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ARTICLE INFO ABSTRACT

Dichrostachys cinerea and Senegalia mellifera trees are the most widespread invasive encroacher species in
Namibia. Understanding their growth performance under arid conditions is key to understanding and managing
the arid ecosystems of Namibia. To determine their utility in dendrochronology, we analyzed the formation of
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De“drtECh_m“Ol"gy growth rings for two species from three sites in Namibia. We applied cross-dating techniques to 69 tree discs, the
Eirr?wchrrcigilo analysis of which confirmed the formation of annual growth rings. The rings are characterised by alternating
Nanglibia &Y layers of low and high vessel density and are separated by bands of marginal parenchyma. D. cinerea shows a

well-defined pattern of growth rings, whereas the ring patterns of S. mellifera are more complex. Because aging
trees tend to display narrower rings toward the outside of the stem, we applied both ring-width index and basal
area increment methods in developing ring-width chronologies for the two species. Descriptive statistics for the
chronologies indicate that the average ring chronologies are of good quality and that the trees are responding to
common environmental signals. The basal area increment methodology produced better statistics than the ring-
width index for these two species. Furthermore, statistical characteristics of the chronologies indicate that D.
cinerea has a higher mean sensitivity (MS), expressed population signal (EPS), and signal-to-noise ratio (SNR)
than S. mellifera. Thus, we find that both species are suitable for dendrochronological study, with D. cinerea being

better than S. mellifera.

1. Introduction

Climate change impacts biodiversity at multiple scales, from genes
and species to communities and ecosystems (Visser et al., 2004; Singer
and Parmesan, 2010; Staudinger et al., 2012). Dendrochronology has
become a particularly useful tool for understanding climate change
because trees can record both environmental and site conditions over
thousands of years (IPCC et al., 2001; Carrer and Urbinati, 2010; Stoffel
and Bollschweiler, 2010), by adding a new ring layer to the stem each
growing season (Sheppard, 2010; Chhetri and Shrestha, 2009). Local
conditions influence the growth of each ring, resulting in wider or
narrower rings depending on the favorability of conditions for growth.
Thus, trees record past and present conditions, and provide clues about
future environmental conditions (Fritts, 2012; Novak et al., 2013;
Anchukaitis, 2017).

The information that trees record is important for understanding
ecosystem dynamics and predicting changes in the ecological
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surroundings, because trees can provide information that extends well
past the instrumental record. This information is especially valuable in
arid and semi-arid environments, where sound land management is
crucial due to the climate-related vulnerability of such environments
and the frequent lack of observational data. This holds particularly true
for Namibia as the country is the most arid in southern Africa and
second only in aridity to the Sahara Desert in North Africa (Food and
Agriculture Organization (FAO), 2005; Turpie et al., 2010). More than
ninety percent of Namibia’s landmass is classified as semi-arid, arid, or
hyper-arid, and the country is characterized by sporadic rainfall and
high evaporation rates (Mendelsohn et al., 2002; Shanyengana et al.,
2004; Barnard, 2012).

A number of species in semi-arid parts of Africa have shown po-
tential for dendrochronological studies (Gourlay, 1995; Wils et al.,
2009; Gaspard et al., 2018; Rahman et al., 2018). In many arid African
regions, the transition from wet season to dry season results in detect-
able anatomical changes as the trees lose or produce new leaves
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(Gourlay, 1995; Worbes, 1999). Such changes include the development
of growth rings in response to the wet-dry cycles. However, such
growth rings might not be reliable for developing tree ring chronologies
because the cambium is not always active. Severe drought stress might
cause erratic growth in the cambium, leading to the formation of
smaller growth rings in the same season (Gourlay, 1995; Wils et al.,
2009; Nath et al., 2016). In tropical ecosystems such as those found in
Namibia, growth rings may be evident as systematic transitions from
large vessel zones to layers of smaller vessels that are defined by the
wet-dry cycles (Worbes, 1999; Nath et al., 2016).

Despite extremely dry conditions, Dichrostachys cinerea and
Senegalia mellifera thrive in Namibia and have become the most pro-
blematic encroacher species (Strohbach, 2000; de Klerk, 2004; Joubert
et al., 2008). These two species have substantially reduced the carrying
capacity of rangelands for livestock production in Namibia by about 8
million hectares, of which 5.3 million hectares are severely infested
(Bester, 1999). Of the country’s 71 million hectares of commercial
rangelands, 34.89 million hectares (about 50 %) are under bush en-
croachment. These two species account for 40 % of the encroached area
(Bester, 1999). We focus here on these two species because, unlike
other encroachers such as Terminalia prunioides, Terminalia sericea, Co-
lophospermum mopane, Senegalia erubescens, Senegalia fleckii, and Va-
chellia reficiens, which are considered to be local encroachers, Dichros-
tachys cinerea and Senegalia mellifera are aggressive encroachers (Bester,
1999; Curtis and Mannheimer, 2005; Marais et al., 2015; Hauwanga
et al., 2018).

