Bonhomme et al. (1974) obtained values of 0.74 for nutrient stress, and water stress,
sugarcane (Saccharum officinarum L) and 0.64 for

cowpea [Vigna unguiculata (L.) Walp.]. Stickler et al. 4

(1961) reported a value of 0.75 for full)! expanded sor- MATERIALS AND METHODS

ghum leaves, while McCree et al. (1984) used a value Leaves for this experiment were harvested at 2-wk inter-
of 0.68 for expanded and expanding leaves, We know vals from plaxts used in a growth analysis experiment con-
of no such coefficient reported for pearl millet, . ducted in the semiarid climate of Lubbock, Texas, during

Leaf area can also be estimated for a number of  the summer of 1988 (Payne, 1950; Pavne et al., 1991). Ten
plant species from a linear, log-log relation with leaf :? ;lwcfgwgos)efv‘lsmo“hc pearl mfuc' o var ICTP 829? Rat
. . planted in 75-L pots lined with plastic and
length (Wendt, 1967; Wendt et al,, 1967). These au- containing 85 kg of acidic, P-deficient Betis sand (sandy
thors stated that the log-log relationship between leaf silicious, thermic Psammentic Paleustalf). This soil was se.
area and leaf length had been found to exist in five lected for its chemical, physical, and mineralogical proper-
species with widely differing leaf morphologies and ties, which were similar to those of sandy millet fields of
may exist in all plant families. The obvious advantage Niger, Senegal, and Mali (Payne et al, 1991). The study
of the log-log method is that it doesn’t require leaf consisted of a completely random experimental design with
width measurements. No such equation has been re-  fixed effects due to P lovel and water treatment. Pots were
ported for pearl millet. treated with fourf levels (0, 11.115, 3.2;!13. and 7.77g P m?in
Specific leaf area reflects leaf thickness and the rel- Rﬁ_‘fﬁg o‘l?zga;% 4%"?)‘ KE:sco p,:tz l%%ﬂmuc::v;gs Lzs’llicg
ative proportions of assimilatory and conductive or in e wd.’:rn}onn and 'mogmughj;' 1nixed into the uppc;r,po 15
mechanical tissues in leaves (Xvet et al, 1971), and m 3}’ soil before planting. Phosphorus levels were subjccicd
has been used to estimate crop leaf area (Rhoads and to two water treatments: water stressed and non-water
Bloodworth, 1964; Reddy et al., 1989) and leaf daily stressed. The water stressed treatment was maintaizied at an
growth rate for partitioning of respiration (Kimura et average soil water content of 0.03 to 0.07 m? m-}, whereas
al.,, 1978). The inverse of SLA, specific leaf mass, has the non-water stressed treatment was maintained at an av-
been positively correlated with leaf water use efficien- erage soil-water content of 0.12 o 0.20 m? m->. Phosphorus
¢y among alfalfa (Medicago sativa L.) cultivars by {:e‘;gg ;‘;‘émm {reatments were randomly assigned to num-
Gutschick (1988), who reasoned that leaves with hi ) i
specific leaf mass are cooler under a given ra diatigxlll At 14 d after emergence (DAE), plants were thinned to

. two plants per and pot liners were sealed around lants
load due to higher stomatal conductance and lower to r&mct pw:mp;?:’oss topotranspiration. Average soil I\)'vater

water vapor pressure deficit. A decrease in water vapor content was determined with a load-cell balance calibrateq
pressure def_icxt 1ncreases water use efficiency (Tanner in the field by adding known amounts of water to an empty
and Sinclair, 1983). Charles-Edwardg (1982) has pot. The amount of water required to maintain average soil

shown a positive correlation between SLA and light- water content within the specified range was determined
use efficiency for several species. Thus, SLA is an im.- twice weekly by weighing pots and caiculating the average
portant crop parameter to estimate, rate of transpiration for each watering level of each P rate,

The relations between SLA, growth stage, and en- Additional experimental details are presented elsewhere

vironraental stress are not fully understood. As re- (P?_-}’s: ;:1191191?; ;;’;‘;ﬁgc‘h"i;;gﬁgmm o'fmchplevcl were

