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Abstract: Leaves, as the most important photosynthetic organ of plants, are intimately associated with
plant function and adaptation to environmental changes. The scaling relationship of the leaf dry mass
(or the fresh mass) vs. leaf surface area has been referred to as “diminishing returns”, suggesting that
the leaf area fails to increase in proportion to leaf dry mass (or fresh mass). However, previous studies
used materials across different families, and there is lack of studies testing whether leaf fresh mass is
proportional to the leaf dry mass for the species in the same family, and examining the influence of
the scaling of leaf dry mass vs. fresh mass on two kinds of diminishing returns based on leaf dry mass
and fresh mass. Bamboo plants (Poaceae: Bambusoideae) are good materials for doing such a study,
which have astonishingly similar leaf shapes across species. Bamboo leaves have a typical parallel
venation pattern. In general, a parallel venation pattern tends to produce a more stable symmetrical
leaf shape than the pinnate and palmate venation patterns. The symmetrical parallel veins enable
leaves to more regularly hold water, which is more likely to result in a proportional relationship
between the leaf dry mass and absolute water content, which consequently determines whether the
scaling exponent of the leaf dry mass vs. area is significantly different from (or the same as) that of
the leaf fresh mass vs. area. In the present study, we used the data of 101 bamboo species, cultivars,
forms and varieties (referred to as 101 (bamboo) taxa below for convenience) to analyze the scaling
relationships between the leaf dry mass and area, and between leaf fresh mass and area. We found
that the confidence intervals of the scaling exponents of the leaf fresh mass vs. dry mass of 68 out of
the 101 taxa included unity, which indicates that for most bamboo species (67.3%), the increase in leaf
water mass keeps pace with that of leaf dry mass. There was a significant scaling relationship between
either leaf dry mass or fresh mass, and the leaf surface area for each studied species. We found that
there was no significant difference between the scaling exponent of the leaf dry mass vs. leaf area
and that of the leaf fresh mass vs. leaf area when the leaf dry mass was proportional to the leaf fresh
mass. The goodness of fit to the linearized scaling relationship of the leaf fresh mass vs. area was
better than that of the leaf dry mass vs. area for each of the 101 bamboo taxa. In addition, there were
significant differences in the normalized constants of the leaf dry mass vs. fresh mass among the
taxa (i.e., the differences in leaf water content), which implies the difference in the adaptabilities to
different environments across the taxa.

Keywords: Bambusoideae; diminishing returns; the proportional relationship; reduced major axis;
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1. Introduction

The growth of plants cannot be separated from the contributions of leaves. The fundamental
leaf functional traits (e.g., leaf biomass, water content, leaf shape, leaf surface area, etc.) profoundly
affect a variety of biological processes, including plant growth, survival, reproduction and ecosystem
function [1-3]. Leaf water content is intimately related to leaf turgor, growth, stomatal conductance,
transpiration, photosynthesis and respiration [4]. Changes in leaf biomass can influence these leaf
physiological processes. Our previous studies found that at the individual species level, one of the
studied five Lauraceae, two of five Oleaceae and eight of seventeen bamboo species showed the leaf
fresh weight increasing proportionally to leaf dry weight [5,6].

The leaf area and leaf dry mass could represent the balance between the investment in growth
and that in storage, and could be used to predict the growth strategy and response to environmental
variations for leaves [7]. The scaling relationship between these two measures has been referred to as
“diminishing returns,” suggesting that increases in leaf surface area fail to keep pace with increases
in leaf dry mass [8]. Our previous studies have found this same allometric relationship between the
leaf dry mass and leaf surface area for five Lauraceae, five Oleaceae, eight Rosaceae, ten climbing
species and seventeen bamboo species [5,6,9,10]. This “diminishing returns” phenomenon might occur
because leaf dry matter is unevenly distributed in the leaf. This phenomenon could be explained by
leaf phenotypic plasticity, in that there is an imbalance of dry mass investment between the two sides
of a leaf. Plants normally invest more dry mass to the side facing the sunlight, and invest less mass in
the shaded side [2,11].

