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Abstract

Background
Cropland agroforestry practices are widely adopted over various land ecosystems in Bangladesh, offering the potential to
capture carbon (C) and safeguard biodiversity. Lack of accurate assessments of biomass carbon and the diversity of woody
perennials in cropland agroforestry practices across different land ecosystems presents a hurdle for the efficient execution of
initiatives such as REDD + and comparable mechanisms. The present research sought to estimate biomass carbon stocks and
diversity of woody species, exploring the influence of stand structure and diversity indices on these C stocks. We conducted
woody perennials’ inventory in 180 sampling quadrates (10 m × 10 m) from cropland agroforestry practices in forest, plain land,
and char land ecosystems.

Results
Altogether, we identified 42 woody species; however, the predominant species in three land ecosystems were Acacia
auriculiformis, Gmelina arborea, and Tectona grandis. Swietenia macrophylla and Swietenia mahogany contributed the greatest
amount of carbon stocks. Carbon stocks in woody perennials were 30–44% higher in plainland and forest land ecosystems
compared to the char land ecosystem, attributable to significantly increased stand density, basal area, and diameter. The
significantly highest Shannon-Wiener index (2.75) and Margalef’s richness index (3.37) were found in forest land compared to
other ecosystems. The highest total carbon stocks (131.27 Mg C ha− 1) of cropland agroforestry were found in the forest land
ecosystem, which had the greatest soil organic carbon, density, and richness of woody perennials. A rise in the richness and
diversity index of woody species by one unit led to a concurrent increase of 12 and 8 Mg C ha− 1 in carbon stock, respectively.

Conclusions
Cropland agroforestry practices in the forest land ecosystem are more diverse and could sequester more carbon stock than in
the other two land ecosystems in Bangladesh. The biomass C stocks of woody species were positively correlated with stand
structure and diversity, having the potential to contribute to biodiversity conservation in Bangladesh and other similar countries.

Introduction
The gradual elevation in global carbon dioxide (CO2) emissions and subsequent temperature increments has emerged as a

noteworthy issue in the effort to lessen emissions (UNFCCC, 2015; IPCC, 2018). The continuous release of atmospheric CO2

that is responsible for climate change is caused by human activity, including significant modifications in land use,
deforestation, and the burning of petroleum and natural gas (Nawaz et al., 2017; Yasin et al., 2021). CO2, a predominant
greenhouse gas, stands as the primary contributor, exceeding 70%, to the warming of the planet, with its concentration
experiencing a sharp upswing since the industrial era (Gupta et al., 2019). The annual uptick in atmospheric CO2 hovers around
3.5 ppm, presenting substantial hazards to the worldwide environment (Alemu, 2014). If this trajectory persists into the next
century, it could result in a potential 2°C temperature surge, leading to a 20–30% reduction in ecosystems globally by 2030
(Nawaz et al., 2017; Agevi et al., 2017). Owing to the adverse effects of climate change, Bangladesh is acknowledged as one of
the most susceptible nations (Hanif et al., 2014). Despite its minimal contribution to global emissions, Bangladesh encounters
a swift escalation in CO2 emissions over time, exemplified by a 609% increase in 2017 (78 Mt of CO2) compared to 1990 (11 Mt
of CO2), primarily attributable to heightened energy consumption (Baul et al., 2021; IEA, 2020).

Agroforestry has been recognized as a feasible way for mitigating greenhouse gas (GHG) emissions under Kyoto Protocol
frameworks due to its holistic approach (Sarkar et al., 2021; Das et al., 2020; Birhane et al., 2020). According to estimates by the
IPCC (2019), agroforestry has the ability to lower greenhouse gas levels by 0.08 to 5.7 metric tonnes of CO2 annually.
Additionally, agroforestry systems also provide opportunities for significant carbon dioxide sequestration, boosting carbon
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stocks above and below ground (Noponen et al., 2013; Nair et al., 2009). Globally, there are approximately 1.6 billion hectares of
agroforestry systems, with 78% of the land in tropical regions and 22% in temperate zones (Nair et al., 2021). Also, agroforestry
practices sequester a significant amount of carbon, ranging from 30 Pg C yr-1 to 322 Pg C yr-1 (Jose and Bardhan, 2012). With
improved tree management practices, an additional 12,000 t C yr-1 could be sequestered, potentially increasing to 17,000 t C yr-
1 within 2040. The influence of any type of agroforestry practice on soil organic carbon (SOC) and atmospheric carbon
sequestration is dependent on various parameters, including the quality and quantity of biomass input, non-woody system
components, and soil characteristics (Nair et al., 2009). Agroforestry systems are more effective at sequestering carbon than
annual cropping systems (Henry et al., 2009). In Bangladesh, various agroforestry techniques, particularly cropland agroforestry
(CAF), are widely adopted to benefit local farmers across diverse land environments. CAF, a traditional land-use practice in
Bangladesh, involves the intentional cultivation and management of trees in agricultural areas for domestic needs,
commodities, and cash crops (Chakraborty, 2015). Different ecological zones in Bangladesh exhibit distinct vegetation patterns
in cropland agroforestry, reflecting both ecological and socio-economic variations (Shams, 2013). Trees are planted along field
boundaries or inside the field at regular or irregular intervals with rice, legumes, oilseeds, wheat, sugarcane, jute, and
vegetables. Farmers also cultivate shade-tolerant crops like ginger, turmeric, and aroids in areas with high canopy coverage
from trees like mahogany and jackfruit (Ghosh et al., 2011).

