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Abstract. Foraherbaceous species, the inverse of the fresh
leaf surface density, the Hughes constant, is nearly conserved. We
apply the Hughes constant to develop an absolute method of leaf-
area measurement that requires no regression fits, prior calibra-
tions or oven-drying. The Hughes constant was determined in situ
using a known geometry and weights of a sub-set obtained from the
fresh leaves whose areas are desired. Subsequently, the leaf-areas
(at any desired stratification level), were derived by utilizing the
Hughes constant and the masses of the fresh leaves. The proof of
concept was established for leaf-discs of the plants Mandevilla
splendens and Spathiphyllum wallisii. The conservativeness of the
Hughes constant over individual leaf-zones and different leaf-
types from the leaves of each species was quantitatively validated.
Using the globally averaged Hughes constant for each species, the
leaf-area of these and additional co-species plants, were obtained.
The leaf-area-measurement-by-mass was cross-checked with
standard digital image analysis. There were no statistically signifi-
cant differences between the leaf-area-measurement-by-mass and
the digital image analysis measured leaf-areas and the linear
correlation between the two methods was very good. Leaf-area-
measurement-by-mass was found to be rapid and simple with
accuracies comparable to the digital image analysis method. The
greatly reduced cost of leaf-area-measurement-by-mass could be
beneficial for small agri-businesses in developing countries.
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INTRODUCTION

Leaves are of fundamental importance to plants. They
constitute the plant power generation and aerial environ-
mental sensing units. The amount of photosynthetic light
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harvested depends directly on the leaf-area (LA), which
affects plant growth and bio-productivity and hence also the
agro-economic return from the crop. Additionally, leaf bio-
metrics are markers of nutritional status or environmental
stress on the plant (Meziane and Shipley, 1999; Vile et al.,
2005). The leaf area index (LAI) of a stand of plants is one
of the most frequently used parameters for the analysis of
canopy structure and is an important structural characteristic
of crop/forest monitoring and crop productivity (Behera et
al., 2010). It is fundamentally important as a parameter in
land-surface processes and for parametrizations in climate
models. Direct methods of LAI determination are based on
the destructive technique of the LA measurements of the
individual leaves and are considered to be the most accurate,
albeit time-consuming, ways of determining LAI (Jonckheere
et al.,2004). Nonetheless, they are used to benchmark non-
destructive methods of LAI determination (Behera et al.,
2010; Kirk et al., 2009).

Hence the measurement of LA occupies an important
place in the slew of plant biometric techniques. This impor-
tance has stimulated the proposition of a variety of methods
for LA measurement (Coombs et al., 1985; Igathinathane ez
al.,2006; Korva and Forbes, 1997; Ma et al., 1992; Mohsenin,
1986; O’Neal et al., 2002; Rico-Garcia et al., 2009; Sharatt
and Baker, 1986; Singh et al., 1995; for a review of LAI
determination, see Jonckheere et al., 2004). The method that
has emerged as the most frequently used, particularly for
herbaceous broad-leaved species, and which has been
commercialized, is planimetry (Jonckheere ez al., 2004): the
leaf, excised at its junction to the petiole, is laid on a scanner-
type bed, and the pixel count of its digital image using
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appropriate software, is used to quantify its area (O’Neal et
al., 2002 and references therein, LI-3000, Li-Corr, Lincoln,
NE, USA). While this method, henceforth called digital
image analysis (DIA), is well-established, some difficulties
persist. Leaves with non- planar laminae (wavy leaves) do not
sit flush against the bed so that the kinks could cause zones to
be occulted; the pixel contrast for leaves with insufficient
chlorophyll content (yellowish leaves) is sometimes not
picked up accurately enough by the software. Both can
result in an underestimation of the area (Rico-Garcia et al.,
2009; Tsuda, 1999). The problems can be corrected to some
extent by positioning and flattening the leaves manually and
by manual grey-scale corrections of the digitized image, but
both detract from the speed of the procedure. The central
motivation of this work was to find an accurate, cost-effective,
non-DIA technique for determining leaf areas using the func-
tional traits of leaves in an absolute as against the relative
way Ze without the use of prior statistically fitted calibrations.

