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Abstract

Teak (Tectona grandis) is one of the world’s most valuable tropical hardwoods, yet large-scale plantation
expansion is constrained by inefficient and variable propagation systems. This review synthesizes global
advances in teak propagation from 1990-2026, covering seed-based methods, vegetative propagation, clonal
forestry, micropropagation, somatic embryogenesis, and emerging molecular technologies. Conventional seed
propagation remains dominant in low-input systems but suffers from poor and irregular germination (10—
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60%), prolonged dormancy (2-8 weeks), and high stand variability (CV 30-60%), resulting in relatively low
productivity of only 4-10 m® ha™ yr'. Vegetative propagation through stem cuttings improves rooting
success to 40-85% and increases productivity by 20-40%, though clone-dependent variability persists. Clonal
forestry based on mini-cuttings represents a major technological breakthrough, achieving 70-90% rooting
success, reducing stand variability to 10-20%, and increasing mean annual increment (MAI) to 10-18 m3 ha™
yr!, with productivity gains of 40-100% over seed-derived plantations. Micropropagation and integrated
tissue culture systems offer the highest performance, producing 30-50 shoots per explant annually, achieving
70-95% acclimatization survival, and raising MAI to 14-22 m? ha™! yr!, equivalent to 80—150% productivity
gains. Somatic embryogenesis shows transformative future potential, with embryo induction rates of 40-70%,
regeneration efficiencies of 40-80%, and theoretical multiplication exceeding 1000 plants from a single
explant. Global trends reveal a decisive transition from seed-based systems toward precision clonal and
biotechnology-assisted propagation, particularly in Asia and Latin America. Emerging innovations, including
temporary immersion bioreactors, genomic-assisted breeding, bio-inoculants, artificial intelligence, and
climate-smart propagation strategies, are redefining teak forestry. The review concludes that integrating
advanced clonal and molecular propagation systems is essential for developing high-yield, genetically
uniform, and climate-resilient teak plantations worldwide.

Keywords: Tectona grandis; teak propagation; clonal forestry; micropropagation; somatic embryogenesis;
mini-cuttings; elite clone multiplication; productivity improvement.

1. Introduction

Tectona grandis (teak) is one of the most valuable tropical hardwood species, globally recognized for its
superior wood quality, durability, and high economic returns, making it a cornerstone of plantation forestry in
tropical and subtropical regions (Kollert & Kleine, 2017; Midgley et al., 2017; Evans and Turnbull, 2004; Bhol
and Parida, 2024). Native to South and Southeast Asia, teak has been widely introduced across Africa and Latin
America and is now cultivated in more than 60 countries under diverse ecological conditions (FAO, 2020; FAO,
2022). Increasing global demand for premium timber, coupled with restrictions on harvesting from natural
forests, has intensified reliance on plantation forestry as a sustainable source of teak wood (Lamb, 2011; Kollert
and Kleine, 2017).

Despite its importance, teak propagation remains a major bottleneck in plantation development. Conventional
seed-based propagation is characterized by low and irregular germination (10-60%), mainly due to a hard
pericarp and complex dormancy mechanisms (Kjaer & Foster, 1996; Baskin and Baskin, 2014; Bhol et al.,
2024; Behera et al., 2015). Germination variability, influenced by seed source and environmental factors, leads
to inconsistent nursery performance and heterogeneous plantation stands (White et al., 2007; Monteuuis et al,
2011; Monteuuis, 2021; Behera et al., 2016; Parida et al., 2022). This variability results in uneven growth, poor
stem form, and reduced wood quality, ultimately limiting productivity and economic returns (Zobel and Talbert,
1984; Midgley et al., 2017; Behera and Bhol, 2016; Pradhan et al., 2017; Pradhan et al., 2020,).

Vegetative propagation techniques, including stem cuttings and coppice shoot management, have been
developed to multiply superior genotypes. However, teak is difficult to propagate vegetatively, particularly from
mature tissues, due to physiological ageing and reduced endogenous auxin levels (Husen and Pal, 2006; Husen,
2012; Monteuuis, 2021). Rooting success varies widely (40-85%) depending on genotype, environment, and
hormonal treatments such as indole-3-butyric acid (IBA) (Tiwari et al., 2002; Monteuuis & Goh, 2015).
Nonetheless, advances in clonal forestry, especially mini-cutting and clonal hedge systems, have significantly
improved propagation efficiency and enabled large-scale deployment of elite planting material (Chaix et al.,
2011; Monteuuis % Goh, 2015; Singh, 2023).

Biotechnological approaches have further accelerated teak propagation. Micropropagation using nodal explants
allows rapid multiplication of elite genotypes, while temporary immersion bioreactors enhance shoot
proliferation and reduce physiological disorders (Akram & Aftab, 2009; Aguilar et al., 2019). Improved in vitro
rooting and acclimatisation have also increased survival and field establishment (Mendoza de Gyves et al.,
2007; Tiwari et al., 2002).

Recent studies have provided deeper insights into molecular and physiological mechanisms of propagation.
Advances in somatic embryogenesis highlight the role of auxin—cytokinin signaling pathways in plant
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regeneration (Deo et al., 2010; Ramakrishnan et al., 2023; Zhou et al., 2024). Emerging protocols using zygotic
embryos and in vitro-derived explants have improved regeneration efficiency (Meenakshi et al., 2025), while
cost-effective micropropagation techniques are enhancing commercial feasibility. These developments mark a
transition from experimental to operational-scale biotechnology.

Propagation methods are closely linked to plantation productivity and sustainability. Clonal and biotechnology-
assisted systems significantly improve growth, uniformity, and wood quality, resulting in higher mean annual
increment (MAI) compared to seed-based plantations (Midgley et al., 2017; Goh & Monteuuis, 2016).
The integration of bio-inoculants such as PGPR and AMF further enhances seedling vigor and field
establishment.

These advances are particularly important under changing climatic conditions. Climate-resilient plantation
systems increasingly depend on improved propagation technologies to ensure productivity and carbon
sequestration (IPCC, 2019; IPCC, 2023; Griscom et al., 2017). Globally, forestry is shifting toward precision-
based, high-productivity systems, where improved propagation can increase productivity by 40-150% and
reduce rotation periods (Goh et al., 2013, Monteuuis and Goh, 2015; Midgley et al., 2015).

Given these advancements, a comprehensive synthesis of propagation techniques is essential. This review aims
to (i) evaluate global trends in propagation of Tectona grandis, (ii) assess emerging technologies including
clonal forestry and biotechnology, and (iii) identify future prospects for developing efficient, scalable, and
climate-resilient propagation systems.

2. Material and Methods

The present study adopted a systematic review methodology to synthesise global advances in the propagation of
Teak (Tectona grandis).

