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Lamina dry mass (LDM) per unit area is an important plant functional trait.

However, it is time-consuming to dry leaves in practice. Previous studies have

demonstrated that lamina fresh mass (LFM) is approximately proportional to LDM

for some broad-leaved plants. However, those studies largely overlooked the

influence of leaf age on the proportional relationship, and leaves were sampled

without distinguishing age. In the present study, we used eight leaf-age groups

of Photinia serratifolia to test whether LDM is proportional to LFM. And we also

compared the two linear equations (y = a + bx, and y = a + x, where x = ln LFM,

y = ln LDM, a and b are constants to be estimated) to test whether the introduction

of parameter b is worthwhile based on the percent error of the goodness-of-fit

between the two equations. There were four of eight leaf-age groups whose 95%

confidence intervals (CIs) for b included unity, and for the other four leaf-age

groups the difference between the lower limit of the 95% CI and unity was smaller

than 0.03, supporting the validity of the LDM vs. LFM proportional relationship.

Additionally, the percent errors between the two equations for the eight leaf-

age groups were all smaller than 5%, which further supports the hypothesis of

a proportional relationship at the individual leaf-age group level. However, the

LDM/LFM ratio exhibited a non-linear (quadratic) function of time, which indicates

that the intercept, a, depends upon leaf age.

KEYWORDS

antineoplastic plant, confidence interval, percent error, proportional relationship,
reduced major axis protocols

Introduction

Leaves are the primary organs of photosynthesis in plants and play a critical role in
carbon assimilation and nutrient cycling in terrestrial ecosystems. The physiological and
ecological functions of leaves are closely related to their structure and chemical composition.
Lamina dry mass per unit area, which is the quotient of lamina dry mass (LDM) and lamina
area, and its reciprocal, specific leaf area, both can be used to quantify the leaf-level cost
of light interception (Gutschick and Wiegel, 1988; Poorter et al., 2009). The two measures
have been widely applied to plant ecology as one of the plant functional traits (Pérez-
Harguindeguy et al., 2013). Lamina area of broad-leaved plants can be rapidly estimated
using smartphone-based application software or measured values of lamina length and width
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(Schrader et al., 2017, 2021). However, it is inconvenient and time-
consuming to collect many leaf samples in the field and take them
back to the laboratory to dry them using a ventilated oven. In
contrast, it is relatively easy to measure lamina fresh mass (LFM)
outdoors, because small-sized electronic balances are available
and portable. Utilizing a proportional (or an approximately
proportional) relationship between LDM and LFM for many broad-
leaved plants (Huang et al., 2019a,b; Liu et al., 2020; Guo et al.,
2021), LFM can be directly used to represent or approximately
estimate LDM. However, these above-cited prior studies did not
consider the influence of leaf age on the scaling relationship
between LDM and LFM. There is a wide variation in leaf lifespan for
evergreen broad-leaved plants in tropical and sub-tropical forests
(Lusk, 2019). Leaf age can significantly affect the ratio of lamina
dry mass to fresh mass, and lamina dry mass per unit area (Jiao
et al., 2022), but these prior studies used mixed leaf samples without
distinguishing leaf age, thereby largely overlooking the influence of
leaf age on the relationship between LDM and LFM.

In this context, we selected an evergreen Rosaceae species,
Photinia serratifolia, and studied the temporal variation in the
ratio of LDM to LFM and their relationship across different
months. Our goal was to explore the influence of leaf age on the
scaling relationship between LDM and LFM. We continuously
sampled the leaves from April to November, which allowed us to
test the influence of leaf age on the relationship between LDM
and LFM among different leaf-age groups. Our study not only
provides new insights into the functional traits of leaves but also
has important implications for the management and conservation
of plant species and ecosystems. In addition, we evaluated the
validity of a simple linear equation with slope = 1 in describing
the LDM vs. LFM relationship on a log-log scale. Our findings
have practical applications for estimating LDM from LFM using
small-sized electronic balances in the field. Finally, we discussed the
potential use of our results in the context of human health, as the
leaves of P. serratifolia contain abundant ursolic acid, a compound
that has been shown to have anti-inflammatory and anti-tumor
properties (Guo et al., 1998; Chen et al., 2020). In the present study,
we mainly aimed to test whether LDM is proportional to LFM. If
the proportional relationship holds true, it is helpful to fast quantify
leaf biomass using LFM in a simple manner.