In the context of a relative determination, it is germane
to briefly recapitulate the second traditionally used method
of LA determination — the gravimetric method. The method
consists of first determining the fresh LAs of a sub-sample
of leaves of a particular species drawn from the global field
sample using a DIA method and correlating these with their
dry masses. Then the LA to dry leaf mass ratio or specific
leaf area (SLA), is applied to the dry masses of all the
harvested leaves to obtain their areas. The method is not
stand-alone (ie it requires a prior instrument of LA determi-
nation), it involves extra processing (oven-drying) and the
SLA is not a well-conserved quantity (see below) in that it
has been observed to possess wide spatial and temporal
variations in many tree species (Fila and Sartorato, 2011;
Jonkheere et al., 2004). However it is a convenient (more
rapid) method for the estimation of LAI for very numerous
leaf samples (Jonckheere et al., 2004).

Roderick and Cochrane (2002) reported the test and
corroboration of the observation made about three decades
earlier by Hughes et al. (1970). Their combined measure-
ments covered a large number of plant species. They ob-
served that for herbaceous species there apparently exists
a unique species-specific relationship between the area and
the mass of fresh leaves.

The relationship connecting the leaf area (projected normal
to the surface), 4 (m2) and the fresh leaf mass M (kg) is:

A=KM, (M

where K termed the Hughes constant by Roderick and
Cochrane (2002), is related to the density (o) and thickness
(7) of the fresh leaf as:

1

K=—. 2)
pT

Since the dimension of K is (m2 kg-l), it can be con-
strued as the fresh leaf specific area, or in analogy with thick-
film materials technology, the inverse of the fresh leaf sur-
face density.
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Using measurements of the LA and leaf mass from 15
broad-leaved species Roderick and Cochrane (2002) showed
that for each species K was approximately a constant despite
variations in leaf thickness and water content. The latter
would significantly affect p. Based on these results, they
contend that for a given species, the Hughes constant is
likely to be much more conservative than other functional
attributes, eg leaf area per unit of dry mass (the specific leaf
area, SLA), leaf water content, efc. This is a remarkable
finding. It implies that despite factors affecting p and
separately, the plant dynamically adjusts both through their
functional connectedness, to maintain K as constant.

The utility of conserved quantities is that they allow
accurate measurements to be made. The analogy to the leaf
in materials science is the thick self-supporting film whose
density is constant and known. The thickness of the film can
then be determined accurately by punching/cutting out a geo-
metrical shape of known area, weighing it and thereupon
utilizing Eqs (1) and (2). Using the property of the conserva-
tiveness of K and an approach inspired by thick-film
technology, we now proceed to describe the development of
the leaf-area-measurement-by-mass (LAMM) method of
LA measurement.

The aim of the present study is to elucidate the LAMM
technique for the determination of the foliar area of herba-
ceous plants. This aim is realized in the three stages of
— the checks on the conservativeness of K over differently

sampled areas of the given leaf and for different leaf types;

— the estimation of the accuracy of the method;

— the determination of the areas of leaves of a different indi-
vidual of the same species using the K value previously
determined from a another plant, which tests the con-
stancy of K for the given species.

MATERIALS AND METHODS

Plants of two different species, Mandevilla splendens,
common name Pink-allamanda and Spathiphyllum wallisii,
common name Peace-lily, were used for the exposition of
the LAMM method. At every stage, measurements by DIA
on the same specimens were made to benchmark the LAMM
against this standard method.