2.1 Literature Search Strategy

A comprehensive literature search was conducted across major international scientific databases, including Web
of Science, Scopus, Google Scholar, Science Direct, and Springer Link. The search covered publications from
1990 to 2026, encompassing both foundational and recent advances in teak propagation. A structured keyword-
based search strategy was applied using words such as: Tectona grandis and propagation/ germination/
vegetative propagation/ clonal forestry/ micropropagation/ tissue culture/ somatic embryogenesis, nursery
techniques, etc. Additional keywords such as teak seed dormancy, mini-cuttings, temporary immersion systems,
and bio-inoculants in forestry, etc were included to broaden the scope. Backwards and forward citation tracking
(snowballing) was also employed to identify additional relevant studies (Kollert & Kleine, 2017; Midgley et al.,
2015).

2.2 Data Extraction

Relevant data from selected studies were systematically extracted and compiled into structured datasets. The
following variables were recorded:

(i)  Propagation method (seed, cuttings, mini-cuttings, micropropagation, somatic embryogenesis)
(i)  Germination percentage and dormancy characteristics

(ili)  Rooting percentage and survival rates

(iv)  Multiplication rate (propagules per cycle)

(v)  Time required for plantable stock

(vi)  Environmental conditions (temperature, humidity, substrate)

(vii) Hormonal treatments (e.g., IBA, NAA, cytokinins)

(viii) Field performance indicators (survival %, growth rate, MAI)

(ix)  Geographic and ecological context

The selection of variables was guided by standard forestry and propagation studies to ensure comparability
across different propagation systems (Goh & Monteuuis, 2016; Midgley et al., 2014).
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2.3 Classification of Propagation Techniques
For analytical clarity, propagation techniques were categorized into four major groups:

(i) Seed-based propagation (dormancy and germination studies)

(if) Vegetative propagation (cuttings, coppice shoots)

(iii) Clonal forestry systems (mini-cuttings, clonal hedges)

(iv) Biotechnological approaches (micropropagation, somatic embryogenesis)

This classification framework aligns with contemporary approaches in clonal forestry and tree improvement
studies (Monteuuis & Goh, 2015; Chaix et al., 2011).

3. Results and Discussion
3.1 Advances in Propagation Methods of Tectona grandis

The synthesis of global literature reveals a clear progression in teak propagation methods, ranging from
conventional seed-based systems to advanced clonal and biotechnological approaches. Each method exhibits
distinct advantages and limitations in terms of efficiency, scalability, and plantation productivity. Among these,
seed-based propagation remains the most traditional and widely practised approach, particularly in low-input
forestry systems, although it is constrained by biological and genetic limitations.

3.1.1 Seed-Based Propagation: Dormancy Constraints and Incremental Improvements

Seed-based propagation of Tectona grandis remains the most widely practised conventional method of teak
multiplication, yet it is fundamentally constrained by low, irregular, and asynchronous germination.
Germination percentages generally range from 10-60%, mainly due to the combined effects of mechanical and
physiological dormancy, where the hard lignified endocarp restricts water uptake and internal hormonal controls
delay embryo activation (Kjaer and Foster, 1996; Baskin and Baskin, 2014; Palupi et al., 2010). This dormancy-
induced delay may extend germination by 2-8 weeks, causing uneven seedling emergence and poor nursery
uniformity.

As summarised in Table 1, several pre-sowing treatments have been developed to overcome these dormancy
barriers. Mechanical scarification improves imbibition by weakening the hard seed coat and increases
germination by 10-25%, although it remains labor-intensive and difficult to scale in commercial nurseries
(Baskin and Baskin, 2014). Chemical treatments such as sulfuric acid (H2SO.) and potassium nitrate (KNOs)
have shown stronger effects, improving germination by 28-37%, particularly under controlled nursery
conditions (Vanangamudi, 2003; Salve et al., 2026). Similarly, alternate wetting—drying cycles are widely
adopted as a low-cost pretreatment to enhance seed permeability and improve germination consistency (Palupi
et al., 2010; Midgley et al., 2015).

A major challenge in seed propagation is the strong provenance-dependent variation in seed performance.
Germination capacity and seedling vigor may vary by as much as 2-3 fold among seed sources, indicating that
genotype and origin significantly influence propagation success (Kjaer and Foster, 1996; Midgley et al., 2015).
This variation translates directly into high heterogeneity in seedling growth, reflected in coefficients of variation
(CV) of 30-60%, resulting in plantations with uneven stem form, variable height growth, and inconsistent wood
quality (White et al., 2007; Goh and Monteuuis, 2016). Such heterogeneity reduces silvicultural efficiency and
complicates stand management.

The productivity implications are substantial. Seed-origin plantations typically achieve a mean annual increment
(MAL) of only 4-10 m® ha™ yr!, which is considerably lower than the productivity levels reported for clonal
plantations (Midgley et al., 2015; Goh and Monteuuis, 2016). Lower productivity reflects both genetic
variability and uneven stand development, making seed propagation less suitable for industrial forestry systems
where uniformity and predictable yields are critical.
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Table 1. Advances in seed-based propagation of Tectona grandis

Aspect

Observations/ Findings

Quantitative Range /
Effect

Practical Implication

Key References

Seed Structure &

Hard stony endocarp restricts water uptake;

Germination: 10-60%

Major limitation in

Kjaer and Foster (1996); Baskin and

Dormancy physiological dormancy present nursery establishment Baskin (2014); Palupi et al. (2010)
Mechanical Physical barrier due to lignified pericarp delays  Delay: 2-8 weeks Requires pretreatment Baskin and Baskin (2014); Palupi et al.
Dormancy germination (variable) for uniform germination  (2010)

Mechanical Removal/weakening of seed coat improves Germination increase: Effective but labor- Baskin and Baskin (2014)

Scarification

imbibition

+10-25%

intensive

Chemical Treatments
(H2S04, KNO»)

Chemical stimulation improves germination

Germination increase:
+28-37%

Useful in controlled
nursery conditions

Vanangamudi (2003); Salve et al.
(2026)

Provenance Variation

Significant variation in germination and vigor
among seed sources

Variation: up to 2-3
fold difference

Selection of superior
seed sources critical

Kjaer and Foster (1996); Midgley et al.
(2015)

Seedling Uniformity

High variability in growth and morphology

CV: 30-60%

Poor stand uniformity

White et al. (2007)

Adoption in Forestry
Systems

Widely used in low-input and smallholder
systems

Dominant method in
Africa & rural Asia

Cost-effective and
simple

Kollert and Kleine (2017)

Productivity Variable growth and wood quality in plantations MAI: 4-10 m® ha™' yr!  Limits industrial Midgley et al. (2015)

