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Abstract

Plants automatically control the size variations in organs to achieve efficient exploitation of resources. However,
it is unclear whether the scaling relationships of plant organs share a similar character for different individuals
under varied micro-conditions (e.g., light and soil water). We conducted a case study of the lengths of staghorn
sumac leaves and longleaf pine cone scales to test the relationships. Our results indicated that although there
were size variations, there existed power laws of frequency in the lengths of staghorn sumac leaves and longleaf
pine cone scales. The exponents differed but were positively correlated with the minimum length of leaves or
cone scales. Taylor’s Law existed in the lengths of cone scales and some tree leaves, and scale break was
observed. This study provides new information on scaling relationships and self-organization in the patterns of
tree parts arrangement. Taylor’s Law may be used to detect minor changes in the growth regime.
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1. Introduction

Size variations in plant organs are essential to function, such as plant seed size and offspring fitness are strongly
positively correlated (Mazer, Snow, & Stanton, 1986), but these variations are automatically adjusted by plants
to suit their environment. In order to achieve such diversity to exploit the resource efficiently, plants must adapt
their structure to be of various sizes. However, similar relationships among structure and functional variables
may be maintained over a wide range of organ sizes (Brown & West, 2000), described by a fractal dimension or
a power function.

Plant leaves are a critical organ to photosynthesis and transpiration, and they play a central role in the growth
and survival of a plant. Plant leaves can vary between taxa, individuals in different populations of the same
species, and even for some species, within a single plant. Leaf traits represent a necessary trade-off in the many
functions over short and evolutionary periods (Nicotra et al., 2011). Leaf traits are currently high in research
priority because they are closely linked to many vital aspects of growth, reproduction, and ecosystem functions
(Garnier et al., 2001).

There are scaling relationships between leaf traits, such as leaf weight being proportional to leaf area (Milla &
Reich, 2007). These allometric scaling relationships are related to the transfer of heat and mass in the
environment (Niklas, 1994) and the thermoregulation processes that constraint hydraulics and mechanics, as well
as the avoidance of herbivory and the optimal interception of light (Nicotra et al., 2011). Indices of leaf shape,
such as compactness (perimeter?/area) and shape factor (4n x leaf area/perimeter?), are used to study leaf shape
and its relation to the environment or change with time (Royer, McElwain, & Adams, 2008; Bacon, Belcher,
Haworth, & McElwain, 2013). The geometric leaf characteristics may be estimated by the general formula (Shi
et al., 2018). Some geometric and topological methods indicate that shape variation in the leaves of Ginkgo
biloba is dominated by leaf size and furrow depth (Mander, Bauer, Hang, & Mio, 2020). In compound-leafed
species, it is broadly recognized that the geometry of leaflets (e.g., the spatial structure and organization) may
determine the compound leaf shape (Scarpella, Barkoulas, & Tsiantis, 2010; Runions, Tsiantis, & Prusinkiewicz,
2017).

The arrangement structure of leaf assemblages on a branch may reflect plant self-organization. Leaf traits, such
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as leaf length, are measurable characteristics that represent ecological strategies and functional adaptations to
environmental conditions (P&ezharguindeguy et al., 2013). Plant leaves with various shapes enable them to
utilize a light resource maximally. Some studies showed that the allometric scaling relationships in size and
functional traits of leaves are invariant, such as the scaling exponent approximates 3/4 (West, Brown, & Enquist,
1999). One study on bamboo branches and internode lengths indicates that both follow power laws, but the
scaling exponents are not consistent between species (Chen, 2020). It is unclear whether or how much the
scaling relationships of leaves at the same site vary intraspecifically due to varied micro-conditions.

Size variations in reproductive organs are related to seed dispersal, gender expression, and species habitat
preferences (Niklas, 1994). These size variations are considered the trade-off between plant physiological and
anatomical integration, related to resource allocation. The patterns of size variations may not be similar even to
the same plants or plants in a homogeneous environment because plants can have a high degree of physiological
autonomy and develop themselves under varied spaces and times (Niklas, 1994). This variation would be
expected to follow Taylor’s Law, one of the most widely verified empirical relationships in ecology, which has
been used to study plant biological systems (Cohen & Xu, 2015; Chen, Guo, & Brockway, 2017). Taylor’s Law,
the logarithm of the variance of a population density (individuals per area or volume), is approximately a linear
function of the logarithm of the mean density (Taylor, 1961; Taylor, 2019). Chen & Chen (2020) studied the fruit
size of Chinese Torreya and its size-frequency distribution and found no significant difference in the fruit size
(volume, length, width) among different tree individuals. Taylor’s Laws were found in the fruit volumes but with
varying scaling exponents. Multiple domains were observed in Taylor’s Laws for the fruit lengths and widths. It
is unclear whether a similar pattern exists in the cone scales of different longleaf pine trees at the same site.