Let us suppose that there are v broad-leaved plants of
a particular species in an experimental set, whose total foliar
area (FA) is desired to be measured. The index j for the
individual plants runs from 1 to v (1 <j <v). Further, each
plant has # leaves. The Hughes constant for the ith leaf of
any plant where 1 <i<nis:

Ki=—— G)
PiT;

The ith leaf is detached at its base from the petiole and
weighed, to yield the mass M,. Now, using a sharp-edged
die-punch of known ID, discs are punched out in a random
manner over the face of the leaf, taking care to see that
ribbed and fleshy areas are equally sampled. In the general
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case, several die-punches of differing ID may be used. The
punch-out process will result in a maximum of P discs where
the ID of the pth disc (1=p=P) is dp and its mass as
measured in the weighing balance is m,,.Itsareaa,, then is:

dP
ap =T 7 = Kimp,

which can be easily calculated.
If all the P discs are pooled together and weighed to
yield the mass m:

4)

©)

Equations (4) and (5) assume that the Hughes constant
is invariant over the face of the leaf and has the single value
K;, making it applicable for all the discs. This assumption
will be tested as a part of the experimental procedure de-
scribed further on.

The area of the ith leaf is then:

A, =K,M,. (6)

Doing likewise for all the n leaves of the plant we will
obtain their different values of K and their different areas.
We will then obtain the total FA of the plant, 4, by summing
over all the different areas 4;:

A=34,=SK.M,.
=1 =1

(7

Roderick and Cochrane (2002) pointed out that the
Hughes constant is nearly invariant with respect to leaf type
in the given plant—an observation that we corroborate in our
experimental procedure.

Hence,

Kl =K2 =...= Ki"'=Kn=KG' (8)

Thus a fine-tuned stratification of the value of the
Hughes constant leaf by leaf, becomes unnecessary and the
procedure can be shortened. One would only need to sample
a much smaller number of arbitrarily selected leaves of the
plant, punch out the discs from these as stated above, weigh
them and obtain the value of K which is now the Hughes
constant representing the whole plant. We call it the global
average K (Kj). Alternatively, a value for K; may be
derived as the average of the measured values of K corres-
ponding to arbitrarily selected sub-sets of different leaf
types (young, old, efc.).

Then,

A="S 4, = SK;M, = SKM, =K SM, = KM = K M,

i=1 i=1 i=1 i=1

)
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where M is the weight of all the detached and intact leaves of
the plant, obtained by weighing prior to the punch-out of
discs from some of them.

For the laboratory experiment that consists of the v
number of plants, the area 4 in Eq. (9) is actually the FA of
the jth plant of the set, 4; that has the total leaf mass M; and
the Hughes constant Kg;. The FA of all the v plants of the set
taken as a single entity, 4, is then the sum over all 4;:

(10)

j:
A="3 ;

v Jj=v
J=l Aj N izl KGjM -
Roderick and Cochrane (2002) observe that the Hughes
constant remains approximately the same for all plants of the
same species (but varies between species). In that case,
stratification on a plant by plant basis to obtain the value of
K; for each is not required and the procedure can be further
simplified. The overall global value of K for all the plants in
the set, K, can be obtained by punching out discs from
randomly selected leaves of different plants in the set using
die-punches of known IDs in the manner described before.
Prior to the punch-out operation, all the detached leaves of
all v plants are pooled and weighed to yield the mass M.
Therefore, the total FA of all v plants becomes simply:

j=v Jj=v
A="3 KgM,;=Kg 2 M;=KsM. (1)
J= J=

The process is simple and rapid. In contrast, for a typical
DIA measurement, the detached leaves have to be placed
carefully on the scanner-bed which itself might be space
limited to only a certain number of leaves at a time and fur-
thermore, the measurement result depends on the analysis of
the image of each leaf. This is the likely reason why for large
sample sizes, the DIA is not considered to be the most
efficient LA measurement technique and the gravimetric
method, in spite of its deficiencies, is considered as a viable
option (Jonckheere et al., 2004).

The experimental procedure is now described as follows.