Leaf water content is associated with leaf area increases. Wright et al. [12] analyzed the leaf data
for 7670 species from 682 sites worldwide and showed that plants with large leaves tend to grow
in wet, hot and sunny environments, whereas plants with small leaves usually grow in hot, sunny
arid environments and at high latitudes and elevations. This is consistent with the findings that leaf
size tended to decrease with decreasing water availability for 690 species at 47 sites spread widely
throughout southeast Australia [13]. Under a soil-water deficit, large leaves face a greater risk of
potentially serious heat damage at high air temperature than do small leaves. With decreasing site
water availability, in order to avoid thermal stress when transpirational cooling is restricted, plants
tend to produce smaller leaves [1]. An almost linear correlation between the leaf area and absolute
leaf water content was found in several dicot plants [14]. Huang et al. [5,6] tested whether there
were scaling relationships between the leaf fresh mass and leaf surface area using five Lauraceae,
five Oleaceae and seventeen bamboo species, and they found that a significant scaling relationship of
the leaf fresh mass vs. surface area existed for each of all the studied species. Furthermore, they found
that the scaling relationship between the leaf fresh mass and area was stronger than that between the
leaf dry mass and area for each studied species.

However, all the aforementioned previous studies investigated species across different families
and yet used a limited number of species for each family. There is lack of studies using a large sample
size of species from the same family to analyze the generality among species. Bamboo, as the world’s
fastest-growing, major non-wood forest product and wood substitute, has been widely acknowledged
as an abundant, green and renewable resource and energy pool. The plants grow in tropical, subtropical,
and warm temperate regions between 46° N and 47° S. There are ca. 1300 Bambusoideae species
worldwide, which belong to more than 150 genera; the total area of bamboo forests is about 31.5 million
ha, which accounts for ca. 0.8% of the global forest area [15-17]. Bamboo plants are good materials for
such a study, considering that the leaf shapes across species are very similar.

In the current study, we examined 10,045 leaves from 101 bamboo taxa from 17 genera, aiming
to determine (i) whether the leaf fresh mass was proportional to the leaf dry mass, or if there was
an allometric relationship, and what proportion of species showed a proportional or allometric
relationship; (ii) what proportion of species showed “diminishing returns”, referring to the scaling
relationship between the leaf fresh/dry mass and leaf surface area; (iii) and whether the majority of the
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studied bamboo species exhibited a better scaling relationship between the leaf fresh mass vs. leaf
surface area rather than the leaf dry mass vs. leaf surface area.

2. Materials and Methods

2.1. Materials

In total, 10,045 healthy, mature leaves were collected from 101 bamboo species, cultivars, forms
and varieties from four sites (see Table S1 in the online Supplementary Data for details). Specifically,
48 species were collected from the Nanjing Forestry University campus, Nanjing, Jiangsu Province
(118°48’51” E, 32°04’59” N), 41 species from the Baima Resource Nursery of Nanjing Forestry University,
Nanjing, Jiangsu Province (119°07’42” E, 31°37'55” N), eight species from Tongzi County, Guizhou
Province (106°44’-106°57" E, 28°13’-28°43" N), and four species from the Southwest Forestry University
campus, Kunming, Yunnan, Province (102°45'26” E, 25°03’44” N). The mean annual temperature at
the two sites from Nanjing was 15 °C, and the annual precipitation was 1058 mm (southeast monsoon
climate); for the site in Tongzi, the mean annual temperature was 14 °C, and the annual precipitation
was 994 mm (subtropical monsoon climate); for the site in Kunming, the mean annual temperature was
15 °C, and the annual precipitation was 979 mm (south subtropical monsoon climate). The climate data
were based on records from the China Climate Data online (www.data.cma.cn) for the period 1980-2018.