viewed by Reddy et al. (1989), some scientists assume -wk intervals after )
constant SLA for leaves after full expansion, while ;’Zf,gé’,“}iyr saelt%cttaid o?githtcsatts.zxkthlgtgm thron-glf 'ﬁﬁl
others maintain SLA varies with plant growth stage harvests, tops of planis selected for harve.t were cut and
and the supply and demand for C. These authors  immediately placed into large plastic bags with several moist
showed that cotton SLA changes differentially with paper towels. Bags were then quickly sealed and transport.d
time and canopy layer, and can be correlated with to a cool room 5o that leaves would retain turgor. At the
mean daily flux of photosynthetically active radiation first harvest, approximately 60 leaves wers selecte:! to obtain
of the previous week. They hypothesized this was due a wide range of lengths, but without regard to treatment; at
to demand of growing parts for photosynthate, and to ~ the second through fifth hm?.‘.f’ two lfluuy expanded, non-
the Itant effect upon leaf s h h damaged leaves were selected m each plant, for a total of
A 97';’5“ d pon ,.‘arg content. Gibson 10 leaves per treatment, or approximately 80 Jeaves per har-
hpes poDserved an ontogeneic decrease of SLA in vest. Within individual treatments, leaves were seloopeq 1o

three field grown sorghum varieties. Similarly, Mc- obtain a wide range of lengths, and without regard t

Crec (1983) showed_ unambiguously that sorghum layer. & Bits, o @nopy
SLA decreased with Increasing plant size under both Length and maximum width of selected leaves were mea.
‘ontrolled and field conditions. sured tc the ncarest | mm. Leaf area was measured with a

Since larger plants may be expected to have larger Li-Cor area meter (Li-Cor model LI-3100; Li-Cor, Inc,, Lin-
eaves, it can be hypothesized that SLA varies a;lgth coln, Nebraska') which was calibrated vih disks of known
eaf mass. The objectives of this Stuay were (i) to test ~ area. Measured leaves were placed in labeled paper bags and
W0 models that estimate pearl millet leaf areq non- "~ TMention of trademark

. d ot constitut, .
lestructively, namely (a) the length-by-maximum- ment. FAies €oes not constitute an endorse

«'»
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oven dried at 70 °C. After drying, leaf mass wvas determined
to the nearsst | mg.

For leaf area estimatioi:, the MGLH module of SYSTAT
(Wilkinson, 1987) (SYSTAT, In..,, Evanston, Ill.) was used
to test three linear models, Model statements were

(i) Area = C x (length X maximum width)
+ Constant + E

for the length X naximum width method;
(ii) Ln(area) = M X Ln(leugth) + Constant + E
for the log-log method; and
(iii) Area = B X jnass + Constant + E

10 regress leaf area on leaf rass, In the above statements,
C M, and B represent empirical coeﬂiciqnts, aid E is the

valid for leaf width and length >0,

The NONLIN module of SYSTAT (Wilkinson, 1987) was
used to model leaf area and SLA as a function of leaf dry
mass. The model statemexts were

(iv) Area = T X Leaf massQ + E

an
(vV) SLA = § X Leaf mass? + E.

Simplex minimization was used to estimate the parameters
T, Q, S, and P, and required eight 10 15 iterations to estimate
their absolute magnitude to within g tolerance of 0.00005,

RESULTS AND DISCUSSION
Leaf Area .
The relation between measured and calculated leaf

area using length-by-maximum width [Mode] (i)] is
shown in Fig. 1. The vaiue of the coefficient C, 0.68,
was lower than that reported for sorghum (0.75) (Stick-
ler et al., 1961), sugarcane (0.74) (Bonhomme et al,,
1974), and maize (0.73) (McKee, 1964), and equiva-
lent to the valye McCree et al. (1984) obtained for
expancing and fully expanded sorghum leaves, Data
indicate a high degree of association, and the low stan-
da... zrror of estimate for C (0.008) sugsests that the
relation accurately estimaies pear] millet leaf area jp-
dependent of age, water, and fertility. The mode] es-
timate of the additive constant, —0.114, did not differ
significantly from zero,

A plot of Ln(leaf area) vs. Ln(leaf Jength) [Model

400

Ares=0.683 x (Length x Max. Width) - 0.114

300

200

100 ~

Measurad leaf area (cm?)

I t i I |
100 160 200 250 300 360

Calculated leaf area (cm?)

Fig. 1. Pearl millet leaf area calculated from length-by-maximum
width vs. messured leaf area, Points are pooled across harvest, p
level, and water treatment (n = 361, R? = 0.955, Fratio = 7556,
and the std. error of coefficient C = 0.008).

(ii)] is shown in Fig, 2. The estimate of the coefficient
M, 2.083, was similar to that found by Wendt (1967)
for sorghum (2.152). The low standard error of the
estimate of M (0.028) indicates that this mode) ac-
curately estimated pearl millet 'eaf area; however, it
slightly overestimated experimental values obtained
at the low end of the curve,

Stickler et al. (1961) found that C varied only from
0.739 to 0.756 among six sorghum varicties studied:
similarly, Wendt (1967) found minimal varietal
change of M in sorghum. Therefore, ahhough the vai-
ues of C and M reported here ought to be verified
before use with other pearl millet cultivars, they
should be good approximations.