Cropland agroforestry practices have been developed in the Madhupur area of the Sal forests on both privately owned land and
land managed by the forest department. Horticultural and agronomic crops are grown next to fruit and timber trees, giving
locals a range of options and chances to increase farm output and income while also protecting and producing an ecosystem
(Akter et al., 2022; Kibria and Saha, 2011). Cropland agroforestry in plainland areas is a traditional land-use system in
Bangladesh where perennial trees are grown in or around cropland. This is not just the technique of planting trees on the fields;
rather, it offers farmers an efficient land management system that may guarantee increased productivity in an ecologically
balanced setting (Chakraborty et al., 2015; FAO, 2004). The char land is yet another important location for cropland-based
agroforestry activities. The pertinent literature states that in char land parts of Bangladesh, agroforestry practices are typically
used to grow a variety of seasonal crops together with fruit and timber trees, including jackfruit, jujube, guava, mango, citrus,
mahogany, and others.

Several studies emphasize that a well-designed and effectively managed multi-layered cropping system in cropland
agroforestry can significantly improve both agricultural and forestry production in Bangladesh. Although some research has
assessed above-ground forest carbon stocks, covering various areas such as mangrove, coastal, protected contiguous and
fragmented, hill, and homestead regions in Bangladesh, there is a noticeable lack of quantifiable data and little information
related to cropland agroforestry practices. Specifically, there is a paucity of comprehensive understanding regarding the carbon
sequestration potentials, diversity of woody species within cropland agroforestry across diverse land ecosystems in
Bangladesh. The existing gaps in knowledge and practical implementation in this domain are particularly prominent. Therefore,
it is crucial to evaluate and compare cropland agroforestry techniques across Bangladesh's various land ecosystems in terms
of composition, diversity and carbon stock potentials of woody perennials. As a result, this research will assist decision-makers
and concern authorities in quantifying the potentialities of cropland agroforestry techniques to protect biodiversity and store
carbon to mitigate global climate changes.

Methodology

Study sites

Description of cropland agroforestry practices in the study area
Prior to data collection, three preliminary field visits for practical observation were done in March 2022 to obtain
comprehensive knowledge about the study area. This included observation of general conditions: location, physiography, forest
and char land areas, and the existence of cropland agroforestry and woody perennial planting systems in cropland along the
forest, plain, and char land in the study area. In Bangladesh, cropland agroforestry has been practiced for ages in some
confined areas as their traditional agricultural system. In cropland agroforestry, farmers grow woody perennials or trees in or
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around the cropland. This is not only the practice of growing trees in the fields; rather, it’s a method of land management that
helps farmers achieve both increased output and ecological balance. Cropland agroforestry practices cause economic benefits
to the farmer in a sustainable and environment-friendly way. In the study area, different methods are practiced for woody
perennials or tree plantings on cropland, and among these three major methods are identified in most cases, such as scattered
plantation, strip plantation, and boundary plantation.

Scattered plantation: Woody perennials are grown on the crop field randomly, maintaining an 8 m spacing at various designs.
The farmers sometimes do not follow any spacing or design rules. Consequently, trees are grown in the cropland in an
uncontrolled manner.

Strip plantation: Woody perennials are planted on the crop field in strips, and crops are grown there as intercropping in between
the strips.

Boundary plantation: Woody perennials are planted on the edge or on the boundaries of the cropland.

