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Abstract

Dendrochronological studies in tropical regions remain limited due to uncertainties surrounding the formation and distinctiveness of annual growth rings.
This study assessed the growth-ring distinctiveness and wood anatomical characteristics of selected dominant Miombo woodland tree species in eastern
Tanzania, to evaluate their dendrochronological potential. The study was conducted in Kitulanghalo Forest Reserve, which is located in Morogoro Rural
District, in Morogoro Region. Non-destructive increment core sampling was used to extract samples from adult individuals of Brachystegia boehmii,
Julbernardia globiflora, Senegalia nigrescens, Combretum molle, and Combretum zeyheri. Macroscopic examination of polished transverse surfaces and
microscopic analysis of histological sections were employed to describe growth-ring boundaries and associated anatomical features. The results revealed
that Brachystegia boehmii, Julbernardia globiflora, and Senegalia nigrescens form distinct and continuous growth-rings, marked by changes in vessel size,
vessel frequency, fibre characteristics, and terminal parenchyma, indicating strong dendrochronological potential. In contrast, C. molle and C. zeyheri
displayed indistinct or discontinuous growth rings, limiting their suitability for reliable age determination. The study concludes that several Miombo species
in eastern Tanzania are suitable for dendrochronological studies, while others require cautious interpretation. These findings provide a foundation for future
cross-dating, climate growth analyses, and the development of sustainable forest management and harvesting strategies in Miombo woodlands.

1. Introduction

Dendrochronology, the science of dating and studying annual growth rings in trees, has become a powerful tool to study climate change [1], [2], [3], [4]. It
provides important information for reconstructing past climate and assessing the impacts of climate change as well as disturbance events on tree growth
[5]. In order to understand the historical behaviour of individual tree species and have insight on the potential effects of climate change, trees must show
distinct annual growth-rings [6], [7]. This science is extensively developed and used in temperate regions where native tree species exhibit clear annual
growth-rings [8]. Tropical dendrochronology, on the other hand, has had limited progress due to a lack of known tree species that form clear growth-rings [9].

The distinctiveness of growth-ring boundaries in the tropics varies widely in terms of wood anatomy and visibility [10]. This distinctiveness often depends on
a number of environmental factors including water availability, temperature, and light intensity [1]. While some tree species show distinct, indistinct, or even
absent growth-rings, others in regions with pronounced seasonality, such as the Miombo woodlands in southern Africa, show greater potential for ring
formation. This potential is necessary for sustainable forest management, as the absence of reliable age determination methods prevents the ability to
determine sustainable cutting rotations and implement long-term management plans. This challenge is particularly for Miombo woodland tree species [3],
yet in Tanzania, limited studies have systematically assessed the growth-ring distinctiveness of these ecologically and economically important trees [11].

Despite the limited research in Tanzania, studies from other parts of Africa have shown that Miombo tree do form growth rings. In Zambia, were using oldest
and dominant Miombo tree species which were Julbernardia (Julbernardia paniculata) and Brachystegia species (Brachystegia longifolia and Brachystegia
boehmii) [12], while research in Namibia focused on Dichrostachys cinerea and Senegalia mellifera [13], [14]. In South Central Africa and Angola, Brachystegia
spiciformis has been successfully dated [15]. These findings suggest that the dendrochronological potential of Tanzanian Miombo tree species is high but
remains unexplored.

This study therefore aimed at determining whether dominant Miombo tree species form distinct and clearly visible growth rings. The specific objectives of
this study were to; (i) examine the growth ring distinctiveness of selected dominant Miombo tree species (Brachystegia boehmii, Julbernardia globiflora,
Senegalia nigrescens, Combretum molle, and Combretum zeyheri) (i) to describe the macro and microscopic anatomical characteristics of growth rings in
selected Miombo woodland tree species. The results of this study contribute to the list of tree species with dendrochronological potential in tropical Africa.

2. Materials and methods

2.1 Study Site

The study was carried out in the Sokoine University of Agriculture - Kitulanghalo Forest Reserve (SUA-KFR), located in the Morogoro Region of Tanzania

(Fig. 1). The reserve is situated at approximately 6°52'S and 37°38'E, at an elevation of about 300 m above sea level. KFR covers an area of roughly 1,700 ha
and lies around 50 km northeast of Morogoro City and about 150 km west of Dar es Salaam. Of the total reserve area, 1,200 ha are managed by the Tanzania
Forestry Services Agency (TFS), while the remaining 500 ha are under the administration of Sokoine University of Agriculture (SUA) and are primarily used for
research and training activities.