Two nursery grown plants, one a four month old M.
splendens and the other a two year old S. wallisii were
chosen for the experimental investigation of LAMM. The
leaves selected were 6 of M. splendens that included the
morphological types of 1 mature-chlorotic leaf, 2 mature
and 3 young leaves, and 5 of S. wallissi that were all mature.
Stainless steel die-punches of IDs 1.3, 1.0 and 0.5 cm (Leon
Weill S.A., Mexico) were used to punch out several discs
from these leaves. The masses of the all the discs of a par-
ticular diameter for each leaf type from the two plants were
obtained by weighing the discs on a laboratory balance
(Ohaus Adventurer™ SL, Ohaus Corp., USA). Now utili-
zing Eq. (4), the K values for all the selected leaves of each
plant were separately obtained for discs corresponding to



416

0O.S. CASTILLO et al.

Table 1. Values of fresh leaf surface density, (K™') obtained for the leaves of the plants M. splendens and S. wallisii with respect to the

diameters, of the punched-out leaf discs used to obtain K™

K'10? (kgm?)

Leaf type 1.3 1.0 0.5 0.3 (K" )g 10° (KN 107 CV (%)
(cm)
Mandevilla splendens
L1-MC 3.16 2.55 3.06 2.67 (2.86+0.30)* - 10.4
L2-M, L3-M 2.89+0.25 2.67+0.23 3.06+0.01 2.54+0.16 (2.79+0.23)* - 8.2
L4-Y to L6-Y 2.84+0.45 2.57+0.50 2.73+0.43 2.36+0.47 (2.62+0.45)* - 17.1
(2.72+0.30)** 11.2
Spathiphyllum wallisii
L1-MtoL5-M  2.15+0.23 2.14+0.43 2.10+0.28 1.72+0.19 (2.03+0.25)
(2.03+0.25)** 12.3

L1-L6—leaves labelled by numbers, leaf types: MC —mature with chlorosis, M — mature without chlorosis, Y — young. (K'l)avg and (K'l)G
are respectively: the averages for each leaf-type over all the disc sizes, and the global average over all disc sizes and leaf-types for each
plant species. CV (%) is the coefficient of variation for the various average values. Statistically *not significant, **significant,

differences computed by the t-test.

each die-punch ID. The K averages for each size (diameter)
for each leaf morphological-type as well as the averages
over all disc diameters for each leaf type were then com-
puted. Finally the K value was computed as the grand
average over all disc diameters for all selected leaves of the
given plant.

Prior to punching out the leaf discs, the areas of the 6
and 5 leaves respectively of M. splendens and S. wallisii
were measured by the DIA method as specified by O’Neal
et al. (2002). This method had been corroborated by the use
of the LI-3000 commercial leaf area meter. The leaves were
placed on the bed of the scanner (Canon PIXMA MP520)
under a blue paper background that was graduated along the
X-Y axes to the maximum length of 15 cm. The colour photo-
graphs of 300 ppi resolution were exported to the desktop of
astandard PC in the imaging format JPEG as required by the
image analysis software. This software was Sidelook (Nobis
and Hunziker, 2005; Zehm et al., 2003). It was used in the
manner described in the software manual (www.appleco.
ch/sidelook sample.zip) to analyse the images and obtain
their areas. Additionally, the software Image-J— was also used
where the protocol as stated by its on-line manual (http://
rsbweb.nih.gov/ij/docs/menus/analyze.html) was followed
to obtain the leaf areas. Later, the areas of the punched out
leaf discs were also measured using the same softwares.

For each plant, the K values were used to obtain the
areas of the discs of the different sizes (diameters) for the
leaves of the different morphological types and the average
(corresponding to each diameter) was obtained. Only in the
case of M. splendens the areas for discs from the mature-

chlorotic leaf were excluded because comparison with the
DIA was not possible due to Image-J producing an aberrant
result. Since the geometrical area for each diameter is
known, the accuracy of the LAMM and the DIA methods
were obtained by comparing the absolute geometrical areas
of the discs with the average LAMM derived and the
average DIA derived areas.