Implication plantation performance

Scope for Seed orchard development and provenance Potential gain: +20- Critical for future seed- Kollert and Kleine (2017); White et al.
Improvement selection needed 40% productivity based systems (2007)
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Table 2. Advances in Vegetative Propagation of Tectona grandis

Aspect

Observations / Findings

Quantitative Range / Effect

Practical Implication

Key References

Propagation Method

Stem cuttings, coppice shoots, hedge-
derived cuttings

Moderate success under nursery

conditions

Widely used intermediate
technigque

Husen and Pal (2006); Goh
and Monteuuis (2016)

Rooting Success

Strongly influenced by physiological
age and environment

40-85% rooting

Variable reliability across
conditions

Husen and Pal (2006); Goh
and Monteuuis (2016)

Juvenility Effect

Juvenile and coppice shoots show
higher rooting than mature tissues

Rooting increase: +25-50%

Juvenility critical for
propagation success

Monteuuis and Goh (2014)

Source of Cuttings

Coppice shoots > hedge shoots >
mature crown shoots

Significant variation in rooting

efficiency

Selection of planting material
essential

Goh and Monteuuis (2016);
Husen and Pal (2006)

Hormonal Regulation
(IBA)

Indole-3-butyric acid enhances root
initiation

Rooting increase: +20-40%
(optimal 1000-3000 ppm)

Standard practice in nurseries

Tiwari et al. (2002); Husen
and Pal (2006)

Substrate Influence

Well-drained media (sand,
vermiculite, cocopeat) improves
rooting

Rooting increase: +10-20%

Nursery media optimization
needed

Husen and Pal (2006)

Seasonal Effect

Higher rooting during active growth
periods

Variation: +15-30%

Timing of propagation critical

Monteuuis and Goh (2015)

Field Establishment

Moderate survival compared to clonal
systems

Survival: 60-80%

Suitable for small to medium-
scale plantations

Midgley et al. (2015)

Operational Limitation

High variability and lower scalability

Not ideal for industrial scale

Transitional method toward
clonal forestry

Monteuuis and Goh (2015)
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Despite these drawbacks, seed-based propagation remains indispensable in low-input forestry systems,
especially in Africa and rural Asia, where low cost, operational simplicity, and minimal infrastructure
requirements make it the preferred option (Kollert & Kleine, 2017). It also plays an important role in
afforestation programs, restoration forestry, and conservation of genetic diversity.

3.1.2 Vegetative Propagation: Influence of Juvenility and Hormonal Regulation

Vegetative propagation of Tectona grandis has emerged as an important improvement over seed-based systems
because it enables multiplication of selected elite genotypes while reducing genetic variability in plantations.
The data presented in Table 2 show that stem cuttings, coppice shoots, and hedge-derived cuttings are the
principal vegetative propagules used in teak, with overall rooting success ranging from 40-85%, depending on
propagule type, physiological age, genotype, and nursery environment (Husen and Pal, 2006; Monteuuis and
Goh, 2015). This indicates that vegetative propagation is biologically feasible but highly sensitive to internal
and external factors.

A major finding from Table 2 is the strong influence of juvenility on rooting performance. Juvenile and coppice-
derived shoots consistently root better than mature crown tissues, with rooting enhancement of 25-50%,
demonstrating that physiological age is the most critical determinant of rooting success (Monteuuis and Goh,
2015). The ranking of cutting sources, coppice shoots > hedge shoots > mature crown shoots, clearly indicates
that rejuvenated propagules possess superior physiological competence for adventitious root formation. This
reflects higher endogenous auxin levels, reduced lignification, and stronger meristematic activity in juvenile
tissues, making coppicing and hedge management essential for maintaining propagation efficiency.

Hormonal regulation plays an equally important role in root induction. As shown in Table 2, application of
indole-3-butyric acid (IBA) at optimal concentrations of 1000-3000 ppm increases rooting success by 20-40%,
confirming its central role in stimulating adventitious root initiation (Tiwari et al., 2002; Husen and Pal, 2006).
The detailed phytohormonal data in Table 3 further demonstrate that different combinations of auxins and
additives significantly influence rooting response. For example, Anantha and Vijayalakshmi (1994) obtained
60-80% rooting using IBA + NAA + sucrose treatment, while Ansari et al. (2002) reported 50.83% rooting
using high-dose IBA (1000 ppm) combined with thiamine. These findings indicate that both hormone
concentration and exposure duration are critical for optimising rooting protocols.

A clear trend observed in Table 3 is that lower hormone concentrations are generally applied for longer
durations (18-24 hours), whereas higher concentrations are used for shorter exposure periods, such as 30
minutes in the case of IBA 1000 ppm (Mundt, 1997). This suggests that rooting response depends not only on
hormone dosage but also on absorption kinetics and physiological status of the cutting material. Such variation
highlights the need for genotype-specific hormone standardization in teak nurseries.

Table 3. Phytohormones used for vegetative propagation of teak by different researchers

Phytohormone Duration Percent of References

rooting
NAA 100/ 24 hours 60 % Nautiyal et al. (1991)
IBA+NAA 200 ppm
IBA 100/200 ppm 24 hours 40% Nautiyal et al. (1992)
NAA 100 ppm
IBA 100 + NAA 2-3 hours 60-80% Anantha and Vijayalakshmi (1994)
100 +Sucrose 100 ppm
IM-200 +Thiamine 200 ppm 18 hours 50% Palanisamy et al. (1995)
IBA 1000 ppm 30 minutes - Mundt (1997)
IBA 1000 ppp + Thiamine 800 ppm 18 hours 50.83 % Ansari et al. (2002)
Thiamine - 800/1200 ppm 24 hours 47.0-475%  Singhetal. (2005)
+ IBA 250 ppm + IAA 125 ppm +
NAA 125 ppm
IBA 150 ppm - 53.18% Sawitri et al. (2020)
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Environmental conditions significantly influence rooting success as well. Well-drained media such as sand,
vermiculite, and cocopeat improve rooting by 10-20%, mainly by providing better aeration and moisture
balance around the cutting base (Husen & Pal, 2006). Seasonal timing also has a strong effect, with rooting
increasing by 15-30% during active vegetative growth periods, when carbohydrate reserves and endogenous
hormonal activity are highest (Monteuuis & Goh, 2015). These findings emphasize that nursery environment
must be carefully optimized to maximize propagation efficiency.

Field establishment of rooted cuttings remains moderate, with survival rates ranging between 60-80%, which is
lower than survival typically achieved in advanced clonal mini-cutting systems (Midgley et al., 2015). Although
adequate for small- and medium-scale plantation development, this survival range limits the economic
efficiency of vegetative propagation under industrial plantation forestry.