Vegetation at KFR is classified as dry miombo woodland, receiving an average annual rainfall of 500-750 mm. The area experiences a semi-arid climate, with
transitional characteristics toward coastal mosaic woodlands. The vegetation structure comprises three main canopy layers. The upper canopy is dominated
by Julbernardia globiflora and Brachystegia boehmii, while the middle and lower strata consist mainly of short to medium-sized, often multi-stemmed species
such as Combretum, Dalbergia, and Commiphora. Along the northern boundary of the reserve, riverine zones support evergreen species including Manilkara
(M. mochisia, M. discolor) and Maytenus species [16], [17].The dry season lasts between four and seven months, and mean monthly temperatures range from
21°Cto 25°C [17].

2.2 Field Sampling and Wood Collection

A purposive sampling design was utilized in this study, in which dominant tree species (Table 1) were selected for non-destructive sampling [18]. Wood cores
of 5 mm [19] diameter were collected at breast height with an increment borer (Haglof, Langsele, Sweden) from 62 trees, where by for dendrochronology core
sampled trees should range at least from 10 trees [20]. For each tree sampled, two cores were obtained in opposite directions from the stem [21]. All core
samples were immediately placed into labelled plastic straw tubes for transport to the wood science laboratory [22].
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Table 1
Selected dominant Miombo tree species at KFR for dendrochronological

assessment.
Species Local name n Cores
Brachystegia boehmii Taub. Myombo 15 30
Julbernardia globiflora (Benth.) Troupin Mhondolo 15 30
Senegalia nigrescens (Oliv.) PJ.H.Hurter ~ Mkambala 12 24
Combretum zeyheri Sond. Mlama mweupe 10 20
Combretum molle R.Br. ex G.Don Mlama mweusi 10 20

Source for local names: Msanya, Kimaro & Shayo-Ngowi (1995); Obiri, Hall & Healey (2010) and Njoghomi (2021).
2.3 Sample Preparation and Anatomical Analysis

2.3.1 Macroscopic Analysis

For macroscopic description, all core samples were air dried, mounted and sanded progressively with micro abrasive paper (up to 1200 grit) and polished
until individual fibres within annual rings will be visible to the naked eye following standard dendrochronological procedures [22], [23], [24]. The transverse
surfaces of the wood cores, were photographed using a camera attached to a stereomicroscope. We looked for general characteristics of well-marked and
more complex rings.

2.3.2 Microscopic Analysis

For the microscopic analysis, wood blocks (approximately 1cm®) were taken from five representative trees per species (n = 25 blocks). We produced
histological slides, 10-30 pm thick, using a sliding microtome for each tree species in the three anatomical planes (transverse (TS), radial longitudinal (RLS)
and tangential longitudinal (TLS) sections) (Johansen 1940; Sass 1958). Sections were stained with safranin and Astra blue, dehydrated through an ethanol
series (50% and 100%), and permanently mounted using a UV-based mounting medium [25], [26]. In addition, wood specimens were macerated in diluted
Nitric acid to isolate individual cells for measurement [27]. Digital images were captured by a camera (AmScope MU Series 10.0MP USB 3.0 Color CMOS C)
attached to a light microscope.

2.4 Statistical Analyses

Cell dimensions were measured from the digital images using the open-source digital imaging software, ImageJ (version 1.52a for Windows). For each
species, 10 measurements per anatomical feature were taken across rings per section. Quantitative wood anatomical descriptors follow the IAWA
Committee 1989 [28].

3. Results
3.1 Macroscopic Wood Description and Growth-Ring Distinctiveness

Macroscopic examination of polished transverse surfaces revealed clear differences in growth ring distinctiveness among the studied Miombo woodland
species. All tree species were found to have diffuse porous wood. Based on the visibility, continuity, and sharpness of ring boundaries, species could be
grouped into two groups: those with distinct growth rings and those with indistinct or weakly defined growth rings.

Three species Brachystegia boehmii, Julbernardia globiflora, and Senegalia nigrescens exhibited distinct growth rings (Fig. 2). In these species, ring boundaries
and rays were visible to the naked eye or under low magnification and could be traced continuously along the transverse surface of the increment cores.
Growth ring boundaries were primarily marked, these anatomical transitions resulted in sharp and consistent ring delimitation from bark to pith.