Although a number of studies have been carried out on
Dichrostachys cinerea and Senegalia mellifera (e.g. Bester, 1999;
Bhugeloo, 2014; Shorrocks and Bates, 2015; Zacharias et al., 2018),
little is known about their dendrochronological aspects or growth
patterns, or the processes involved in their establishment. Both species
are deciduous, shedding their leaves at the end of each growing season.
Such wet and dry spells result in tree ring formation as defined for
tropical deciduous trees (Nath et al., 2016; Zacharias et al., 2018). This
study examines the growth ring development of D. cinerea and S. mel-
lifera and their potential for constructing chronologies. It also in-
vestigates whether the anatomical features responsible for growth rings
differ significantly between the two species.

2. Study sites

The study was conducted at three sites, namely Lake Otjikoto (19°
11 41 s; 17° 32 59 E), situated 20 km northwest of Tsumeb; Onyoka
Farm on the Waterberg National Park in central Namibia (20° 250 S;
17°13 8 E), and Kuzikus Farm (23°20 0 S; 18° 21 59 E) in the south-east
of the country. These three sites cover a significant rainfall gradient as
shown in Fig. 1. Lake Otjikoto has an annual rainfall range of 550
mm-600 mm and an average annual temperature of 25 °C (Mendelsohn
et al., 2002). Waterberg is a moderately wet area, with an annual
rainfall range of 450 mm-500 mm and an average annual temperature
of 30 °C. Kuzikus is drier, receiving less than 300 mm of precipitation
per year on average, and has an mean annual temperature of 31 °C
(Mendelsohn et al., 2002). The Lake Otjikoto site consists of loamy to
clayey vertisol soils, which have good water-holding capacities. Wa-
terberg and Kuzikus have deep sandy dystrophic Kalahari soils, which
are poor in nutrients (Mendelsohn et al., 2002; Rodgers et al., 2017;
Ndunge, 2018).

3. Material and methods

Wood samples of D. cinerea and S. mellifera were collected from
twenty-four randomly selected trees of each species at each of the three
sites. All forty-eight specimen discs from each site (for a total of 144
discs) were allowed to air dry. However, out of the 144 discs, only those
with visible rings (32 for D. cinerea and 37 for S. mellifera) were selected
for analysis. The selection was such that for each site, at least one disc
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each of D. cinerea and S. mellifera was used for comparative and cross-
dating purposes.

For each tree, one sample disc was taken at a height of about 1.0 m,
air dried, polished, and scanned at 2400 dpi resolution. According to
Gourlay (1995), there is an increased risk of measuring missing or false
rings that occurred during periods of drought stress when doing den-
drochronological research drought-prone regions. To identify any
missing rings and to remove false rings, we used a four-step cross-dating
system. First, the rings were identified under binocular microscope. The
scanned images were then uploaded and examined using WinDENDRO
software, which automatically counts and dates each marginal par-
enchyma (Fig. 2). To make sure that all the rings were correctly de-
tected and dated by WinDENDRO software, at least four different paths
radiating from the pith were created and analyzed (Grudd, 2006;
Heinrich et al., 2009). The rings were then checked again under the
binocular microscope for correction and validation. Finally, cross-dated
rings were verified with the COFECHA programme (Holmes, 1983),
which is commonly used in dendrochronology to check the cross-dating
and to ensure the quality and measurement accuracy in all the growth
ring segments (Grissino-Mayer, 2001). COFECHA creates a master
chronology of all the discs for one species and calculates the correlation
coefficient to indicate how well the inter-annual variability in the ring
width correlates with the other ring-widths of the same species
(Holmes, 1983; Steenkamp et al., 2008). These steps of microscope to
WinDENDRO to microscope to COFECHA and back, were repeated until
the COFECHA results showed that rings were identified correctly.

