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Abstract Many issues involving leaf areas (LA) allometry, such as the possibility of adjusting morphometric
models based on the leaves of different species and the inﬂuence model performance on intraspeciﬁc variability,
are still unclear. In this work, we described allometric equations for 14 different woody tropical species. This
study’s novelty is to show how a generalised allometric equation accurately estimates LAs of different species
with similar leaf morphologies [oblong: Ŷ = 0.6356(LW)1.0260, and elliptical: Ŷ = 0.6552(LW)1.0094]. Natural variation that occurs in the leaf development does not represent an obstacle to the implementation of generalised models. In
general, simple linear models are considered ineffective to describe the full range of leaf variation. Extrapolation of these
equations to other woody species of similar leaf morphology can be compared with models developed for oblong and
elliptical leaves, based on the principle that in potential models, the variation of the intercept coefﬁcient (β0) tended to
0.5 for leaves more elongated to 0.7 in less elongated leaves. While the angular coefﬁcient (β1) tended to vary from 0.97
for less elongated leaves, up to 1 when the relationship between LA is remarkably close to a rectangle.
Key words: allometric models, foliar morphotypes, mathematical functions, nonbiased equations, tree species.

INTRODUCTION
In many plant species, leaf development can be
determined purely by allometric and/or mathematical
relationships, due to the proportionality between linear leaf dimensions and leaf area (LA) variation. This
precept made us conclude that many different plant
species to have similarities in leaf morphology (e.g.
Coffea sp. (Antunes et al. 2008), some trees species
(Cain et al. 1956; Dolph 1977), some bamboo species (Shi et al. 2018; Shi et al. 2019), and some grass
species (Elings 2000)). In plants, whose leaf development is linearly correlated with leaf surface and does
not vary signiﬁcantly in its morphology, the adjustment in allometric expressions to predict LA can be
easily delineated by simple regressions (Dolph 1977;
Shi et al. 2018; Shi et al. 2019). A coefﬁcient describing the proportional increase in LA as a function of
the product between length and width (L*W) is very
common (Shabani & Sepaskhah 2017; Shi et al.
2019). However, many of these assumptions, idealised over the years, are rarely concerned with the
intraspeciﬁc variability in leaves, caused naturally by
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Accepted for publication January 2021.

© 2021 Ecological Society of Australia

genetic variation, ontogenetic stages, and this issue
brings the validity of many works in this scope into
question. In this sense, a complete approach must
always consider intraspeciﬁc variation, which is
essential to clarifying important processes in the
modelling of the morphometric components of LA,
both grouped and isolated species (i.e. considering
groups of species).
For the physiology and evolution of plants, the
extensive morphological variation in leaves has always
been a source of fascination among researchers (Cain
et al. 1956; Fei et al. 2009; Runions & Tsiantis
2017). Leaves are the most important photosynthetic
organs in plants, so their interest lies at the core of
physiological studies and functional ecology (Westoby 1998). For example, the interest in the LA
modelling is broad, because it involves processes of
adaptation, evolution, competition and trait composition in plant communities (Wright et al. 2004; Dı́az
et al. 2016), which is based on the plant-environment
studies (Traiser et al. 2005; Fei et al. 2009). Also, the
knowledge of LA is important for the understanding
of functional diversity in ecological, local and biogeographic gradients (Wright et al. 2004; Dı́az et al.
2016). Besides this, the correct determination of LA
doi:10.1111/aec.13017
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is indispensable to computing speciﬁc leaf areas
(SLA), a globally recognised characteristic in studies
of plant ecology (Dı́az et al. 2016). In physiological
studies, LA is considered as a key variable (Blanco &
Folegatti 2005; Antunes et al. 2008; Pompelli et al.
2012), because carbon ﬁxation, water loss and
defence from herbivore attack are leaf-dependent.
The LA is highly relevant to vital functions such as
evapotranspiration, interception and light absorption
(Shabani & Sepaskhah 2017).
The use of non-destructive approaches is relevant
for the facilitation of various ecological, ecophysiological experiments and to support conservation actions.
Simultaneously supporting logistics, through the
reduction of ﬁnancial expenses and, technically, to
reduce the variability associated with destructive sampling procedures. New tools (Zhang 2020) and
machines, such as hand scanners and laser optic
apparatuses, and more recently, low-cost smartphone
software have been developed for LA measurements
(Schrader et al. 2017; Adhikari et al. 2020). With the
intensiﬁcation of modelling techniques, numerous
studies have proposed allometric models to predict
the LA of different species (Blanco & Folegatti 2005;
Antunes et al. 2008; Pompelli et al. 2012; Keramatlou et al. 2015; Liu et al. 2017; Shi et al. 2018; Shi
et al. 2019). However, the adequacy of these models
related to the hypothesis tests was not always completely examined, and the violation of the assumptions rules out any kind of generalisation about these
results. For example, the proposition of simple linear
models based only on the L*W is still very common
(Shi & Cai 2009; Keramatlou et al. 2015; Souza &
Amaral 2015; Shi et al. 2018; Shi et al. 2019; Zhang
2020). The evidence that linear models are biased
because an increase in L*W does not always have a
linear relation with leaf surface. Additionally, there
are non-linear models capable of reproducing accurately results than linear models, because the LA
ratio must be closer to being quadratic than linear
(Antunes et al. 2008; Pompelli et al. 2012; Liu et al.
2017). Many questions involving allometry of the LA
have not been answered, while others have not even
been investigated. For example, the performance of
linear and non-linear models in terms of the inﬂuence of intraspeciﬁc variability, which by natural
order almost always affects leaves, and the possibility
of adjusting generic morphometric models, that is
based on leaves of different species.
Relatively little attention has been given to adequacy
of allometric, nonbiased and validated leaf area estimation in forest species, that has often been underestimated in relation to agricultural or commercially
valuable species. In the literature, many published articles are describing the allometry of leaf area, but in
vast majority these articles fail in one or more criteria
for the selection of a good allometric model, namely:
doi:10.1111/aec.13017