In contrast, Combretum molle and Combretum zeyheri displayed indistinct or weakly defined growth rings (Fig. 2). Ring boundaries in these species were
difficult to identify consistently and were often discontinuous or locally absent. Growth increments were mainly distinguished by subtle differences in vessel
distribution rather than by pronounced terminal parenchyma marking. In several samples, growth rings appeared irregular or wedging, complicating
macroscopic ring identification. The darker heartwood contrasted with the lighter sapwood, but this did not aid in identifying individual growth increments.

3.2 Microscopic Anatomical Characteristics

Microscopic analysis provided detailed understanding into the anatomical features underlying the observed macroscopic differences. Quantitative
measurements are summarized in Table 2, and representative images are shown in Fig. 3.

3.2.1 Vessel and Ray Characteristics

Vessel and ray features varied considerably among the species (Table 2). Senegalia nigrescens and Combretum zeyheri had the largest mean vessel
diameters (136 um), while Combretum molle had the smallest (91.1 um). Vessel frequency was highest in C. molle (12 vessels/mm?) meaning many vessels
per unit area, which makes the wood appear uniform and reduces ring contrast and lowest in Brachystegia boehmii (4.8 vessels/mm?) this supports distinct
ring visibility. Ray structure also differed significantly; S. nigrescens had the tallest rays (mean 398.4 pm) which may increase visibility of anatomical patterns,
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but the lowest frequency (8.8 rays/mm), whereas C. zeyheri had the most frequent rays (16.2 rays/mm), but also J. globiflora had wider rays (32.9 pm) which
may improve the contrast and structural organization in wood, which can assist in recognizing ring boundaries.

3.2.2 Microscopic Markers of Growth-Ring Boundaries

The anatomical features marking growth-ring boundaries explained the macroscopic observations. In the species with distinct rings, the boundaries were
clearly defined by a combination of features. In B. boehmii, the boundary was marked by a decrease in vessel diameter and frequency, accompanied by
terminal parenchyma. In S. nigrescens, rings were demarcated by terminal parenchyma and a clear variation in vessel size. For J. globiflora, the microscopic
markers were more visible, with only slight changes in vessel distribution but also marked with terminal parenchyma, which corresponded to its rings being
visible even under the microscope.

For the Combretum species, microscopic examination revealed features that were not always macroscopically apparent. In C. molle and C. zeyheri,
boundaries were marked by terminal parenchyma bands and changes in vessel arrangement. However, these features were weak and did not create a strong
visual contrast, explaining why the rings appeared indistinct or discontinuous during macroscopic examination.

Table 2

Quantitative microscopic wood anatomical characteristics of selected Miombo woodland tree species from KFR, including vessel dimensions and ray
characteristics.

Vessel Brachystegia boehmii Julbernardia globiflora  Senegalia nigrescens Combretum molle Combretum zeyheri
Diameter
120.2(100.5-143, = 123.2(51.8-200.1, * 136(84.7-205.5, + 38.8) 91.1(56.9-128, + 136(75-242.7,£70.3)
15.6) 37) 45.1)
Vessel 4.8(4-6,+0.8) 5.9(4-8,11.6) 6.2(4-8,+1.6) 12(9-14,+£2.3) 10.8(4-12,+£2.7)
Frequency
Ray Number 10.4(5-15,1+1.4) 9.4(7-19,+2.2) 8.8(5-11,+£1.9) 14.8(12-19,+2.8) 16.2(13-18,+1.9)
Ray Height 263.9(198.6-310.1, £ 361.7(114-404, + 398.4(199.9-791.2, ¢ 226.1(94.4-265, + 206(187.3-267.8, +
145.3) 132.5) 183.8) 117.3) 115.9)
Ray Width 25.3(12.9-33.6,+7.9) 32.9(22.2-50,+7.6) 29.5(13.9-47.2,+11.6) 17.5(9.2-21.9,+2.8) 16.1(9.7-18.6, + 4.3)

Mean (range + SD) values of quantitative microscopic wood anatomical features

4. Discussion

4.1 Growth-Ring Distinctiveness and Dendrochronological Potential

A certain degree of difficulty was present in detecting the growth-ring boundaries in tropical species of several of the study species due to irregular rainfall
patterns and anatomical variability [29]. The most frequent problems related to ring boundary identification were ring wedging, indistinct boundaries, and/or
occasionally fire scars [30]. It has been noted that tropical ring boundaries tend to be clearer and more distinct in regions that exhibit a unimodal rainfall
distribution [20]. The single annual rainy season allows for a more pronounced dry period in which the ring boundary can be formed.