Thus, the goal of this research is to study the scaling relations in tree leaves and pinecone scales. Here we use the

leaves of staghorn sumac and cones of longleaf pine as a case study. The detailed objectives include examining (i)
whether leaves on a staghorn sumac tree branch follow power laws with a similar exponent among individual

trees; and (ii) whether cone scales of longleaf pine follow power laws but with different exponents. This study

aims to provide an understanding of patterns in tree parts arrangement.

2. Material and Methods
2.1 Tree Leaves
Staghorn sumac (Rhus typhina) is a wildly distributed plant species in the southern USA.

It usually grows on the roadside and is tree-like but shrubby. It is easy to reach its leaves and branches. Twigs are
stout and not easy to break down. Leaves are compound, alternate, and 20 to 40 centimeters long. There are
many leaves (e.g., > 20 leaves) on one branch. These traits make it a good choice for this study. One branch in
each tree was selected randomly. The length of every leaf was measured and recorded based on its sequence on
the branch of each tree. Five trees were selected based on the accessibility along the Bradford Creek greenway at
Madison City in Alabama (34.7215N, 86.7832<W).

2.2 Longleaf Pine Cones

Longleaf pine (Pinus palustris) is native to the southeastern region in the United States. This tree species is
mainly distributed along the coastal plain from East Texas to southern Virginia. The regeneration of longleaf pine
forests primarily relies on its seeds or cone production (Chen, Brockway, and Guo, 2018). The longleaf pine
cones are the largest in the southern pines and range from 5 to 12 inches in length. Although the seeds are hard to
collect, their scales are easy to measure due to their large sizes. Five already dropped cones from the different
spots at the same forest stand (approximately 20 m tall and 85 years old) at Braden Lake State Forest in North
Carolina (34.7068 N, 78.5941 W) were used for this study. The length of each cone scale was measured after it
was detached from the cone.

2.3 Methods
2.3.1 Power Law of Frequency

The lengths of leaves (or cone scales) were counted based on an increment of 1 ¢cm (or 0.5 cm for cone scale).
For example, a leaf with a length of 6.4 cm was in the length category of < 7.0 cm. The number of leaves within
each category was counted. After that, the cumulative percentages of the leaf lengths below different thresholds
were calculated for all leaves on a branch (White, Enquist, & Green, 2008) as:

Percentage = 100 x<the number of leaves (or scales) in a category/the total number of leaves (or scales) on one
branch (or one cone).

A figure with the logarithm of the leaf (or cone scale) length below the value of each length threshold (such as <
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7.0 cm) and the logarithm of the cumulative percentage (P) was produced. The power law of frequency was
estimated through the best linear fitting.

2.3.2 Taylor’s Law
In this study, Taylor’s Law (Taylor, 1961; Taylor, 2019) is expressed in the following way:
Variance = a xMean'

with Variance as the variance of leaf (or cone scale) length, a as the coefficient, and Mean as the average leaf (or
cone scale) length.

After logarithm, log (Variance) = log (a) + r>og (Mean).

With leaf (cone scale) number of n from tip to base, the scaling exponent (r) between the variance and average of
n leaf (or cone scale) lengths was estimated for each plant organ (branch or pinecone).

2.4 Statistical Analysis

ANOVA and T-Test of SAS software (Cary, NC, USA) were used to compare variations in the lengths and
scaling exponents between individual tree branches (or pinecones), respectively. The commonly used least mean
squares technique was used in regression analysis for linear fitting.

To be consistent with the literature on the estimation of allometric relationships, a reduced major axis (RMA) of
regression analysis Model Type Il was used to determine scaling exponents (e.g., Niklas, 1994). Differences
were considered significant when p < 0.05 or very significant as p < 0.01.

3. Results

The length of sumac leaves ranged from 3.0 to 11.9 cm (Table 1) and also the number of leaves on branches
varied. The average leaf lengths were from 7.6 cm to 9.4 cm in different trees, but there was no significant
difference among trees (p > 0.05). However, the lengths of longleaf pine cone scales were longer in cone | and
IV than cone 11 (p < 0.05).

Table 1. The measurement information of tree leaves of five staghorn sumac and cone scales of longleaf pine

[ 1 1l \Y V
Leaves Total number 73 63 42 69 28
Average length (cm) 8.6(1.6) 9.1(1.3) 84(15) 86(18) 82(20)
Length range (cm) 30~114 42-~119 45-~106 34-~116 3.0~106
Cone scales  Total number 112 96 81 86 81
Average length (cm) 4.6%(1.0) 3.8%(0.6) 3.3°(0.4) 4.3°(0.6) 3.5%(0.4)
Length range (cm) 14~59 25~48 22~41 28-~59 25-~44
*: In the average length, different letters (a and b) after the values indicate the statistical difference between the
average lengths (p < 0.05).

