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Abstract: Assessing carbon stocks in tropical forests is crucial for understanding their role in mitigating climate
change. (1) Background: However, existing assessments have underestimated certain factors that can
substantially influence carbon dynamics. (2) Methods: This study focuses on one such factor - buttress roots
from a tropical forest. (3) Results: Our findings reveal that a significant proportion of trees (69.57%) had 3 to 5
buttress roots per tree. The total biomass of the buttress roots and the aboveground portion of the trees with
buttress roots were calculated to be 8.5 tonnes/ha and 10.7 tonnes/ha respectively. The buttress root biomass
accounted for 16.18% of the total tree biomass. It was observed that the presence of buttress roots during both
the rainy and dry seasons increased the soil organic carbon content by an average of 20.8% in the upslope areas
with buttress roots. During the rainy season, the presence of buttress roots did not affect the heavy fraction
organic carbon in the soil layers in a statistically significant way. Regardless of the season, the soil respiration
rate in the areas without buttress roots was higher than that in the areas with buttress roots. The presence of
buttress roots had a positive effect on soil nutrient concentration in all seasons, creating a healthier environment
for trees. Tree species with buttress roots had on average 20% higher organic carbon content during both the
wet and dry seasons. (4) Conclusions: These findings highlight the importance of considering buttress roots in
carbon stock assessments and forest management strategies. By integrating buttress roots into carbon
accounting models, we can obtain more accurate estimates of carbon stock potential and develop more effective
conservation and restoration strategies for tropical forests.

Keywords: carbon stocks; tropical forests; buttress roots; soil carbon content; carbon dynamics

1. Introduction

In the context of global climate change, reducing CO: emissions and enhancing biological carbon
stocks are critical measures to mitigate global warming [1]. Tropical rainforests, despite covering only
7% of the global land area [2], play a vital role in carbon absorption through photosynthesis,
surpassing carbon emissions from human fossil fuel combustion by six times [3]. These forests hold
carbon stocks and net primary productivity exceeding 30% of the global land area [4,5]. Notably,
tropical forest carbon sinks pose the most uncertain component of the global carbon budget,
emphasizing the need for accurate carbon stock estimations in tropical forests to comprehend the
global carbon balance and advance initiatives to reduce CO:2 emissions through forest management
[6].

Forest carbon stocks comprise three components: aboveground biomass, belowground biomass,
and soil carbon stocks [7]. Allometric regression models, typically utilizing parameters such as basal
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diameter (BD) or diameter at breast height (DBH), are commonly employed to estimate aboveground
biomass, enabling the calculation of individual tree biomass [8,9]. However, in the case of surveys in
tropical rainforests, the measurement position of tree stems with buttress roots is often determined
based on the height of these roots. Trees with the highest point of buttress root attachment below 1.3
m are measured at 1.3m for DBH, while trees with the highest point of buttress root attachment above
1.3 m are measured at 0.5m above the highest point of the buttress roots [10,11]. Consequently, the
biomass of buttress roots is often overlooked in the calculation of aboveground tree biomass.
Similarly, limited empirical studies exist on belowground biomass due to the complex and time-
consuming sampling process as well as the labor-intensive and costly nature of the research [12].
Estimations frequently rely on relationships with aboveground biomass, disregarding the biomass of
buttress roots. Accurately measuring aboveground, belowground, and total biomass is challenging
due to the irregularities at the base of trees caused by buttress roots, and no reports have been
published on constructing allometric growth equations for buttress-rooted trees based on diameter
[13].

Buttress roots are a common phenomenon in most tropical forests [14]. Besides providing
support and enhancing trunk mechanical stability, buttress roots fulfill other crucial ecological
functions within the entire ecosystem [15,16]. For instance, they enhance heterogeneity and regulate
understory diversity in tropical rainforests [17]. Pandey discovered that soil organic carbon (SOC),
total N, mineralized N, and soil particle size in buttress root zones of tropical rainforest in South
Andaman Island, India, were 18%, 52%, 38%, and 13% higher, respectively, than in non-buttress root
zones [18]. However, there have been no studies that have adequately addressed the ecological roles
of buttress roots in tropical forests in China; thus, this study is a novel undertaking to attempt to fill
this gap. The influence of buttress roots on the surrounding topography results in higher
accumulations of litter, surface soil nutrients, and water content near the upslope of buttress roots as
compared to the downslope, establishing a persistent water gradient even during the dry season
[18,19].

The role of buttress roots in environmental changes and increased spatial heterogeneity of soil
has been overlooked in studies on the carbon stock capacity of tropical rainforests and therefore
remains unclear. Thus, this study focuses on the tropical lowland rainforest of Diaoluo Mountain in
Hainan Province, China. By analyzing the biomass of buttress roots, soil organic carbon in buttress
root zones, and soil respiration, we aim to explore the contribution of buttress roots to carbon stocks
in tropical forests. Additionally, this research provides theoretical support for understanding the
carbon stock capacity of tropical rainforest ecosystems and global carbon accounting.