Despite difficulties, several of the species showed a useful potential for dendrochronology. These species include Brachystegia boehmii, Julbernardia
globiflora, and Senegalia nigrescens exhibited distinct and continuous growth rings, while Combretum molle and Combretum zeyheri showed indistinct or
irregular boundaries. This variation aligns with the general agreement that, not all tropical species form anatomically distinct annual rings, even under similar
climatic regimes [1].

These findings are consistent with earlier work in Zambia, where Julbernardia paniculata and Brachystegia longifolia were identified as reliable species for
dendrochronological analysis [3], [12]. The anatomical transitions observed in this study particularly the reduction in vessel diameter mirror diagnostic traits
reported in tropical dendrochronology research [1], [31].

The presence of distinct growth rings in B. boehmii and J. globiflora is consistent with dendrochronological studies conducted in Miombo woodlands of
Zambia, Angola, and south-central Africa, where species of Brachystegia and Julbernardia have been shown to form recognizable annual increments linked to
seasonal climate variability [3], [6], [15], [32]. Trouet et al., (2010) [15] demonstrated that Brachystegia spiciformis in South Central Africa forms annual rings
that correlate with rainfall variability, while Chiteculo & Surovy (2018) [33] confirmed similar patterns in Angola. In Namibia, Shikangalah et al., (2020) [13]
found that species such as Dichrostachys cinerea and Senegalia mellifera also produce distinct rings under semi-arid conditions. These findings reinforce the
growing body of evidence that Miombo woodlands, despite being tropical systems, offer favorable conditions for growth ring formation due to their
prolonged dry season.

In contrast, the indistinct rings observed in Combretum species echo earlier reports from southern Africa, where Combretum imberbe displayed irregular
growth increments, complicating age determination [34]. This suggests that while Combretum species may exhibit anatomical markers such as terminal
parenchyma, their discontinuous boundaries limit their dendrochronological utility.

4.2 Anatomical Basis for Growth-Ring Formation

Microscopic analysis showed that vessel size, frequency, and ray structure are critical markers of growth ring boundaries. In this study, most of the species
showed diffuse porosity, a feature typical of tropical forest species with or without visible growth-ring boundaries [10], [35], [36], [37]. The study of Santos-
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Malengue et al., (2023) [39] in Angolan miombo woodlands on B. boehmii and J. globiflora, both species formed diffuse-porous wood with distinct ring
boundaries delimited by terminal parenchyma, where diffuse-porous vessel distribution was consistently associated with distinct ring boundaries. In addition
to diffuse porosity, several species in this study showed an alignment of the vessels in diagonal or radial rows, which is also characteristic of tropical species
[37]. Also, dendritic patterns and tangential bands of vessels occurred that do not necessarily involve contact between vessels [40], [41], [42].

Terminal parenchyma was particularly important in determining ring boundaries in S. nigrescens and both Combretum species. Similar observations have
been reported for Miombo species in Angola and Zambia, where terminal parenchyma bands reflect cambial dormancy at the end of the growing season [6],
[39]. However, the presence of microscopic markers alone does not guarantee dendrochronological usefulness, as laterally discontinuous or irregular
boundaries may prevent reliable cross-dating [43].

5. Conclusion

This study provides the first systematic assessment of growth-ring distinctiveness in dominant Miombo tree species of eastern Tanzania. Our results
confirm that B. boehmii, J. globiflora, and S. nigrescens possess anatomical markers that result in distinct growth rings, marking them as high-potential
candidates for developing dendrochronological chronologies in the region. These chronologies are essential for reconstructing past climate variability and
for establishing sustainable forest management plans, including determining optimal cutting rotations.

Conversely, the challenges identified with C. molle and C. zeyheri present the need for careful species selection in tropical dendrochronology. By adding these
Tanzanian species to the list of evaluated trees, this research contributes valuable knowledge to the broader effort to expand dendrochronology in tropical
Africa. Future work should focus on cross-dating these species to confirm their annual nature and to begin building the long-term climate records needed for
effective conservation and management of the Miombo woodlands.
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Figure 1

Sampling site location within SUA-Kitulanghalo forest reserve, in Morogoro, Tanzania.
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Figure 2

Transverse sections of: (a) Senegalia nigrescens, (b) Brachystegia boehmii, (c) Combretum molle, (d) Combretum zeyheri and (e) Julbernardia globiflora.
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Figure 3

Transverse, radial and tangential longitudinal light microscope sections of the studied Miombo tree species showing vessel distribution, ray width, and ray
composition.
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