Despite its advantages, vegetative propagation remains constrained by several operational limitations. High
genotype-dependent variability, environmental sensitivity, and relatively low scalability reduce its suitability for
large industrial deployment. As indicated in Table 2, these constraints position vegetative propagation as a
transitional propagation technology, bridging conventional seed systems and advanced clonal forestry
approaches rather than serving as a final industrial solution.

3.1.3 Clonal Forestry: A Paradigm Shift in Teak Propagation

Clonal propagation has emerged as the most advanced and commercially effective propagation system for teak,
overcoming many of the biological and operational limitations associated with seed-based and conventional
vegetative methods. The data summarized in Table 4 indicate that mini-cutting systems derived from clonal
hedges now constitute the dominant clonal propagation technique, enabling multiplication rates of 15-25
propagules per cycle, thereby greatly enhancing propagation efficiency (Monteuuis & Goh, 2015; Tiwari et al.,
2002). This high multiplication potential reflects the effectiveness of hedge-based rejuvenation systems in
maintaining juvenile physiological status and sustained rooting competence.

A major advantage of clonal forestry is its consistently high rooting performance. Rooting success under
controlled nursery environments ranged from 70-90%, substantially exceeding that observed in conventional
vegetative propagation systems. Such high rooting reliability is attributable to the combined effects of juvenile
propagule selection, controlled microclimatic nursery conditions, and optimized rooting protocols (Monteuuis &
Goh, 2015; Chaix et al., 2011). These findings confirm that clonal mini-cutting systems provide a biologically
stable and operationally scalable propagation platform suitable for mass multiplication of elite teak genotypes.

Table 4. Advances in Clonal propagation of Tectona grandis

Aspect Observations / Quantitative Range/  Practical Implication Key References
Findings Effect
Propagation Mini-cuttings Multiplication: 15-25 Rapid mass Monteuuis & Goh

Technique derived from propagules/cycle propagation of elite (2015); Tiwari et al.
clonal hedges clones (2002)

Rooting High rooting 70-90% rooting Reliable and scalable Monteuuis and Goh

Success under controlled propagation method (2015); Chaix et al.

nursery conditions

(2011)

Uniformity of  Clonal plants CV reduced to 10— Uniform plantations White et al. (2007);

Planting Stock  show reduced 20% and improved Chaix et al. (2011)
variability management

Rotation Reduced due to Reduction: 20-40% Faster timber Midgley et al.

Period faster growth production cycles (2015)

Infrastructure ~ Requires mist Moderate-high Suitable for organized  Goh and Monteuuis

Requirement

chambers, hedge
gardens

investment

plantations

(2016)

Global
Adoption

Widely adopted in
Asia and Latin
America

Expanding globally

Industrial plantation
standard

Kollert and Kleine
(2017)
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The most significant silvicultural benefit observed in clonal systems is the marked reduction in planting stock
variability. As shown in Table 4, coefficient of variation (CV) in clonal plantations is reduced to 10-20%,
compared with substantially higher variability in seed-origin plantations (White et al., 2007; Chaix et al., 2011).
This reduction in phenotypic heterogeneity results in more uniform stem form, synchronized growth rates, and
predictable stand structure, all of which are essential for efficient plantation management and timber quality
optimization. Improved uniformity also facilitates silvicultural interventions such as thinning, pruning, and
harvesting.

Another important outcome of clonal propagation is the shortening of plantation rotation periods. Elite clonal
plantations demonstrate faster growth rates, leading to rotation reductions of 20-40% relative to conventional
plantations (Midgley et al., 2015). This accelerated growth cycle directly improves economic returns by
reducing time to harvest and increasing annualized productivity. The shorter rotation period is particularly
valuable in industrial plantation forestry, where rapid capital turnover is a major economic objective.

Despite these advantages, clonal propagation requires more sophisticated infrastructure than traditional
propagation systems. Successful implementation depends on specialized nursery facilities, including mist
chambers, clonal hedge gardens, controlled rooting environments, and trained technical personnel. As indicated
in Table 4, these requirements involve moderate to high investment costs, which may limit adoption in low-
resource forestry systems (Goh & Monteuuis, 2016). Consequently, clonal forestry is currently most feasible in
organized plantation enterprises with access to technical and financial resources.

The global adoption pattern further reflects the growing industrial importance of clonal forestry. Clonal teak
propagation is now widely practised in Asia and Latin America, where commercial plantation systems have
integrated elite clone deployment into large-scale production models (Kollert & Kleine, 2017). Countries such
as India, Indonesia, Brazil, and Costa Rica have demonstrated substantial gains in plantation productivity and
wood quality through clonal forestry, establishing it as the industrial standard for teak plantation development.

3.1.4 Micropropagation and Tissue Culture: Towards Mass Multiplication

Micropropagation has emerged as a highly promising biotechnological approach for large-scale multiplication
of elite genotypes of Tectona grandis, offering a level of precision and multiplication efficiency beyond
conventional clonal propagation systems. The data presented in Table 5 indicate that tissue culture-based
propagation has significantly advanced teak multiplication by enabling rapid shoot proliferation, high genetic
fidelity, and large-scale production of uniform planting stock.

Table 5. Advances in Micropropagation of Tectona grandis

Aspect Observations / findings Quantitative Practical Key
range / effect implication references
Explant Source Nodal segments, shoot tips, High regeneration  Consistent Akram &
zygotic embryos potential multiplication Aftab (2009)
Multiplication Rate  Rapid shoot proliferation 30-50 High-output Akram &
under controlled media shoots/explant/year propagation Aftab (2009)
system
Rooting and Improved survival through ~ 70-95% survival Efficient plant Mendoza de
Acclimatization ex vitro rooting establishment Gyves et al.
(2007)
Temporary Enhanced nutrient uptake Multiplication Cost-effective Aguilar et al.
Immersion Systems  and shoot growth increase: +30-50%  scaling (2019)
(TIBs)
Genetic Fidelity High clonal uniformity >95% true-to-type  Reliable elite Gohetal.
maintained plants clone (2013)
multiplication
Cost Consideration  High initial and operational  Cost 2—-3x higher Suitable for Goh &
cost than cuttings high-value Monteuuis
plantations (2016)
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One of the major strengths of teak micropropagation lies in the versatility of explant sources. Nodal segments,
shoot tips, and zygotic embryos have all shown high regeneration potential under in vitro conditions, allowing
reliable initiation of cultures from diverse genetic materials (Akram & Aftab, 2009). Among these, nodal
explants are particularly advantageous because they retain pre-existing meristems, reducing somaclonal
variation and enhancing regeneration consistency. The ability to utilize multiple explant sources broadens the
applicability of micropropagation across breeding programs and elite clone multiplication systems.

