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Abstract: Understanding the response of biomass alloca-
tion in current-year twigs is crucial for elucidating the
plant life-history strategies under heterogeneous vol-
canic habitats. We aimed to test whether twig biomass
allocation, within-leaf biomass allocation, and the size-
number trade-off of Betula platyphylla would be influenced.
We measured twig traits of B. platyphylla in Wudalianchi
volcanic kipuka, the lava platform, and Shankou lake in
northeastern China using standardized major axis analyses.
The results showed that the leaf number, total lamina mass
(TLAM), stem mass (SM), and twig mass (TM) were signifi-
cantly different between the three habitats and were greatest
in kipuka with abundant soil nutrients. TLAM and SM scaled
allometrically with respect to TM, while the normalization
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constants of the lava platform differ significantly between
kipuka and Shankou lake, which showed that under certain
TM, leaves gain more biomass in the lava platform.
However, within the leaf, individual lamina mass (ILM)
scaled isometrically with respect to individual petiole mass
(IPM) in kipuka and the lava platform, but ILM scaled allo-
metrically to IPM in Shankou lake. Our results indicated that
inhabitats influenced the twig traits and biomass allocation
and within-leaf biomass allocation are strategies for plants
to adapt to volcanic heterogeneous habitats.

Keywords: twig traits, Betula platyphylla, biomass alloca-
tion, volcano

1 Introduction

Twig biomass allocation is an important driving factor for
capturing the net carbon affecting the phenotype and
function of plant leaves and twigs and is sensitive to
environmental change. Research on the effects of hetero-
geneous habitats on biomass allocation is crucial for under-
standing the plant life-history strategies [1,2]. The allometric
function has been applied to describe plant biomass alloca-
tion. The allometry estimates how one variable scales
against another and tests hypotheses about the nature of
this relationship and how it varies across samples [3,28].
The current-year twig is the most viable part of the plant
branching system, its internal nutrient transformation rate
is high, and its trait response is easily observed. The cur-
rent-year twig can reflect the response of plants to the envir-
onment more accurately than the older parts of the plant.
Therefore, revealing the relationships of the internal com-
ponents of laminas, petioles, and stems on the current-year
twig is vital for understanding the resource allocation stra-
tegies of plants under environmental stress [4].

Plants are sessile and grow in a specific environment.
Because the available resources are limited, plants use
resources more efficiently by adjusting traits. Plants invest
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too many resources in a particular functional trait, and the
corresponding traits will be reduced [5,6]. The trade-off
relationship between twig and leaf size is the core pheno-
menon in the study of plant life-history strategies. Twigs
and leaves are important transport and material produc-
tion organs that play a critical role in carbon acquisition,
allocation strategy, and water transport efficiency [4,7].
Some studies have suggested that the leaf mass scales
isometrically with the stem mass (SM) in twigs, and the
twig size does not significantly affect the allocation pattern
[8]. In determining the relationship between twigs and
leaves, the thicker the twigs, the larger the components
(leaves, inflorescences, and fruits), and larger leaf biomass
[7,9,10]. The relationship also exists within the leaf. The
leaf is composed of a lamina and petiole that is an essen-
tial component of the twig. The lamina is the primary site
of photosynthetic activity and carbohydrate synthesis,
while the petiole is a cantilevered structure that supports
and supplies laminas, additionally playing the role of sup-
porting static gravity and resisting external dynamic ten-
sion [11]. Generally speaking, when the biomass of the
total leaves is fixed, the more biomass allocated to leaves,
the stronger the photosynthetic carbon acquisition capa-
city of leaves, and the more favorable to plants; however,
the increase of leaf area and weight requires that the
petiole must have higher support capacity, and the increase
of leaves also leads to an increase of biomass allocated to
petioles and midvein [12]. Numerous studies of twig bio-
mass allocation have been carried out on different habitats
[13] and plant species [14,15]; however, there are a few
studies on volcanic habitats. Therefore, further research
on how plants adjust the relationship between twigs and
leaves to adapt to extreme volcanic habitats is required.
Besides the trade-off relationship of biomass alloca-
tion, the trade-off between the leaf size and leaf number
(LN) has a very important influence on the plant biomass
allocation strategies; it affects the plasticity of the leaf
economic spectrum and leaf function traits [16] and
reflects the plant’s adaptability to special habitats [17].
Westby found a trade-off relationship between the leaf
size and LN at the twig level [18]. Kleiman and Aarssen
studied 24 deciduous broadleaved tree species and found
a negative isokinetic growth relationship between leafing
intensity (LI) and leaf area [18]. Li et al. study on 12
deciduous shrub species in the western Gobi and 56
woody plants in temperate zones also showed an isoki-
netic growth relationship between the leaf size and LI
[19]. However, Milla found a negative allometric growth
relationship between the dry leaf weight and LI [20].
Although the trade-off between the leaf size and LI is
widespread among species and habitats [21,22], a few
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research studies have focused on the relationship between
different volcanic habitats.