(i) very small sampling, below the minimum n statistically delimited; (ii) recommendation of equations
based only on the determination coefﬁcient (r2); (iii)
not testing the bias of the proposed equations; (iv) not
validating equations with another independent sample,
causing a swelling in the number of articles with allometric proposals that apply little to the criteria of eligibility and statistical conﬁdence.
In this sense, this study aimed to propose a new
approach for the construction of non-destructive
models to predict the LA of forest woody species,
describing the intra- and interspeciﬁc variability implications in different types of models estimates.
Through our data set, we developed generalised models (i.e. based on more than one species), or particular models (i.e. based on a single species) comparing
linear and non-linear models. Finally, we explore the
efﬁcacy, through the quality of the ﬁt morphometric
models by investigating the following goals: (i) can a
general morphometric model predict the LA of different forest species with similar leaf morphology? (ii)
what is the relative contribution of intra- and interspeciﬁc variability to the morphometric measurements
of leaves? (iii) is it possible to implement simple linear
models, considering from leaves in early ontogenetic
stages to completely mature?
MATERIALS AND METHODS
Study site, species and general sampling
procedure
This study was carried out in a remnant of the Atlantic Rainforest within the Caetés Ecological Station – ESEC, Paulista,
PE, Brazil (7°550 15″–7°560 30″S; 34°550 15″–34°560 30″W).
The ESEC occupies an area of 157 hectares classiﬁed as
tropical rainforest. The climate of the region is deﬁned as As
from the Köppen-Geiger classiﬁcations, characterised by the
existence of seasonal stations with little variation in air temperature throughout the year (27.7  0.17°C); however, the
area has a moderate water deﬁciency in the summer but a
cumulative annual rainfall above 2000 mm. The predominant soil in the region is red yellow latosol, dystrophic and
red yellow podozol, with relief phases that vary from strong
to strong wavy.
Based on a previous study in ESEC area (Pessoa et al.
2009), we chose 14 forest woody species among the most
abundant species in the area. These had been classiﬁed species into three morphotypes, two groups with analogous
physiognomic characteristics and one without a deﬁned pattern. Due to similarities in size and physiologic function,
the leaﬂets of compound leaves are considered analogous to
simple leaves as previously recommended by Dolph (1977).
So, the term leaf, as used in this paper, may refer to either
a simple leaf or the leaﬂet of a compound leaf. Based on
several identity models tests (Table 3) all 14 studied species
were conﬁrmed in its groups (morphotypes), where ﬁve
species were grouped as morphotype 1 (oblong leaves), four
was classiﬁed as morphotype 2 (elliptical leaves) and ﬁve
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Table 1. Summary table of 14 forestry woody species
studied at Atlantic Rainforest, Northeastern, Brazil
N°
1
2
3

4
5

6
7
8
9
10

11
12
13
14
†
‡

Species

AB†

Aspidosperma discolor A.
DC.
Byrsonima sericea DC.
Eschweilera ovata
(Cambess.) Mart. Ex
Miers
Guatteria pogonopus Mart.
Himatanthus
phagedaenicus (Mart.)
Woodson
Hymenaea rubriﬂora
Ducke
Lecythis pisonis Cambess.
Manilkara salzmannii (A.
DC.) H.J. Lam
Pisonia ambigua Heimerl
Pogonophora
schomburgkiana Miers
ex Benth.
Protium heptaphyllum
(Aubl.) Marchand
Simarouba amara Aubl.
Tapirira guianensis Aubl.
Thyrsodium spruceanum
Benth.

AD

Apocynaceae

10

BS
EO

Malpighiaceae
Lecythidaceae

5
10

GP
HP

Annonaceae
Apocynaceae

10
5

HR

Fabaceae

10

LP
MS

Lecythidaceae
Sapotaceae

7
5

PA
PS

Nyctaginaceae
Peraceae

8
15

PH

Burseraceae

SA
TG
TS

Simaroubaceae
Anacardiaceae
Anacardiaceae

Family

N‡

3

All leaves were enumerated and digitalised with
1200 × 1200 dpi scanner (HP Deskjet 2540 mod All-inOne; Hewlett-Packard, Palo Alto, CA, USA). The images
captured were processed using Image-Pro Plus® software
4.0 (Media Cybernetics, Silver Spring, MD, USA) to
obtain linear measurements of leaf surface (cm) as well as
leaf area (LA; cm2). Therefore, leaf length (L) was measured from the leaf tip to the point where the leaf is
attached to the petiole. Leaf width (W) corresponded to the
maximum width perpendicular to the mid-rib. All measurements were made in millimeters.

Tests for model identity

5
10
10
10

Species abbreviation.
Number of tree species used to leaf collection.

were not classiﬁed due to indeﬁnite patterns (Fig. 1). For
each species, between 5 and 15 adult individuals were randomly tagged within experimental plots which are where
leaves were collected. All materials were collected at the
reproductive stage, and after being identiﬁed, incorporated
into the Dárdano de Andrade Lima Herbarium (IPA),
Recife, PE, Brazil. Detailed information on the species and
their morphological morphotypes are shown in Table 1 and
Fig. 1.
For each species, 800 leaves were collected, 600 for the
calibration of the models and 200 for the validation of the
equation, always following the criterion of the minimum
number of leaves necessary to develop our model (Bean
et al. 2012). To measure fresh leaf traits, a total of 11 200
outercanopy leaves were collected from all plants of the 14
species, including different ontogenetic stages. Relatively
young but fully developed leaves from adult plants were
also sampled, all without pathogen or herbivore damage.
The decision to incorporate all variations in leaf dimensions
assumes that the output of each model is autonomous for
all possible intrinsic variations. The amplitudes of leaf variation for all species studied are shown in Table 2. After
collection, a partial hydration method was used: samples
were put into sealed plastic bags and remained water-saturated. Measurements took place as soon as possible after
collecting, within a few hours. Leaves were not removed
from the twigs until just before measurement. All measurements were taken in the Plant Physiology Laboratory, Federal University of Pernambuco, Recife, PE, Brazil.
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We performed several simulations with the model identity
test for all possible combinations of species within each
morphological proﬁle to determine the degree of similarity
of the coefﬁcients of the particular and general models
(Graybill 2000). Theoretically, if a particular morphometric
model presents the same coefﬁcients (H0: β1 = β2 = ... βn),
then the models are identical. The statistical test for the
hypothesis H0: β1 = β2 = ... βn is based on the difference
between the sum of squares of parameters of the general
model [SSparameters (G)] and the particular model [SSparameters (P)], that is in the reduction that H0 causes in the sum of
squares of parameters of the general model. When the analyses indicated the approval of a generalised or particular
model, we confront the predicted values of that model versus observed values of LA using a new independent leaf
sample (Student’s t-test; P < 0.01).

Theoretical models
Nine theoretical models (more widely used in the literature) were tested, based on different combinations between
the components of LA (dependent variable) and respective
values of L and W (independent variables). The equations
were deduced by the principle of parsimony (Steel & Penny
2000) and thus from the ‘simplest’ or ‘optimal’ description
of the data. The linear model modiﬁed by removing the
intercept (β1), assumes that the development of LA is proportional to the growth of one of its W or L linear measurements (models: #1 and #4, respectively) or proportional to
the area of a rectangle, when multiplied by LW (model
#7); the simple linear model assumes that the development
of LA is described by a linear relationship, either with one
W or L linear measurements (models: #2 and #5, respectively) or with the product LW (model #8); the non-linear
model considers a term with an exponent (Xβ1), where X
can be replaced by W or L or both (models: #3, #6 and
#9, respectively) and assumes a relationship that can vary
from linear when its exponent is equal to or close to 1
(β1 = 1) to quadratic when it is equal to or close to 2
(β1 = 2; more information, see Table 4).

