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Non-Destructive leaf area estimation in fruits:
update and state of the art

Urteaga Omar, A. F

RESUMEN

The aim of this study was to carry out a systematic review on non-destructive estimation of leaf
area in fruit trees. Articles published (N= 66) in scientific journals during the last 20 years (2000-
2020) were analyzed. A standard systematic review was conducted, adjusted to the guidelines of the
PRISMA statement. The most outstanding results indicate that the models developed to estimate the
leaf area in fruit trees have been carried out mainly in developing countries. In general, these are
linear models, based on the measurement of the height and width of the leaf, using a portable meter
to measure leaf area. Likewise, most of the estimation models have been validated in the same
study, which gives them a strong agreement between predicted and measured data. It is expected
that the review presented here will constitute a reference material for technicians, professionals and
researchers interested in this topic.
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ABSTRACT

Estimacion no destructiva del area foliar en frutales: actualizacion y es-
tado del arte.
El objetivo del presente trabajo fue realizar una revision sistematica de la bibliografia sobre esti-
macion no destructiva del area foliar en frutales. Se analizaron 66 articulos publicados en revistas
cientificas durante los Gltimos 20 afios (2000-2020). Se realizé una revision sistematica estandar,
ajustada a las pautas de la declaracién PRISMA. Los resultados mas destacados indican que los
modelos se han realizado principalmente en paises en desarrollo. En general, se trata de modelos
lineales, basados en la medicion del alto y ancho de la hoja mediante algiin medidor portatil del area
foliar. Asimismo, la mayoria de los modelos incluidos en esta revision han sido validados en el mis-
mo estudio, lo que les confiere un fuerte acuerdo entre los datos medidos y los estimados. Se espera
que la revision que aqui se presenta constituya un material de consulta para técnicos, profesionales
e investigadores interesados en esta tematica.

Key words: revision sistematica, actualizacion, area foliar, estimacion indirecta, frutales.
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INTRODUCTION

The leaf is the exchange surface between
the plant and the environment. It is the or-
gan where the conversion of sunlight into
biochemical energy occurs (Blanco and Fo-
legatti, 2005; Pandey and Singh, 2011). The
intensity of these exchanges, as well as the
photosynthetic activity, have a direct rela-
tionship with the leaf area (Mokhtarpour et
al., 2010). For this reason, among the va-
riables that characterize the leaves, the leaf
area and the parameters associated with it
(leaf area index, net assimilation rate, spe-
cific leaf area, specific leaf weight) are the
most representative, especially in relation
to physiological and environmental factors
(Salaetal., 2015).

Leaf area is a valuable index to identify
and understand many agronomic and phy-
siological processes, such as photosynthe-
tic efficiency, evaporation, respiration, wa-
ter balance, transpiration, energy balance,
yield potential, response to irrigation and
fertilizers (Blanco and Folegatti, 2005, Fo-
tis et al., 2018). Although the precise esti-
mation of the foliar area is very important
inall crops, itis crucial in fruit trees (Santes-
teban et al., 2006) due to its impact on the
size and filling potential of the fruit (Demir-
soy, 2009, Keramatlou et al., 2015). In this
sense, Grantz and Williams (1993) pointed
out early that the distribution and density of
the foliar area affects, although indirectly,
the quality of the fruit and the incidence of
diseases. This is so because the amount of
solar radiation intercepted by the canopies
influences the microclimate (light, tempe-
rature and humidity) within them (Jianga et
al., 2017). Hence, the measurement of the
leaf area is of particular importance both
for the study of plant physiology, and for
analyzing the vegetative and reproductive

responses of plants to climatic conditions
and to different agronomic and manage-
ment practices.

In general terms, the leaf area can be
estimated through direct or indirect me-
thods (Weiss et al., 2004). Direct methods,
although considered the most accurate, are
destructive and require expensive instru-
ments, which gives them limited applica-
bility (Kumar et al., 2017). Through direct
methods, the total area is usually obtained
by measuring the area of all the excised
leaves of the plant (Fallovo et al., 2008).
By destroying the leaf, it is not possible to
make successive measurements when it is
necessary, for example, to verify the evolu-
tion of the plant during the growing season
(Jonckheere et al., 2004).

Indirect methods allow in situ estimation
of the leaf area, not require the leaves to be
detached, reduce the variability associated
with destructive sampling procedures and
allow repeated measurements during the
growth period of the plant. They are fast,
non-destructive, simple, reliable, inexpen-
sive and susceptible to automation (Kera-
matlou et al., 2015). In indirect methods,
the leaf area is inferred directly from ob-
servations of some proxy variables, such
as leaf length, leaf width or some combi-
nations of these variables (Fascella et al.,
2015). The measured variables constitute
inputs for the development of mathematical
models to predict the leaf area.