The Wudalianchi National Geological Park (WNGK),
located in the Heilongjiang Province of Northeast China,
has a well-preserved single genetic inland volcanic land-
form and maintains the original and complete vegetation
ecological succession process. Thus, it provides an ideal
location for the study of plant succession and evolution
in a volcanic ecosystem. After the volcanic eruption,
two types of relative volcanic landforms were created, the
lava platform and the kipuka. Although in the same area,
Shankou lake was not affected by volcanic activity. Betula
platyphylla is a tall deciduous tree, a pioneer species distrib-
uted in a kipuka, lava platform, and Shankou lake. These
three habitats exhibit differences in environmental factors
such as light, water, and soil nutrients. In this study, twig
traits and biomass allocation, and the size-number trade-offs
of B. platyphylla in three different habitats were investigated.
The objective was to understand the adaptive strategies
adopted by adjusting twig biomass allocation of B. platy-
phylla to provide a scientific basis for the study of plant
succession in a volcanic habitat.

2 Materials and methods

2.1 Study area

This study was conducted in WNGK, Heilongjiang Province,
northeast China (48°30’-48°50’N, 126°00'-126°25’E). The
last volcanic eruption occurred in Laoheishan between 1719
and 1721, forming an 80 km? basalt lava platform [23]. The
kipuka was not covered with volcanic lava and retained the
original island soil [24]. Shankou Park, 65 km from WNGK,
was not affected by the volcanic eruption [25] (Table 1). The
Wudalianchi area has a temperate continental monsoon cli-
mate with severely cold and long winters and pleasantly cool
and short summers. It has an annual average temperature of
—0.5°C, annual average precipitation of 473 mm, an annual
frost-free period of 121 days, and a zonal dark-brown soil
type. The vegetation of Wudalianchi is temperate, broad-
leaf, and mixed forest. The pioneer community of forest suc-
cession in the three habitats was Populus birch forest.
The dominant plants are Larix gmelini, Quercus mongolica,
B. platyphylla, Populus davidiana, and P. koreana.

In August 2019, five healthy, mature B. platyphylla
plants were selected from the kipuka, lava platform,
and Shankou lake. To reduce the influence of the tree
size, the age of sample trees was not less than 20 years,
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Table 1: General characteristics of the study areas
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Plots Kipuka (H1) Lava platform (H2) Shankou Park (H3)

Location 48°39’13”N, 126°16’30”E 48°42'32”N, 126°07'06”E 48°28720”N, 126°30'30”E

Eruption time 300 years ago 300 years ago No eruption

Soil type Dark-brown soil, black volcanic Volcanic stony soil, Herbaceous volcanic  Dark-brown soil
ash [26] ash [26]

TN (%) 1.72 £ 0.35 0.17 + 0.07 0.58 + 0.2

TP (%) 0.17 + 0.03 0.31 + 0.05 0.14 + 0.05

TK (%) 151+ 0.31 3.24 + 0.31 1.76 + 0.18

Altitude 328 m 328 m 306 m

Vegetation Poplar birch forest Poplar birch forest Poplar birch forest

Crown density (%) 60-80 30-50 60-80

Height (m) 7-11 3-5.5 10-16

Diameter at breast 6.8-8.5 2.6-6.8 12-13.5

height (cm)

Foreat age 28 + 6.7 45 + 8.2 43 + 2.4

and they had similar diameters at breast height. The dis-
tance between samples was not less than 20 m. The top
six vegetative branches without apparent leaf area loss
were randomly selected from the outer canopy of each
B. platyphylla plant, that is, from the distal end to the last
terminal twig that is usually branchless, flowerless, and
fruitless; it is the terminal twig of the current year’s twig.

