


Short Research Article
How are the Physico-anatomical Properties of Original Bark Different from Regenerated Bark? - A Novel Evidence for Sustainable Harvesting of Arjuna

ABSTRACT
Arjuna (Terminalia arjuna) is a highly traded medicinal tree whose bark is widely used as a medicinal raw material. Sustainable utilisation requires an understanding of whether regenerated bark differs from original bark in physical and anatomical properties. This study compared original bark collected in February 2023 with one-year regenerated bark harvested from the same marked strips in February 2024 on ten mature trees at Navsari Agricultural University, Gujarat. Fresh weight, bark thickness, basic density, moisture content, and volumetric shrinkage were assessed, together with ray and fibre dimensions. Original bark had significantly greater fresh weight and thickness than regenerated bark, whereas basic density, moisture content, and volumetric shrinkage did not differ significantly. Original bark was characterised mainly by uniseriate rays with a few biseriate rays. In regenerated bark, rays were mainly multiseriate or aggregate towards the phelloderm and became uniseriate or biseriate near the sapwood. Fibre length was significantly greater in original bark, while ray width was significantly greater in regenerated bark. Fibre width, fibre lumen width, fibre cell-wall thickness, and ray height did not differ significantly between bark types. These findings show that original and regenerated Arjuna bark can be distinguished using selected physical and anatomical attributes. The observed recovery also supports the potential for sustainable bark harvesting, although longer-term assessment is required before repeated harvesting intervals can be defined.
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1. INTRODUCTION
According to the World Health Organization, the majority of the world’s population, particularly in developing countries, depends on traditional medicines prepared from medicinal and aromatic plants (WHO, 2002). Moreover, interest in plant-based medicines has increased, possibly because of their effectiveness, fewer side effects, the rising cost of modern medicines, cultural acceptability, and the lack of alternative medical options (WHO, 2002; Warrier et al., 1996). Thus, there has been a global shift from synthetic to herbal medicines for the prevention and treatment of diseases. Owing to its rich diversity of medicinal plants and abundance of traditional medicinal systems, India has attracted global attention.
Among medicinal plants, Arjuna [Terminalia arjuna (Roxb. ex DC.) Wight & Arn.], belonging to the family Combretaceae, is a notable medicinal tree species distributed across tropical regions, particularly throughout much of the Indian peninsula, where it occurs along rivers, streams, ravines, and dry watercourses (Warrier et al., 1996; Dwivedi & Jauhari, 1997). Arjuna bark, an important cardiac tonic, is used to treat myocardial infarction, angina, coronary artery disease, heart failure, atherosclerosis, hypercholesterolaemia, ischaemia, and hypertension (Dwivedi & Jauhari, 1997; Harika et al., 2013; Wadekar & Salunkhe, 2024), as well as dysentery, asthma, menstrual problems, anaemia, and other diseases (Vijaya et al., 2015; Orwa et al., 2009). It also plays an important role in the tanning industry (Orwa et al., 2009) and is used as a nutritive additive to enhance fish health (Meena et al., 2025). Owing to its broad healthcare applications, Arjuna bark is in high demand and ranks among 70 highly traded (≥ 100 MT/year) medicinal plant species from tropical forests (Ved & Goraya, 2008). Arjuna is generally considered safe for medicinal use; however, some studies have reported potential toxicity and adverse effects following consumption, including gastrointestinal disturbances such as abdominal pain, diarrhoea, and nausea (Rajaram et al., 2024). Recent studies have further documented the phytochemical, antioxidant, therapeutic, and industrial relevance of T. arjuna bark (Kumar et al., 2023; Singh et al., 2025). Recent documentation of medicinal timber species in India has also emphasised the need to align continued use with conservation and sustainable utilisation (Dharasurkar et al., 2025).
Recent peer-reviewed syntheses indicate that the pharmacological interest in T. arjuna bark is associated with triterpenoids, flavonoids, polyphenols, tannins, and glycosides, while also emphasising that extract standardisation, dose definition, safety assessment, and adequately designed clinical studies remain necessary for reproducible therapeutic use (Kapoor et al., 2014; Maulik & Talwar, 2012; Ramesh & Palaniappan, 2023).
However, plants are threatened by unscientific bark-harvesting practices in the wild; therefore, sustainable bark harvesting is important. Efforts to develop sustainable practices have been undertaken for Arjuna (Gunaga et al., 2017; Sinha et al., 2022; Jadhav, 2025), and harvesting regenerated bark is essential for maintaining a sustainable bark supply (Gunaga et al., 2017). Generally, bark regeneration in Arjuna is completed within 8–12 months after harvesting the original bark (Sinha et al., 2022). Evidence from other medicinal tree species further shows that bark regeneration depends on species, harvesting intensity, stem diameter, season, and the area and geometry of the removed patch; therefore, anatomical identification of regenerated tissue should complement measurements of recovery rates when harvest cycles are defined (Delvaux et al., 2009, 2010a; Hanumantha & Vasudeva, 2022). In addition, validated chromatographic markers have been proposed to distinguish T. arjuna bark from common Terminalia adulterants, indicating that anatomical descriptors may provide a useful complementary first-line quality-control tool (Tulsi & Vidhu, 2022).
Evidence from other tree species indicates that bark regeneration and wound closure can vary with wound size, bark increment, and stem growth, supporting species-specific harvesting intervals and recovery assessments (Hoffmann et al., 2024; Peixoto et al., 2024). However, although both original and regenerated bark are commercially exploited for medicinal purposes, scientific information comparing their physical and anatomical properties remains limited among medicinal trees, particularly in Arjuna. Such comparative information may support assessments of bark quality, functionality, and therapeutic potential while contributing to sustainable harvesting, long-term conservation, and raw-material quality control, including the detection of adulteration. Therefore, this study aimed to compare the physical and anatomical properties of original and regenerated Arjuna bark.
 