For the purpose of examining the growth ring patterns, Ring Width
Index (RWI) and Basal Area Increment (BAI) chronologies were created
using the dplR package (Bunn, 2008) of R 3.4.4 (R Core Team, 2018).
We used a spline with a 50 % frequency response to remove age- and
size-related growth trends (Cook and Kairiukstis, 1990). Because
growth rings naturally become narrower as the trees get older, the
chronology was detrended to create an object containing standardized
ring-width index values (Meko et al., 1995). Detrending involves the
estimation and removal of the low-frequency variability that is due to
biological trends from growth time-series caused by e.g., age and/or
geometry (Fritts, 1976; Cook and Kairiukstis, 1990; R Core Team,
2018). Individual tree-ring width series were detrended in two steps,
first by using a negative exponential curve for the BAI and then by
fitting a cubic smoothing spline with a 50 % frequency response (Cook
et al.,, 1990; Meko et al., 1995). To account for the geometric con-
straints of RWI, the ring-width measures were transformed to BAI
(Biondi and Qeadan, 2008; Buras and Wilmking, 2014; Le Moullec
et al., 2019). A detrended BAI mean growth curve was then constructed
for each cross-section (Le Moullec et al., 2019).

A mean value chronology was developed to study the source of
growth variation and was calculated from all individual residual series
for successive 10-year periods lagged by intervals of one year (Bunn,
2008, 2010). Tree-ring indices were then combined to develop a re-
sidual chronology using a Tukey's bi-weight robust mean, which re-
duces the effect of outliers. Interseries correlations between the in-
dividual tree-ring series of each species and the master chronology for
that species were calculated. The mean sensitivity (MS) was also cal-
culated in order to study the year-to-year variability of growth rings.
The Expressed Population Signal (EPS) and Signal-to-Noise Ratio (SNR)
were analysed for climate signals and for the strength of the common
signals in the tree-ring dataset, after the method of Wigley et al. (1984)
and Hollesen et al. (2015).

Series were analysed to show the variability differences of growth
ring between the species across the rainfall gradient from Lake Otjikoto
to Kuzikus. Then the species were evaluated using the BAI master
chronology due to the absence of biological effects and geometric
constraints. The hypothesis is that all species at all sites can act as
proxies for climate change under varying ecological boundaries.
Climate information was obtained from Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) (Funk et al., 2015).
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Fig. 1. Climatic conditions at the three sites: (a) Rainfall gradient, (b) Lake Otjikoto site, (c) Waterberg site, and (d) Kuzikus Farm site. Average monthly temperature

and rainfall, 1901-2015 (Climate-Data.Org, 2018).

Fig. 2. An automatic marking of a sample by WinDENDRO, before correction.

Interseries mean sensitive correlations with the combined species
master chronology was used to identify 6 tree cores from the three sites
that closely related to the chronology. The threshold for further selec-
tion was statistical significance for both the RWI and the BAI, based on
the master chronology for RWI and a BAI correlation coefficient of
r > |0.3], following Cohen (1988) recommendations.

4. Results
4.1. Wood anatomy and growth ring formation

The wood structures of D. cinerea and S. mellifera were both found to
have proper ring development comprised of: a) a wide zone of large,
low-density vessels that marked the wet seasons and b) a narrower zone
of small, high-density vessels that marked the dry seasons (Fig. 3a & b).
The two groups of layers make up one ring and together represent one
wet-dry cycle (usually a year) of growth (Fig. 3). The width of the ring
mainly depends on the spread of the large vessels. The layer of small
vessels ends or begins with a marginal parenchyma band. Although the
marginal parenchyma band was clear in both species (Fig. 3¢ & d), the
groups of large and small vessels were not always as visible in S. mel-
lifera as in D. cinerea (Fig. 3a & b). Furthermore, the ring widths of D.

cinerea were generally wider in comparison to those of S. mellifera for
the same years and same sites, suggesting more ring growth in D. ci-
nerea.

A quick report from RWI provides a visual representation of the
specimen dataset in terms of segments arranged over time (Fig. 4). The
results for D. cinerea show 32 dated series and 718 ring measurements,
with an average series length of 22 years and a range of 38 years
spanning from 1977 to 2015. For S. mellifera, the results show 37 dated
series and 1086 ring measurements, with an average series length of 29
years and a range of 59 years spanning from 1956 to 2015.

4.2. Growth ring measurement, cross-dating and chronology development

Fig. 5 presents the standardized ring widths and shows the effect of
age on raw ring-widths by plotting mean growth curves of all cross-
sections aligned by cambial age. The cambial age curve for both species
shows a typical juvenile effect, in which the tree produces wider
growth-rings during its early years and narrower rings as it ages. D.
cinerea exhibits some wide ring widths even at a mature age in 1999
and 2011 (Fig. 5a), suggesting exceptional environmental conditions in
those years.