Now, utlizing the K values, the area of each of the
selected leaves of the two plants (including the mature-
chlorotic one of M. splendens), was obtained by LAMM and
compared to the areas obtained by the DIA methods.

To determine the time factor involved in each type of
measurement, the duration of measurement of the LAs using
the LAMM and the DIA (SIDELOOK) methods were timed.
Finally, from two different individuals of the same plant
species, M. splendens and S. wallisii, 9 leaves of the former
and 5 of the latter were randomly selected. One of the 9
leaves of M. splendens was chlorotic. Using the K¢ values
obtained from the same plant types of the previous set, the
area of each of the currently selected leaves was obtained by
the LAMM technique. Their areas had already been obtained
by the DIA method. The results using each technique were
compared.

For all measurements, the errors on primary determi-
nations were computed as the standard errors, and for the
determination of derived quantities, the standard formulae
for error propagation were used (Mandel, 1984). Since the
DIA measurement on each leaf as a single entity was a uni-
que measurement, no statistical error was assigned to it.
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The Eqs (12) and (13) were used to compute the % error
(E) or relative deviation (RD) of the experimental quantity
(X) with respect to the reference (R), and the % accuracy (4)
(Mandel, 1984).
R—X

(12)
(13)

Furthermore, to determine whether the results were sig-
nificantly different statistically or not between two sets of
measurements (intra-LAMM or inter-LAMM and DIA), the
Student t-test was applied (Mandel, 1984).

EorRD (%) = 100,

A(%) = 100— E(%).

RESULTS AND DISCUSSION

The results for the determination of K from various
sized discs obtained from leaves of different type from M.
splendens and S. wallisii are summarised in Table 1. The
values for the inverse of K are shown because 1/K has the
dimension of [M L'2] which is the way the surface density of
materials in thick-film technology is described. Our first
objective was to see whether in the case of real leaves the
value of the Hughes constant varies across the face of the
leaf ie with respect to the size of the zone sampled. The
coefficient of variation (CV) is an indication of the random
variability of the quantity under review, in other words its
precision (Mandel, 1984). We see that the variability across
the size of the zone sampled is not very different between the
mature and mature-chlorotic leaves of M. splendens (8.2 and
10.4 %) but the variability is almost doubled for the young
leaves (17.1 %) which suggests that for these developing
leaves the Hughes constant is much more of a fluctuating
quantity over the leaf face even while maintaining its average
value close to those for other leaf types. The CVs for the
global average surface densities for both plant species are
close, in the environs of 11-12%. The CV for the global
average surface density of a light-green coloured plastic-
film wrapped card-paper sheet treated as a simulator of a leaf
(results not shown), was 6.24%. The variability for real
leaves is therefore, only about double that of an industrially
fabricated sheet where every attempt is made to keep the
surface density constant. It shows the remarkable degree of
regulation by plants in maintaining the uniformity of surface
density (or its inverse, the Hughes constant) despite diffe-
rences in leaf morphology, age, and state of health.

Our second objective was to see if the Hughes constant
varies with leaf type and if it varies between plant species.
From Table 1 we note that between the average values of
1/K (indicated by (K'l)avg) for the three leaf types in M.
splendens there exists no statistically significant difference.
However, the global average value of 1/K ((K'l)G, Table 1)
does differ statistically significantly between the two
plant species. Both these results serve as quantitative
corroboration of the observations made earlier by Roderick
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and Cochrane (2002) viz. that the Hughes constant is
robustly conserved within a species but it varies between
species.