Selection of study sites and woody perennial measurements in cropland
agroforestry
The research was conducted on cropland agroforestry practices in three land ecosystems, viz., forest land ecosystem, char
land ecosystem, and plain land ecosystem were considered as the treatment of the study. The research sites we selected were
three forest ranges (Rasulpur, Auronkhola, and Dhukhola) under Madhupur Sal forest, four unions Ramgopalpur and Dhakakhala
under Gauripur, and Char Ishwardia and Char Nilakashmia at Sadar Upazila of Mymensingh district to explore biomass carbon
stocks, woody perennials, and the diversity of cropland agroforestry practices at three different land ecosystems. We measured
a total of 180 sample quadrate plots, of which 60 were in each of three different land ecosystems, following a simple random
sampling method (Fig. 2). In the case of scattered and strip plantations in cropland, the size of each quadrate plot was (10 m ×
10 m) for mature trees (≥ 5 cm dbh) and (5 m × 5 m) sub-quadrate for shrubs. But in boundary cropland agroforestry, quadrate
size was (2 m × 10 m) for tree species and (2 m × 5 m) for shrubs. To estimate biomass carbon stocks, all woody perennial
identification, height (m), and girth at breast height (GBH, cm) measurements were done. The landowners assisted in
identifying the woody species with their native names, and in some cases, the leaf herbarium was constructed to confirm the
identity of species with their botanical names. The height of woody perennials was determined by the Sunnto Clinometer and
GBH by measuring tape. Herbs were not considered in the estimation of carbon stock. The cropland agroforestry in three land
ecosystems was thought to show a different kind of ecotype. We hypothesised that the carbon stock of cropland agroforestry
practices in three different land ecosystems differs from each other, and stand structure as well as diversity affect these C
stocks.

Soil sample collection for estimating carbon stock
A total of 360 soil samples were collected at 15 and 30 cm depths of soil in the selected study sites. Using an auger, five soil
cores were extracted from each plot at both depths and placed in labelled polythene bags. Composite samples were made by
mixing the collected soil cores from a specific plot and carried to the laboratory.

Soil sample analysis and estimation of carbon
To determine the organic carbon of soil (SOC), the composite soil samples were kept on brown paper in the laboratory of the
Agroforestry Department to allow them to air dry. After the soils had been dried in the open air, they were crushed with a pestle
and mortar and sieved through a 2 mm sieve to get rid of any visible foreign particles, stones, roots, and other debris. Then the
soil samples were packed in airtight polybags with specific tag. The soil samples were analyzed in the laboratory of the
Regional Station, Soil Resources Development Institute (SRDI), Jamalpur, Bangladesh. The wet oxidation method was used to
calculate organic carbon (OC%) (Eq. No. 18), according to Page et al. (1989). Carbon stocks of soils (SOC%) at two depths were
calculated using Eq. No. 17 for three different land ecosystems (Table 1).

Data analyses
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Estimation of basal area, stand density, and biomass carbon stocks of
woody perennials
Basal area (BA), stand density, and DBH were estimated using (Eq. No. 1–3) respectively. The allometric equations (Eq. No. 4–
6), as shown in Table 1, were used to convert data into biomass for measuring above-ground biomass (AGB) for tropical trees,
palms, and fruit tree species (Brown et al., 1997; Chave et al., 2005; Pearson et al., 2005). The below-ground biomass (BGB) was
determined by multiplying the AGB by 0.26 (Eq. No. 7) (Hangarge et al. 2012). The sum of above and below-ground biomass
was used to compute the total biomass (TB) of woody perennials. Recognizing that carbon makes up around 50% of a plant's
biomass, the carbon stock of woody perennials was calculated using Eq. No. 9 (Pearson et al., 2005). The data on wood density
(g cm− 3), was sourced from the Bangladesh Forest Research Institute (BFRI) (Sattar et al., 1999). When this data was not
accessible in BFRI publications, wood density for diverse woody species was collected from the global wood density database
assembled by Chave et al. (2009). Additionally, carbon content at the species level was calculated for the most frequently
occurring woody perennials and expressed in Kg C individual− 1 across three land ecosystems.

Estimation of the richness, diversity, relative density, relative frequency, and important value index of woody perennials

The species richness and diversity of woody perennials were calculated using the Shannon-Wiener index (H) and Margalef
index following Eqs. No. 10 and 11, as outlined in Table 1. Additionally, relative density (RD%), frequency (F%), relative frequency
(RF%), relative dominance (RD0%), and important value index (IVI%) for each species were determined using Eq. No. 12–16.
Mean values for height (m), diameter at breast height (DBH, cm), all diversity indices, relative frequency (RF%), and relative
density (RD%), relative dominance (RD0%) and important value index (IVI%) were compared across three different land
ecosystems.