Twigs are composed of leaves and stems, and the
leaves consist of two parts: lamina and petiole. All leaves
on each current year’s twig were taken off, and the LN
lamina was recorded. The laminas, petioles, and stems
were oven-dried at 70°C for 48 h to a constant weight,
and the dry weight was measured. In this study, the total
lamina mass (TLAM), total petiole mass (TPM), and total
leaf mass (TLM) were determined using the total dry
weights of the laminas, petioles, and stems of each twig.

Within the leaf biomass and trade-off relationship,
individual leaf mass is the average of all the individual
leaf dry weights. Additionally, we calculated the leaf
intensity using the relevant calculation formula as follows:

Leaf intensity (No./g) = leaf number per unit
twig/twig mass (including stem, laminas, and petioles).

2.2 Statistical analysis

All the data were log 10 transformed to fit a normal dis-
tribution before analysis. The mean and standard error of
each twig trait was calculated. Analysis of variance fol-
lowed by Duncan’s test was used to identify significant
differences among the habitats. The relationships between
TLAM and twig mass (TM), TPM and TM, SM and TM, TLM
and SM, ILM and individual petiole mass (IPM), and ILM
and LI were evaluated by regression analysis. Regression

analyses showed that the variables of primary interest
were log—log linear-correlated and conformed to the equa-
tion log(y) = log(b) + alog(x), where log b is the scaling
constant, a is the scaling exponent, and y and x are dif-
ferent parts of plant biomass. When a = 1, the scaling
relationship is isometric; and when a # 1, the scaling rela-
tionship is allometric [27]. Then, we compared the slopes
of these linear relationships during different habitats using
standardized major axis regression analysis, which was
implemented in the “smatr” package [28]. All statistical
analyses were performed using R-3.6.2.

3 Results

3.1 Twig traits of B. platyphylla in
heterogeneous habitat

The LN, TLAM, SM, and TM of B. platyphylla were signifi-
cantly different among the three habitats (Table 2). The
LN, TLAM, SM, and TM of B. platyphylla in the kipuka
were greater than those in the lava platform and Shankou
lake. The IPM and TPM of B. platyphylla in the kipuka were
significantly higher than the lava platform and Shankou
lake. The LN, TLAM, SM, and TM of B. platyphylla were
larger in the kipuka but were smaller in the lava platform.

3.2 Twig biomass allocation of B. platyphylla
in a heterogeneous habitat

The TM was positively correlated with the TLAM and SM
(Figure 1, Table 3). Among the three habitats, TLAM and
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Table 2: Branch traits of B. platyphylla in a heterogeneous habitat (mean + SD)

Trait Codes Kipuka (H1) Lava platform (H2) Shankou lake (H3)
LN (LN) 8.57 + 2.21a 4.90 + 0.80c 6.90 + 1.49b
ILM (mg) (ILM) 130.40 + 42.48a 119.02 + 24.35a 125.62 + 57.30a
IPM (mg) (IPM) 9.20 + 2.70a 7.72 + 1.76b 7.42 + 3.11b
TLAM (g) (TLAM) 1.17 +£ 0.63a 0.59 + 0.17c 0.87 + 0.42b
TPM (g) (TPM) 0.08 + 0.04a 0.04 + 0.01b 0.05 + 0.02b
SM (g) (SM) 0.30 £ 0.19a 0.08 + 0.02c 0.21 + 0.11b

™ (g) (TM) 1.56 + 0.85a 0.70 £ 0.20c 1.14 + 0.54b

LI (No./g) (L) 6.46 + 2.49a 7.31+ 1.64a 711+ 2.74a

Note: Different lowercase letters mean significant difference at the a = 0.05 level between different habitats.