A notable outcome highlighted in Table 5 is the high multiplication efficiency achieved under optimized culture
conditions. Shoot proliferation rates of 30-50 shoots per explant per year demonstrate the exceptional
multiplication capacity of micropropagation compared with conventional vegetative methods (Akram & Aftab,
2009). This rapid multiplication potential makes tissue culture especially valuable where elite clones are scarce
and rapid stock expansion is required. Such multiplication rates enable year-round propagation independent of
seasonal constraints, which is a major advantage over nursery-based systems.

Rooting and acclimatisation remain critical stages in successful micropropagation. The development of ex vitro
rooting techniques has significantly improved plant establishment, with survival rates ranging from 70-95%, as
reported in Table 5 (Mendoza de Gyves et al., 2007). Ex vitro rooting reduces handling time, lowers
contamination risk, and simplifies the transition from laboratory to nursery conditions. High acclimatisation
success indicates that tissue-cultured teak plantlets can be effectively hardened and established under nursery
conditions, improving commercial viability.

A major technological breakthrough in recent years is the introduction of temporary immersion bioreactor
systems (TIBs), which have substantially enhanced multiplication efficiency. As shown in Table 5, TIBs
increase multiplication rates by 30-50% by improving nutrient uptake, reducing hyperhydricity, and promoting
healthier shoot growth (Aguilar et al., 2019). These systems represent a significant advance toward automation
and cost-effective scaling of teak micropropagation, making industrial-scale tissue culture increasingly feasible.
Another important advantage of micropropagation is the maintenance of high genetic fidelity. More than 95% of
regenerated plantlets remain true-to-type, ensuring clonal uniformity and preserving the desirable traits of elite
genotypes (Goh et al., 2013). This high level of genetic stability is particularly important in teak, where
plantation uniformity directly influences timber quality, growth predictability, and management efficiency. The
preservation of genetic integrity makes micropropagation one of the most reliable systems for elite clone
deployment.

Despite these substantial advantages, cost remains a major limitation. As indicated in Table 5, the production
cost of tissue-cultured plants is approximately 2—-3 times higher than conventional cutting-based propagation,
due to expenses associated with sterile laboratory facilities, skilled labour, media preparation, and infrastructure
maintenance (Goh & Monteuuis, 2016). These costs currently restrict large-scale adoption mainly to high-value
plantation systems and breeding programs where superior genetic gains justify higher investment.

3.1.5 Somatic Embryogenesis and Molecular Advances

Somatic embryogenesis represents one of the most advanced frontiers in teak biotechnology, offering a highly
scalable pathway for clonal multiplication, elite genotype fixation, and integration with next-generation
molecular breeding tools. The data summarized in Table 6 indicate that although somatic embryogenesis in teak
is still largely experimental, it has demonstrated substantial potential to transform propagation systems from
conventional clonal multiplication into precision forestry platforms.

A major breakthrough in teak somatic embryogenesis is the successful induction of embryos from juvenile
tissues and callus cultures. Embryo induction rates range from 40-70%, indicating that teak possesses
considerable embryogenic competence under optimized in vitro conditions (Deo et al., 2010). Juvenile tissues
are particularly responsive because of their higher cellular plasticity and greater dedifferentiation capacity. This
induction efficiency is significant because it establishes the biological feasibility of large-scale embryogenic
culture systems for teak mass propagation.

Following embryo induction, regeneration of somatic embryos into viable plantlets remains a critical

determinant of system efficiency. Regeneration rates reported in Table 6 vary between 40-80%, suggesting that
conversion of embryos into plantlets is promising but still inconsistent across genotypes and culture conditions
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(Goh et al., 2013). Such variability reflects the complex interaction between genotype, culture medium
composition, hormone balance, and developmental stage of embryos. Although regeneration efficiency remains
lower than desirable for commercial mass production, current outcomes confirm the technical viability of
embryo-to-plantlet conversion in teak.

Table 6. Advances in somatic embryogenesis in Tectona grandis

Aspect Observations / Quantitative Practical Key References
Findings Range / Effect Implication

Embryo Derived from juvenile Induction success: Potential for large-  Deo et al. (2010)

Induction tissues and callus 40-70% scale cloning

cultures

Regeneration Conversion of 40-80% Promising but Goh et al. (2013)
Efficiency embryos into plantlets regeneration variable
Molecular Controlled by auxin—  Gene expression Understanding Ramakrishnan et al.
Regulation cytokinin signaling changes significant  regeneration (2023); Zhou et al.
pathways biology (2024)
Multiplication Very high theoretical ~ >1000 plants from Mass cloning Deo et al. (2010)
Potential multiplication single explant capability
capacity (potential)
Genetic Suitable for Enables elite Precision forestry Goh et al. (2013)
Improvement integration with genotype fixation tool
genomics and
breeding
Commercial Mostly experimental Limited field Future technology Ramakrishnan et al.
Status stage deployment (2023)
Future Potential  Integration with gene  High innovation Next-generation Zhou et al. (2024)
editing and Al scope propagation system

One of the most important recent advances lies in the understanding of molecular regulation mechanisms
governing embryogenesis. Contemporary studies have demonstrated that somatic embryogenesis in teak is
strongly regulated by auxin—cytokinin signaling pathways involving genes such as AUX/IAA, ARF, SAUR, and
ARR, which control embryogenic competence, polarity establishment, and embryo maturation (Ramakrishnan et
al., 2023; Zhou et al., 2024). These molecular insights represent a major scientific milestone because they
provide a mechanistic basis for improving regeneration efficiency through targeted manipulation of
developmental pathways.

A remarkable advantage of somatic embryogenesis is its extremely high multiplication potential. Unlike cutting-
or shoot-based systems, embryogenic cultures theoretically allow production of more than 1000 plants from a
single explant, making this approach one of the most powerful mass cloning technologies available (Deo et al.,
2010). This multiplication capacity far exceeds conventional clonal hedge systems and offers enormous promise
for rapid expansion of elite planting stock once protocols become fully optimized.

Somatic embryogenesis also holds exceptional value for genetic improvement and precision breeding. Because
embryogenic cultures can be synchronized with genomic selection, molecular markers, and transformation
systems, they enable fixation and rapid multiplication of elite genotypes with superior growth, wood quality,
and stress tolerance traits (Goh et al., 2013). This makes somatic embryogenesis a key enabling technology for
integrating propagation with modern genomics-assisted breeding programs.

Despite these major advantages, commercial deployment remains limited. As shown in Table 6, somatic
embryogenesis in teak is still largely confined to research laboratories, with very limited field-scale application
(Ramakrishnan et al., 2023). Major barriers include: Strong genotype dependency, Inconsistent regeneration
reproducibility, High laboratory costs and Complex protocol standardization. These limitations currently prevent
widespread commercial adoption, despite the technology’s high theoretical potential.