2. MATERIAL AND METHODS
The study was conducted in an Arjuna plantation established at Navsari Agricultural University, Navsari, in the south-western zone of Gujarat, located at 20°37′ N latitude and 72°54′ E longitude, at an altitude of approximately 12 m above mean sea level (MSL) (Plate 1).
	

	

	


	Plate 1: Geographic location of study site



A total of ten healthy, mature Arjuna trees with girths of approximately 100–150 cm were randomly selected and marked for bark collection. A longitudinal strip of original bark measuring 10 cm (length) × 5 cm (width) was removed from each tree at breast height (DBH) in February 2023. Similarly, regenerated bark from the same strip on each tree was harvested in the subsequent year, i.e. February 2024 (Plate 1). The samples were brought to the laboratory for assessment of their physical and anatomical properties. Uniform procedures were followed for processing and analysing both bark samples in each respective year.
The moisture content was determined using the oven-dry method, while basic density was determined using the water-displacement method. The anatomical properties of original and regenerated Arjuna bark were measured under a microscope equipped with an image-analysis system, using the maceration technique and 25 µm-thick sections prepared in transverse and tangential directions with a sliding microtome (Sinha et al., 2022; Jadhav, 2025). Bark ray dimensions (height and width) were measured at 10× magnification using tangential sections examined under a Leica trinocular microscope with LAS measurement software. To determine fibre dimensions, including fibre length, fibre width, lumen width, and fibre cell-wall thickness, bark samples were macerated using Schultz’s method (Jane, 1956; Sinha et al., 2022). A minimum of 25 observations were recorded for fibre dimensions in accordance with the guidelines of the International Association of Wood Anatomists (IAWA) Committee (Wheeler et al., 1989). The data were subsequently subjected to a t-test to determine whether the differences between original and regenerated bark were significant.

3. RESULTS AND DISCUSSION
Bark biomass (weight) is an important physical property that determines raw-material availability for large-scale drug production and helps estimate the yield of active ingredients per tree, thereby informing the optimisation of harvesting practices to maintain medicinal potency and sustainability. The present study revealed that the fresh weight of original bark was significantly greater than that of regenerated bark, consistent with the findings of Gunaga et al. (2017) for Arjuna.
In the present study, fresh weight ranged from 43.16 to 87.28 g for original bark and from 22.62 to 49.10 g for regenerated bark. This indicates that the fresh weight of Arjuna bark varies among trees and ultimately affects bark biomass (Table 1). Pandey and Kori (2011) reported a wider variation in the fresh weight of original Arjuna bark, ranging from 20.56 to 117.75 g for the same blaze size of 10 cm × 5 cm across different locations in Chhattisgarh. In addition to weight, original bark was significantly thicker than regenerated bark. The lower thickness of regenerated bark was attributable to its age of one year; however, basic density, moisture content, and volumetric shrinkage did not differ significantly between original and regenerated bark (Table 1).
The substantially lower fresh weight and thickness of the one-year-old regenerated bark are consistent with an incomplete recovery interval rather than equivalence to mature original bark. Comparable debarking studies have shown that regrowth is highly dependent on species and treatment and may vary with harvesting intensity, season, stem size, patch geometry, and post-harvest protection. These findings support the need to define species-specific minimum intervals before repeated harvesting (Delvaux et al., 2009, 2010a; Hanumantha & Vasudeva, 2022).
Table 1. Physical properties of original and regenerated bark of Arjuna
	Physical Properties
	Original Bark
	Regenerated Bark
	‘t’ value

	
	Range
	Mean ± SD
	Range
	Mean ± SD
	

	Fresh weight (g)
	43.16-87.28
	64.34 
± 8.56
	22.62-49.1
	29.99 
± 6.30
	12.58**

	Bark thickness (mm)
	9.17-13.83
	11.98 
± 1.45
	4.51-5.88
	4.99 
± 0.45
	15.61**

	Basic density (g/cm3)
	0.366-0.601
	0.467 
± 0.08
	0.383-0.522
	0.443 
± 0.05
	1.39NS

	Moisture content (%)
	92.83-182.17
	133.42 
± 28.05
	109.62-170.22
	140.24 
± 20.95
	-0.90NS