For each bamboo species, ca. 100 leaves were randomly collected from the middle canopy of
different con-specific plants for each taxon. Mature leaves were collected from at least three different
healthy adult individuals with similar age. Detailed information about the collection protocols and the
list of 101 taxa can be found in Table S1 in the online Supplementary Materials and ref. [18].

2.2. Measurements of Leaf Functional Traits

Fresh leaves were weighed using an electronic balance (ME204/02, Mettler Toledo Company,
Greifensee, Swizerland; measurement accuracy 0.0001 g). They were then scanned, and the images
were saved as bitmap images at 200 dpi resolution using a HP Scanjet 4850 scanner (Hewlett-Packard
Company, Palo Alto, CA, USA). Adobe Photoshop (version: CC 2017) was used to obtain a leaf profile
image in bitmap format. The protocols described by Shi et al. [19,20] and Su et al. [21] were used
to measure the leaf area. After obtaining the leaf fresh weight and image, we dried the leaves to a
constant dry weight in a ventilated oven at 80 °C for at least 72 h and weighed them using the same
electronic balance.

2.3. Statistical Methods

The following equation was used to describe the scaling relationships between the leaf traits at the
species level (i.e., leaf dry mass vs. fresh mass, leaf dry mass vs. area, and the leaf fresh mass vs. area):

y=a+bx, @

where y is the log-transformed response variable; x is the log-transformed independent variable; a is
the intercept (i.e., the normalization constant); and b is the slope (i.e., the scaling exponent). Reduced
major axis regression was used to estimate the parameters [8]. The bootstrap percentile method was
used to compare the significance of any difference in the estimated slope (and intercept) between the
scaling relationship of the leaf dry mass vs. area and that of leaf fresh mass vs. leaf surface area for
each of the 101 bamboo taxa [22,23]. All the statistical analyses were performed using the statistical
software R (version 4.0.2) [24].

3. Results

The ratio of leaf dry mass to fresh mass was significantly different among the 101 bamboo taxa
(Figure 1 and Table S2 in the online Supplementary Materials). The mean ratio ranged from 0.3413
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(Pleioblastus viridistriatus Makino) to 0.4905 (Phyllostachys bambusoides f. marliacea (Makino ex I. Tsuboi)
Muroi). Within the same genus, different species also showed a large variation in the ratio of leaf dry
mass to fresh mass (and Table S2 exhibited the significance of the difference in the ratio of any two taxa).
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Figure 1. Comparison of the ratios of the leaf dry mass to the leaf fresh mass among 101 bamboo taxa.
Different colors represent different genera of Bambusoideae. Each open circle and bar represent the
mean and standard error of the leaf dry mass/leaf fresh mass ratios for each dataset.