The non-destructive prediction of the
leaf area using simple equations has beco-
me a common tool in agronomy. In general,
leaf area estimation models consist of per-
forming a regression analysis in which the
leaf area acts as a dependent variable, and
the length and width of the leaf as indepen-
dent variables (Kumar, 2009). Simple ma-
thematical models allow the measurement
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of the leaf area in the same plants during
the growth period and help reduce variabi-
lity in experiments (Khan et al., 2016). Di-
fferent mathematical models can be elabo-
rated for the indirect estimation of the leaf
area for several cultivars, species and geno-
types, or the same model can be applied for
several cultivars and different species.

The review of the scientific literature shows
an important number of predictive models of
the foliar area for fruit crops. Such profusion
requires some systematization for the purpo-
se of offering practical and agile consultation
tool. Therefore, the general objective of this
study was to carry out a systematic review of

Leaf area estimation in fruits

the studies on the non-destructive estimation
of the leaf area in fruit trees published during
the first 20 years of this century (from January
2000 to January 2020).

MATERIALS AND METHOD

For the execution of this study, the gui-
delines of the standard systematic review
were followed, as described in Preferred
Reporting Items for Systematic Review
and Meta-Analyzes (PRISMA) (Moher et
al., 2009). Figure 1 shows the search and
selection sequence of the analyzed articles.

& J

( 1\ ( Y ' N
IDENTIFICATION
.. Identification of articles
Phase 1 p----2 > Initial results through database search
(N=198)

\ J . J . J
e N s N - N
REMOVAL 1
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Phase 2 > Preliminary results articles (N = 87)
(N=111)
. J J . J
e 2\ s N\ e N
REMOVAL 2 Articles excluded after
Phase3 ~  f----= > Preliminary results the second filter
(N = 66) (N=45)
N\ J (& J . J
( ) INCLUSION
Phase 4 F---=3 Results included in the
quali-quantitative
synthesis (66)

Figure 1: Flow diagram of the information through the different phases of the systematic review

procedure

Figura 1: Diagrama de flujo de la informacion a través de las diferentes fases del procedimiento

de revision sistematica.
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Phase 1 - Identification and selection
of databases

Specific and multidisciplinary databases
were consulted, namely: Agricola, Science
Direct, Scielo, Google Scholar, Scopus and
Web of Sciences. The search equation was
constituted from the terms “leaf area” AND
“non-destructive estimation” AND “fruit”,
NOT “cereal”, NOT *“vegetable”, NOT
“ornamental”, NOT “medicinal”, taking
into account that the latter are not precise
descriptors of the object of study addressed
here. The search covered research published
between January 2000 and January 2020.
This decision on temporality was due to the
fact that other publications (Demirsoy, 2009,
Khan et al., 2016) had already analyzed the
previous scientific production. Only articles
published in academic journals were consi-
dered, disregarding books and chapters, doc-
toral theses, presentations at conferences,
popular science magazines, newspapers and
commercial publications.

Phase 2 - Exclusion of duplicate articles
and filtering the initial results

The initial results were exported to the
EndNote X.7 software package for proces-
sing. First, a filter was carried out to iden-
tify duplicate results. The resulting articles
were examined from the information con-
tained in the fields title, abstract, keywords,
type of article, publication date and langua-
ge. As a result of this analysis, a second
filtering process was carried out, excluding
brief reports, conference proceedings, let-
ters, essays and works written in languages
other than English, Spanish or Portuguese.

Phase 3 - Analysis of preliminary results
The remaining articles were qualitati-

vely analyzed. The inclusion criteria adop-

ted in this instance were established based

on three axes: (a) measured variables (leaf
length, leaf width, etc.); (b) measurement ins-
truments used (millimetric ruler, leaf area
meter, etc.); (c) estimation model proposed.
As a result of this analysis, publications were
eliminated which, even having the terms
“leaf area” and “non-destructive estimation”
among their descriptors, titles and abstracts,
measured variables such as leaf dry weight;
they used sophisticated and unusual measu-
ring instruments, and implemented metho-
dologies to estimate leaf area that were not
available since the beginning of this century,
such as artificial neural networks.

Phase 4 - Quantitative-qualitative
synthesis of articles included

The 66 publications selected through
the filtering processes were analyzed in or-
der to achieve the proposed objectives. For
this purpose, a database was created with
the following categories: (a) common and
scientific name of the fruit tree; (b) variety /
cultivar; (c) type of proposed model (simple
linear, quadratic, cubic, exponential, polyno-
mial); (d) R2 value; (e) bibliographic refe-
rence; (f) continent / country where the study
was developed; (g) year of publication of the
article; (h) variables measured to develop
the model (leaf width, leaf height, central
nervure length, lateral nervure length, mean
primary leaf area per shoot, number of lea-
ves, age of plants, etc.); (i) measuring instru-
ment used to estimate leaf area; (j) validation
of the model in the same study.