	Volumetric shrinkage (%)
	32.11-55.39
	47.66 
± 7.40
	42.89-59.60
	52.00 
± 6.12
	-1.94NS


**Significant at 1 % level, NSNon-significant
Regarding bark anatomy, original bark was mostly uniseriate, although a few biseriate rays were also observed (Table 2). Conversely, rays in regenerated bark were mostly multiseriate or aggregate towards the phelloderm and transitioned to uniseriate or biseriate rays near the sapwood (Plate 2). In both original and regenerated bark, the fibres were libriform, non-septate, and rounded to polygonal in shape. Among the fibre dimensions, fibre length was significantly greater in original bark (1352.76 µm) than in regenerated bark (1181.17 µm), whereas fibre width, lumen width, and cell-wall thickness did not differ significantly. Ray width was significantly greater in regenerated bark (58.22 µm) than in original bark (40.19 µm; Table 2), while ray height did not differ significantly between bark types. Variation in ray characteristics in regenerated bark may result from the formation of surface callus and wound cambium at the incision site during rapid recovery; quantitative anatomical properties may also vary with tree age (Sinha et al., 2022).
The occurrence of wider and more aggregated rays in regenerated bark is biologically plausible because bark removal initiates surface-callus formation, wound-cambium establishment, and the reconstruction of secondary vascular tissues. Studies of debarked trees have documented staged callus development and substantial wound-induced anatomical remodelling, while broader comparative work has identified conducting phloem and vascular re-establishment as important determinants of bark recovery (Delvaux et al., 2010b, 2013; Karunarathne et al., 2024; Stobbe et al., 2002). Accordingly, the greater ray width observed in the present study may represent an early regenerative configuration; however, longitudinal sampling beyond one year is required before this feature can be regarded as a stable diagnostic characteristic of mature regenerated bark.
Table 2. Anatomical properties of original and regenerated bark of Arjuna
	Anatomical Properties
	Original Bark
	Regenerated Bark
	‘t’ value

	
	Range
	Mean ± SD
	Range
	Mean ± SD
	

	Ray height (µm)
	221.55-38.60
	291.90
± 43.79
	257.53-388.35
	307.16 
± 41.19
	-0.79NS

	Ray width (µm)
	35.60-48.25
	40.19
± 4.07
	44.73-77.43
	58.22 
± 9.95
	-5.23**

	Fiber length (µm)
	1158.96-1680.88
	1352.76 ±178.45
	950.33-1401.43
	1181.17 
± 117.50
	2.84*

	Fiber width (µm)
	18.98-22.58
	20.68 
± 1.47
	19.14-24.28
	21.35 
± 1.56
	-1.10NS

	Fiber cell-wall 
thickness (µm)
	4.28-6.09
	5.25
± 0.53
	4.41-5.99
	5.41 
± 0.46
	-0.74NS

	Fiber lumen 
width (µm)
	8.65-11.74
	10.19 
± 1.07
	8.96-12.82
	10.52 
± 1.11
	-0.96NS


*Significant at 5%, **Significant at 1 % level, NSNon-significant
	


	


	Plate 2: Anatomical features of phloem rays and phloem fibers in original and regenerated bark of Arjuna, a) Tangential section (TLS) of original bark showing Uniseriate to Biseriate ray cells with scattered crystals, b) Tangential section (TLS) of regenerated bark showing Multiseriate or Aggregate ray cells with scattered crystals, c) Phloem fibers (libriform and non-septate) of original bark, d) Phloem fibers (libriform and non-septate) of regenerated bark



4. CONCLUSION
The study demonstrates that one-year regenerated Arjuna bark remains physically and anatomically distinct from original bark. Original bark had greater fresh weight, bark thickness, and fibre length, whereas regenerated bark had greater ray width. Basic density, moisture content, volumetric shrinkage, ray height, fibre width, fibre lumen width, and fibre cell-wall thickness did not differ significantly between bark types. The predominance of uniseriate rays, with occasional biseriate rays, characterised original bark, while regenerated bark showed mainly multiseriate or aggregate rays towards the phelloderm, transitioning to uniseriate or biseriate rays near the sapwood. These characteristics provide practical anatomical indicators for distinguishing regenerated bark from original bark and may assist raw-material identification. The findings also indicate that bark regeneration occurs after harvesting and that regenerated bark may contribute to a more sustainable supply of Arjuna bark. However, because the regenerated samples represented a single one-year recovery period, the results should not be interpreted as establishing a definitive reharvesting interval. Longer-term observations are required to determine when regenerated bark attains stable physical and anatomical characteristics comparable with mature bark.





Limitation 
The study was limited to ten mature trees from a single plantation and compared original bark with regenerated bark after one year. Consequently, the findings may not represent variation across sites, age classes, seasons, or longer recovery periods. Chemical composition, medicinal efficacy, and repeated-harvest responses were not assessed. Longitudinal and multi-site studies are therefore required before the observed anatomical features can be treated as stable diagnostic characters or used to establish definitive reharvesting intervals.
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