Figure 1 shows the average areas of the different sized
discs obtained from the mature and young leaves of M.
splendens, where for the LAMM determinations, the K5
value had been used. The mature chlorotic leaf had been
omitted because Image-J produced aberrant results for it.
This was possibly because the areas with insufficient chloro-
phyll resulted in spurious white pixels that produced
erroneous results for the area. This effect has also been noted
by Tsuda (1999) when using an automatic leaf area meter
that uses a DIA based technique. The accuracies for the two
methods for all the discs, lay between 95-96% for the
LAMM and 96-99% for the DIA. Figure 2 shows the same
type of determinations for the mature leaves of S. wallisii.
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Fig. 1. Comparison of the areas of leaf discs of diameters 1.3, 1.0
and 0.5 cm punched out from 2 mature (excluding the chlorotic)
and 3 young leaves of M. splendens (Table 1) measured by the
LAMM technique and the DIA using SideLook (SL) and Image-J
(1J). The LAMM areas are the averages of all discs of the given
diameter obtained using K. The DIA results pertain to the same
discs as were used for the LAMM and are the averages over all
discs of the given diameter. The accuracies of (a) the LAMM and
(b) the DIA with SL and 1J, over the 3 disc sizes lay in the ranges of
(a) 95-96% and (b) 96-99%.
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Fig. 2. Comparison of areas of leaf discs of the three diameters
obtained from 5 mature leaves of S. wallisii (Table 1). The
accuracies of (a) the LAMM and (b) the DIA methods using SL and
1J over the 3 disc sizes lay in the ranges of (a) 95-99% and (b)
94-97% respectively.
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Again, the K value had been used for the LAMM measure-
ments. For these leaves the accuracies obtained by the LAMM
and by the DIA were 95-99 and 94-97%, respectively.

We note therefore, that for geometrical leaf arecas
obtained from both plant species, the LAMM and DIA
accuracies are similar. Thus the LAMM technique proves to
be at least as accurate as the standard technique of DIA. As
far as the time efficiency of the two types of measurement is
concerned, each SIDELOOK-DIA measurement took about
1-1.5 min to complete when no manual interventions for
image corrections were utilised. The LAMM took on ave-
rage about half this time. Hence the LAMM is also a rapid
technique.

Figure 3 shows the areas of the 6 leaves of M. splendens
(L1 to L6 with Y and M standing for ‘young’ and ‘mature’)
obtained by LAMM using the K value and by DIA. The
mature-chlorotic (MC) leaf has also been included. The
Image-J result for it clearly appears to be an underestimate.
The average relative deviation between the LAMM and the
SIDELOOK measured areas with the latter taken as the
reference, was 10.4+5.7%. For real leaves of irregular shape
the accuracies for the two methods cannot be quanti- tatively
ascertained against the calculated geometrical area as was
done for the leaf discs. One can only determine whether the
area values are statistically close or not. The ap- plication of
the Student t-test to the overall average values of the areas
obtained from the LAMM and the DIA indicated no
statistically significant difference (p<0.05) between the two.

Figure 4 shows the analogous results for the 5 mature
leaves of S. wallisii. For this plant the average relative
deviation between the LAMM and SIDELOOK measured
areas was 9.3 +4.9%. As in the case of M. splendens, there
was no statistically significant difference (p<0.05) between
the overall average of the leaf areas obtained by the LAMM
and by the DIA.

For both plants we notice that:

— the Image-J and the SIDELOOK (barring the case for the
chlorotic leaf) produce identical results and that

— these in general are lower than the corresponding LAMM
values.