For non-destructive determinatior of leaf area of
peari millet, either of the above linear methods is ap-
propriate. The length-by-maximum-width method ap-
peared to be only slightly more accurate than the log-
log method for this data set. Whether this slight gain
in accuracy warrants measuring leaf width as well ag
leaf length would depend upon the nature of each in-
vestigation, However, our data suggest that for most
applications, measuring leaf width to obtain [eaf area
may not e necessary.

Leaf area vs. leaf dry mass data (Fig. 3) used in

[}
§ a-
K}
o
o
L
-]
3 2+
5
Lnlieat area) = -3.53 + 2.08 Ln(lsat fength)
0 T

1 1 \ i
2 26 3 356 4 45 6
LnfLeaf length) (cm?)

Fig. 2. Natural log of leaf area va. natural log of leaf lengtn for pearl
millet. k>ints are pooled across harvest, P level, and water treat-
ment (n = 351, 2 = 0.939, F ratio = 5527, and std, error of
coefficient C = 0.028).

400
Linesr model: Leaf 8rea=133.00 x Leaf mass + 22,89
- 300 - o o~
y E a
200 4

Loaf area (cm

100 S

Nonlinear mogel:
Loat Aros=182.84 Leal magq-***

' T T T
0.0 0.6 1.0 1.6 20 26

the nonlinear model, R? is 0.973, the std. error of coefficient Tis
1.44 aud the std. emror of the exponential Q is 0.015,
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Fig. 4. Residual errors for leaf area estimation from leaf dry mass
using (a) the nonlizear model and (b) the linear model,

Models (iii) and (iv) were more scattered than area vs.
length-by-width (Fig. 1) and area vy, length (Fig. 2)
data. Fnrthqrmone, 4s mass beco

This fact is better illustrated by a plot of residual errors
(Fig. 4). If Model (iii) kad been forced through the
origin; i.e., if the constant had been set cqual to zero,
ihen the model would have tended to overestimate
leaf =cea. Thus, where leaves tend to be small due to
gru 2th stage or stress, the nonlinear model is more

irverse square root of leaf mass could be used a5 3
weight in the linear model to attenuate the fayy shaped
pattern of Fig. 4b,

To reiterate, the major advantage of using Models
(iii) and (iv)is that weighing ail leaves togethe: without
regard to their number is much lesg time consuming

measuring individual leaves with a ruler, as re-
quired by Models (i) and (i), Or measuring them one
by one with an area meter. Cbvious'y, neither destruc-
tive method is appropriate for small plant populations,
€.8., growth chamber studies,

Specific Leaf Area

The slope of the plot of area vs. leaf mass (Fig. 3)
represents an average SLA for this wide range of leaf
mass. The fact that the linear model tends to under-
estimate lezf anva of smail leaves suggests that smaller

Modet: SIA=170.7 | aef mage™ "

T T
0.0 0.5 1.0 15 20 25

leaves have more Aarea per mass, or higher SLA. This
nonlinesrity may in part explain why dry maiter pro-

_duction and leaf area are dificult to simulate during

the stage.

The piot of SLA vs. leaf mass (Fig. 5) confirms that
small leaves tend to have greater SLA. A gradual in-
crwscinlcafSLAoccursas!mfmassdecmsesﬁ'om
2.0 to 0.5 g, becoming greates from 0.6 te 0.1 g and
almost infiniie at valuss <0.] g As data in Fig §
indicate, the greatest measnred SLA was over 800 cm?
g'. The mode] relating leof mass to specific leaf mass
gives an excellent fit to experimental data,

Leaf area for individaal leaves can be calculated

irectly from area vs, mass relations, as shown in Fig.
3, or from multiplying mass by SLA. Relating SLA to
caf mass using an equation such as that shown in Fig.
5 rendes the simutation of leaf area increase from dry
matter incremenis much easier to simulate than trying
to relate SLA to leaf canopy Position and/or the flux
density of photosynth ically active Iadiation (Reddy
et al., 1989). Using equations of this type, one only
neeas to simulate the average dry mass of plant or
canopy leaves, then calcuiate average SLA to obtain
leaf area. Because an aver.ge SLA is required, one
must determine the number of plant or canopy leaves
when multiplying mass by SLA to estimate plant or
canopy leaf area. However, wien using Mode's (iii) or
(iv), total area can be calculated directly from total
mass without kiowing leaf number, The choice of
methods may depend upon leuf size, Our datg set sug-
gests that the rauge of SLA is narrow forleaves of large
mass, but wide for those of small mass (Fig. 5). Con-
versely, the scatter of leaf area values for leaves of
mnass is less than scatter for those of large mass

(Fig. 3 and 4). )

We have presented Models (iv) and (v) in nonlinear
form simply because the data as i
5 appear to e nonlinear, A linear model could also
be fitted tc ihe data, ie., Model (v) could readily be
transtormed to

(vi) In(SLA) = In(S) — P X Infleaf mass).