Statistical analysis
The one-way ANOVA (analysis of variance) in combination with Tukey’s post hoc test was utilized to determine if there were
statistically significant differences (p ≤ 0.05) among the three distinct land ecosystems. It aimed to identify which land
ecosystem exhibited significant variations from the others in terms of biomass carbon of woody species (Mg C ha− 1), height
(m), DBH (cm), density (individual ha− 1), basal area (m2 ha− 1), Margalef’s richness index, and Shannon-Wiener diversity index.
To explore the relationship between biomass carbon stock (Mg C ha− 1) and characteristics of woody perennials—namely, (a)
height (m), (b) DBH (cm), (c) density (individual ha− 1), (d) basal area (m2 ha− 1), (e) Margalef ‘s richness index, and (f) Shannon-
Wiener diversity index—linear regression analysis was employed. Furthermore, multiple regression analysis was employed to
model the combined impact of all variables (a–f) on the biomass carbon of woody species. Minitab software (version 17) was
utilized to perform all types of statistical analyses of the recorded data.

Results

Stand structure, composition and diversity of woody perennials
Among the identified 42 woody perennial species in cropland agroforestry practices, the distribution across the three
ecosystems was as follows: 21 species in the forest land ecosystem, 20 in the char land ecosystem, and 26 in the plain land
ecosystem (Table 2). The respective counts of sampled woody perennial individuals were 432, 321, and 362 for the forest land,
char land, and plain land ecosystems. In the forest land ecosystem, Acacia auriculiformis (IVI = 40.81%) emerged as the
dominant species, contributing to 15.58% relative density, 13.33% relative frequency, and 11.90% relative dominance. The char
land ecosystem was characterized by Swietenia mahogany (IVI = 96.05%) as the dominant species, exhibiting 40.31% relative
density, 30.48% relative frequency, and 25.26% relative dominance, followed by Samanea saman and Eucalyptus camaldulensis
(Table 2). Meanwhile, the plain land ecosystem was dominated by Swietenia macrophylla (IVI = 73.27%), with 27.35% relative
density, 20.15% relative frequency, and 25.77% relative dominance, followed by Swietenia mahogany, Areca catechu, and
Mangifera indica (Table 2).
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Table 2
Relative Density (RD%), Relative Frequency (RF%), Relative Dominance (RD0) and Important Value Index (IVI) of identified woody

perennials of cropland agroforestry practices at three different ecosystems
Name of
species

RD (%) RF (%) RD0 (%) IVI (%)