2. Materials and Methods

2.1. Study Site

The study site is situated within the pristine Diaoluo Mountain Nature Reserve located in
Hainan Province, China (coordinates 18°43'-18°58'N, 109°45’-110°03'E) [20]. This area is renowned for
its unspoiled tropical rainforest, making it an important ecological site within China [21].

The reserve has a tropical marine monsoon climate characterized by an average annual
temperature of 24.6°C [22]. The warmest month, July, sees an average temperature of 28.4°C, while
the coolest month, January, has an average temperature of 15.3°C, with the relative humidity
remaining consistently high at an average of 85.9% [23]. The annual precipitation totals 2160 mm,
with a distinct division between the wet season from the end of May to October and the dry season
from November to early May of the following year, with April serving as a transitional period
between these two seasons [24].

Topographically, the reserve comprises predominantly middle mountains with elevations
ranging from 100 m to 1499 m above sea level, with the terrain being higher in the northern part and
gradually descending towards the southern region [25]. The primary soil types are sandy red soil and
mountain yellow soil derived from parent materials such as granite and diorite, characterized by
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depth, moisture, acidity, and richness in organic matter, although in some areas, exposed bedrock
results in extremely shallow topsoil [21].

The reserve's vegetation is exceptionally diverse, featuring a complex composition that includes
extensive areas of pristine primary forests alongside extensive secondary forests. Prominent tree
species found within the reserve include Vatica mangachapoi, Schima superba, Lithocarpus
silvicolarum, Heritiera parvifolia, and Koilodepas hainanense [21].

2.2. Research Methods

2.2.1. Sample Collection

In the lowland rainforest region at an elevation of 300 m within the Diaoluo Mountain Nature
Reserve, a 1-hectare (100 m x 100 m) vegetation plot was established in an undisturbed and
representative forest area. This plot was further subdivided into 100 subplots, each measuring 10 m
x 10 m. Within each subplot, comprehensive data were collected for all trees with a diameter at breast
height (DBH) >10 cm. Spatial autocorrelation did not influence this study as we chose an area of
varying vegetation density and varying elevation gradient; therefore, the difference recorded from
one plot to the next was statistically significant. A buttress root was defined as a buttress-like
projection of a tree root that extends from the trunk and is visible above the ground. This information
included species identification, height, DBH, the presence of buttress roots, height at which buttress
roots began, the number of buttress roots (each buttress protrusion from the stem), height and length
of buttress roots, width of buttress roots at the proximal and distal ends of the tree trunk, and other
relevant details (Figure 1).

Within the 10 m x 10 m vegetation plot, five trees with distinct buttress root structures and an
average DBH of 28.5+13.3 cm were selected as representatives of buttress-rooted trees totaling 840
trees. Additionally, five non-buttress-rooted trees with similar DBH and slope positions were chosen
as control specimens, resulting in a total of 10 trees for analysis. This process was repeated five times
to ensure statistical robustness.

To enhance sample representativeness, soil sampling points were designated at various
positions around the base of each tree trunk. These positions included directly below the trunk, 50cm
above it, as well as to the upper left, upper right, lower left, and lower right of the trunk (Figure 1).
For each buttress-rooted tree and non-buttress-rooted tree, three soil sampling points were
established at equal distances of 50cm from the trunk in both the upslope and downslope directions.

Sampling was performed at two distinct soil layers: 0-10 cm and 10-30 cm in depth. Soil samples
from each layer were carefully combined, and 100 g of soil was collected from each sampling point
using the quadrant method. After eliminating extraneous materials like gravel and plant debris, soil
samples from the same layer were thoroughly mixed in equal proportions. The mixed soil samples
were subsequently divided into two portions.

One portion was placed in aluminum containers, meticulously labelled, and preserved with the
original soil structure intact for subsequent determination of soil mechanical composition and density
characteristics. The other portion was deposited in sealed bags, labelled accordingly, and securely
stored for further analysis of various soil physicochemical properties. These properties encompassed
parameters such as pH, total carbon, total nitrogen, total phosphorus, total potassium, hydrolyzed
nitrogen, available potassium, available phosphorus, and more, all of which were examined in a
laboratory setting.

Soil sample collection was conducted during two distinct periods: in August 2020,
corresponding to the rainy season, and in January 2021, representative of the dry season. A total of
20 soil samples were collected for each soil layer during each sampling event. This resulted in a grand
total of 40 bagged soil samples and 40 aluminium box samples being acquired during each sampling
period, thus yielding a comprehensive dataset of 160 soil samples. Surface litter was removed before
sample collection.