The future significance of somatic embryogenesis lies in its compatibility with emerging technologies such as
gene editing, artificial intelligence, and automated bioreactor systems. Integration with CRISPR-based genome
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editing could allow precise trait improvement at embryogenic stages, while Al-assisted culture optimization
may enhance regeneration efficiency through predictive media formulation and growth monitoring (Zhou et al.,
2024). These innovations position somatic embryogenesis as a cornerstone technology for next-generation teak
propagation.

3.1.6 Comparative Performance and Productivity Implications

The comparative evaluation of propagation methods in Tectona grandis revealed marked differences in
productivity, stand uniformity, wood quality, and scalability across propagation systems (Table 7 and Fig. 1).
Seed propagation recorded the lowest mean annual increment (MAI), ranging from 4-10 m® ha™ yr, and
exhibited the highest stand variability with coefficient of variation (CV) values between 30-60%. This wide
variability reflects the heterogeneous genetic nature of seed-derived populations, resulting in inconsistent
growth performance and variable wood characteristics. Although seed propagation remains suitable for low-
input forestry and smallholder plantations because of its simplicity and low cost, its limited predictability
restricts its suitability for industrial plantation forestry. Similar observations were reported by Midgley et al.
(2015), who noted that seed-raised teak plantations often suffer from uneven stand development and reduced
uniformity.

Vegetative propagation through stem cuttings showed moderate improvement over seed propagation, with MAI
increasing to 6—-12 m*® ha™ yr! and productivity gains of 20-40%. Stand uniformity also improved, with CV
values declining to 20-35%, indicating better genetic consistency among propagated plants. This method
enables partial capture of elite genetic traits and has been recognized as a practical improvement over
conventional seed systems, especially in regions where advanced clonal infrastructure is unavailable. However,
variability among rooting success and clone responsiveness still limits complete uniformity, as observed by
Husen and Pal (2006), who reported genotype-dependent differences in rooting efficiency in teak cuttings.

Clonal forestry based on mini-cuttings demonstrated substantial gains in plantation performance, with MAI
ranging from 10-18 m? ha™ yr! and productivity increases of 40—100% over seed propagation (Fig. 2). The
reduction in CV to 10-20% indicates a much more uniform plantation structure, which directly contributes to
predictable stand growth and standardized wood properties. The higher productivity in clonal plantations is
primarily attributable to the multiplication of genetically superior, tested clones selected for rapid growth, stem
form, and wood quality. Midgley et al. (2015) emphasized that clonal teak forestry has transformed plantation
productivity in tropical regions by enabling precision matching of genotype to site conditions.

Micropropagation and integrated propagation systems recorded the highest productivity among all methods,
with MAI values of 14-22 m? ha™ yr! and productivity gains reaching 80-150% above seed-derived
plantations. These systems also achieved the greatest stand uniformity, with CV reduced to only 5-15%,
reflecting near-genetic homogeneity and precise multiplication of elite genotypes. Wood quality under these
systems was rated very high, owing to strict clonal fidelity and superior genotype selection. Goh & Monteuuis
(2016) highlighted that micropropagation offers a powerful platform for mass multiplication of elite teak clones
while preserving genetic integrity, making it central to future high-value plantation forestry. Nevertheless, the
requirement for sophisticated laboratory facilities, skilled manpower, and higher establishment costs may limit
widespread adoption in developing forestry sectors.

The advances in Teak propagation methods from seed to biotechnological methods are pictorially summarised
in Fig. 2. The evolutionary trend of propagation is consistently improving the quantitative, qualitative and
environment aspects of plantation forestry of Teak.

3.2 Global Trends in Advances in Propagation of Teak

The global propagation landscape of Tectona grandis has undergone a marked transition over the past three
decades, shifting from conventional seed-based systems to technologically advanced, clonal and
biotechnological approaches. This transformation has been driven by the increasing demand for high-quality
timber, the need for uniform plantations, and the imperative to enhance productivity under changing climatic
conditions (Kollert & Kleine, 2017; Midgley et al., 2015; FAO, 2022 and Fig. 3).
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Table 7. Comparative performance and productivity implications of propagation methods in Tectona grandis

Propagation Method MAI (m® ha™ yr?) Productivity Stand Wood Scalability Key Implication Key References
Gain over Seed Uniformity Quality
(%) (CV %)
Seed Propagation 4-10 Baseline 30-60 Variable High (low-input  Suitable for smallholders;  Midgley et al.
systems) high variability limits (2015); Goh &
industrial use Monteuuis (2016)
Vegetative 6-12 +20-40% 20-35 Moderate—  Moderate Improved performance Goh & Monteuuis
Propagation Good but still variable (2016); Husen &
(Cuttings) Pal (2006)
Clonal Forestry 10-18 +40-100% 10-20 High High (organized  Major improvement in Midgley et al.
(Mini-cuttings) plantations) productivity and (2015)
uniformity
Micropropagation / 14-22 +80-150% 5-15 Very High Moderate—High  Highest productivity and Goh & Monteuuis
Integrated Systems (high-tech precision forestry (2016)
systems)
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Comparative Productivity of Propagation Methods in Teak
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Fig. 1. Pictorial depiction of comparative productivity of propagation methods of Teak
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Fig. 2. Evolution of Teak propagation technologies quantitative, qualitative and environment aspects of
plantation forestry of Teak
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3.2.1 Transition from Seed-Based to Clonal Systems

Historically, teak plantations relied predominantly on seed-based propagation due to its simplicity and low cost.
However, widespread challenges such as poor germination, high genetic variability, and inconsistent growth
performance have led to a gradual shift toward clonal forestry systems (Kjaer & Foster, 1996; Goh and
Monteuuis, 2016).

Globally, clonal propagation particularly through mini-cutting and hedge-based systems has become the
dominant method in industrial plantations, enabling the deployment of genetically superior planting material
with improved uniformity and productivity (Monteuuis & Goh, 2015; Tiwari et al., 2002). This transition is
most evident in Southeast Asia and Latin America, where large-scale commercial plantations have adopted
clonal technologies to achieve higher returns and shorter rotation cycles (Midgley et al., 2015).

3.2.2 Regional Patterns in Propagation Practices
(i) Asia (India, Indonesia, Thailand)

Asia remains the traditional centre of teak cultivation and innovation in propagation techniques. Countries such
as India and Indonesia have advanced clonal forestry programs, supported by research institutions and plantation
industries (Kollert & Kleine, 2017). In India, both public and private sectors are increasingly adopting mini-
cutting techniques and improved nursery practices, while Indonesia has integrated clonal propagation into large-
scale plantation systems. The regional scenario has been depicted in Fig. 4.