Statistical analysis
To quantify the extent of the variability (intra- and interspeciﬁc) of leaf morphometric components, we performed
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Fig. 1. Leaf morphological proﬁle of forestry woody species. Details for different leaf morphotypes and leaf sizes. In morphotype 1 are included Thyrsodium spruceanum (a), Tapirira guianensis (b), Eschweilera ovata (c), Lecythis pisonis (d) and Protium heptaphyllum (e). In morphotype 2 are included Pogonophora schomburgkiana (f), Pisonia ambigua (g), Aspidosperma discolor
(h) and Byrsonima sericea (i). In no pattern group are included Himatanthus phagedaenicus (j), Guatteria pogonopus (k), Simarouba amara (l), Manilkara salzmannii (m) and Hymenaea rubriﬂora (n). The vertical potted lines and horizontal lines denote
the length and width, respectively. Scale = 10 mm.

doi:10.1111/aec.13017

© 2021 Ecological Society of Australia

ALLOMETRIC LEAF AREA FROM 14 ATLANTIC FOREST SP.

5

Table 2. Statistical summary to morphometric components
Length

Width

Species†

Min

Max

x  Sx

Min

Max

AD
BS
EO
GP
HP
HR
LP
MS
PA
PS
PH
SA
TG
TS

1.50
0.36
1.08
0.87
0.86
0.76
1.25
1.61
1.17
0.48
2.04
0.90
0.40
1.23

17.80
16.20
32.47
23.05
35.55
19.28
19.18
20.70
28.19
19.50
20.73
18.66
27.18
34.76

9.89  3.17
8.99  2.95
17.9  6.94
11.45  5.15
20.16  7.12
10.24  3.07
10.95  4.28
10.64  4.52
14.21  5.19
8.95  4.560
11.72  3.68
10.2  3.790
13.22  5.86
17.12  7.00

0.59
0.10
0.18
0.18
0.17
0.18
0.48
0.36
0.22
0.21
0.70
0.14
0.08
0.25

6.90
6.09
10.09
9.66
11.59
9.90
7.52
8.10
12.18
8.84
6.82
5.90
9.09
13.35

Leaf area
x  Sx

Min

Max
















0.65
0.13
0.15
0.14
0.10
0.12
0.40
0.40
0.22
0.12
0.83
0.11
0.30
0.23

86.70
58.80
2310
151.10
242.70
143.40
95.40
98.30
235.40
107.70
91.40
83.46
175.5
315.3

4.07
3.18
5.98
4.83
6.95
4.88
4.50
4.64
6.02
3.57
3.84
3.42
4.54
6.42

1.30
1.27
2.28
2.23
2.15
1.56
1.45
1.57
2.41
1.62
1.12
1.21
1.85
2.38

x  Sx
31.84
20.88
85.93
47.74
98.50
40.33
38.67
37.14
66.56
25.49
33.55
29.93
50.65
90.45
















18.50
13.13
50.73
34.94
55.73
23.77
22.54
24.43
45.55
20.85
18.38
16.75
36.46
61.72

For each component are shows the amplitude data. Minimum (Min), maximum (Max) and average (x  S x ).
†
More information of plant species, see Table 1.

analyses of the variance components following the methods
presented by Messier et al. (2010). Each characteristic was
inserted into general linear mixed models of the ‘nlme’
package on R software (CoreTeam 2020) and adjusted to
obtain variation within and between species. Observations
were nested within species and included as random factors.
Variance components ‘varComp’ (Pinheiro et al. 2017) was
used to measure the relative intraspeciﬁc variation of each
morphometric component (i.e. L, W and LA). Additionally,
the variation of the morphometric components of the leaf
were used simultaneously for each species, adding to the
variation in the parameter that speciﬁes the change in leaf
elongation (ratio between leaf length and leaf width), based
on the following expression:

K Δi ¼


RSDL þ RSDW þ RSDLA þ RSDstretching
∗100
4

where KΔi = intraspeciﬁc variation in the species i;
RSDL = relative standard deviation of leaf length, RSDW =
relative standard deviation of leaf width, RSDLA = relative
standard deviation of leaf area, and RSDstretching = relative
standard deviation of leaf elongation.
In the model adjustment, the parameters of each model
were obtained using R software version 3.64.1 as previously
reported by Zuur et al. (2010). The statistical criteria used
to select the models were based on (i) the analysis of variance (F test, P < 0.001), (ii) adjusted coefﬁcient of determination (R2adj ), (iii) mean squared error (MSE), (iv) rootmean-squared error (RMSE), (v) Student’s t-test
(P < 0.01) for an absolute mean of errors with conﬁdence
intervals (Cumming et al. 2007) and (vi) error dispersion
patterns in percentage terms (%). The dispersion of the
residues was observed in the total sample set, both in small
leaves and in larger leaves. The hypothesis of normality of
the errors was evaluated, so that heteroscedasticity was considered a reason for model disqualiﬁcation. These procedures allowed us to assess the occurrence of bias and
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accuracy in both the particular and generalised models
(Walther & Moore 2005).

Model validation
All approved equations (particular and generalised) were
submitted to the validation test using distinct leaf samples
(n = 200). All LA, L and W values of the independent leaf
samples were measured according to the methodology
described above. The coefﬁcients of the models were recalculated from the validation sample data and the re-estimated LA values. Then, the estimated and observed LA
were compared by Student’s t-test (P < 0.01), subject to
the following conditions:
H0 ¼

∑200
∑200 LAest
∑200 LAobs ∑200
LAest
i¼1 LAobs
¼ i¼1
or H 1 ¼ i¼1
≠ i¼1
n
n
n
n

where H0 = null hypothesis, H1 = alternative hypothesis,
n = observational sample numbers; LAobs = observed leaf
area and LAest = estimated leaf area. Finally, when the H0
condition was conﬁrmed, that is error did not differ signiﬁcantly from zero, the models were interpreted as nonbiased
and then approved.

RESULTS

Extension of morphometric variability
The partition of the variance on the morphometric
measurements of the leaves for the set of species
revealed that the interspeciﬁc variance was overwhelmed compared with the intraspeciﬁc differences.
Intraspeciﬁc differences accounted for 65.8%,
doi:10.1111/aec.13017
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66.9%, 70.3% and 72.3% of variability for L, W, LA
and RSDstretching, respectively, while interspeciﬁc
variation represented 34.2%, 33.2% and 29.7% and
27.8%, respectively. This greater inﬂuence of
intraspeciﬁc variability in the range of component
values is reﬂected in the values in all species. In
descending order, the species with the highest were:
#PA (49.4%), #EO (47.3%), #TG (45.8%), which
make up the group with the highest intraspeciﬁc variation; #TS (41.2%), #MS (40.5%), #GP (40.3%),
#PS (40.1), #BS (40.1) and #SA (38.0%) make up
the group with intermediate variation; and the third
group with low variation including #LP (36.3%),
#HP (35.3%), #AD (34.5%), #HR (33.5%) and
#PH (32.4%).