There was a significant scaling relationship between the leaf fresh mass and dry mass for each
individual bamboo species. Figure 2 shows the fitted linearized scaling relationships of the leaf dry
mass vs. leaf fresh mass for four representative species (and the detailed fitted results for the remaining
97 bamboo taxa were tabulated in the Supplementary Materials, Table S3). The 95% confidence intervals
(ClIs) of the scaling exponents of the leaf dry mass vs. fresh mass for 68 out of the 101 bamboo taxa
included unity, which indicates that the leaf fresh mass is proportional to the leaf dry mass for most
taxa (=67.3%) (Table S3). The 95% ClIs of the scaling exponents of the leaf dry mass vs. fresh mass
of the remaining 33 taxa did not include unity (Table S3), which means that there were significant
allometric relationships between the leaf fresh mass and dry mass for the 33 bamboo taxa. The scaling
relationship of the leaf dry mass vs. fresh mass was statistically significant for each dataset, and there
were 98 species with 72 > 0.90 (Table S3). Phyllostachys aureosulcata McClure, Fargesia denudata T.P. Yi
and Indosasa shibataeoides McClure had the lowest three > values and yet > 0.82.
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Figure 2. The fitted linearized scaling relationships of the leaf dry mass vs. fresh mass for four examples
at the individual species level. Panels (a—d) represent different species. The open circles represent the
observations, and the red straight line represents the reduced major axis regression line. In each panel,
y is the natural logarithm of the leaf dry mass in g; x is the natural logarithm of the leaf fresh mass in g;
CI represents the 95% confidence interval of the slope; 72 is the coefficient of determination that is used
to measure the goodness of fit; and n represents the number of leaves sampled.
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There was a significant scaling relationship between the leaf dry mass and surface area for each of
the 101 bamboo taxa. Figure 3 shows the fitted linearized scaling relationships of the leaf dry mass vs.
area for four representative species (and the detailed fitted results for the remaining 97 bamboo taxa
were tabulated in Table S4 in the online Supplementary Materials). The lower bounds of the 95% ClIs of
the scaling exponents of the leaf dry mass vs. area for 83 bamboo taxa are greater than unity, which
means that most species (82.2%) showed significant allometric relationships (i.e., diminishing returns)
between leaf dry mass and area (Table S4).
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Figure 3. The fitted linearized scaling relationships of the leaf dry mass vs. area for four examples
at individual species level. Panels (a—d) represent different species. The open circles represent the
observations, and the red straight line represents the reduced major axis regression line. In each panel,
y is the natural logarithm of leaf dry mass in g; x is the natural logarithm of leaf surface area in cm?;
CI represents the 95% confidence interval of the slope; 72 is the coefficient of determination that is used

to measure the goodness of fit; and n represents the number of leaves sampled.

There was also a significant scaling relationship between the leaf fresh mass and surface area for
each of the 101 bamboo taxa. Figure 4 shows the fitted linearized scaling relationships of the leaf dry
mass vs. area for four representative species (and the detailed fitted results for the remaining 97 bamboo
taxa were tabulated in Table S5 in the online Supplementary Materials). The lower bounds of the 95%
ClIs of the scaling exponents of the leaf fresh mass vs. area for 96 bamboo taxa are greater than unity,
which means that most species (95.0%) showed significant allometric relationships (i.e., diminishing
returns) between the leaf dry mass and area (Table S5). This indicates that there is a larger number
of bamboo taxa that follow the law of “diminishing returns” using leaf fresh mass rather than leaf
dry mass.

The 95% ClIs of the intercepts’ and slopes’ differences between the linearized scaling relationship
of the leaf dry weight vs. area and that of the leaf fresh weight vs. area of the 101 bamboo taxa are
shown in Figure 5. Most of the 95% ClIs of the estimated intercepts ranged between —1.5 and —0.5,
and the 95% ClIs all did not include zero (Figure 5a), which indicates that there is a significant difference
in the normalized constants for each of the 101 bamboo tax. However, the 95% ClIs of the estimated
slopes’ differences mostly ranged from —0.1 to 0.1, and there were 68 out of the 101 bamboo taxa whose
95% Cls included zero (Figure 5b). This means that there are no significant differences between the
scaling exponent of the leaf dry mass vs. area and that of the leaf fresh mass vs. area for each of the
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68 datasets. If the leaf dry mass is proportional to the leaf fresh mass (Table S3), there is no significant
difference between the scaling exponent of the leaf dry mass vs. area and that of the leaf fresh mass vs.
area (Figure 5b).
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Figure 4. The fitted linearized scaling relationships of the leaf fresh mass vs. area for four examples
at individual species level. Panels (a—-d) represent different species. The open circles represent the
observations, and the red straight line represents the reduced major axis regression line. In each panel,
y is the natural logarithm of the leaf fresh mass in g; x is the natural logarithm of the leaf surface area in
cm?; CI represents the 95% confidence interval of the slope; 72 is the coefficient of determination that is
used to measure the goodness of fit; and n represents the number of leaves sampled.
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Figure 5. The 95% confidence interval (CI) of (a) the intercepts’ difference and (b) the slopes’ difference
between the scaling relationship of the leaf dry weight vs. area and that of the leaf fresh weight vs. area.
Different colors represent the investigated different genera of the 101 bamboo taxa. Each open circle
and bar represent the mean and standard error of the 95% CI of the intercepts’ difference (a) or the
slopes’ difference (b) for each dataset. To obtain the intercept and slope of each dataset, 3000 bootstrap
replicates were used.
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4. Discussion