Fig. 6presents the smoothed BAI mean growth curves for each
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Fig. 3. Cross-sections of tree rings showing the alternating layers of the spread of large, low density vessels and cluster of small, high density vessels of (a) D. cinerea
and (b) S. mellifera. Black arrows in (c¢) and (d) indicate parenchyma bands in D. cinerea in S. mellifera growth rings, respectively.

species, which show a slight but constant increase with age. A dip in the
curve for D. cinerea occurs around 1995, whereas the S. mellifera curve
shows smooth and consistent growth throughout the period. This dip
may be related the drought during the 1994-1995 rainy season at
Kuzikus and Lake Otjikoto (Fig. 7a). The level of sample depth on the
master chronology has highly improved from RWI in Fig. 5a & b, to BAI
in Fig. 6a & b. For S. mellifera the value is more than twice in BAI than
in RWL

The descriptive statistics for the RWI and BAI chronologies for each
species are shown in Table 1. The Standard Deviation (SD) for both
species is lower in the BAI than the RWI chronology, with 0.68 and 0.98
for D. cinerea and 0.63 and 0.97 for S. mellifera. The SD was lower for S.
mellifera than for D. cinerea in both cases. The Mean Sensitivity (MS)
increased from 0.45 in RWI to 0.53 BAI for D. cinerea and from 0.36 to
0.42 for S. mellifera. For BAI, both species had Expressed Population
Signal (EPS) values above the threshold (0.85), as well as high Signal-
to-Noise Ratios (SNR). D. cinerea has higher values than S. mellifera for
EPS and SNR in both RWI and BAIL

4.3. Growth rings variation along the rainfall gradient

To test the validity of the forcing factors responsible for the growth
of the two species, the ring widths of six randomly selected samples,
one from each site for each species, are plotted against annual rainfall.
The results are shown in Figs. 7a and 7b. In Fig. 7.1a, the growth of D.
Cinerea at Kuzikus (annual rainfall of 250 — 300 mm/a) shows a positive
correlation with rainfall. At Waterberg (Fig. 7a) and Lake Otjikoto
(Fig. 7a), the correlation is also positive. In years when annual rainfall
was received over a short period of time, resulting in runoff, the cor-
relation is not good, for example, 2006 and 2016 at Kuzikus, 1987 at
Waterberg and 2011 at Lake Otjikoto (Figs. 7a and 7b). For S. mellifera,
the correlation at Kuzikus and Waterberg is very poor, but a weak
correlation exists at Lake Otjikoto, which experiences much more

rainfall. These results show that precipitation is not the only factor
controlling ring-width growth in S. mellifera.

A comparison of tree-ring width variations along the rainfall gra-
dient was carried out. Fig. 8a, 8b, which includes all the specimens
studied, indicates that ring growth for both species decreases along the
rainfall gradient. Both show wider ring widths variation at Lake Otji-
koto and narrow at Kuzikus. For D. cinerea, the results show strong
variability of growth rings (53 %, r-squared = 0.53) at Lake Otjikoto,
30 % at Waterberg National Park, and 20 % at Kuzikus Farm (Fig. 8a).
The variability of growth rings for S. mellifera are lower: 37 % (r-
squared = 0.37) at Lake Otjikoto, 23 % at Waterberg National Park,
and 17 % at Kuzikus Farm. Overall, D. cinerea shows higher variance
than S. mellifera at all sites. R values (Fig. 8b) indicate a much higher
variation and difference between the species at the wettest site (Lake
Otjikoto) than at the driest site (Kuzikus).

Series that correlate significantly with the master chronology were
analysed further. The threshold for further selection was statistically
significant (p < 0.05) and a correlation coefficient of r > |0.3| to the
master chronology of both the RWI and the BAI was established.
Table 2 shows the six most significant samples for BAI, which are also
the most significant samples for RWI. For S. mellifera, the p values for
RWI appear to be more or less the same for all specimens; for BAI the p
values increase as the rainfall gradient decreases. For D. cinerea, the p
values for BAI are also negatively related to the rainfall gradient, with
the exception of one sample (ST2DC440). The p values for RWI are very
high at Kuzikus for example in sample ST3DCO1.