FLE CLE PLE FLE CLE PLE FLE CLE PLE FLE CLE PLE

Acacia spp. 1.86 -- 0.28 2.67 -- 0.75 3.02 -- 0.04 7.55 -- 1.07

Aquilaria
agallocha

7.91 -- -- 5.33 -- -- 4.84 -- -- 18.08 -- --

Acacia
auriculiformis

15.58 6.35 10.50 13.33 8.42 10.45 11.90 8.63 13.35 40.81 23.41 34.29

Phyallanthus
emblica

2.09 -- -- 1.33 -- -- 16.27 -- -- 19.70 -- --

Calyptranthes
jambolana

0.55 -- -- 0.75 -- -- 0.50 -- -- 1.80 -- --

Terminalia
bellirica

1.86 -- -- 1.33 -- -- 3.12 -- -- 6.32 -- --

Swietenia
macrophylla

3.95 0.94 27.35 4.00 1.90 20.15 3.88 0.51 25.77 11.83 3.35 73.27

Areca catechu -- 0.94 10.77 -- 0.95 8.21 -- 0.31 4.39 -- 2.20 23.37

Botnayla -- -- 0.28 -- -- 0.75 -- -- 0.45 -- -- 1.47

Artocarpus
chaplasa

2.33 -- -- 5.33 -- -- 3.35 -- -- 11.01 -- --

Alstonia
scholaris

-- -- 0.28 -- -- 0.75 -- -- 1.54 -- -- 2.56

Chukrasia
tabularis

2.56 --   2.67 -- -- 2.40 -- -- 7.62 --  

Swietenia
mahogany

-- 40.31 11.88 -- 30.48 7.46 -- 25.26 9.21   96.05 28.55

Eucalyptus
camaldulensis

-- 6.88 -- -- 6.67 -- -- 11.14 -- -- 24.68 --

Gmelina
arborea

4.65 1.88 1.66 5.33 2.86 1.49 9.34 0.34 0.93 19.32 5.07 4.08

Dipterocarpus
turbinatus

2.33 -- -- 2.67 -- -- 4.27 -- -- 9.26 -- --

Psidium
guajava

8.60 -- -- 4.00 -- -- 3.04 -- -- 15.65 -- --

Syzygium
cumini

4.65 0.31 5.80 10.67 0.95 2.99 6.44 0.87 3.72 21.76 2.13 12.51

Elaeocarpus
serratus

-- 3.44 1.66 -- 5.71 4.48 -- 2.53 3.81 -- 11.68 9.95

Anthocephalus
chinensis

-- 2.81 3.04 -- 1.90 5.97 -- 3.34 2.90 -- 8.05 11.91

Artocarpus
heterophyllus

-- -- 1.93 -- -- 2.99 --   0.84 -- -- 5.76

Albizia procera -- 1.25 0.28 -- 1.90 0.75 -- 0.71 0.15 -- 3.87 1.17
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Name of
species

RD (%) RF (%) RD0 (%) IVI (%)

FLE CLE PLE FLE CLE PLE FLE CLE PLE FLE CLE PLE

Carissa
carandas

-- 1.56 0.28 -- 1.90 0.75 -- 1.43 0.45 -- 4.89 1.47

Haldina
cordifolia

0.23 -- -- 1.33 -- -- 1.22 -- -- 2.78 -- --

Careya
arborea

0.23 -- -- 1.33 -- -- 1.72 -- -- 3.29 -- --

Khaya
anthotheca

-- 7.19 2.76 -- 8.57 2.24 -- 7.68 2.89 -- 23.44 7.89

Citrus limon -- 0.63 -- -- 0.95 -- -- 0.08 -- -- 1.66 --

Litchi
chinensis

8.60 -- -- 9.33 -- -- 4.43 -- -- 22.37 -- --

Acacia
mangium

11.63 5.00 1.93 10.67 5.71 2.99 5.88 2.64 0.53 28.17 13.36 5.45

Mangifera
indica

-- -- 7.73 -- -- 8.96 -- -- 7.28 -- -- 23.97

Cocos
nucifera L.

-- -- 2.76 -- -- 2.24 -- -- 8.71 -- -- 13.71

Azadirachta
indica

7.44 -- -- 5.33 -- -- 9.78 -- -- 22.55 -- --

Mallotus
nudiflorus

-- 8.75 -- -- 6.67 -- -- 5.81 -- -- 21.22 --

Aphanamixis
polystachya

1.86 -- 0.28 1.33 -- 0.75 1.98 -- 0.10 5.17 -- 1.12

Borassus
flabellifer

-- 2.19 -- -- 2.86 -- -- 9.93 -- -- 14.98 --

Samanea
saman

-- 7.19 5.25 -- 8.57 8.96 -- 17.76 8.22 -- 33.51 22.43

Shorea
robusta

3.02 -- -- 4.00 -- -- 5.87 -- -- 12.90 -- --

Tectona
grandis

6.74 -- 0.83 6.67 -- 1.49 8.16 -- 0.79 21.57 -- 3.11

Moringa
oleifera

-- 0.63 -- -- 0.95   -- 0.36 -- -- 1.94 --

Dalbergia
Sissoo

-- 1.25 0.83 -- 1.90 0.75 -- 1.16 1.12 -- 4.32 2.70

Lannea
coromandelica

-- -- -- -- -- -- -- -- -- -- -- --

Zizyphus
jujuba

-- 0.94 0.55 -- 0.95 1.49 -- 0.55 0.31 -- 2.44 2.36

Table 3 showed that the highest mean value of height and DBH of woody perennials was in the forest land ecosystem
compared to the char land ecosystem, which showed the lowest values, and these differences were statistically significant (p ≤ 
0.05) among the three land ecosystems (Table 3). The DBH (16–20 cm) class was most abundant, particularly dominating in
the plain land ecosystem. Larger woody species with DBH (30–35 cm) were more prevalent in the forest land ecosystem
compared to the other two ecosystems (Fig. 2(a)). In terms of height, the majority of woody perennials fell within the (6–11 m)
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class, while taller woody species (16–21 m) were more abundant in the forest land and char land ecosystems (Fig. 2 (b)).
Table 3 showed that the forest land ecosystem had higher species richness index and diversity of woody species in crop land
agroforestry practices (p ≤ 0.05) than the other land ecosystems. The mean values of stand density and basal area (BA) of
cropland-based agroforestry practices were 619 individuals ha− 1 and 22.61 m2 ha− 1, respectively. Analyzing the data, the stand
density in the forest land ecosystem was significantly higher (p ≤ 0.05) than in the other two ecosystems, while there was no
significant difference between the other two (Fig. 3). The basal area of woody perennials was significantly greater (p ≤ 0.05) in
the forest land and plain land ecosystems compared to the char land ecosystem (Fig. 3).