As noted, bamboo leaves are typically simple, and their overall shape is conserved throughout
the whole subfamily. However, we found that the ratio of leaf dry mass to fresh mass was significantly
different among the 101 bamboo taxa in this study. For most sampled bamboo taxa (68 of the studied
101 taxa) the 95% confidence intervals (ClIs) of the scaling exponents of the leaf dry mass vs. fresh
mass included unity (Table S3 in Supplementary Materials). This result shows that the leaf dry mass
of the most studied taxa was proportional to the leaf fresh mass. In other words, the absolute leaf
water content (= leaf fresh mass—leaf dry mass) kept pace with the leaf dry mass for these 68 bamboo
species. Meanwhile, the 95% ClIs of the scaling exponents of the leaf dry mass vs. fresh mass for the
remaining 33 bamboo taxa did not include unity. Data from the two previous studies showed that for
almost 50% of the studied bamboo species, the scaling exponents of the leaf dry mass vs. fresh mass
approximately equaled to unity [5,6]; however, these two studies measured only seventeen bamboo
species in total, and thus, did not provide a conclusive test of the general scaling relationship of the
leaf dry mass vs. fresh mass of bamboo plants. The results of the present study contradict those of
our previous studies, which found that only one of the five Lauraceae species studied and two of the
five Oleaceae species studied had the 95% ClIs of the scaling exponents of the leaf fresh mass vs. dry
mass including unity [5]. This might be explained by the vascular architectures of the bamboo leaves
with parallel venation, a structure both simpler and narrower than leaves with pinnate and palmate
venation [25,26]. Leaves with more linear and evenly distributed veins might be more likely to result
in a proportional relationship between the leaf dry mass and leaf fresh mass. In other words, water
tends to be more regularly distributed in a leaf with the parallel venation pattern.

The above generality, across the 101 bamboo taxa, is consistent with previous studies that showed
a significant exponential relationship between the leaf mass and leaf surface area in ferns, graminoids,
forbs, shrubs, trees, vines and grasses [5,6,6-10,27,28]. The present study shows that for most bamboo
species, i.e., 83 of the 101 bamboo taxa studied, the lower bounds of the 95% Cls of the scaling exponents
of the leaf dry mass vs. area were larger than unity. For the scaling of leaf fresh mass vs. area, 96 of the
101 studied taxa had a lower bound of the 95% CI value for the scaling exponent that exceeded unity.
This is consistent with previous findings that the law of “diminishing returns” exists in the relationship
between the leaf biomass and leaf surface area [8]. For most sampled bamboo species, the increase in
leaf dry or fresh mass per unit will result in a smaller leaf area increment. The allometric relationship
between the leaf dry mass (or fresh mass) and area could be clarified by the leaf adaptation in the
structure and physiology to the environment. Sack et al. [29] investigated a database of 485 globally
distributed species and found that large leaves had a greater diameter for major veins and greater
vein volume per area for mechanical support, and therefore intrinsically had larger vascular costs.
Large simple leaves with high vein density are an angiosperm innovation [30], which could enable
transpirational cooling to be combined with high photosynthetic rates [29]. We speculate that large
leaves with higher vein density and greater major vein diameter might result in both higher water
content and greater leaf dry mass per leaf unit area.