RESULTS

Next, the general characteristics of scien-
tific production on non-destructive methods
of leaf area estimation in fruit trees are pre-
sented and analyzed. Table 1 presents the fo
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llowing data: scientific and common name
of the fruit tree, cultivars analyzed, models
developed, regression coefficient obtained,
and bibliographic reference. The remaining
aspects are discussed qualitatively or quan-
titatively.

Table 1 shows that non-destructive esti-
mation models of leaf area have been deve-
loped in the last 20 years for more than 40
fruit plants and for almost 90 different cul-
tivars. Linear models (62%) predominate
over polynomials (25%) and exponentials
(13%) models, with high regression rates
(varying from 0.77 to 1.00) which indicates
the goodness of fit of the proposed models.
Regarding the origin of the studies, it is ob-
served that South America is the region in
which the most research (51%) have been
conducted during the period considered,
followed by Asia, Europe and North Ame-
rica, in that order. A detailed analysis shows
that Brazil emerges as the country in South
America where the greatest number of in-
vestigations have been carried out (45%),
leaving the remaining 6% distributed
among Colombia, Argentina, Cubaand Cos-
ta Rica. In Asia, India and Iran stand out
as prolific countries (27%) in the produc-
tion of scientific knowledge on the subject,
while Europe and North America together
represent 22% of the total.

With respect to the periodicity of the
publications it is observed that the research
has developed in a markedly irregular way.
In this sense, an upward trend has been ob-
served since the beginning of the 21st cen-
tury, reaching its maximum level in 2012.
This boom the publications was followed
by a saw-type distribution with peaks co-
rresponding to the years 2015 and 2017. In
the last two years, there has been a signifi-
cant drop in the number of publications on
the subject.

When the strictly operational aspects
of the articles that make up the portfolio
studied are considered, it is noted that re-
garding the variables measured, the length
and width of the leaves (84%) predomina-
te; regarding measuring instruments used,
protrude portable leaf area meter, type LI-
COR, model 3000 or 3100 (41%); in turn,
Excel, SAS and SPSS emerge as the main
computer programs used for the calculation
of the regression equations and the develo-
pment of the models. Finally, it should be
noted that there is a very important percen-
tage of studies (77.50%) that have validated
the model, either with a new sample of the
same fruit trees or with different cultivars to
those used to develop the model.

DISCUSSION

The general objective of the study was to
provide a systematic review of articles on
non-destructive estimation of leaf area in
fruits, published between January 2000 and
January 2020. For this purpose, a bibliogra-
phic portfolio, composed of 66 scientific
articles that responded to the defined search
profile, was examined. The detailed analy-
sis of the selected articles offers an over-
view of the most recent scientific evidence
on this problem, being able to become a
reference material for technicians, profes-
sionals and researchers interested in this
subject. Because it is a descriptive-retros-
pective work, the study carried out inclu-
des the main trends that have characterized
the published research on non-destructive
estimation of leaf area in fruits during the
last 20 years, which can be summarized as
follows:
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a. most of the studies have been ca-
rried out in emerging or developing coun-
tries. Possibly because they are relatively
inexpensive studies, which do not require
sophisticated instruments or facilities equi-
pped with the latest technology,

b.  models have been developed for
almost all fruit crops, from the most popu-
lar to the least traditional, such as durian
(Kumar et al., 2017). What gives horticul-
tural researchers a considerable competiti-
ve advantage to the equip them with simple
and reliable methods to measure leaf area in
a non-destructive way,

c. most models developed employing
as input variables proxy such as the leng-
th and/or width of leaves (Rouphael et al.,
2010). In all cases, these are simple and
non-destructive methodologies that pre-
serve the canopy, allowing the reuse of
the same leaves. This also makes it easier
to measure the leaf area of the same plants
during the growth process (Kalacska et al.,
2005),

d. in general terms, the proposed mo-
dels are based on simple equations, which
can be calculated with statistical resources
available to all users. This transforms them
into ductile tools, easy to handle and relia-
ble when making decisions,

e.  finally, itis noteworthy that almost
all the models analyzed in this review have
been validated within the same study. This
gives them a strong consistency between
the observed and estimated leaf area, in-
creasing prediction accuracy.

Leaf area estimation in fruits

CONCLUSSION

Leaf area is a key parameter in various
agronomic processes and physiological stu-
dies (Fanourakis et al., 2016). Among other
aspects, it plays a key role on the size and
filling of the fruit (Keramatlou et al., 2015).
For this reason, having simple, accurate
and inexpensive methodologies to estimate
the foliar area is key in the physiology of
fruit trees. This study presents a review of
66 models, developed around the world du-
ring the last 20 years, to measure the foliar
area in fruit crops in situ and in a non-inva-
sive or non-destructive way. It is expected
to constitute a useful contribution to techni-
cians, academics and researchers interested
in this topic.
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