Global Regional Adoption Map of Teak Propagation Systems

® Asia
India, Indonesia,
Thailand

ochaa  Ngiag

- el Nigeria, Tanzania .
® Africa W 4 “
r Ghana, Nigeria, i Y

Brazil Vi
o ? Costa Rica, |
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Rica, Panama
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Fig. 4. Global regional adoption map of teak propagation systems
(i) Latin America (Brazil, Costa Rica, Panama)

Latin America has emerged as a global leader in high-productivity teak plantations, largely due to the adoption
of clonal propagation and improved management practices. Brazil, in particular, has demonstrated significant
gains in mean annual increment (MAI) through the use of elite clones and optimized silviculture. The region’s
success highlights the importance of integrating propagation technologies with site-specific management.

(iii) Africa (Ghana, Nigeria, Tanzania)
In Africa, teak propagation remains largely seed-based, especially in smallholder and low-input systems.
However, there is a growing interest in clonal forestry and improved nursery techniques, supported by

international development programs (Kollert & Kleine, 2017). Limited infrastructure and technical capacity
currently constrain widespread adoption of advanced propagation methods.
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3.2.3 Emergence of Biotechnological Approaches

In recent years, micropropagation and tissue culture technologies have gained prominence as tools for mass
multiplication of elite genotypes. Advances in in-vitro propagation, including temporary immersion systems and
ex-vitro rooting, have improved multiplication efficiency and plantlet survival (Akram & Aftab, 2009).

More recently, somatic embryogenesis and molecular biology approaches have provided new insights into
regeneration processes, enabling more precise control over propagation (Deo et al., 2010; Zhou et al., 2024).
Although still at an experimental or semi-commercial stage, these technologies represent the next frontier in
teak propagation, particularly for integrating genetic improvement with large-scale deployment.

3.2.4 Integration of Nursery Innovations and Biological Inputs

A notable global trend is the integration of bio-inoculants such as plant growth-promoting rhizobacteria (PGPR)
and arbuscular mycorrhizal fungi (AMF) into nursery practices. These biological inputs have been shown to
enhance seedling vigour, nutrient uptake, and field establishment, particularly under stress conditions.

This trend reflects a broader movement toward sustainable and eco-friendly propagation systems, reducing
dependency on chemical inputs and improving long-term soil health.

3.2.5 Digitalization and Precision Forestry

Emerging trends in global forestry include the adoption of digital tools, automation, and precision nursery
management systems. Technologies such as automated misting systems, sensor-based environmental control,
and data-driven decision support are increasingly being integrated into propagation and nursery operations.

Although still in early stages for teak, these innovations are expected to enhance propagation efficiency, reduce
labour costs, and improve consistency in planting material quality.

3.2.6 Climate-Resilient Propagation Strategies

Climate change has introduced new challenges for teak cultivation, including variability in rainfall, temperature
extremes, and increased pest and disease pressures. As a result, there is growing emphasis on developing
climate-resilient propagation systems, including the selection of drought-tolerant clones and improved nursery
practices (IPCC, 2019; IPCC, 2023).

Propagation technologies are increasingly being aligned with site-specific climatic conditions, ensuring that
planting material is adapted to future environmental scenarios.

This transition reflects a broader paradigm shift toward genetically improved, high-yield, and climate-smart
plantation systems, where propagation technologies play a central role in determining productivity and
sustainability outcomes (Midgley et al., 2015; Goh & Monteuuis, 2016).

3.3 Emerging Technologies in Propagation of Teak

Recent decades have witnessed a paradigm shift in teak propagation, with the emergence of advanced
biotechnological and precision-based approaches that aim to overcome the limitations of conventional methods.
These emerging technologies are increasingly enabling rapid multiplication, genetic fidelity, scalability, and
climate resilience, thereby redefining modern teak forestry systems (Goh & Monteuuis, 2016).

3.3.1 Somatic Embryogenesis and Cellular Totipotency

Somatic embryogenesis (SE) has emerged as one of the most promising technologies for large-scale clonal
propagation of teak, exploiting cellular totipotency to regenerate plants from somatic tissues (Deo et al., 2010).
Embryogenic cultures can be induced from juvenile tissues using optimized combinations of plant growth
regulators such as 2,4-D, BA, and TDZ, achieving moderate to high induction efficiency (Deo et al., 2010; Goh
etal., 2013).
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At the molecular level, SE is regulated by complex hormonal signaling pathways involving auxin, cytokinin,
and abscisic acid. Recent transcriptomic studies have identified key regulatory genes such as AUX/IAA, ARF,
and SERK that control embryogenic competence and development (Ramakrishnan et al., 2023; Zhou et al.,
2024). These findings provide a mechanistic basis for improving regeneration efficiency and reproducibility.

However, genotype dependency and variability in embryo conversion remain significant challenges, limiting
large-scale operational deployment (Goh and Monteuuis, 2016).

3.3.2 Advanced Micropropagation Systems and Bioreactor Technology

Micropropagation has evolved into a robust system for rapid multiplication of elite genotypes, with
multiplication rates reaching 30-50 shoots per explant annually (Akram and Aftab, 2009). The adoption of
temporary immersion bioreactors (TIBs) has further enhanced propagation efficiency by improving nutrient
uptake, reducing hyperhydricity, and increasing shoot proliferation (Aguilar et al., 2019).

EXx vitro rooting and acclimatization techniques have significantly improved plantlet survival (70-95%), making
micropropagation more commercially viable (Mendoza de Gyves et al., 2007). Additionally, tissue culture
enables the production of disease-free and genetically uniform planting material, which is essential for
maintaining plantation health and productivity (Goh et al., 2013).

Despite these advantages, high operational costs and genotype-specific responses remain key constraints (Goh
and Monteuuis, 2016).

3.3.3 Synthetic Seeds and Encapsulation Technology

Synthetic seed technology, involving encapsulation of somatic embryos in protective matrices, represents an
emerging approach for germplasm conservation and propagation. Although still in early stages for teak, this
technology has demonstrated potential for easy storage, transport, and mechanized sowing, as reported in other
forestry species (Goh et al., 2013; Goh & Monteuuis, 2016).

Its future application in teak propagation is expected to enhance scalability and reduce dependence on
conventional nursery systems.

3.3.4 Molecular Breeding and Genomic-Assisted Propagation

Advances in molecular biology are facilitating the integration of genomics with propagation technologies,
enabling more efficient selection and multiplication of elite genotypes. Molecular markers and gene expression
studies are increasingly being used to identify traits associated with rooting ability, growth performance, and
stress tolerance (White et al., 2007; Ramakrishnan et al., 2023). The identification of key genes regulating
somatic embryogenesis and hormone signaling pathways provides opportunities for genetic improvement and
precision propagation (Zhou et al., 2024). These approaches are expected to accelerate breeding programs and
improve propagation success rates.