Adjustment of generalised models
(morphotypes) and individual species
The analysis of variance (ANOVA) for the generalised
models (Table 3) showed that when considering all
species, a single grouping cannot be possible to do,
as the null hypothesis (H0) cannot be rejected (Fcal
8.3451). From these data, different combinations of
ANOVAs for model identity was generated until it produces three large groups of species. A group generated by the species #EO, #LP, #PH, #TG and #TS,
which presented a mean KΔi of 40.59, hereafter
referred to as morphotype 1; a second group, composed by the species #AD, #BS, #PA and #PS,
which presented a mean KΔi of 41.04%, hereafter
referred to as morphotype 2 and a third group, composed of ﬁve species: #GP, #HP, #HR, #MS and
#SA, which presented a mean KΔi of 37.52%. The
ﬁrst two groups have morphological similarities that
are strongly shared, while the third group does not
have single leaf morphology and, therefore, was
referred to as a group without a deﬁned morphological pattern (no pattern) (Table 3, Fig. 1).
Table 3 revealed that there were no differences
among the coefﬁcients of Fcal among species of morphotype 1 (#EO, #LP, #PH, #TG and #TS)
(P > 0.05; F(8;3,000) = 1.40ns). For morphotype 2, all
combinations among species (#AD, #BS, #PA, and
#PS) also returned no signiﬁcant differences among
the coefﬁcients of the speciﬁc models (P > 0.05;
F(6;2,399) = 2.32ns). On the other hand, from the generalised model hypothesis, the simulation of species
with no morphological patterns (#GP, #HP, HR,
#MS and #SA) was signiﬁcant (P < 0.001;
F(8;2,999) = 24.89*). Therefore, we performed a calibration of the generalised model with combined data
for the ﬁve species with elongated leaves (morphotype 1: oblong, with LW ratio ~3.11), and broader
elliptical leaves (morphotype 2: elliptical, with LW
ratio ~2.35). Because of the deﬁnition that
doi:10.1111/aec.13017

Table 3. Analysis of variance for model identity test for
all studied species
SV

R-d.f.

SS

MS

Fcal

A – For all studied species
Parameters
(28) 24 515.1668 –
–
Reduction (β’s) 2
24 497.8234 –
–
17.3434 0.66706 8.3451†
Reduction (Ho) 26
Residual
8,371
669.1267 0.07993 –
Total
8,399 25 184.2936
B – To species #EO, #LP, #PH, #TG, and #TS species
Parameters
(10)
8943.3926 –
–
Reduction (β’s) 2
8942.5270 –
–
0.8656 0.1082 1.4027‡
Reduction (Ho) 8
Residual
2,990
230.6274 0.0771 –
Total
3,000
9174.0200
C – To species #AD, #BS, #PA, and #PS species
Parameters
(8)
6392.1960 –
–
Reduction (β’s) 2
6442.2927 –
–
0.9922 0.1654 2.3188§
Reduction (Ho) 6
Residual
2,391
170.5177 0.0713 –
Total
2,399
6562.7137
D – To species #GP, #HP, #HR, #MS, and #SA species
Parameters
(10)
9179.5782 –
–
Reduction (β’s) 2
9160.5913 –
–
18.9870 2.3734 24.8948¶
Reduction (Ho) 8
Residual
2,989
284.9585 0.0953 –
Total
2,999
9464.5367
Both dependent and independent variables were logtransformed before analysis. Data derived from the calibration data set (n = 8400 leaves – A; 3000 leaves – B; 2400
leaves – C; 3000 leaves – D). Source of variation (SV),
degrees of freedom residuals (R-d.f.), sum of squares (SS),
mean squares (MS) and calculated F (Fcal). More information of plant species, see Table 1.
*
Signiﬁcant at P < 0.001.
†
F1% (26;8,399) = 1.7265*.
‡
F1% (8;3,000) = 2.3268ns.
§
F1% (6;2,399) = 2.5187ns.
¶
F1% (8;2,999) = 2.3268*.

morphotypes 1 and 2 shared common morphological
characteristics, we set out to determine an allometric
equation able of accurately estimating the LA of a
group of species not in particular ones. However, for
species that comprise the 3rd group, allometric equations were determined for each plant species, not
generalised ones (#GP, #HP, #HR, #MS, and
#SA).
Several explanatory allometric models were generated for morphotype 1, morphotype 2 and individual
species. Table 4 shows only the nine most statistically
interesting models. In all allometric models showed
in Table 4, the coefﬁcients of determination adjusted
for the degrees of freedom (R2adj ) ranged from 0.8458
to 0.9981, being considered good descriptors. However, all models #1 and #4 were completely biased
because the mean (CI) was different from zero
(Fig. 2a–g), showing that these models always overestimate the leaf area; very strong overestimation that
© 2021 Ecological Society of Australia
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can be up to 8 cm2 leaf−1. In this case, the equations
#1 and #4 were disqualiﬁed for further analyses for
both leaf morphotypes and species, while model #7
is biased to estimate the LA of morphotype 1, morphotype 2, #GP, #HR, and #MS (Fig. 2). Besides,
all allometric models described by equations #2, and
#5 were eliminated, since the value of β0 (intercept)
returned very negative values, ranging from
−29.3177 to −67.3913 (Table 4), which means that
a leaf with allometric measurements equal to zero
would return an estimated leaf area of up to
−40 cm2, an invalid biological data.
At ﬁrst glance, the adjustment of the power models
using only one linear leaf dimension (#3, and #6)
revealed high values for R2adj and satisfactory RMSE
for all studied species (Table 4). However, after the
analysis of the error dispersion pattern (ɛi%), bias was
detected when the linear leaf dimensions approach
zero. In these cases, extrapolation of estimates is not
advised for leaves of initial ontogenetic stages. This
limitation was found mainly in morphotype 2, #GP,
#HP, #MS and #SA (for both models: #3 and #6)
with percentage values of underestimated leaves
between 5.7% and 14% of the sampled leaves. Additionally, model #3 (Appendix S1t) also leads to the
underestimation of 4.0% of intermediate LAs (between 7 and 11 cm2). In particular, the decision to
eliminate model #3 of morphotype 1 is for the RMSE
to be 4.9-fold higher than the RMSE of model #9
(Table 4). While the decision to eliminate model #6
of morphotype 1 is grounded in the LAs overestimation of 5.9%. Finally, in #HR the residual analyses
one/two-dimensional models (#3 and #6) suggest a
high similarity between them (Appendix S1n,o), however, it is preferable to recommend equation #6
instead of equation #3, a decision supported by the
largest R2adj , Fcal and lower RMSE (Table 4).
For morphotype 1, the dispersion of residues promoted by equation #8 (Appendix S1c) returned
2.2% underestimated leaf areas. Even though this
percentage is below the maximum limit previously
stipulated, it should be noted that this model underestimates 0.4% of leaf areas with a percentage difference >1000%. While in morphotype 2, we veriﬁed
that model #8 (Appendix S1g) can underestimate the
leaf area by up to 175%. For #GP, model #8
(Appendix S1i) was eliminated because it leads to
LAs underestimation of 8%, especially in small leaves
(L < 5 cm). In #HP, model #8 (Appendix S1l) leads
to LAs underestimation of 2.2%. However, this weak
underestimation does not allow the exclusion of this
model from future analyses. In Manilkara salzmannii,
the model #8 (Appendix S1r), leads to LAs overestimation of 5.8%, above the 5% cut-off limit, leading
us to disregard this model. Model #7 of #SA
(Appendix S1v), and #8 (Appendix S1w) are highly
similar in all criteria, either in values of β’s, S(x,y),
© 2021 Ecological Society of Australia
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R2adj , and RMSE, directing us to consider both models. With the disqualiﬁcations described above, only
model #9 was previously approved for all studied
species (Appendix S1j,m,q,s,x), model #7 was previously approved for #HP, and #SA model #8 was
previously approved for #HP, #HR and #SA.
All previously approved models must be validated
with an independent sample, where the observed leaf
area (LAo) is correlated with the leaf area estimated
(LAe) by the previously approved models. Table 5
shows that, except for model #7, previously approved
for #HP, all other models accurately and nonbiased
estimated LAs. In this sense, we ranked the previously
approved equations in order of biological importance,
within all the statistical parameters described above.
Equation #9 was chosen as the best equation for estimating the LA of all morphotypes and species, followed by equation #8 (Fig. 3), which was validated for
the #HP, #HR and #SA, while model #7, did not pass
the validation test with a new sample (P = 0.0464) for
#HP, but it was approved in #SA. However, model #7
the #SA can be secondarily excluded, since model
returned β’s closer than #8, and #9 models, which
were previously considered preferable due to the lower
value of S(x,y), lower R2adj , and higher Fcalc intrinsic of
the model #7. Finally, here we describes that power
models may be approved for morphotype 1
(Ŷ = 0.6356 LW1.0260), morphotype 2 (Ŷ = 0.6552
LW1.0094) and all individual species were Ŷ = 0.5414
LW1.0532, Ŷ = 0.6268 LW1.0042, Ŷ = 0.6589 LW1.0279,
Ŷ = 0.7377 LW0.9752 and Ŷ = 0.7776 LW0.9952, respectively for Guatteria pononopus Mart., Himatanthus
phagedaenicus, H. rubiﬂora, M. salzmannii and S.
amara. Alternatively, the linear models can also be
approved for accurately estimating and nonbiased the LA
of H. phagedaenicus (Ŷ = −0.5628 + 0.6439 LW),
H. rubiﬂora (Ŷ = −1.0422 + 0.7594 LW) and S. amara
(Ŷ = 0.0136 + 0.7624 LW).