However, in view of the extremely good fits that were
achkieved with nonlinear regression, this alternative
was not explored.

, Vk‘
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It is appropriate to mention that values of the coef- Gutschick, V.P. 1988, Optimization of specific leaf mass, interns
ficients E'?M, 3, T, Q, S and P were found to be very Pla pncentration, and chlorophyll content in crop canopies
. P . . Plant Physiol. Biochem. 26(4):525-537. o
stable independent of harvest (i.c., tme), P level and Kimura, M., Y. Yokoi, and K. Hogetsu. 1978, Quantitative rela

watering treatment (data not shown). Since leaf-N con- u:unsml;u;s betweed n,srzwm t::m:cs mi?::"ih“@%?i'n“:"}%/&i con
centration and plant-N uptake varied with P rage and Hberons od maintenar. 1435

. tuberosus leaves. Bot. Tokyo 91:43-356,
watering leve! (Payne, 1990);‘lcaf area ard SLA can Kvet, J., J.P. Ondok, J. m aﬁ P.ge.s.larvis. gﬂ. Methods o,
be calculated independent of time, nutrient stress, and wih analysis. p. 353-392. /i Z. Sesték, J. atsky, and P.G.
vater stress at least for this cultivar. The method arvis (ed.) "ant photosynthet:- production; manual of methods
hov'd th f . fiel Dr. W, Junk N, . Publishers, The Hague. . .
suov 1 therefore be practical for many field and Browth  pcCree 'K, 1983, Catis balance as a function of plant size in
chamber applications. Jt should, however, be reiter- “ésg:!ghuuﬁlancl.s.a&up&i. 23:(1i 13736“;&7' 1984
ited that even though leaves from stressed plants were vowree, XJ., Kallsen, and S.G. Richardson. 1984, Carbon
used in this study, all models were developed using Sorance of sorghum plants durig osmotic adjusiment to water

- - stress. Plznt Physiol. 76:898-902. .

lfull.y expanded, non-damaged leaves. Error 1s ot ~rious- M:ier, G.W. | 19%32 1; 4%'L°z‘§?°‘“ for computing leaf area in hybrid
y mirociuced when attempting to use any of these “m. Agron. J. 56: .

€quatinrs for crops with large proportions of damaged N‘_-,’E'}f’;‘,; ;ib\"‘,j and G‘?jfampmb-enuwl?nsgh Cﬂ:ﬂi’;’:ﬁuﬁa ; 131?,;?

or unceveloped leaves, del (ed.) Plant physiological ecology. Field me ods and instru-

Finaily, a disproportionate number of the small mentalion. Chapman and Hall, New York. :

1 lop the relati nship in Fi 3and 5 Payne, W.A..l99‘0. Growth and transpirational water use efficiency

eaves used to deve Op the relatio D 1n Fig. an of pearl millet in nse to water and phosphorus supply. P1\.D.,

were from water stressed and/orlow P treatments, since diss. (August, 1990), Texas A&M University, College Station,

Texas,

these tended to grow very slowly. Therefore, they tend- ,
ed to have smaller ~ass and, as data in Fig. 5 indicate, Pa(y)ne, W.A, RJ. Lascano, L R. Hossner, C.W., Wendt, and A.B.

. . ken. 1991, Peail miilet wth as affected by phosph d
higher SLLA. Yet phosphorus stress increased leaf starch w:;cf-,n,qmn, 1. 83;522_34? ¥ Phosphorus an
content in this millet cultivar (Payne, 1990). Therefore, Rai, KN., A.N. Kumar, DJ. Andrews, A, Rao, A.G.B. Raj, and
in the case of phosphorus stress in pearl millet, it is not 3959, "combe. 1990. Registration” of ICTP8203" Crop Sai.
safe to assume that SLA is lnversely proporiional to  pou; , V.., B. Acock, D.N. Baker, and M. Accck. 1989, Seasonal
starch content, as is normally expected. % : ln_ﬂm-leafwci;;,m relationships in the cotton canopy. Agron. J,
y Rhoa.u,"' : 'F.M., and M.E. Floodworth. 1964. Area measurement of
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