Upon collection, these soil samples were meticulously air-dried within a dedicated soil room.
Subsequently, they were sieved through different mesh sizes according to specific analysis
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requirements. Finally, the prepared samples were dispatched to the laboratory for an examination of
soil physicochemical properties. The determination of soil organic matter content was performed
using the potassium dichromate oxidation-external heating method (LY/T1237-1999).

Sample collection

=

(a)

Tree trunk (b)

Height of buttres: Buttress root

root

Sloped ground level
Width of buttress

root (thickness)
\ Length of buttress
root

Ground slope

Top down view of
buttress root

Figure 1. Soil Sample Collection Schematic (a) Cross-section of Plate-rooted tree; (b) Plan view of
Plate-rooted tree).

2.2.2. Biomass Calculation
Buttress Root Biomass Calculation [26]:
V =0.5(H.L) X 0.33Q2W, + W,) (1)

H: Height of buttress root (m) [measured longitudinally from the ground level to the termination
point on the stem]

L: Length of buttress root (m) [the distance between the buttress root’s furthest point from the
stem to the closest point to the stem measured transversely at the ground level

W1: Width of buttress root near the tree trunk (m) [measured transversely at the highest point
from the ground where the buttress root attaches to the stem]

W2: Width of buttress root away from the tree trunk (m) [measured transversely at the ground
level]

Tree Biomass Calculation [27]:

Wy = 0.022816(D2H)0%992674 @)

Where:
D: Diameter at breast height (m)
H: Tree height (m)
This research utilized the following volume-to-biomass conversion equation [28]:

Biomassij = bi x Volume:i 3)

Where: Volumei is whole root volume m3 which is the volume for all the Biomass components (j),
i.e., the predictor variable was the same but the dependent variable changed depending on the
biomass component. bij= Least squares regression coefficient (slope) for biomass component j (j=1 -
0.4).

2.2.3. Determination of Soil Organic Carbon Components

The soil organic carbon was determined using the Nal heavy liquid fractionation method [29].
Ten grams of air-dried soil samples, which had passed through a 2 mm sieve, were weighed into a
100 ml centrifuge tube. Subsequently, 40 ml of Nal solution with a density of 1.9g/cm? was added to
the tube, and the mixture was oscillated for 60 minutes on a reciprocating shaker with a shaking
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speed of 250 times/min. The dispersed suspension was then centrifuged at 3000 rpm for 10 minutes.
The suspended solids on the surface of the mixture were filtered through a 0.45um microporous
membrane to separate the light fraction organic matter. Following this, 20-30 ml of Nal solution was
added to the centrifuge tube, and the same steps of separation, centrifugation, and collection of the
reconstituted material were repeated (2-3 times). The collected reconstituted material was rinsed with
a 0.01 mol/L CaClz solution and further rinsed with distilled water until no Cl-reaction occurred. The
reconstituted material was transferred to a pre-weighed 25 ml beaker, dried at 60°C for 24 hours, and
then weighed to determine the proportion of reconstituted material to the total sample mass.

The reconstituted organic carbon content was determined by grinding the material that passed
through a 0.15mm sieve and using the potassium dichromate oxidation-external heating method.

Reconstituted Organic Carbon (I;ig) =

Reconstituted Organic Carbon X Reconstituted Material Mass
/ Dry Soil Mass

Light Fraction Organic Carbon (%) =

Total Organic Carbon Content X Dry Soil Mass
— Reconstituted Organic Carbon

2.2.4. Measurement of Soil Respiration

Within the selected tree disc area of each tree, at a distance of 80 cm from the trunk, PVC collars
with an inner diameter of 20 cm and a height of 10 cm were installed for buttress-rooted trees on the
upslope and downslope positions, and for non-buttress-rooted trees on the lateral position. The
height of the PVC collar above the ground surface was approximately 2-3cm.

Soil respiration was measured using a Li-8100A Soil CO: Flux System (Li-COR Inc., Lincoln, NE,
USA). Measurements were conducted every 30 minutes from 9:00 a.m. to 5:00 p.m. on sunny days in
August 2020, corresponding to the rainy season, and in January 2021, representative of the dry
season. One month before soil respiration measurements, six PVC soil collars (with an inner diameter
of 20 cm and a height of 12 cm) were installed in each 20 m x 20 m plot. The PVC soil collars were
pressed into the soil at a depth of 8-10 cm, minimizing soil compaction caused by the PVC collars. All
aboveground parts of plants within the collars were completely removed, and the soil around the
outer ring of the PVC collar was compacted to ensure no gas leakage. The position of the PVC collars
remained unchanged throughout the measurement period.