SM scaled allometrically with respect to TM, with common correlated with TPM. Their common slope was 0.96 (95%
slopes of 0.97 (95% CI = 0.95 and 1.00, P = 0.45) and 1.33 CI=0.89 and 1.03, P = 0.17). TPM scaled isometrically with
(95% CI = 1.23 and 1.43, P = 0.81), and the normaliza- respect to TM. The TLM was positively correlated with the
tion constants of B. platyphylla in lava platform differ signifi- SM. Among the three habitats, TLM scaled allometrically
cantly in kipuka and Shankou lake. The TM was positively ~with respect to SM, with a common slope of 0.71 (95%
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Figure 1: Twig biomass allocation relationship of B. platyphylla.
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Table 3: Summary of regression slopes and confidence intervals for TLAM, TPM, SM vs TM, TLM vs SM, and ILM vs IPM
Index (log y - log x) Iltem Slope 95% Cl Intercept R? P n
TLAM-TM H1 1.003 0.97, 1.03 -0.12 0.993 <0.001 30
H2 0.997 0.98, 1.01 —-0.08 0.999 <0.001 30
H3 1.018 0.99, 1.05 -0.12 0.993 <0.001 30
TPM-TM H1 0.970 0.86, 1.09 -1.27 0.905 <0.001 30
H2 1.081 0.89, 1.31 -1.26 0.754 <0.001 30
H3 0.863 0.74, 1.00 -1.33 0.844 <0.001 30
SM-TM H1 1.075 0.96, 1.20 -0.74 0.918 <0.001 30
H2 1.079 1.01, 1.16 -0.94 0.968 <0.001 30
H3 1.132 0.98, 1.31 -0.73 0.861 <0.001 30
TLM-SM H1 0.927 0.81, 1.07 0.59 0.871 <0.001 30
H2 0.920 0.85, 1.00 0.81 0.959 <0.001 30
H3 0.886 0.75, 1.05 0.56 0.804 <0.001 30
ILM-IPM H1 1.072 0.88, 1.31 1.08 0.733 <0.001 30
H2 0.804 0.64, 1.01 1.36 0.650 <0.001 30
H3 1.217 1.02, 1.46 1.04 0.781 <0.001 30
ILM-LI H1 -0.999 -1.06, -0.93 2.87 0.972 <0.001 30
H2 -0.994 -1.01, -0.97 2.92 0.998 <0.001 30
H3 -1.036 -1.08, 0.99 2.95 0.988 <0.001 30

LI for twig biomass allocations of B. platyphylla in a heterogeneous habitat, H1: Kipuka, H2: Lava platform, H3: Shankou lake. Statistically

significant relationships are tested at the 0.05 level.

CI = 0.64 and 0.79, P = 0.81), and the normalization con-
stants of B. platyphylla in the lava platform differ signifi-
cantly in kipuka and Shankou lake.

The ILM was positively correlated with the IPM (Figure 2,
Table 3). Among the three habitats, ILM scaled isometrically
with respect to IPM in kipuka and the lava platform (Figure 2),
with slopes of 1.072 and 0.804, respectively, but ILM scaled
allometrically with respect to IPM in Shankou lake, with a
slope of 1.217.
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Figure 2: Within leaf biomass allocation relationship of B. platyphylla.

3.3 Leaf size-number trade-off of B.
platyphylla in heterogeneous habitat

The ILM was positively correlated with the LI (Figure 3).
Among the three habitats, ILM scaled isometrically with
respect to LI (Table 3), with a common slope of -1.01
(95% CI = -1.04 and -0.97, P = 0.19). The normalization
constants did not differ significantly across the three
habitats.

24
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Figure 3: The size-number trade-off of B. platyphylla in different habitats.
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4 Discussion

Habitat is an important factor affecting the distribution
and growth of plants, and the adaptation of plants to
habitats is a trade-off process involving internal and
external plant functional traits [29]. Different environ-
mental factors, such as soil moisture, nutrient, and light
conditions, elicit different plant survival strategies. The
LN, TLAM, SM, and TM of B. platyphylla were significantly
different in the three habitats, suggesting that they are
affected by the habitat. They are the greatest in kipuka
with good environmental conditions and lowest in the
lava platform with relatively poor environmental condi-
tions. This may be because kipuka retains the original
dark-brown soil before the eruption, now covered with
a layer of black volcanic ash [26]; therefore, soil nutrients
are more abundant, and plants produce larger leaves and
twigs. Since the volcanic eruption was only 300 years
ago, the soil matrix of the lava platform is volcanic stony
[26], the soil nitrogen and water content are low, and potas-
sium is rich; in general, plant growth conditions are rela-
tively poor, resulting in smaller leaves and twigs [30,31].
Twig biomass allocation is an important driving factor
for plant net carbon acquisition, [32] turnover, and plant
life history under different habitats. The leaf is the main
site for photosynthesis, where the exchange of material
and energy occurs, and the stem has multiple functions
of nutrient transport, storage, leaf support, and expansion
of growth space. This study found that TLAM and SM were
scaled allometrically with respect to TM. TLM scaled allo-
metrically with respect to stem, and the common slope of
the TLAM and the TM was lesser than 1. However, the
common slope of the SM and the TM was greater than 1.
The results showed that the weight increase rate of the
stem was higher than the leaf in twigs, probably due to
plants preferentially allocate biomass to stem organs to
support the leaf and transport nutrients and water in the
volcanic habitat. The normalization constants of TLAM
and the TM had an upward displacement in the main
axis direction in the lava platform. However, the normal-
ization constants of SM and the TM had a downward dis-
placement in the direction of the main axis. The results
showed that because of exposed rocks, shallow soil layer,
less plant distribution, and, more direct sunlight in the lava
platform, B. platyphylla needed to allocate a higher propor-
tion of biomass to its leaves for photosynthesis and food
production in the lava platform. This study found that the
total petiole was isometric with respect to TM with their
common slope of 0.96 (95% CI = 0.89 and 1.03, P = 0.17);
the results showed petiole mass had little effect on biomass
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allocation in the twig, and petiole mass in the twig was not
affected by the habitat.