The first observation indicates that the algorithms used
in both softwares perform the same operations, but since the
version of SIDELOOK used here allowed a manual grey-
scale correction, underestimations of the areas of leaves
with chlorophyll deficiencies could be avoided. There are
two possible reasons for the second observation. It was
noticed that it was not possible to make all leaves lie flat on
the scanner bed because of their rigidity and non-planarity.
This would have caused some small portions in the ensuing
images to be possibly eclipsed resulting in an underestima-
tion of the areas by the DIA. The same cautions have been
indicated by other researchers (Rico-Garcia et al., 2009;
Tsuda, 1999). On the other hand, while sampling leaf
surfaces for the extraction of the Hughes constant value in

0O.S. CASTILLO et al.
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Fig. 3. Comparison of the areas of the 6 selected leaves, L1 to L6, of
the plant M. splendens obtained by LAMM using the K value
(Table 1) and the DIA techniques using SL and 1J. The overall RD
of the LAMM with respect to the SL is 10.37+5.69%. The Student
t-test indicated no statistically significant difference between the
LAMM and DIA values of the overall average of the areas.
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Fig. 4. Comparison of the areas of the 5 mature leaves of S. wallisii
obtained by LAMM using K (Table 1) and the DIA using SL and
1J. The overall RD of the LAMM with respect to the SL is
9.25+4.90%. The differences in the overall average values of the
areas obtained by the LAMM and by the DIA, were not statistically
significant.

the LAMM method, the tendency — albeit unintentional — is
to under-include the ribbed zones where the leaf thickness 7
is slightly higher. The lack of a thorough representation of
these regions could mean that the K¢ value tends to shift
slightly higher, resulting in a small increase of the area. An
automation of the LAMM technique would help to improve
the randomization of the sampling. In anycase, this effect is
likely to be small and, as seen for the case of the geometrical
discs extracted from leaves, the intrinsic accuracy of the
LAMM technique is high.

Thus for real leaves the LAMM method produces
values not very different from the DIA and with accuracies
of the same numerical magnitude.



HUGHES CONSTANT AND FOLIAR AREA

20

18 mimage-J

15 | DSidelook
14 4 @LAMM

Area (c

o o 3
—
===
PSR
e B
S
[ ]
T
e

L9 W L7 L5 L2 L3 Li* L6 L4
Leaf number

Fig. 5. Foliar areas of 9 leaves of the plant M. splendens, L1 to L9,
selected at random and measured by the techniques of DIA (1J and
SL) and by LAMM using the K value obtained from the leaves of
a different plant of the same species (Table 1). L1 was a mature-
chlorotic leaf (indicated as L1*). The average RD of the
LAMM with respect to the SL measurements was 8.50%6.90%.
The t-test between the LAMM and DIA values of the average area
for the entire ensemble of leaves showed no statistically significant
difference.
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Fig. 6. Foliar areas of 5 leaves of the plant S. wallisii selected at
random and measured by the techniques of DIA (1J and SL) and by
LAMM using the Kg value obtained from a set of leaves of
a different plant of the same species (Table 1). The average RD of
the LAMM with respect to the DIA measurements was 12.08 +5.43%.
The t-test between the LAMM and DIA values of the overall
average area showed no statistically significant difference.

Figure 5 shows the LAMM and DIA measured areas of
9 leaves of a different M. splendens plant that also included
one mature-chlorotic leaf. For the LAMM measurement, the
K value obtained from the first (and therefore different)
M. splendens plant was used. Figure 6 shows the analogous
measurements for the 5 leaves of a different S. wallisii plant
where again the K value from the first S. wallisii had been
used. The t-test comparison between the overall average
areas obtained by the LAMM and by the DIA in the case of
both plants revealed that there was no statistically signifi-
cant difference (p<0.05) between the two types of measure-
ment, just as in the case of the intra-plant measurements
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stated in the preceding where the intra-plant Kg value had
been used. Further, the overall average RD between the
LAMM and the DIA (SIDELOOK) were 8.5+6.9% and
12.145.4% for the M. splendens and S. wallisii, respecti-
vely. A comparison between these RD values with those for
the two plants of the same species of the first set revealed
that there was no statistically significant difference (p<0.05)
between them. Since the DIA measurements are indepen-
dently performed on each plant (with no carry-over values
such as the Kg), the similitude of the % average relative
deviations for the two sets of the M. splendens and S. wallisii
plants implies that the LAMM for the second set using the
Kg derived from the first set, produces results that are
similar in the level of accuracy. This means that the K value
can be exported from one plant to another of the same
species with little if any consequent loss in the degree of
accuracy of the LAMM measurements. This exportability is
the direct consequence of the conservation of the Hughes
constant within a species (Roderick and Cochrane, 2002).
The implication of this finding is that the LAMM method
reduces to a very simple operation when the foliar area of
a group of plants of the same species located in a stand is
desired. The K values can be extracted from a represen-
tative plant and exported to the others. In the interest of
a homogeneous representation however, it would be prefe-
rable to obtain the K value as the average of the K values of
leaves excised from various plants of the mono-specific set.
For groups of mixed species, the process is replicated for
each species-distinguished group.