2.3. Statistical Analysis

The collected data underwent statistical analysis to determine significance and draw
conclusions. Descriptive statistics, including means, standard deviations, and ranges, were calculated
to summarize the distribution and variability of the data. Analysis of Variance (ANOVA) was
conducted to assess the significance of differences among groups. Post-hoc LSD (Least Significant
Difference) tests were performed to compare specific mean differences, with a significance level set
at a =0.05.

The statistical analysis and data visualization were conducted using R software 3.6.3, which
facilitated data processing and analysis. Graphical representations, including bar charts and box
plots, were employed to visually present the results and enhance their interpretability. By employing
robust statistical techniques, this study ensured the reliability and validity of the conclusions drawn
from the data.
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3. Result

3.1. Buttress Root Biomass

In this study, a total of 840 trees with a diameter at breast height (DBH) greater than 10 cm were
observed in the sample plots. Among them, 69 trees were found to have buttress roots, with each tree
having 1 to 7 buttress roots (Figure 2). A statistically significant number of trees (69.57%) had 3 to 5
buttress roots per tree.

18

1 2 3 4 5 6 7

Number of buttress roots per tree

T T

Figure 2. Distribution characteristics of the number of buttress roots per individual tree.

Using formulas (1) and (2), the total biomass of the buttress roots and the aboveground portion
of the trees with buttress roots was calculated to be 8.5 tonnes/ha and 10.7 tonnes/ha, respectively.
The buttress root biomass accounted for 44.27% of the total tree biomass. The minimum and
maximum individual buttress root biomass were 2.3 tonnes/ha and 3.8 tonnes/ha, respectively.
Compared to the total biomass of the tree, the minimum buttress root biomass was 1.07%, while the
maximum was 88.72%.

3.2. Impact of Buttress Roots on Soil Organic Carbon

From Figure 3, it was observed that the presence of buttress roots, during both the rainy and dry
seasons, increased the soil organic carbon content in the up-slope area with buttress roots. During
the rainy season, there were no statistically significant differences in the soil organic carbon content
between the up-slope and down-slope areas with buttress roots or between the up-slope and down-
slope areas without buttress roots in the 0-10cm soil layer. However, substantial differences were
observed between the up-slope and down-slope areas with buttress roots and without buttress roots
in the 10-30cm soil layer. In the 0-10cm soil layer, the average soil organic carbon content in the up-
slope area with buttress roots was 11.948 mg/g, which was 16.34%, 31.95%, and 37.31% higher than
the down-slope area with buttress roots, up-slope area without buttress roots, and down-slope area
without buttress roots, respectively. In the 10-30 cm soil layer, the average soil organic carbon content
in the up-slope area with buttress roots was 11.356 mg/g, which was 25.86%, 21.16%, and 46.21%
higher than the down-slope area with buttress roots, up-slope area without buttress roots, and down-
slope area without buttress roots, respectively.
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Figure 3. Comparison of soil organic carbon content between regions with and without buttress roots
in different seasons (A: Rainy Season; B: Dry Season). Significance at P <0.05 is indicated by lowercase
alphabetical letters. Soil layers are denoted as 1: 0-10cm soil layer and 2: 10-30cm soil layer. Region
labels include DB: down-slope of buttress roots area, UB: up-slope of buttress roots area, DUB: down-
slope of unbuttressed roots area, and UUB: up-slope of unbuttressed roots area.

During the dry season, statistically significant differences in soil organic carbon content were
observed between the up-slope and down-slope areas with buttress roots and between the up-slope
areas with buttress roots and without buttress roots in both the 0-10cm and 10-30cm soil layers.
However, no substantial differences were found between the down-slope area with buttress roots
and the up-slope areas without buttress roots. In the 0-10cm soil layer, the average soil organic carbon
content in the up-slope area with buttress roots was 10.442 mg/g, which was 34.91%, 32.14%, and
37.72% higher than the down-slope area with buttress roots, up-slope area without buttress roots,
and down-slope area without buttress roots, respectively. In the 10-30cm soil layer, the average soil
organic carbon content in the up-slope area with buttress roots was 8.948 mg/g, which was 33.55%,
31.09%, and 54.99% higher than the down-slope area with buttress roots, up-slope area without
buttress roots, and down-slope area without buttress roots, respectively.