The leaves have two components: an expanded lamina
and a beam-like petiole. The support investment within the
leaf is an important part of the support investment of the
plant [33]. The lamina produces nutrients, and the petiole is
a cantilever structure supporting the lamina and serves in
the transportation of nutrients and water. This study found
that the slope differs significantly across the three habitats.
The results showed that the habitat conditions affected the
leaf biomass allocation. The relationship between ILM and
IPM was allometric, scaling with slopes significantly >1.0 in
the Shankou lake. This suggests that the increase in lamina
investment was greater than the lamina support cost. A few
studies have found an allometric scaling relationship
between the leaves (photosynthetic structures) and petioles
(support structures) [25,34]. In general, when the total leaf
biomass is not fixed, more biomass is allocated to the
leaves, increasing their photosynthetic carbon acquisition
capacity; the plant is benefited by increased leaf area and
quality. The relationship between ILM and IPM was iso-
metric scaling in kipuka and the lava platform: the higher
the lamina mass, the greater the petiole mass. The petiole
mass increased to support the increase in the leaf mass [35].
The support investment accelerated with the increased cost
of the expanded leaf size, and the increased support cost
may be more than offset by the increased carbon absorption
due to leaf enlargement.

The plant trade-off relationship between the leaf size
and LN is ubiquitous. They are two important factors
determining the compactness of the crown that directly
affects the canopy structure and the development mode
of plants and subsequently affects light interception and
carbon acquisition capacity [36]. The changes in leaf
sizes are correlated with the availability of water and
nutrients in the habitat and other plant functional traits
[37]. Sun et al. analyzed the twigs of 123 species datasets
compiled in the subtropical mountain forest, the minimum
leaf mass and maximum leaf mass versus the LI based on
SM (LI), and the scaling exponents ranged from -1.24 to
-1.04 [38]. Our study showed a significant negative iso-
metric scaling relationship between ILM and LI in the three
habitats. Their common slope was -1.01 (95% CI = —-1.04
and -0.97, P = 0.19). Previous studies have shown a sig-
nificant negative isometric scaling between the leaf size
and LI for species in different habitats [21,39]. Due to their
sessile nature, plants cannot escape risk in the growth
process; they take appropriate strategies to adapt to the
external environment. The larger leaves are predominantly
arranged on the current-year twig in kipuka with the lesser
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LN, the larger leaves maximizing light interception and
photosynthetic carbon acquisition in low light and nutrient-
rich habitat [40]; plants will compensate for the increased
cost of large-leaf construction and expansion by reducing
the number of leaves and minimizing the degree of self-shade.
In contrast, B. platyphylla had small leaves in the lava plat-
form. Small leaves have a shorter leaf unfolding time than
large leaves; they are less resistant to heat and have less sur-
face area for material exchange, which are better adapted to
environmental conditions of high light radiation and low
nutrients [19], and so, plants need higher LN.

5 Conclusion

In this study, LN, TLAM, SM, and TM were significantly
different between the three habitats and were greatest
in kipuka with abundant soil nutrients. TLAM and SM
scaled allometrically with respect to TM, and the normal-
ization constants of the lava platform differ significantly
from the kipuka and Shankou lake, which showed that
under certain TMs, leaves gain more biomass in the lava
platform with barren soil nutrients. However, in within-
leaf, ILM scaled isometrically with respect to IPM in
kipuka and the lava platform, but ILM scaled allometri-
cally with respect to IPM in Shankou lake. Our results
indicated that inhabitats influenced the twig traits and
biomass allocation, and within-leaf biomass allocation is
a strategy for plants to adapt to volcanic heterogeneous
habitats.
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