Materials and methods

Three individual trees of P. serratifolia growing in Nanjing
Forestry University campus (118◦48′35′′ E, 32◦4′67′′ N) were
selected. The trees are all over 30 years old, and are 4.3, 8.4, and
9.1 m high, respectively. Because these trees are growing next to
teaching buildings, less than 150 m away from each other the
environments are approximately homogeneous. The branches of
the newly emerging leaves on the three trees were fastened by
small paper drop tags in late February to early March 2021, and
then we randomly sampled 320–350 leaves from the trees in the
middle of each month (see Zheng et al., 2022 for details). The
sampled leaves were wrapped by wet paper, which was moistened
with water, and taken back to the lab within half an hour. Within
<48 h we removed the petioles, absorbed any surface water with
toilet paper, and used an electronic balance (Type: ML 204; Mettler

Toledo Company, Greifensee, Switzerland; measurement accuracy
0.0001 g) to measure LFM in grams. We then dried the fresh leaves
in an oven [Type: XMTD-8222; Jinghong Experimental Equipment
Co., Ltd., Shanghai, China;± (0.5% F.S. + 1 digit)] at 80◦C for 48 h
to obtain constant LDM.

Analysis of variance (ANOVA) with a 0.05 significance level was
used to test whether leaf age significantly affected the ratio of lamina
dry mass to lamina fresh mass (i.e., LDM/LFM). If a significant
effect of leaf age on the LDM/LFM ratio was found, we used Tukey’s
honestly significance difference test with a significance level of 0.05
(Hsu, 1996) to test the significance of the difference between any
two leaf-age groups in the LDM/LFM ratio. To test whether leaf age
has a curvilinear effect on the LDM/LFM ratio, we used a parabolic
equation to fit the data of LDM/LFM ratio vs. month, and tested
whether the quadratic term was statistically significant:

LDM/LFM = α0 + α1Month+ α2Month2 (1)

where α0, α1, and α2 are parameters to be estimated, and “Month”
is the numeric predictor variable. We used the “lm” function based
on the statistical software R (version 4.2.0; R Core Team, 2022) to
carry out the data fitting, and evaluated the goodness of fit using the
coefficient of determination, i.e., r2.

To test whether LDM is proportional to LFM, we used reduced
major axis protocols (i.e., Model II regression) to estimate the
intercept and slope of the following linear equation (Quinn and
Keough, 2002; Niklas et al., 2007):

y = a+ bx (2)

where y = ln LDM, x = ln LFM, a and b are constants to be
estimated. The log-transformation for leaf biomass is to stabilize
its variance. The estimated slope of LDM vs. LFM on a log-log
scale using Model II regression is symmetric to that of LFM vs.
LDM on a log-log scale, i.e., the former equals the reciprocal of
the latter. However, Model I regression based on least-squares
protocols cannot ensure such a symmetry, and the slope of LDM
vs. LFM is not equal to the reciprocal of the slope of LFM vs. LDM
(Quinn and Keough, 2002). If LDM is proportional to LFM, LFM
should be also proportional to LDM, which requires the symmetry
of the two slopes. Thus, there is a need to use Model II regression
rather than Model I regression.