3.3. Impact of Buttress Roots on Soil Heavy Fraction Organic Carbon Content

Figure 4 displays the differences in soil heavy fraction organic carbon content between areas
with buttress roots and areas without buttress roots during different seasons. The heavy fraction
organic carbon in soil refers to the organic-inorganic composite carbon bound to soil mineral colloids.
It represents the primary form of soil organic carbon and is an important indicator of soil carbon
stocks capacity. From Figure 4, it was observed that during the rainy season, the presence of buttress
roots did not affect the heavy fraction organic carbon in the soil layers in a statistically significant
way, as there were no substantial differences observed between the areas with and without buttress
roots. However, during the dry season, in both the 0-10 cm and 10-30 cm soil layers, the up-slope
areas with buttress roots exhibited higher levels of heavy fraction organic carbon compared to the
down-slope areas with buttress roots and the up-slope and down-slope areas without buttress roots.
In the 0-10 cm soil layer, the average content of heavy fraction organic carbon in the up-slope area
with buttress roots (10.962 mg/g) was higher by 32.01%, 30.25%, and 47.54% compared to the down-
slope area with buttress roots, up-slope area without buttress roots, and down-slope area without
buttress roots, respectively. Similarly, in the 10-30 cm soil layer, the average content of heavy fraction
organic carbon in the up-slope area with buttress roots (9.518 mg/g) was higher by 28.22%, 25.12%,
and 41.93% compared to the down-slope area with buttress roots, up-slope area without buttress
roots, and down-slope area without buttress roots, respectively.
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Figure 4. Variation in soil heavy fraction organic carbon content between regions with and without
buttress roots during distinct seasons (A: Rainy Season; B: Dry Season).

3.4. Impact of Buttress Roots on Soil Respiration

Figure 5 illustrates the diurnal variation of soil respiration between areas with buttress roots and
areas without buttress roots during different seasons. Soil respiration is the main pathway through
which CO:is released from the soil to the atmosphere. From Figure 5, it can be observed that the
diurnal variation of soil respiration differs between the up-slope and down-slope areas of the buttress
roots, as well as the areas without buttress roots. Overall, regardless of the season, the soil respiration
rate in the areas without buttress roots was higher than that in the areas with buttress roots.

During the rainy season, both the areas with and without buttress roots exhibit a similar pattern
of increasing and then decreasing soil respiration, with the peak occurring around 11:00. However,
the peak of soil respiration in the areas with buttress roots is slightly delayed, occurring around 13:00.

During the dry season, the variation patterns of soil respiration differ among the up-slope and
down-slope areas of the buttress roots and the areas without buttress roots. In the up-slope area with
buttress roots, soil respiration shows an increasing trend followed by a decrease and then another
increase, with peaks occurring around 11:00 and 17:00. In the down-slope area with buttress roots,
soil respiration generally exhibits a decreasing trend. In the areas without buttress roots, soil
respiration shows an initial increase followed by a decrease, with the peak occurring around 15:00.


https://doi.org/10.20944/preprints202406.1718.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2024 d0i:10.20944/preprints202406.1718.v1

87 (b) Sample
- DB
-+ UB
- UnB

o
1

-
1

Soil respiration rate (1t mol m™= x_l)

¥
L

T T T T T T T T T T
2:00 11:00 13:00 15:00 17:00 9:00 11:00 13:00 15:00 17:00
Time Time

Figure 5. Diurnal variation of soil respiration in areas with and without buttress roots during different
seasons (A: Rainy Season; B: Dry Season). Areas are designated as follows: DB (Down-slope of
Buttress Roots Area), UB (Up-slope of Buttress Roots Area), and UnB (Unbuttress Roots Area both
down-slope and up-slope).

3.5. Impact of Buttress Roots on Various Soil Nutrient Components

Table 1 reveals a noteworthy link (P<0.05) between the primary physical and chemical indicators
of the soil in the root region, excluding phosphorus, throughout the dry season. The correlation
analysis reveals that the highest correlation coefficient (r=0.728) was observed between soil organic
carbon and nitrogen. This is followed by the correlation between organic carbon and potassium
(r=0.059), nitrogen and potassium (r=0.298), nitrogen and available phosphorus (r=0.260), and
phosphorus and potassium (r=0.236). All of these correlations demonstrate a positive relationship. A
tenuous positive association exists between the overall potassium content in soil and other
physicochemical indices. However, there is no correlation (P>0.05) between soil-available potassium
and phosphorus or nitrogen. A statistically significant weak negative association (P<0.05) exists
between soil pH and the levels of organic carbon and nitrogen. There was no statistically significant
relationship between phosphorus and other soil physicochemical indices (P>0.05). Overall, the
presence of buttress roots had a positive effect on soil nutrient concentration in all seasons creating a
healthier environment for trees.

Table 1. The analysis of the main chemical and physical soil properties of samples taken from trees
with buttress roots in the dry season.