5. Discussion

The study presents results that focus on the wood anatomy and
growth ring formation of two encroacher species in Namibia, as well as
their dendrochronological potential. In both species, distinct marginal
parenchyma bands are present around the rings (Fig. 3c & d). Marginal
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Fig. 4. Segmentation plot: a) D. cinerea and b) S. mellifera specimens. Each colour segment represents one specimen in the dataset.

parenchyma bands develop in relation to wet and dry periods, creating
growth boundaries that are formed within each growth year. The
number of marginal parenchyma bands corresponds to the number of
peaks in annual rainfall, whereas the ring width generally corresponds
to the total amount of rainfall received (Gourlay and Grime, 1994;
Shorrocks, 2007; Zacharias, 2018). Our findings of tree-ring formation
are similar to those of Fichtler et al. (2004).

In the chronologies, both species show a typical juvenile effect, in
which they display wider growth rings at younger ages than at mature
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ages (Figs. 5 & 6). However, D. cinerea also displays wider ring widths at
a mature age when above average rainfall occurs (Fig. 5a). Though age
range of trees in this study was not very wide, the juvenile effect is still
apparent. According to Feliksik and Wilczynski (2009), wider rings
indicate good annual rainfall amounts, while narrower rings indicate
poor rainfalls. Growth ring development in S. mellifera suggests that the
trees generally add a constant ring width even during mature age, in
spite of differences in annual rainfall. This suggests further that S.
mellifera might have a unique adaptive mechanism that enables it to
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Fig. 5. Master chronologies a) D. cinerea and b) S. mellifera, showing the age effect in raw ring-widths. The graphs were produced by plotting mean growth curves

aligned by cambial age.
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Table 1
Mean statistics of RWI and BAI chronologies.
RWI BAI
Statistics D. cinerea  S. mellifera  D. cinerea S. mellifera
Standard Deviation (SD) 0.9814 0.9737 0.678 0.625
Mean Sensitivity (MS) 0.452 0.364 0.529 0.416
Number of cores calculated (n 32 37 32 37
cores)
Mean between different cores 0.28 0.025 0.83 0.633
(rbar total)
Effective signal calculated 0.28 0.025 0.83 0.633
(rbar. eff)
Expressed Population Signal 0.876 0.353 0.989 0.974
(EPS)
Signal-to-Noise Ratio (SNR) 7.054 0.545 88.465 36.753

alter its hydraulic pathway and/or processes during dry periods for
better survival. This could explain why S. mellifera is highly adaptable
across a wide rainfall gradient. Within the growth ring, the high-density
vessels on the margins and low-density vessels at the centre of the
growth ring zones in both D. cinerea and S. mellifera (Fig. 3) point to a
varying water supply throughout the growth period (Novak et al.,
2013). The density of the vessels is directly proportional to the size of
the vessels. In the high-density zones, the vessels are smaller; in the
low-density zones, they are larger. The variations in vessel density were
found to be similar to those of Rhizophora mangle in Guaratiba, Rio De
Janeiro, Brazil (Souza et al., 2016), and to those cited by Souza et al.
(2016) of R. mangle in northern Brazil (Menezes et al., 2003). Studies of
R. mucronata in Kenya (Verheyden et al., 2004) and R. apiculata in
China (Yu et al., 2004) have results similar to those of our study. Groups
of small, high-density vessels in tree rings are related to periods of
water stress (Verheyden et al., 2004; Nath et al., 2016; Souza et al.,
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Fig. 8b. R-values differences between D. cinerea and S. mellifera at the three sites.

2016; Islam et al., 2019). Variation in the density of vessels was much
better observed in the growth rings of D. cinerea than in those of S.
mellifera. This suggests that periods of water stress are more clearly
recorded in the growth rings of D. cinerea than in those of S. mellifera.
The growth curve of S. mellifera in Fig. 6 is constant, whereas that of D.
cinerea has a marked dip, suggesting that the latter was unable to access
sufficient moisture to add woody matter during a particularly dry
period.

D. cinerea was found to add more biomass when the amount of
rainfall is high (wider rings) and to add very little biomass when

precipitation is very low. This is not the case for S. mellifera, which adds
less biomass than D. cinerea but appears to do so more consistently,
regardless of precipitation (Figs. 8a & 8b). Unlike D. cinerea, S. mellifera
long tap root that penetrates deeply into the ground and is thought to
be key to its adaptability in arid ecosystems. The tap root can extend to
depths of more than 30 m and is supported by an extensive lateral root
system (de Klerk, 2004; Namibia Agricultural Union (NAU, 2010). The
lateral root system is adapted to absorb soil moisture and is useful for
competing for rainfall, whereas the deep tap root can reach ground-
water, especially during dry periods (Sarris et al., 2007). Due to the lack
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Table 2

The six most statistically significant tree discs, two from each site and one of
each species. In the sample code, DC stands for Dichrostachys cinerea and SM
stands for Senegalia mellifera. *p value for correlation coefficient more than 0.3
but statistically significant for the 95 % confidence interval.