DISCUSSION
This study describes a new approach to predict leaf
area in woody tree species, including a non-destructive method to estimate leaf area for 14 different species of woody rainforest species. This is a study that
sought to validate leaf morphological components of
different woody species to achieve the construction of
a single allometric model of leaf area estimation. We
demonstrate that all the morphometric components
of the leaves of the different species examined exhibited a greater intraspeciﬁc variability (~70%) in relation to interspeciﬁc variability (~30%). For all
species, and morphotypes, it was possible to ﬁt at
least one speciﬁc and nonbiased model based on a
nonlinear model. Surprisingly, we observed that the
range of variation in the morphological components
doi:10.1111/aec.13017
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Table 4. Statistical models, regression coefﬁcients (β0, β1), standard errors of estimates (S(x,y)), coefﬁcients of determination
adjusted for the degrees of freedom (R2adj ), degrees of freedom of residuals (R-d.f.), mean squared error (MSE), root-meansquared error (RMSE), calculated F (Fcal) and estimator as a function of linear dimensions of leaves
Coefﬁcients
Morphotypes/
species
Morphotype 1

Y
Y
Y
Y
Y
Y
Y
Y
Y
Morphotype 2
Y
Y
Y
Y
Y
Y
Y
Y
Y
Guatteria
Y
pogonopus
Y
Y
Y
Y
Y
Y
Y
Y
Himatanthus
Y
phagedaenicus Y
Y
Y
Y
Y
Y
Y
Y
Hymenaea lora
Y
Y
Y
Y
Y
Y
Y
Y
Y
Manilkara
Y
salzmannii
Y
Y
Y
Y
Y
Y
Y
Y
Simarouba
Y
amara
Y
Y
Y
Y
Y
Y
Y
Y

Models
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)
β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)
β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)
β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)
β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)
β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)
β1*W + ɛi (#1)
β0 + β1*W + ɛi (#2)
β0*Wβ1 + ɛi (#3)
β1*L + ɛi (#4)
β0 + β1*L + ɛi (#5)
β0*Lβ1 + ɛi (#6)
β1*LW + ɛi (#7)
β0 + β1*LW + ɛi (#8)
β0*LWβ1 + ɛi (#9)

β0

β1

S(x,y)

R2adj

R-d.f.

MSE

–
−40.9144
2.0101
–
−37.7842
0.4335
–
−1.4506
0.6356
–
−29.3177
2.2234
–
−33.2055
0.4335
–
−0.3720
0.6552
–
−37.0725
2.5499
–
−38.0936
0.4116
–
−2.6728
0.5414
–
−67.3913
1.7815
–
−53.7099
0.5396
–
−0.5628
0.6268
–
−30.2580
1.6490
–
−35.3128
0.3210
–
−1.0422
0.6589
–
−31.0172
1.0958
–
−19.0113
0.8901
–
0.7813
0.7377
–
−14.1927
2.0640
–
−13.6686
0.5833
–
0.0136
0.7776

12.1141
19.2932
1.9702
4.5395
6.9806
1.8214
0.7332
0.7353
1.0260
9.8855
15.5380
1.8308
3.9457
6.5954
1.8214
0.6853
0.6892
1.0094
15.1499
20.5622
1.9012
5.0772
6.9275
1.8147
0.7122
0.7288
1.0532
15.0085
23.8568
2.0219
5.1813
7.5501
1.7092
0.6411
0.6439
1.0042
8.8398
14.4668
1.9582
4.2250
7.3909
2.0394
0.7450
0.7594
1.0279
8.6791
14.6774
2.2040
3.7630
5.2771
1.5495
0.6597
0.6500
0.9752
9.1967
12.8845
2.0697
3.0950
4.2720
1.6645
0.7626
0.7624
0.9952

23.0536
16.5933
12.0084
21.3593
14.7558
10.9674
2.6790
2.5219
2.4818
15.8078
9.4500
5.3935
18.2806
12.5592
7.5772
2.2994
2.2864
2.2821
23.4286
19.3676
15.1687
21.2626
16.2166
12.7009
3.7795
3.5423
3.3302
29.5642
21.8861
17.7100
23.0752
14.5774
12.0104
4.6218
4.6175
4.6220
11.8588
7.4734
4.6308
12.3772
7.0990
4.3347
1.8326
1.7593
1.7310
12.9249
8.3034
5.8904
9.1611
5.3640
5.1197
1.7533
1.6999
1.6897
7.8270
6.2516
3.9973
6.3714
4.2346
3.2822
0.8253
0.8260
0.8237