Power law of frequency was found in the leaves on the branches of staghorn sumac with statistically significant
(p < 0.01) (Fig. 1) but with different exponents. These exponents varied from 2.8 to 5.9 and were positively
correlated with the minimum leaf length of each branch (Fig. 2), and the scaling exponent (0.7712) among
different trees had no significant difference with 3/4. The lengths of staghorn sumac leaves varied on each
branch and the self-organization regime (such as the variation of lengths) might be quite different (e.g., diverse
scaling exponents). However, this self-organization regime could be related to the minimum leaf length in
different trees.
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Figure 1. Power law of frequency in leaf lengths of staghorn sumac
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Figure 2. Correlation between scaling exponents and minimum of leaf length in staghorn sumac

Similar to the leaves, the lengths of cone scales also followed the power law of frequency very significantly but
with different exponents (3.2 ~ 5.0) (p < 0.01) (Fig. 3), and these exponents were positively correlated with the
minimum cone scale length on each pinecone (p < 0.01) (Fig. 4). The scaling exponent (0.7621) among different
cones had no significant difference with 3/4. The self-organization regime (such as the variation of scale lengths)

4
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of each cone might be quite different (e.g., diverse scaling exponents), but this self-organization regime might be
related to the minimum scale length in different cones.
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Figure 3. Power law of frequency in cone scale lengths of longleaf pine

‘.

m length of cone scale

y =0.7621x- 1.0215
R*=0.9877,p<0.01

Exponent

08

Figure 4. Correlation between scaling exponents and minimum lengths of cone scale in longleaf pine

Taylor’s Law existed in the leaf lengths of two trees (tree III and IV) (p < 0.05) (Fig. 5a). For others, it was not
statistically significant (Fig. 5b) (p > 0.05). Taylor’s Law existed in the length of cone scales for each cone
significantly (p < 0.05) (Fig. 6), but the scale break was apparent. Some scales might have different regimes in

the self-organization of lengths.
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in others (b)
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Figure 6. Taylor’s Law in cone scale lengths of longleaf pine

4. Discussion

No matter the length variations, both leaves and cone scales followed power laws of frequency, but with different
exponents (Fig. 1, Fig. 3), which are correlated with the minimum length of leaves and cone scales, respectively
(Fig. 2, Fig. 4). Power laws of frequency are considered the general law, which can be widely applied in different
conditions to indicate the scaling relations (White et al., 2008). This result is consistent with the frequency of
fruit size (Chen & Chen, 2020). It is considered that the difference in the frequency distribution of plant organs
(e.g., fruits, leaves, and cone scales) may be caused by nutrient levels in trees and microenvironmental
conditions, such as sunlight. Light time and quantity can affect fruit growth through photosynthesis. Due to the
canopy structure, light transmission and distribution at the tree canopy can be significantly heterogeneous among
trees. This mechanism of self-organization is evident on fruit trees, such as big fruits are often found at the
canopy outside with good light condition while the small ones are located in the low inner part (Warrington,
Stanley, Tustin, Hirst, & Cashmore, 1996). The difference in leaf shape for some plants might be an adaptive
response to different habitats (Shi et al., 2018). The plant hormone auxin can control the lateral development of
branches (Roychoudhry, Del Bianco, Kieffer, & Kepinski, 2013). Thus, the exponents of power laws show the
strategy of energy allocation in plants. The results here indicate various rather than a fixed value in the scaling
exponents for each branch, which is consistent with previous studies (e.g., Chen, 2018). Since the lengths of
cone scales may be related to the seed sizes of longleaf pine, the seed size and quantity could be linked to the
restoration of longleaf pine forests. But the scaling exponents among different individual trees or cones were not
significantly different from 3/4 (Fig, 2, Fig. 4). Since only five trees or cones were included in this study, more
samples are needed to test whether the scaling exponent across different trees is still within the value of 3/4.
Further long-term studies should be conducted on the relation between cone scales, seed size, and seedling
regeneration.

Taylor’s Laws provide detailed information on size variation in leaves and cone scales. They can indicate the
scale break (or shift) in the size variations. The leaf lengths of three trees (#1, 11, and V) did not follow Taylor’s
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Laws (Fig. 5b). This result may be partially related to the time of this observation (July), since staghorn sumac
maybe not fully mature during that time. A previous study on Crape myrtle indicated that temporal dynamics in
scaling exponents could exist (Chen, 2017). Despite Taylor’s Laws in the lengths of cone scales, some scale
break or shift could be seen obviously (Fig. 6), especially at the small sizes. When trees are young, they have
high bifurcation in geometry (Borchert & Slade, 1983). Plant organs are self-organized products. The scale break
and multiple domains in average length and variance relations may indicate different driving forces or regime
shifting in organ growth (e.g., sunlight and soil water). Scaling exponents may reflect the difference in living
conditions, including all interactions among all elements of the living system (Arruda-Neto et al., 2012). Our
methods may be applied to study the pattern variation of plant organs in fossil and modern material alike.

5. Conclusion

As a case study of plant organs, for the lengths of leaves in staghorn sumac and longleaf pine cone scales, there
existed power laws of frequency, but the exponents differed. Taylor’s Law existed in the lengths of cone scales
and some leaves. The approach of Taylor’s Law could be used to identify the scale break and domains. The
power laws are related to the energy allocation in plant organs. The methods may be used to study the evolution
of plant organs. Further research should be conducted to identify the underlying mechanisms through long-term
and well-controlled experiments.
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