Sample code R. Coeff p Value Residual p Value Site
(BAID) Correlation
(RWI)

ST1SM079 0.702 0.0004  0.789 0.00 Lake Otjikoto
ST1DC082 0.826 0.0001 0.580 0.02 Lake Otjikoto
ST2SM414 0.517 0.0139  0.550 0.02 Waterberg
ST2DC440 0.329 0.0539*  0.401 0.02 Waterberg
ST3SM505 0.415 0.0218 0.393 0.02 Kuzikus Farm
ST3DCO1 0.389 0.0087 0.210 0.10% Kuzikus Farm

of a very deep tap root, D. cinerea may depend entirely on rainfall (soil
moisture) and therefore adds as much biomass as much as possible
when moisture is available. The population of D. cinerea decreases
significantly from the Lake Otjikoto site, where the trees are abundant,
to the Kuzikus site, where the trees are scarce. In contrast, the popu-
lation of S. mellifera is mostly constant along the rainfall gradient from
Lake Otjikoto to Kuzikus Farm (Bester, 1999; Birch et al., 2017). It does,
however, decrease in height along the gradient from more precipitation
to less precipitation. The comparison of the two species underlines the
significance of soil moisture supply for tree growth. The clayey vertisol
soils at Lake Otjikoto are conducive to holding water for a longer period
than the sandier soils at Kuzikus Farm. The combination of good soil
and higher rainfall amounts makes the trees more dependent on rain-
fall, especially during dry periods. The water-holding capacity of the
soil at Kuzikus Farm is naturally poor so little moisture is retained and
fewer nutrients are available to the trees, resulting in narrower growth
rings.

In this study, tree-ring chronologies were developed using conven-
tional techniques to yield comparable statistical results (Fritts, 1976;
Cook and Kairiukstis, 1990; Wang et al., 2005). While the SDs of both
species declined, the Mean Sensitivity (MS), Expressed Population
Signal (EPS) and Signal-to-Noise Ratio (SNR) improved from RWI to
BAI (Table 1). The MS quantifies the annual variation in growth be-
tween two adjacent rings (Fritts, 1976; Liang et al., 2001), and in-
creases from 0.45 to 0.53 for D. cinerea and 0.36 to 0.42 for S. mellifera
indicating that there is a higher response from the former than the
latter. Furthermore, for BAI, both species had EPS values above the
0.85, which is considered to be a critical threshold for climatic signals
(Wigley et al., 1984; Liang et al., 2001; Zhang et al., 2013; David et al.,
2018). They also both had a high SNR, which is an indicator of the
strength of the common environmental signal in the tree-ring dataset
(Wigley et al., 1984). These statistics indicate that the chronologies
(especially the BAI) are reliable and can be used to study the correlation
between tree growth and environmental signals (Wigley et al., 1984;
Wang et al., 2005; David et al., 2018). The statistics also indicate that
the BAI chronologies have better common environmental signals and
are therefore more reliable for comparing growth ring measurements.
Furthermore, the statistics show that D. cinerea has higher MS, EPS, and
SNR than S. mellifera, suggesting that D. cinerea correlates better with
environmental cues than S. mellifera.

6. Conclusion

This study is the first to construct a master chronology for two most
aggressive encroacher species in Namibia. The study focuses on iden-
tifying how the anatomical features of Dichrostachys cinerea and
Senegalia mellifera develop in arid to semi-arid environments. The study
confirms that the two species form well-defined annual growth rings in
response to the changes from the wet seasons to the dry seasons. The
variability in ring width and the alternation between vessel layers of
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high- and low-density reflect the wet and dry seasons experienced in
southern Africa. These changes are more clearly recorded in specimens
of D. cinerea than of S. mellifera. The master ring-width chronologies
better reflect results using the BAI methodology as compared to the
RWI methodology. The growth patterns of both species are suitable for
dendrochronological purposes, and both species produce clear and re-
liable ring chronologies. However, D. cinerea appears to respond more
sensitively to environmental cues and may therefore provide more
immediate climatological information. In contrast, S. mellifera appears
to have a more complex growth habitat, necessitating greater scrutiny
to understand its multifaceted growth ring patterns. The chronologies
developed in this study form the basis for further dendrochronological
study of these two species in Namibia.
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