Index Organic carbon(  Nitrogen ( Phosphorus ( Potassium ( I
g/kg) g/kg) g/kg) g/kg) P
Organic carbon ( 1,000
g/kg)
Nitrogen (g/kg) 0.728* 1.000
Phosphorus 0.059 0.260 1.000
g/kg)
POtaSS“;m (g/kg 0.305%* 0.298* 0.236 1.000

pH -0.192** -0.177* 0.206 0.076 1.000
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Table 2 reveals a minor alteration in the association among several indicators during the wet
season. In addition to soil pH, there is a strong positive association (P<0.05) between the physical and
chemical indicators of the soil in the root area during the wet season. The correlation coefficient
between nitrogen and accessible phosphorus is the highest (r=0.919), followed by the correlation
between organic carbon and nitrogen (r=0.897), and the correlation between organic carbon and
phosphorus (r=0.786). The relationship between soil pH and other physicochemical properties is not
strong. There is a significant positive correlation between soil pH and nitrogen (P<0.05). On the other
hand, there is a significant negative correlation between soil pH and potassium (P<0.05). Overall, soil
organic carbon was observed to be influenced by soil chemical properties with soil nitrogen having
the highest statistical influence followed by phosphorus and potassium both during the dry and wet
seasons.

Table 2. The analysis of the main chemical and physical soil properties of samples taken from trees
with buttress roots in the wet season.

Index Organic carbon  Nitrogen ( Phosphorus ( Potassium ( H
(g/kg) g/kg) g/kg) g/kg) P
Organic carbon ( 1,000
8/kg) '
Nitrogen (g/kg) 0.897% 1.000
Phosphorus ( 0.786* 0.919* 1.000
g/kg)
Potassium (g/ks 0.291% 0.542* 0.617* 1.000
) : : . .
pH 0.028 0.219 -0.054 -0.382* 1.000

3.6. The Impact of Buttress Roots on Soil Organic Carbon in Different Tree Species

From the analysis in Figure 6, tree species with buttress roots had on average 20% higher organic
carbon content from the samples collected both during the wet and dry seasons. Among the trees
without buttress roots, the tree species Schima crenata had the highest soil organic carbon (11.2 Mg
ha!) during the wet season compared to the lowest which was Symplocos poilanei (7.2 Mg ha™)
during the wet season. Both buttressed and unbuttressed trees had significantly lower soil organic
carbon content (25% lower) during the dry season compared to the wet season. Among the trees with
buttress roots, Engelhardiarox burghiana had the highest organic carbon content (14.1 Mg ha")
compared to Castanopsis hainanensis which has the lowest (9.2 Mg ha) during the wet season.

(a) DUBB dry season BUBB wet season (b) =UB dry season DUB wet season

B DUB dry season oDUB wet season _16 oDB dry season ODB wet season

£12.00 T4
';10.00 uu12
2 g.00 $10
c
g 600 £8
8 4.00 s
L £ 4
€ 2.00 g,
£ 0.00 % 0
= N 2 2
3 \\o“a \\o“a o @t\ ‘? ? "\ * @ sf’& @“ \°° & " *\ °e°r' & '390 w‘f
& 6 N '\ ft
& 0,, & @ & o u@ & e”‘ +o‘ +°& e Q@ & ﬁ\,& &
o F & & & o°e o oG o&" & &
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Figure 6. A figure comparing (a) soil organic carbon in different tree species without buttress roots
and (b) soil organic carbon in different tree species with buttress roots.
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4. Discussion

4.1. Buttress Roots’ Contribution to Soil Carbon Content

The results of this study reaffirm the important role of buttress roots in influencing soil carbon
content within tropical forests, aligning with previous research findings [30]. Biomass, a crucial
indicator of forest carbon stocks capacity, has often overlooked the contribution of buttress roots in
previous studies due to the unique and irregular nature of these structures. However, our findings
indicate that the biomass of buttress roots can account for a substantial portion of the total biomass
in plate-rooted trees, representing 44.27% in this study. The individual variation in buttress root
biomass ranged from 2.3 tonnes/ha and 3.8 tonnes/ha contributing between 1.07% and 88.72% to the
total tree biomass. It is important to recognize the biomass of buttress roots when assessing the carbon
stocks potential of tropical forests, as plate-rooted trees are commonly found in these ecosystems,
typically representing 12% to 35% of the forest composition [31,32]. Additionally, plate-rooted trees
tend to have tall trunks and canopies, with the length and height of their plate roots increasing as the
trees age and grow in diameter at breast height [33,34].

The advent of three-dimensional laser scanning technology offers a promising avenue for further
studying buttress roots [35]. Given the complexities of measuring underground biomass and the
resource-intensive nature of these measurements, estimates of below-ground biomass often rely on
above-ground biomass data [36]. However, due to the distinctive characteristics of plate-rooted trees,
future research should prioritize improving plate-root biomass models and investigating the
relationship between above-ground and below-ground biomass for these trees.