Table 3
Mean values of different variables of woody species in cropland-based agroforestry across the three land ecosystems.

Variables Forest land ecosystem Char land ecosystem Plainland ecosystem Total mean

Mean DBH (cm) 20.36 ± 1.03a 18.33 ± 1.02a 19.38 ± 1.00a 19.35 ± 1.01

Mean height (m) 11.98 ± 0.54a 9.04 ± 0.44c 10.43 ± 0.52b 10.51 ± 0.50

Shannon–Weiner diversity index 2.75 ± 0.03a 2.15 ± 0.04b 2.59 ± 0.05a 2.49 ± 0.04

Margalef’s richness index 3.37 ± 0.35a 2.61 ± 0.61b 2.16 ± 0.40b 2.71 ± 0.45

Note* The different letters within the row indicate significant differences at p ≤ 0.05 in post hoc (Tukey’s test)

Total biomass carbon stocks of cropland agroforestry practices at three
land ecosystems
The mean value of biomass carbon stocks (AGC and BGC) of woody perennials in cropland agroforestry was 52.75 Mg C ha− 1

of the study area. The biomass carbon stocks of woody species were greater in the forest land ecosystem compared to char
land ecosystem and plain land ecosystem (Table 4). Carbon stocks diminished with increasing depth of soil in cropland
agroforestry practices across three land ecosystems. The carbon stocks significantly (p ≤ 0.05) varied with land ecosystems
and soil depths. The greatest carbon stocks were found in the forest land ecosystem at both soil depths. However, the total
biomass carbon stocks significantly (p ≤ 0.05) varied with the land ecosystems (Table 4). The significant greatest total biomass
carbon stocks (131.27 Mg C ha− 1) were found in the forest land ecosystem, while the lowest biomass carbon stocks (87.76 Mg
C ha− 1) were found in the char land ecosystem (Table 4). Among the identified woody perennials, Acacia auriculiformes
dominates in storing biomass carbon in both forest land ecosystems and char land ecosystems, followed by Gmelina arborea,
Tectona grandis. In the plain land ecosystem, Swietenia macrophylla sequestered a relatively greater amount of biomass
carbon, compared to other ecosystems (Fig. 4).
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Table 4
Total biomass carbon stocks (AGC + BGC + SOC) of cropland agroforestry at three different ecosystems.

Type of
ecosystems

Biomass carbon of woody perennials Soil carbon
stocks

Total Biomass
C (Mg C ha− 1)

Above ground
carbon stocks
(AGC) Mg C ha− 1

Below ground
carbon stocks
(BGC) Mg C ha− 1

Total C stocks
of woody
species

(Mg C ha− 1)

0–15
cm

15–30
cm

Forest land
ecosystem

52.72 13.71 66.43 41.49 23.35 131.27a

Char land
ecosystem

34.32 8.92 43.24 25.20 19.32 87.76c

Plain land
ecosystem

38.56 10.02 48.58 29.93 20.16 98.67b

Mean 41.86 10.88 52.75 32.21 20.94 105.9

Relationship of biomass carbon stocks with structural compositions of
woody perennials in cropland agroforestry practices
Figure 5 showed the significant (p ≤ 0.05) relationship between biomass carbon stocks (Mg C ha− 1) with height (m), DBH (cm),

density (individual ha− 1), basal area, BA (m2 ha− 1), Margalef richness index, and Shannon-Wiener diversity index in cropland
agroforestry practices across three land ecosystems. The variability in biomass carbon stocks of woody perennials was
explained by these factors together through this multiple regression analysis.