0.8834
0.8506
0.9217
0.8998
0.8818
0.9347
0.9981
0.9965
0.9967
0.8950
0.9170
0.9730
0.8597
0.8534
0.9467
0.9974
0.9951
0.9952
0.9433
0.8542
0.9106
0.9536
0.8978
0.9373
0.9969
0.9951
0.9957
0.9302
0.8458
0.8990
0.9568
0.9316
0.9535
0.9967
0.9931
0.9932
0.9342
0.9011
0.9620
0.9285
0.9108
0.9667
0.9968
0.9945
0.9947
0.9139
0.8845
0.9419
0.9559
0.9518
0.9561
0.9968
0.9952
0.9952
0.9463
0.8607
0.9431
0.9639
0.9361
0.9616
0.9978
0.9976
0.9976

2,999
2,998
2,998
2,999
2,998
2,998
2,999
2,998
2,998
2,399
2,398
2,398
2,399
2,398
2,398
2,399
2,398
2,398
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
598
599
598
599
599
598
598

531.4692
275.3369
144.2018
456.2215
217.7339
120.2831
7.1773
6.3600
6.1591
249.8858
89.3031
29.0893
334.1821
157.7345
57.4145
5.2871
5.2278
5.2079
548.8996
375.1022
230.0906
452.0981
262.9786
161.3124
14.2848
12.5479
11.0905
874.0400
478.9999
313.6441
532.4661
212.5010
144.2487
21.3613
21.3212
21.3628
140.6311
55.8514
21.4447
153.1952
50.3951
18.7892
3.3586
3.0953
2.9962
167.0523
68.9458
34.6965
83.9256
28.7729
26.2109
3.0742
2.8897
2.8549
61.2619
39.0829
15.9784
40.5947
17.9315
10.7728
0.6811
0.6822
0.6785

and the size of the leaves are not coordinated; thus,
greater leaf size variation is not associated with the
greater morphological variation (KΔi versus LA:
P = 0.7043; rs = 0.1121ns – Spearman Correlation).
doi:10.1111/aec.13017

RMSE

Estimator

Fcal

39.9234
22 787.86
28.7308
17 071.47
20.7922
35 322.36
36.9833
27 041.07
25.5493
22 380.99
18.9897
42 942.49
4.6395 1 906 484.81
4.3666
865 847.27
4.2971
894 190.19
24.4842
20 533.13
14.6338
26 514.19
8.3520
86 361.26
28.3144
14 748.58
19.4486
13 970.95
14.1252
42 572.29
3.5614
1081.447.53
3.5407
491 491.53
3.5399
493 381.22
18.1326
10 279.56
14.9770
3510.88
11.7301
6100.46
16.4562
12 608.83
12.5404
5262.75
9.8217
8956.45
2.9252
417 413.89
2.7393
122 231.24
2.5753
138.371.95
22.8812
8189.43
16.9246
3285.36
13.6952
5332.71
17.8591
13 827.15
11.2728
8155.52
9.2877
12 297.31
3.5771 358 996,11
3.5707
86 645.40
3.5742
86 475.28
10.0032
8747.72
6.4210
5459.71
4.5551
15 178.92
7.0902
7981.16
4.1480
6115.58
3.9591
17 408.70
1.3570
390 768.58
1.3146
108 708.13
1.3066
112 320.83
10.0032
6497.04
6.4210
4497.04
4.5551
9708.44
7.0902
13 525.54
4.1480
11 830.24
3.9591
13 045.07
1.3570
384 998.75
1.3146
123 150.37
1.3066
124 658.09
6.0577
10 916.51
4.8344
3702.74
3.0911
9921.53
4.9311
16 779.19
3.2746
8775.75
2.5381
15 004.79
0.6387 1 035 119.71
0.6388
245 779.28
0.6370
247 126.30

Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ
Ŷ

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

12.1141 W
−40.9144 + 19.2932 W
2.0101 W1.9702
4.5395 L
−37.7842 + 6.9806 L
0.4335 L1.8214
0.7332 LW
−1.4506 + 0.7353 LW
0.6356 LW1.0260
9.8855 W
−29.3177 + 15.5380 W
2.2234 W1.8308
3.9457 L
−33.2055 + 12.5592 L
0.4335 L1.8214
0.6853 LW
−0.3720 + 0.6892 LW
0.6552 LW1.0094
15.1499 W
−37.0725 + 20.5622 W
2.5499 W1.9012
5.0772 L
−38.0936 + 6.9275 L
0.4116 L1.8147
0.7122 LW
−2.6728 + 0.7288 LW
0.5414 LW1.0532
15.0085 W
−67.3913 + 23.8568 W
1.7815 W2.0219
5.1813 L
−53.7099 + 7.5501 L
0.5396 L1.7092
0.6411 LW
−0.5628 + 0.6439 LW
0.6268 LW1.0042
8.8398 W
−30.2580 + 14.4668 W
1.6490 W1.9582
4.2250 L
−35.3128 + 7.3909 L
0.3210 L2.0394
0.7450 LW
−1.0422 + 0.7594 LW
0.6589 LW1.0279
8.6791 W
−31.0172 + 14.6774 W
1.0958 W2.2040
3.7630 L
−19.0113 + 5.2771 L
0.8901 L1.5495
0.6597 LW
0.7813 + 0.6500 LW
0.7377 LW0.9752
9.1967 W
−14.1927 + 12.8845 W
2.0640 W2.0697
3.0950 L
−13.6686 + 4.2720 L
0.5833 L1.6645
0.7626 LW
0.0136 + 0.7624 LW
0.7776 LW0.9952

The hypothesis that a single morphometric model
could predict the LA of different forest species with
similar leaf morphology was accepted. However, the
idea that intraspeciﬁc variability could have direct
© 2021 Ecological Society of Australia
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Fig. 2. Statistical analysis of the deviation of the estimated leaf area from the observed leaf area for an individual leaf. Leaf
area was estimated using several models in which β0 and β1 are coefﬁcients. Plant species on morphotype 1 (a), plants species
on morphotype 2 (b), Guatteria pogonopus (c), Himatanthus phagedaenicus (d), Hymenaea rubriﬂora (e), Manilkara salzmannii
(f) and Simarouba amara (g). Vertical bars denote means and spreads denote 99% conﬁdence intervals of the difference.
Asterisks denote biased equations. Numbers in x axis denotes the equation number (more information see Table 4).