All the studied 101 bamboo taxa showed a stronger scaling relationship between the leaf fresh
mass and area than that between the leaf dry mass and area. This is consistent with the findings
of our previous studies on five Lauraceae, five Oleaceae, one Polygonaceae and seventeen bamboo
species [5,6,10]. Absolute leaf water content is closely related with the leaf form and structure, which
participates in the C assimilation process for leaf mass accumulation and leaf expansion [31,32].
Leaf water status was intimately associated with the leaf turgor, growth, stomatal conductance,
transpiration, photosynthesis and respiration [4]. Wright et al. [12] compiled the leaf size data for
7670 species from 682 non-agricultural sites worldwide, and found that plants with large leaves tend
to grow in wet, hot and sunny environments, whereas plants with small leaves are mainly located
at high latitudes or elevations or in hot, sunny and arid areas. In our study, the bamboo species
with larger leaves grew in Yunnan and Guizhou, while the species grown in Nanjing have relatively
smaller leaves. A large leaf may be selected for a plant in moist areas in order to have effective light
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capture and photosynthesis relative to biomass allocation [28]. The small-leaved species have more
advantages for adaption to high latitudes and elevations than the large-leaved species. Larger leaves
have thicker boundary layers, which usually slow down the sensible heat exchange with the soil, air
and surrounding vegetation. Thus, these boundary layers render the leaves to be more susceptible to
extreme temperatures, particularly those occurring on cold nights, and increase the potential for frost
damage [12]. Leaves play an important role in the plant water transport system, which account for at
least 30% of the whole-plant hydraulic resistance [33]. Efficient cuticular transpiration will provide
sufficient nutrients with water from the soil to leaves [34]. Severe water stress could make stomata
close and directly and indirectly affect the photosynthetic rate [35]. The balance of water use and plant
growth is determined by water use efficiency and transpiration efficiency, which is very important in
the C assimilation for leaf expansion [36-38]. As the vital role of foliar water in leaf mass accumulation
and leaf expansion, a stronger scaling relationship between the leaf fresh mass (= leaf dry mass +
absolute leaf water content) and area was proved for 101 bamboo taxa.

5. Conclusions

The current study increased our understanding of the scaling relationships between the leaf fresh
mass and leaf dry mass, and between the leaf mass and the leaf surface area of bamboo. For 68 of the
101 bamboo taxa studied, the 95% confidence intervals (Cls) of the scaling exponents of the leaf dry
mass vs. fresh mass included unity, which indicates that the absolute leaf water content kept pace with
the increase in leaf dry weight. There is a scaling relationship between the leaf dry mass (or fresh mass)
and area for each studied species. Our results further confirmed the law of “diminishing returns”,
that the increase in leaf surface area could not keep pace with that of the leaf dry mass (or fresh mass).
We found that there was no significant difference between the scaling exponent of the leaf dry mass vs.
area and that of the leaf fresh mass vs. area when the leaf dry mass was proportional to the leaf fresh
mass (i.e., the case that the 95% CI of the scaling exponent of the leaf dry mass vs. fresh mass includes
unity). Each of the 101 bamboo taxa had a stronger scaling relationship between the leaf fresh mass
and surface area, than that between the leaf dry mass and area. This suggests that the absolute leaf
water content should be considered when examining the scaling relationship between the bamboo
leaf mass and leaf surface area. The influence of leaf vascular architectures (e.g., venation style, vein
density, vein diameter) on the relationship between the leaf water mass and leaf dry mass, as well as
that between leaf fresh mass and area, merits further investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/12/8/1345/s1,
Table S1. Data collection information and scientific names of bamboos; Table S2. Comparison of the ratios of the
leaf dry mass to fresh mass among the 101 bamboo taxa; Table S3. Fitted results for the scaling relationships
between the leaf dry mass and leaf fresh mass of the 101 bamboo taxa; Table S4. Fitted results for the scaling
relationships between the leaf dry mass and leaf surface area of the 101 bamboo taxa; Table S5. Fitted results for
the scaling relationships between the leaf fresh mass and leaf surface area of 101 bamboo taxa.
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