The degree of linear correlation between the DIA
methods based on both SIDELOOK and IMAGE-J and the
method of LAMM for all cases concerning leaves studied in
this work, is shown in Fig. 7. As can be seen from the result
R?= 0.99, the correlation is excellent.

A number of previous workers (Ma ef al., 1992; Sharatt
and Baker, 1986; Vile et al., 2005) have utilised the concept
of the SLA, leaf dry mass (LDM) and the dimensional
attributes of leaves to obtain the quantification of a parti-
cular desired attribute. In the works of Sharatt and Baker
(1986) and Ma et al. (1992), the leaf area (LA) is connected
to the LDM via a regression fitted equation, while in the
work of Vile et al. (2005) the leaf thickness (7 ) is connected
to the inverse of the product of SLA and LDM by a regres-
sion equation whose coefficient they show is the inverse of
the fresh leaf density (p'l). These methods come under the
purview of the general gravimetric method discussed by
Jonckheere et al. (2004). However, they are all relative
methods. They need a prior calibration via the exact measu-
rement of the very attribute they seek to measure (LA or ) in
the given plant species in order to obtain the fit coefficients.
Strictly, from the standpoint of measurement methodology,
such a cyclic argument is of limited utility. In contrast, the
LAMM is an absolute method requiring no prior calibration
fits. It measures the Hughes constant for the given species in
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Fig. 7. Linear correlation between the LAMM and the DIA measurements using Sidelook and Image-J, of the leaf areas of the plants

M. splendens and S. wallisii.

situ. It can also be fine-tuned to any desired level of stratifi-
cation. The combination of the conservativeness of the
Hughes constant and the idea of methodology borrowed
from thick-film technology permits the LAMM to be an ab-
solute technique. By doing away with the calibration and
drying steps in the gravimetric technique, LAMM sub-
stantially improves on the speed of operation. Thus LAMM
may find utility in those cases where an alternative to the
DIA without the disadvantages of the gravimetric method, is
sought (Jonckheere ef al., 2004).

The Hughes constant K is the pivot in the LAMM
method. As is true for other biometric indices, K may change
with different environmental conditions for the given spe-
cies. Since the LAMM method measures the K value in situ
for the given species, the variability of K under different
environmental conditions becomes an irrelevant issue.

Some other salient features of LAMM are its economy
and ease of operation, both of which are important for small
agribusinesses particularly in developing countries. In the
future LAMM could be automated and its procedure im-
proved with the use of high-quality die-punches of accurate
IDs and with an ID range that extends to much lower sizes so
that the areas of finely pinnated leaves may also be mea-
sured. Furthermore, the method does not interfere with other
optical methods of foliar analysis and could be added on as
an additional feature to existing equipment.

CONCLUSIONS

1. Leaf-area-measurement-by-mass is a simple, accu-
rate, rapid and economic technique for the measurement of
the foliar area of herbaceous plants.

2. While this work illustrates the application of leaf-
area-measurement-by-mass to broad-leaved species, the
principle underlying it is universal and applicable to the
leaves of all plants, as long as the conservativeness of the
Hughes constant for the species is not destroyed.
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