If LDM is proportional to LFM, b should be equal to 1. Thus,
we also used the following linear equation to fit the LDM vs. LFM
data on a log-log scale:

y = a+ x (3)

where the slope b is fixed to equal 1. The bootstrap percentile
method was used to calculate the 95% confidence interval (CI) of
the slope in equation 2 for each of different leaf-age groups (Efron
and Tibshirani, 1993; Sandhu et al., 2011). If the 95% CI of the
slope included unity, the proportional relationship between LDM
and LFM was verified; if it did not includes unity, the proportional
relationship hypothesis was rejected. Nevertheless, in practice, if
the difference between the lower or upper limit of the 95% CI of
the slope and unity did not exceed 0.05, the two variables were
considered to have an approximately proportional relationship.
To further examine whether to fix the slope to 1 is better, which
signifies a proportional relationship between LDM and LFM, we
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FIGURE 1

The variation of the ratio of lamina dry mass to lamina fresh mass
(LDM/LFM) of Photinia serratifolia across different months. The
lowercase letters show the significance of the difference between
any two of the eight leaf-age groups; the numbers below the
lowercase letters are the coefficients of variation in LDM/LFM. There
was a significant difference (p < 0.05) between any two leaf-age
groups that did not share the same letter, and there was no
significant difference (p > 0.05) between any two leaf-age groups
that shared the same letter based on Tukey’s HSD test with the 0.05
significance level. The asterisks represent the mean LDM/LFM for
each leaf-age group; the dashed line is the regression curve of the
parabolic equation of LDM/LFM vs. Month; r2 is the coefficient of
determination of the multiple linear regression (assuming Month2 as
another predictor); all coefficients in the parabolic equation are
statistically significant (p < 0.05).

calculated the percent error (PE) of the total error areas (TEAs) in
the Model II regression between the two linear equations 1 and 2:

PE =
TEA2 − TEA1

TEA2
× 100% (4)

where the subscripts 1 and 2 represent TEA of equation 2 and that
of equation 3, respectively. Here, the TEA was calculated by the
following formula:

TEA =
1

2
∣∣∣b̂∣∣∣

n∑
i=1

(
yi − â− b̂xi

)2
(5)

where the subscript i represents the i-th observation and n
represents the number of data points; â and b̂ are the estimated
values of the intercept and slope by the reduced major axis
protocols, respectively. Model II regression estimates the two
parameters by minimizing TEA, which represents the summed area
of the triangles formed by the regression line with each observation
in the plane (Quinn and Keough, 2002). Because the slope of
equation 2 is a parameter to be estimated which renders equation
2 to be more flexible than equation 3 fixing the slope to 1 in data
fitting, the TEA of equation 3 should be larger than or equal to that
of equation 2, i.e., equation 2 should have a better (or at least the
same) goodness of fit than equation 3. Thus, there is no need to add
an absolute value sign in equation 4 given TEA2–TEA1 ≥ 0. As a
rule of thumb, for any two equations with a similar model structure,
the equation with fewer parameters is considered to be better if the
PE of the goodness of fit between the two equations is smaller than
5%, whereas it is considered worthwhile to use the equation with
more parameters if PE is greater than 5%. If PE >5%, an allometric
relationship between LDM and LFM was considered to hold true.

In other words, the comparison of equations 2 and 3 was used to
test whether an allometric or proportional relationship between the
two leaf mass measures holds true.

The statistical software R (version 4.2.0; R Core Team, 2022)
was used to carry out all calculations and tests.

Results

There were significant differences in the LDM/LFM ratio
among different leaf-age groups, and leaf age had a significant
quadratic effect on the LDM/LFM ratio (p < 0.05; Figure 1). There
was a significant linear relationship between LDM and LFM for
each of the eight leaf-age groups (r2 > 0.94; Figure 2). Four out
of the eight leaf-age groups had 95% confidence intervals (CIs)
that included unity, and for the remaining four leaf-age groups the
difference between the lower limit of the 95% CI and unity was
smaller than 0.03 (Figure 2). The percent errors (PE) of the total
error areas between the two linear equations (i.e., equations 2 and
3) was smaller than 5% for each leaf-age group. This means that
equation 3 (i.e., the simple linear equation with slope = 1) is better
than equation 2 in describing the relationship between LDM and
LFM on a log-log scale based on the tradeoff between goodness of
fit and model structure complexity. In other words, it is better to
describe a proportional relationship between LDM and LFM than
an allometric relationship between the two leaf biomass measures.