3.3.5 Integration of Bio-inoculants with Biotechnology

A novel advancement in teak propagation is the integration of bio-inoculants such as plant growth-promoting
rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) with tissue culture and nursery systems. Studies
have demonstrated that inoculated plantlets exhibit improved growth, nutrient uptake, and stress tolerance. This
integrated approach enhances survival during acclimatization and field establishment, effectively bridging the
gap between laboratory propagation and field performance.

3.3.6 Automation, Artificial Intelligence, and Precision Nursery Systems
Emerging trends in propagation include the adoption of automation and precision nursery technologies, such as
sensor-based environmental control, automated irrigation systems, and data-driven decision support tools.

Although still in early stages for teak, these technologies are expected to improve propagation efficiency, reduce
labour costs, and enhance consistency in plant quality (Midgley et al., 2015). Such advancements align with the

36



Mallick et al.; Int. J. Plant Soil Sci., vol. 38, no. 5, pp. 20-42, 2026; Article no.IJPSS.157160

broader shift toward precision forestry, where propagation and management practices are optimized using
technological tools.

3.3.7 Climate-Smart Propagation Technologies

Propagation technologies are increasingly being aligned with the need for climate-resilient forestry systems.
This includes the development of drought- and heat-tolerant clones, as well as the use of biotechnology to
enhance stress tolerance (IPCC, 2019; IPCC, 2023). The integration of propagation techniques with climate
modeling and site-specific management strategies ensures that planting material is better adapted to future
environmental conditions (Griscom et al., 2017).

3.4 Future Prospects in Propagation of Teak

The next decade will likely redefine teak propagation through the convergence of genetics, biotechnology,
digitalization, and sustainability science. Building on the transition from seed-based systems to clonal and in
vitro approaches, future pathways are expected to focus on precision propagation, cost-effective scaling, and
climate resilience, enabling consistent, high-yield plantations under variable environments.

3.4.1 Genomics-Enabled Propagation and Precision Breeding

A major frontier lies in integrating genomics with propagation systems. High-throughput genotyping, genome-
wide association studies (GWAS), and transcriptomics can accelerate the identification of elite, stress-tolerant,
and fast-growing genotypes. Coupling these tools with clonal propagation and somatic embryogenesis will
enable rapid deployment of superior clones with predictable performance (White et al., 2007; Ramakrishnan et
al., 2023; Zhou et al., 2024).

Emerging techniques such as genomic selection and gene editing (e.g., CRISPR/Cas systems) hold promise for
improving traits such as rooting ability, drought tolerance, and wood quality, thereby enhancing propagation
efficiency and plantation productivity.

3.4.2 Scaling Up Micropropagation and Bioreactor Systems

Despite significant advances, the large-scale adoption of micropropagation is still constrained by cost and
technical complexity. Future efforts will focus on automation, low-cost media formulations, and modular
bioreactor systems, enabling industrial-scale production of planting material. The refinement of temporary
immersion systems (TIBs) and continuous culture bioreactors is expected to increase multiplication rates while
reducing labor and operational costs (Aguilar et al., 2019). Integration with ex vitro rooting and acclimatization
protocols will further enhance scalability and field performance.

3.4.3 Synthetic Seeds and Germplasm Conservation

The development of synthetic seed technology offers a promising avenue for long-term storage, transport, and
mechanized planting of elite germplasm. Future research should focus on improving encapsulation efficiency,
storage longevity, and field conversion rates, making this technology commercially viable for teak.

Such approaches will be particularly important for conservation of genetic resources and rapid dissemination of
improved planting material across regions.

3.4.4 Integration of Bio-inoculants and Microbiome Engineering

Future propagation systems will increasingly incorporate plant-microbiome interactions. The use of PGPR,
AMF, and endophytic microbes is expected to evolve into targeted microbiome engineering, where beneficial
microbial consortia are tailored to enhance growth, nutrient uptake, and stress tolerance. This integration will
reduce dependency on chemical inputs and contribute to sustainable, low-carbon forestry systems.

3.4.5 Digitalization and Smart Nursery Systems
The adoption of digital tools and artificial intelligence (Al) will play a transformative role in teak propagation.

Smart nurseries equipped with:
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(i) Sensor-based climate control
(if) Automated irrigation and misting systems
(iii) Al-driven decision support

Will enable real-time optimization of propagation conditions, improving efficiency and reducing variability.
Data-driven approaches will also facilitate predictive modeling of growth and survival, enhancing plantation
planning and management (Midgley et al., 2015).

3.4.6 Climate-Resilient and Site-Specific Propagation Strategies

Climate change is expected to significantly influence teak growth and distribution. Future propagation strategies
will need to prioritize:

(i) Development of drought- and heat-tolerant clones
(if) Matching genotypes to site-specific climatic and edaphic conditions
(iii) Integration of propagation with climate modeling and risk assessment

Such approaches will ensure the establishment of resilient plantations capable of sustaining productivity under
changing environmental conditions (IPCC, 2019; IPCC, 2023; Griscom et al., 2017).

3.4.7 Towards Integrated Propagation—Productivity Frameworks

Future research should move beyond isolated propagation studies toward integrated frameworks linking
propagation methods with field performance, economics, and ecosystem services.
This includes:

(i) Long-term trials comparing propagation systems across regions
(if) Quantification of impacts on MAI, rotation length, and carbon sequestration
(iii) Integration with value chains and market dynamics

Such holistic approaches will provide a stronger scientific basis for policy formulation and large-scale plantation
development.

3.4.8 Strategic Research Priorities
To fully realize the potential of emerging technologies, the following priorities are critical:

(i) Standardization of propagation protocols across genotypes and regions

(if) Reduction of costs in tissue culture and clonal propagation systems

(i) Integration of biotechnology with traditional silvicultural practices

(iv) Capacity building and technology transfer, particularly in developing regions

(v) Strengthening collaboration between research institutions, industry, and policymakers

4. Conclusion

Propagation of Tectona grandis has evolved from traditional seed-based methods to advanced clonal and
biotechnological systems, significantly improving plantation productivity and uniformity. Seed propagation
remains important for low-input forestry but is limited by poor germination, high variability, and lower
yields. Clonal forestry and mini-cutting systems have greatly enhanced rooting success, stand uniformity, and
productivity, while micropropagation offers the highest multiplication efficiency for elite genotypes.
Emerging technologies such as somatic embryogenesis and molecular breeding hold strong potential for
precision teak improvement. The advantages of advanced teak propagation technologies are pictorially
concluded in Fig 5.
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Wntages of Advanced Teak Propagation Technologies
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Fig 5. Advantages of advanced teak propagation technologies

Overall, the future of teak forestry depends on integrating cost-effective, climate-resilient, and scalable
propagation technologies to ensure sustainable high-yield timber production.
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