4.2. Influence of Buttress Roots on Soil Organic Carbon

Buttress roots play a multifaceted role in shaping soil organic carbon dynamics within tropical
forests [29]. Our findings underscore the pivotal role of buttress roots in affecting soil organic carbon
levels and distribution within the ecosystem. The presence of buttress roots gives rise to "root walls"
[37], which act as barriers, impeding down-slope material flow. This reduction in surface runoff and
erosion caused by rainfall results in the creation of unique ground biogeochemical zones [18]. The
observed increase in soil organic carbon content in areas with buttress roots can be attributed to
several factors. First, buttress roots contribute to the accumulation of organic matter derived from
their own structure, and their presence fosters enhanced nutrient cycling [18]. The large surface area
of buttress roots, along with their stabilizing influence on tree trunks, creates microenvironments
conducive to organic matter accumulation and the development of nutrient-rich soil conditions [38].

Leaf litter represents a primary source of soil organic carbon. An increase in leaf litter quantity
in plate-rooted areas, as indicated by Pandey may contribute to the elevated soil organic carbon
content in these regions [18]. However, it is noteworthy that some studies have shown that even a
doubling of leaf litter quantity over 15 consecutive years did not result in increased soil carbon
storage in tropical forests [39].

Soil organisms and microorganisms, the primary decomposers of leaf litter, play a crucial role
in soil organic carbon dynamics [40]. Buttress-rooted areas exhibit higher leaf litter quantities
compared to non-buttress-rooted areas, leading to increased species diversity and abundance of soil
animals. These conditions enhance biogeochemical cycling, potentially contributing to higher soil
organic carbon levels, particularly in upper slope positions.

The influence of buttress roots extends beyond soil organic carbon content to encompass other
soil properties, including moisture retention, nutrient availability, and soil structure [41]. The
elevated soil moisture near buttress roots supports plant growth and enhances overall ecosystem
productivity. Alterations in soil structure and nutrient distribution, induced by the presence of
buttress roots, contribute to the ecological functioning of the forest ecosystem as our results show.
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4.3. Impact of Buttress Roots on Soil Respiration

Soil respiration, a critical pathway for releasing CO: from the soil to the atmosphere, exhibits
varying diurnal patterns in areas with and without buttress roots [42]. Our findings indicate that,
overall, soil respiration rates in areas without buttress roots surpass those in areas with buttress roots
during both the rainy and dry seasons. These observed differences in soil respiration patterns can be
attributed to several factors.

During the rainy season, both areas with and without buttress roots display similar patterns of
increasing and decreasing soil respiration, with peak rates occurring around 11:00. However, areas
with buttress roots exhibit a slight delay in the timing of the peak, which occurs around 13:00. In
contrast, during the dry season, the variation in soil respiration differs among the up-slope and
down-slope areas of the buttress roots and the areas without buttress roots. In the up-slope area with
buttress roots, soil respiration shows an increasing trend, followed by a decrease and another
increase, with peaks around 11:00 and 17:00. In the down-slope area with buttress roots, soil
respiration generally exhibits a decreasing trend. In areas without buttress roots, soil respiration
follows an initial increase, followed by a decrease, with the peak occurring around 15:00. This are
similar patterns as what has been found out by other researchers [43].

The lower soil respiration rates observed in areas with buttress roots can be attributed to
multiple factors. Soil respiration is primarily driven by tree roots and microbial activity; the Plate
Root Nutrient Hypothesis posits that plate roots are adapted for efficient nutrient and water uptake
to overcome nutrient-poor soil conditions [44]. The enhanced nutrient uptake capacity of plate roots
may result in a reduced overall quantity of roots in the soil, including root respiration.

Moreover, higher soil phosphorus content in buttress-rooted areas could potentially lead to
reduced soil respiration rates. However, it is essential to investigate whether fine root quantity in
buttress-rooted trees substantially differs from that in non-buttress-rooted trees and whether
microbial biomass in buttress-rooted areas is lower than in non-buttress-rooted areas. These factors
warrant further research.

4.4. Impact of Buttress Roots on Various Soil Nutrient Components

The chemical characteristics of the soil have a direct impact on the development of plants. An
examination of the chemical properties of soil in the upper and lower slopes of the buttress root zone
revealed significant differences in the indicators of soil chemical properties. Furthermore, the nutrient
gradient between the slopes of the buttress root zone was found to be higher compared to the non-
buttress root zone. This suggests that a zone of increased soil nutrient enrichment had developed
along the slope gradient of the buttress root zone, leading to an increase in the amount of soil organic
carbon and consequently enhancing the variability of the soil in the root zone. This finding further
validates the concept that the existence of buttress roots can enhance soil heterogeneity [18]. This
study detected variations in pH levels between the higher and lower slopes of the buttress root zone,
as well as across distinct soil layers, throughout both the dry and rainy seasons. During the dry
season, the pH value of the soil in the 0-10 cm layer where the buttress roots are located was notably
higher compared to the non-buttress root zone. This finding contradicts the research results of Mack
[45]. While Mack's data indicated a rise in soil pH, there was no notable distinction between the
buttress root zone and the non-buttress root zone [45]. During the wet season, the impact of buttress
roots on the soil pH value in the 0-10 cm soil layer aligns well with Mack's findings. Through a
differential comparison of nitrogen, it was discovered that the basal portion of the trees with buttress
roots contained a higher nitrogen content compared to the non-buttress root portion. This suggests
that buttress roots enhance the process of nitrogen cycling at a micro-environmental level, leading to
the formation of nitrogen reserves and increased availability of nitrogen for plants in tropical
rainforests. This finding aligns with the findings of He in the Xishuangbanna region [46], and further
corroborates Pandey et al.'s claim that buttress roots enhance the efficiency of nitrogen element
consumption in tropical rainforests [18].