Discussion

In our recent study (Jiao et al., 2022), we reported that the
LDM/LFM ratio of P.× fraseri “Red Robin”, the hybrid of P. glabra
and P. serratifolia, approximately exhibited a sigmoid increasing
pattern with increasing leaf age. However, in that study, the
sampling time was limited to July, not up to the autumn and early
winter, so that the curvilinear effect of leaf age on the LDM/LFM
ratio for that hybrid was not evident. In the present study, up to
July, the LDM/LFM ratio also exhibits a monotonically increasing
trend with increasing leaf age. This means that the results of
the present study for P. serratifolia do not conflict with those of
Jiao et al. (2022) for P. × fraseri. It is easy to account for this
parabolic change in the LDM/LFM ratio across the 8 months.
Newly emerging leaves require the increase in lamina dry mass
to approximately keep pace with the increase in lamina area to
reduce the support cost of lamina area expansion to perform
photosynthesis, which can be reflected by a low scaling exponent
of lamina dry mass vs. lamina area approaching 1 (Niinemets
et al., 2006; Liu et al., 2020). However, with lamina area further
increasing, the support cost of leaves correspondingly increases,
which can be reflected by an asynchronous increase between lamina
dry mass and lamina area (Niklas et al., 2007). Prior studies have
shown that the scaling exponent of lamina fresh mass vs. lamina
area is usually smaller than the scaling exponent of lamina dry
mass vs. lamina area (Huang et al., 2019a,b; Liu et al., 2020).
This means that the increase of lamina fresh mass is more likely
to keep pace with that of lamina area relative to lamina dry
mass. Thus, the LDM/LFM ratio exhibited an increasing trend
before leaf maturation. However, in autumn and early winter,
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FIGURE 2

Log-log bivariate plots and linear fits to the lamina dry mass vs. lamina fresh mass for each of the eight leaf-age groups (A–H) of P. serratifolia. The
small symbols represent log-transformed values of lamina dry mass vs. lamina fresh mass; the straight lines represent the regression lines; CI
represents the 95% confidence interval of the slope; r2 is the coefficient of determination; n is the sample size; different colors represent different
leaf-age groups; and PE is the percent error of the total error areas (TEAs) in the Model II regression between the two linear equations (i.e., equations
2 and 3).

the air is relatively drier at the experimental site than in the
spring and summer when more precipitation occurs in summer
(Jiao et al., 2022). The evergreen plants have to increase lamina
water content in autumn and early winter, which is reflected by
a slightly decreased LDM/LFM ratio, to ensure sufficient water
content in leaves to replenish lamina water loss (Kelliher et al.,
1997). In addition, there is a need to mention that leaf dry
matter content is considered to be much less variable than specific
leaf area and then serves as a better predictor of location on
an axis of resource capture, usage and availability that overall
reflects plant strategy schemes (Weaver and Mogensen, 1919;
Wilson et al., 1999). However, the influences of leaf age and
seasonal factors on the leaf dry matter content have been largely
overlooked. The present study suggests that the leaf dry matter
content is also variable across different sampling months, and

consequently care must be taken when using leaf dry matter
content to quantify or predict plant strategies, especially for those
evergreen plants.

Studying the growth and development of plants especially leaf
growth and development across different harvesting times can
provide better guidance for the harvesting and preparation of
medicinal plants in herbal medicine. In addition, by understanding
the growth and development of plants, we can better understand
the components and mechanisms of herbal medicine, and thus
develop more effective and safe drugs. The present results provide
a practical guidance in measuring the expansion of leaf size in a
convenient fashion, which can be gauged by LFM. In summary,
these research findings provide some potential opportunities and
directions for medical applications, but further research and
exploration are needed.
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