implications for the implementation of particular or
generalised models was rejected. Although the
intraspeciﬁc variability was considered greater than
the interspeciﬁc, the intraspeciﬁc variations of the leaf
morphometric components had no signiﬁcant impact
on the quality of the equations’ adjustments. This
fact was conﬁrmed by the correlation test between
RMSE resulting from the approved models versus
KΔi, which represents the variation coefﬁcient of all
leaf components (P = 0.9637; rs = 0.015ns – Spearman Correlation). The natural variation that occurs
in the development of the leaves did not determine
the implementation of the generalised models, since
the increase in intraspeciﬁc variability in the leaves
does not cause decrease or loss of accuracy and precision of the models.
The L*W-based models were more accurate than
models based on single dimensions.
In all studied species, the attempt to simplify the
equations by single-dimension models was not
© 2021 Ecological Society of Australia

possible, and when the analyses pointed to the validation of this type of model, they were always overwhelmed in relation to the L*W-adjusted models.
These results are consistent with other studies, where
the products of length and width were more efﬁcient
than just one or other linear measures of the leaf surface (Peksen 2007; Antunes et al. 2008; Fei et al.
2009; Kandiannan et al. 2009; Zhang & Pan 2011;
Pompelli et al. 2012; Keramatlou et al. 2015; Tondjo
et al. 2015; Liu et al. 2017; Shabani & Sepaskhah
2017). It is also important to note that in the leaves
of plants with physiognomies that are less related to a
rectangle, other types of dimensions can be evaluated
(Shabani & Sepaskhah 2017), which results in conclusions very similar to those presented in this study.
Simple linear models are often considered adequate to predict the leaf area of many agricultural
and forestry species (Dolph 1977; Blanco & Folegatti
2005; Peksen 2007; Kandiannan et al. 2009; Zhang
& Pan 2011; Villar et al. 2013; Keramatlou et al.
doi:10.1111/aec.13017
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Fig. 3. Dispersion diagram between leaf length x leaf width and leaf area (a, d) of morphotype 1 (a) and morphotype 2 (d).
The generalised model equation and the respective values of the RMSE, R2adj and graphic dispersion components of the residuals are showed in insert of a, d panel. b, e. Observed leaf area (LAo) versus estimated leaf area (AFe) values using a generalised power model, based on leaves of ﬁve forestry woody species grouped in morphotype 1 (b), and morphotype 2 (e). The
tendency lines of each particular model (coloured lines) are simultaneously showed. The values of B1–B5 represent the slope
of the line (β1) of the particular models of each species. To validation test a new independent leaf sample we used (n = 200
leaves by species) are demonstrated in leaves of morphotype 1 (c) and morphotype 2 (f ), in which all the AFo and AFe values
were compared using the Student’s t-test using the paired = TRUE method of the ‘stats’ package of the R environment
(α = 0.01).

doi:10.1111/aec.13017
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Table 5. Regression coefﬁcient β1, coefﬁcients of determination adjusted for the degrees of freedom (R2adj ), degrees of freedom of residuals (R-d.f.), root-mean-squared error (RMSE), T test and estimator as a function of linear dimensions of leaves
β1

R2adj

1.009
1.001
0.997
0.999
1.004
0.999
0.996
1.000
1.002

0.995
0.994
0.994
0.994
0.994
0.994
0.995
0.996
0.996

Species
Guatteria pogonopus
Himatanthus phagedaenicus
H. phagedaenicus
H. phagedaenicus
Hymenaea rubriﬂora
H. rubriﬂora
Manilkara salzmannii
Simarouba amara
S. amara
†
‡
§

R-d.f.

RMSE

T test

Estimator

199
199
199
199
199
199
199
199
199

2.4730
1.5338
1.5261
1.5270
0.8639
0.8553
0.5589
0.4104
0.4090

0.2948ns
0.0464*
0.2542ns
0.1650ns
0.1812ns
0.2701ns
0.1257ns
0.8386ns
0.8051ns

Ŷ = 1.009*LW†
Ŷ = 1.001*LW‡
Ŷ = 0.997*LW§
Ŷ = 0.999*LW†
Ŷ = 1.004*LW§
Ŷ = 0.999*LW†
Ŷ = 0.996*LW†
Ŷ = 1.000*LW§
Ŷ = 1.002*LW†

Main equation using power model with leaf length x leaf width.
Biased equation, not recommended.
Alternative equation using linear model with leaf length x leaf width in presence of β0, and β1.

2015; Souza & Amaral 2015; Tondjo et al. 2015; Shi
et al. 2018; Shi et al. 2019). These models appear to
operate with some loss in precision because of the
violation of the underlying assumptions, resulting in
serious statistical problems, for example weaknesses in
the range of variation in the data and sample size.
Some of these models describe only part of the leaf
variations. Also, the inﬂation of several numerical statistical parameters is quite common in ridiculously
small samples. In this study, we showed that the
application of all simple linear models can be questionable, especially for small leaf classes. Thus, we
suggest that the application of simple linear models
of the type Yi = β0 + β1Xi + ɛi can only be recommended when a stratiﬁcation of the leaf size classes is
performed, simultaneously reviewing the dispersion
pattern of the residues in all classes of leaves. However, this ‘solution’ sometimes becomes laborious
and impractical, despite the ease of adjustment and
operation of this type of model.
Shabani and Sepaskhah (2017) recently published
a general mathematical expression to predict LA
from various ornamental and woody plant species,
based on the premise that changes in the growth of
the species the shape of the leaves did not change.
By accepting this condition, the LA could be predicted using expressions 1 and 2:
k¼

LAs
Ls W s

(1)

where LAs = leaf area of the smallest leaf; Ls e Ws =
length and width of the smallest leaf, respectively.
Once k is calculated, the LA can be predicted by the
following expression:
LA ¼ kðLWÞ

(2)

Dolph (1977) proposed the ‘2/3 rule’ where k is a
coefﬁcient that must be multiplied to the product of
© 2021 Ecological Society of Australia