Discussion
The present findings show that the greatest number of woody species were found in the 16–20 cm DBH class, which
dominated the plain land ecosystem. In comparison to the other two land ecosystems, the forest land ecosystem contained a
larger proportion of woody species with a large DBH (30–35 cm). The maximum number of woody perennials were found in the
6–11 m height range. This finding is supported by similar results of Yasin et al., (2021) where they found the diameter (cm) and
height (m) of poplar tree species in three distinct planting patterns of agroforestry in semi-arid region of Pakistan (Pattern A:
15.51 ± 2.28 cm, Pattern B: 16.21 ± 1.83 cm, and Pattern C: 15.71 ± 2.46 cm) respectively. According to Hasan et al. (2022),
Madhupur Sal forest had the most woody species in the DBH (11–15 cm) class range, then the DBH (6–10 cm) class. The plant
height and diameter of five-year-old different agroforestry species (Leucaena leucocephala (40.10 ft and 7.96 inches), Melia
azedarach (39.17 ft and 8.43 inches), and Albizia lebbeck (38.45ft and 7.90 inches)) in Bangladesh were reported by Hanif et al.
(2015). The diameter class range of the present study indicates that mostly woody species in forest ecosystems have relatively
wider diameter classes. In cropland agroforestry practices in forest land ecosystem, crops are cultivated along existing old
trees that are grown naturally. In the forest land ecosystem, Acacia auriculiformis (IVI = 40.81%) emerged as the dominant
species, contributing to 15.58% relative density, 13.33% relative frequency, and 11.90% relative dominance. The char land
ecosystem was characterised by Swietenia mahogany (IVI = 96.05%) as the dominant species, exhibiting 40.31% relative
density, 30.48% relative frequency, and 25.26% relative dominance, followed by Samanea saman and Eucalyptus camaldulensis.
The study by Hasan et al. (2022) found that Acacia auriculiformis had the highest relative frequency (32.91%) and the highest
IVI (96.86%) in Madhupur Sal forest cropland agroforestry practices. The present study shows that the mean value of biomass
carbon stock was 52.75 Mg C ha− 1 for woody species, which significantly varied with land ecosystems. The similar type of
result that Taluckder et al. (2019) mentioned supports this result. In this study, they found that the total highest carbon of the
agroforestry system (207.60 t ha-1) was in the barind ecosystem (174.62 t ha-1). However, the present findings compare with
other given data on different ecosystems in Bangladesh and other countries. For instance, in Bangladesh, the tree biomass
carbon of southern homestead forest (46 Mg C ha− 1) was reported by Baul et al. (2021); northern homestead forest (54 Mg C

ha− 1) Jaman et al. (2016); mangrove forest (99 Mg C ha− 1) Mizanur et al. (2015) and total forests of Bangladesh (49–121 Mg C
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ha− 1) Alamgir and Turton (2014). This discrepancy could be clarified by the diminished overall diversity and richness of species
observed in our investigation, suggesting a correspondingly lower biomass in comparison with natural forests and homestead.
For world context, Saleem et al. (2023) reported that the total biomass of tree species in boundary plantations was 19.3 t ha-1
under the agrisilviculture system in north-western Himalaya, India. Panwar et al. (2022) found the highest above-ground
biomass (109.8 Mg ha− 1) in block plantations and the lowest (17.14 Mg ha− 1) in boundary plantations. Moreover, carbon

stocks of various agroforestry systems in different states of India ranged from 31 t C ha-1 to 173.90 t C ha-1 (Yadav et al., 2019;
Chauhan et al., 2015; Arora et al., 2014). Tamga et al. (2023) found the AGB density of the agroforestry system was around
34.19 Mg ha-1 which was 167% higher than mango plantations, 355% higher than cocoa plantations, and 366% higher than
rubber plantations in the Sudanian. However, agroforestry systems' dimensions, site characteristics, species choice, and
management techniques all have an impact on how well they function as carbon sinks. In other words, the amount of carbon
sequestered by an agroforestry system is contingent upon its specific structure and composition, which can be altered by
environmental and socio-economic elements. Furthermore, variations in diameter, stand age, overall stand structure, diversity,
and richness within the system contribute to fluctuations in biomass and its associated carbon content in different land
ecosystems (Panwar et al., 2022; Bajigo et al., 2015). The greater the richness and diversity, the greater the tree biomass
carbon stock. In our study, we found the highest richness and diversity of cropland agroforestry system in the forest land
ecosystem in contrast to other land ecosystem. Figure (5e, f) illustrates that increasing species richness and diversity index by
one unit resulted in a corresponding increase of 12 and 8 Mg C ha− 1 in biomass carbon stock, respectively. The present study
also revealed the relationship between woody perennial carbon stocks and the variables DBH, height, and stand density. Basal
area) in cropland agroforestry practices (Fig. 5(a-d)). A relationship was estimated as: y = 1.3344x − 7.6484 (R2 = 0.3355) where
R2 was positive, which indicates that the relationship was moderately strong (5% level of significance) between DBH and
carbon stock. The equation also stated that carbon stocks increased at a rate of 1.3344 Mg ha-1 per unit change of mean DBH