The findings of an increased quantity of organic carbon in the soil of tropical forests through
buttress roots align with the study conducted by Dean on eucalyptus trees in Australia [30]. The
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correlation analysis of the primary chemical characteristics of soil indicated a strong link between the
total phosphorus element and several other soil indicators in the wet season in the buttress root zone.
During the rainy season, there is a strong association between the phosphorus content and organic
carbon, nitrogen, and available potassium in the root zone. However, there is a weak correlation with
potassium, nitrogen, and phosphorus. The results suggest that the microenvironment created by
buttress roots has a significant impact on the phosphorus content in the soil. Phosphorus exhibits a
significant leaching rate in tropical rainforests [47] and it frequently becomes a restricting factor for
the growth of trees [48]. Buttress roots contribute to the increase of both the overall amount and
efficient use of phosphorus in the soil. In tropical settings with phosphorus-deficient soil, trees with
buttress roots have a growth advantage, which may explain their large stature in tropical forests. In
general, buttress roots exert a substantial positive influence on the three primary elements in soil,
with the exception of potassium. This may be attributed to several factors. Firstly, buttress roots have
a consolidating effect on litter [18]. Secondly, the presence of buttress roots enhances soil moisture,
promoting litter decomposition [37]. Thirdly, buttress roots contribute to an increase in the
population of vertebrates, reptiles, and invertebrates in the buttress root zone [49]. This rise in soil
animal population accelerates litter decomposition, facilitating rapid nutrient replenishment [50].
Lastly, the heterogeneous habitat created in the buttress root zone can alter the structure and
composition of soil microbial communities, influencing the pathways of soil nitrogen and
phosphorus decomposition and reduction, consequently impacting soil chemical properties.

4.5. Implications for Carbon Stocks and Ecosystem Conservation

Recognizing the role of buttress roots in carbon stocks assessments and forest management
strategies is essential. Neglecting the contribution of buttress roots may lead to underestimated
carbon stocks potential in tropical forests. Integrating buttress roots into carbon accounting models
will yield more accurate estimations, guiding effective conservation and restoration strategies aimed
at enhancing the carbon stocks capacity of tropical forests.

The findings of this study underscore the ecological significance of buttress roots in tropical
forests. Beyond their carbon stocks role, buttress roots enhance ecosystem heterogeneity and regulate
understory diversity, contributing to broader biodiversity conservation efforts. The presence of
buttress roots ripples through the ecosystem, influencing soil properties and supporting the growth
and functioning of various plant and microbial communities.

5. Conclusions

In conclusion, buttress roots emerge as indispensable elements in assessing carbon stocks within
tropical forests. Their substantial contribution to soil carbon content and multifaceted ecological
functions underscore their pivotal role in carbon assessment frameworks and forest management
strategies. Acknowledging and incorporating the influence of buttress roots in our methodologies
not only enhance our comprehension of carbon dynamics in tropical forests but also amplify their
capacity as formidable carbon sinks, while promoting sustainable forest management practices that
preserve biodiversity and mitigate climate change.

The findings of this study emphasize the imperative need to acknowledge and appreciate the
diverse contributions of buttress roots to tropical forest ecosystems. By integrating buttress roots into
carbon accounting models and recognizing their ecological significance, we can achieve more precise
estimations of carbon stock potential and develop effective conservation and restoration strategies.
This comprehensive understanding of buttress roots will catalyse the formulation of sustainable
forest management practices that bolster the vital role of tropical forests as crucial carbon sinks and
biodiversity reservoirs.

Future research should delve deeper into unraveling the mechanisms through which buttress
roots influence soil carbon dynamics. Moreover, exploring the long-term impacts of buttress roots on
ecosystem stability and resilience will be instrumental in advancing our knowledge of the intricate
carbon dynamics in tropical forests. Addressing these knowledge gaps will further refine our
strategies for conserving and managing these critical ecosystems.
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Overall, acknowledging and valuing the role of buttress roots in carbon storage and ecosystem
functioning will serve as a cornerstone for developing effective conservation and management
strategies for tropical forest ecosystems. These collective efforts are of paramount importance in the
broader context of climate change mitigation, global biodiversity preservation, and the long-term
sustainability of our planet.
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