leaf length and width. Even though it was proposed
in the second half of the 20th century, it is still
accepted today by ecologists and paleobotanists (Dilcher 1973; Stewart & Rothwell 2001). This rule was
recently re-edited by Shabani and Sepaskhah (2017)
when these authors described a reliable method to
estimate the leaf area of 16 woody plant species. The
equation proposed by Shabani and Sepaskhah (2017)
is closer to our model #7 in which the k factor is
deductively replaced by the coefﬁcient β1, and in
consonance of equation proposed by Dolph (1977)
using the ‘2/3 rule’. The unique difference between
our study and the previous study (Dolph 1977; Shabani & Sepaskhah 2017) is the fact that the number
of samples considered was inﬁnitely higher in the
present work. Equation #7 that uses the principles
proposed by Dolph (1977), reedited by Shabani and
Sepaskhah (2017) proved to be inefﬁcient in the present work because it leads to a false perception of
precision, due to the high value of the Fcalc and the
high value of R2adj . For all species studied, this equation returns to a k value within the principle of the
‘2/3 rule’ proposed by Dolph (1977), and by Shabani
and Sepaskhah (2017). The difference is that model
#9 proposed by this study introduces an additional
angular slope ranging from 0.9752 to 1.0532 that has
important implications in the model’s accuracy.
Brieﬂy, model #7, using the principle of the ‘2/3
rule’ ﬁrstly proposed by Dolph (1977) and model #9
proposed in the present study, both do not violate
any ecologically established rule, nor any statistical
principle unless the model #9 proved to be more
stable in the process of validating the equation than
model #7.
One of the reasons for the non-linear model #9
being superior is explained conceptually by the term
LWβ1, which is convenient due to its interactive
adjustment to compensate the penalty suffered when
the LxW product deviates from the shape of a rectangle. In this work, the term LWβ1 was always close to
doi:10.1111/aec.13017
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1 (LWβ1 ~ 1) ranging from LW0.9752 in M. salzmannii to LW1.0532 in Guatteria pogonopus, generating signiﬁcant mathematical implications in the estimation
of data biological factors. The previous coefﬁcient,
that is β0 varied from 0.5414 in G. pogonopus – more
elongated leaf species (L/W = 3.15; Fig. 1k) up to
0.7377 for M. salzmannii (L/W = 2.27; Fig. 1m) –
one of the species with less elongated leaves in our
data set. In addition, we found that the increase in
this coefﬁcient in the potential model may be associated with a decrease in the component that describes
leaf elongation (LWβ1 versus L/W; P = 0.0429;
r = −0.5429* – Spearman Correlation).
Finally, the general expression proposed by Shabani
and Sepaskhah (2017) is a good initiative; however,
such as many of the other equations previously
described, the expression has important limitations.
This expression works only for a given stage of leaf
development, because linear models are far from being
able to provide you with all the intrinsic variations of
leaf development. Thus, in groups of plants where
leaves do not follow a uniﬁed pattern along the ontogenetic stages, or when the full range of leaf variation of a
given species is considered important in the study, only
non-linear equations can provide conditions for the
implementation of accurate and nonbiased models.
In general, non-linear equations (models #3, #6,
and #9) were shown to be better predictors of LA
than simple linear models (#1, #4, and #7).
Although it was a laborious task, we were able to
detect differences in the dispersion of the residuals
between models #2, and #5. This detection was of
great importance to demonstrating this limitation,
which seems to be a problem much more related to
the triviality of simple linear models, especially for
small leaves (L*W ≤ 8 cm). When this circumstance
was veriﬁed by the data, the equations returned negative values of LA (i.e. invalid biological condition).
The inspection of residues is a process that allows a
complementary analysis of the general adjustment of
the models. The choice of equations with reduced
bias and interpretation on the addition of non-linear
terms helps to solve future distortions. The linear
models had positive residue stains at the beginning of
the projections, characterising the problematisation in
the estimation of the leaf area, especially in the initial
ontogenetic stage, providing a clear sign that these
models are not appropriate for the entire length of
the leaf development and that the exit through nonlinear models would be a necessary condition for the
implementation of future models (Zuur et al. 2010).
Even though a good part of the studies did not
explain the reason for the quality of ﬁt, this model
had already been considered previously as an excellent model to predict LA in several plant species
(Antunes et al. 2008; Pompelli et al. 2012; Souza &
Amaral 2015).
doi:10.1111/aec.13017

With respect to selection and sample size, studies
using a sample size of fewer than 100 leaves is very
common. Theoretically, it is known that the quality
of estimates is an underlying property of the sampling
effort (Zuur et al. 2010). Therefore, a satisfactory
equation must be estimated through robust research
work, based on the assumption of a minimum sample
number to achieve good quality estimates and optimal amplitude over the data. In this case, Antunes
et al. (2008) and Pompelli et al. (2012) showed that
the use of a sample size of 200–300 leaves would be
the minimum necessary to estimate the leaf area of
Coffea spp. and Jatropha curcas, respectively. For the
species studied here, we veriﬁed a minimum sample
size of 250–270 leaves, distributed in the different
ontogenetic states, to have a sampling error of less
than 5%, and reduce the variability in the conﬁdence
intervals of the parameters of the models up to 40%
in relation to the smallest sample tested (n = 20).
The modelling of the generalised morphometric
components, based on different varieties (Williams III
& Martinson 2003; Peksen 2007; Kandiannan et al.
2009) of species in the same genus (Antunes et al.
2008; Kandiannan et al. 2009) or even for different species of grasses (Elings 2000; Sangoi et al. 2007) have
been previously described, even though more robust
investigations proving their efﬁcacy are unknown. In
this paper, we ﬁt a generalised model that could simultaneously predict the LA of two groups of species, containing each ﬁve and four woody species with similar
leaf morphologies, here referred to as morphotype 1
and morphotype 2, respectively. In the ﬁrst group were
included #EO, #LP, #PH, #TG and #TS; while in the
second group were included #AD, #BS, #PA and
#PS. The general equation that best estimated these
groups of species are Ŷ = 0.6356 LW1.0260, and
Ŷ = 0.6552 LW1.0094.

CONCLUSIONS
Our results are part of the ﬁrst generation of studies
that examines and validates generalised models to
predict LA, highlighting the implications of
intraspeciﬁc variation and the triviality of linear models in leaves of forest woody species, especially for
small leaf classes. Given these conditions, we found
that only the non-linear models [like Yi = β0*
(Length*Width)β1 + ɛi] were feasible, considering the
entire process of leaf development as an intraspeciﬁc
variation source. So, the application of linear models,
type as Yi = β0 + β1Xi + βi could be recommended
only to LA prediction when stratiﬁcation of leaf size
classes is performed on a non-trivial and unjustiﬁable
task in terms of forest sciences.
In the application of generalised models, the use of
different species with similar leaf physiognomy to be
© 2021 Ecological Society of Australia
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an intuitive and valid concept, mainly because the
natural variation which occurs in the leaf development does not mean an obstacle to the implementation of generalised models, providing an ambitious
result about the future of the characteristics of LA
that can progress quickly to more general patterns.
Other researchers around the world are encouraged
to develop more generalised models than particular
models of any other plant species. Furthermore, the
implementation of new generalist models must go
through groups of different species that share similar
morphological characteristics or which have similar
properties, such as the approximate L:W ratio. In this
study, the general equation for morphotype 1 considers a group of ﬁve species with oblong leaves (approximately rectangular, or L:W ratio close to 2.2)
and morphotype 2, a group with 4 species of elliptical
leaves, or L:W ratio close to 2.5.
Assuming that a leaf morphology is longer than the
broad makeup of the most abundant leaf types in tree
species in the Atlantic Forest, other species of similar
morphology will likely be easily implemented and or
estimated by the models suggested in this proposal.
Also, other analogous leaves, such as ‘ovate’ (wider
at the base), ‘obovate’ (wider near the apex), ’spatulate’ (sword form) and ‘lanceolate’ (spear form), can
be compared on the principle that in potential models, the variation of the intercept coefﬁcient (β0)
tended to 0.5 for more elongated leaves (L:W ratio ~
3.2) to 0.7 in less elongated leaves (L:W ratio ~ 2.2).
While the slope was very adjusted (β1), it tended to
vary from 0.97 for less elongated leaves, up to 1
when AF is very close to a rectangle (L*W), that is,
as the leaves become longer.
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