(cm) (Fig. 5a). Similarly, carbon stocks increased at rates of 1.7739 Mg ha-1, 1.2596 Mg ha-1 and 1.3663 Mg ha-1 per unit
change of mean Height (m), density, and basal area (m2 ha-1) (Fig. 5(b-d)). Our findings agree with the earlier studies of various
agroforestry systems and natural forest ecosystems. For example, Tamga et al. (2023) claimed that height and tree density
showed a comparable coefficient of determination in agroforestry systems over three climatic regions in West Africa, which
was R2 = 0.13 and R2 = 0.1, respectively. According to Roshni et al. (2023), the three sites' tree stand characteristics—height (m),
DBH (cm), density (trees/ha), and basal area—strongly correlated with the biomass carbon stocks of the various tree species.
Baul et al. (2021) reported that the total soil C stock was strongly correlated with tree structural composition, diversity, and soil
properties. Biswas and Hasan (2020) stated that basal area and stand density/ha had a strong relationship with the above-
ground biomass of the roadside agroforestry system in Mymensingh district, Bangladesh. The study states that the carbon
content of woody species increases with an increase in average DBH. The study shows that there were more Acacia
auriculiformes, Gmelina arborea, Tectona grandis, and Swietenia macrophylla plants in the forest land and plainland land
ecosystems, which is why those areas had higher carbon stocks than the char land (Fig. 5). This finding is quite similar to the
reported data by Baul et al. (2021), where the maximum number of individuals of Samanea saman, Mangifera indica,
Artocarpus heterophyllus, and Dipterocarpus turbinatus in the hillside and inland homestead forests stored the highest amount
of carbon. Alamgir and Al-Amin (2007) also found the largest quantity of biomass carbon from these similar tree species in the
hill forests of Bangladesh. We found the highest SOC in the forest land ecosystem at two depths. The SOC was strongly
correlated with stand structural composition and diversity indices, which have been referred to in the previous literature on
tropical forests (Islam et al., 2015) and temperate forests (Chen et al., 2018; Schleu ß et al., 2014). In a poplar-based
agroforestry system, the maximum soil carbon stock was estimated (22.72 t ha-1) in pattern C at 0–15 cm depth, as stated by
Yasin et al. (2021). SOC content within 15 cm of soil depth in cropland agroforestry under a forest ecosystem is much greater
because of higher litter fall rates, higher plant richness, and very low disturbance of soil (Saha et al., 2008; Hossain et al., 2021).
Estimating the carbon stocks and species diversity of woody perennials has some potential implications for reducing carbon
dioxide emissions under the REDD and its derivative programmes. Therefore, carbon storage in cropland agroforestry systems
can provide co-benefits of biodiversity conservation as it aims to maintain carbon stock.

Conclusions
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This study provides evidence on carbon stocks, structural composition, andversity of woody perennials in cropland agroforestry
practices at three land ecosystems in Bangladesh. The cropland agroforestry practices in the forest ecosystem stored a
significant amount of biomass carbon stocks, which increased significantly with stand structural composition and diversity
indices. The total carbon stock (AGC + BGC + SOC) of cropland agroforestry practices along land ecosystems indicates that
these production systems have a high potential to sequester carbon stocks. The significant quantity of carbon stock observed
in this study suggests that cropland agroforestry systems in various land ecosystems can combat global warming through
sustainable ways of capturing atmospheric carbon. Furthermore, the study's analytical findings might be a source of carbon
credits for landowners in developing nations like Bangladesh, while also producing livelihood alternatives and biodiversity
protection in any land ecosystem.
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Figure 1

Map presenting the selected study sites; Madhupur Sal forest (A), (Islam et al., 2022) Gauripur Upazila (B) (Kabir, 2011)
Mymensingh Sadar Upazila (C) (Ibrahim et al., 2011)
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Figure 2

Sampling procedure for measuring woody perennials in cropland agroforestry in three different land ecosystems (Author
constructed)

Figure 3
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Stand density and basal area in the crop land agroforestry practices in three land ecosystems. Bars indicate standard error of
mean.

Figure 4

Above-ground biomass (AGB) for most abundant woody perennials in the cropland agroforestry at three land ecosystems.
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Figure 5

Relationship between woody perennials biomass carbon stocks and (a) DBH (cm), (b) Height (m), (c) Stand density, (d) BA (m2

ha-1), (e) Shannon–Wiener index and (f) Margalef’s richness index in the cropland agroforestry practices.
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