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Results reveal that taller and larger trees are prevalent in the more humid site, while higher tree density is
observed in the drier site. The spatial analysis highlights a significant aggregation of adult miombo species
across all sites, with juveniles exhibiting a propensity to cluster around adult trees. These findings under-
score the pivotal role of ecological gradients, such as precipitation, in shaping miombo woodland structure.
However, the absence of clear spatial patterns across the rainfall gradient suggests that precipitation may
have less influence on the spatial distribution of miombo trees. Understanding these complex ecological
dynamics is essential for developing targeted conservation and management strategies that align with the
unique attributes of miombo woodlands, critical ecosystems within the African landscape particularly vul-
nerable to global climate change.
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1. Introduction

Tropical savanna covers approximately 20 % of the land surface
with 65 % of this biome located in Africa (Shirima et al., 2011). The
miombo woodlands are the most wide-ranging tropical savanna
woodland formation in Africa covering an area of about 2.7 million
km? in the southern, central and eastern parts of the continent
including Angola, Democratic Republic of Congo, Malawi, Mozam-
bique, Tanzania, Zambia and Zimbabwe (Campbell, 1996). The
woodlands have immensely contributed to the maintenance and
wellbeing of local communities by directly supporting the liveli-
hoods of over 39 million people through the provision of food,
firewood, pastures, and medicines (Shirima et al., 2011; Sileshi et
al., 2007). The miombo woodland is adjacent to arid areas and
deserts, and serves as a barrier to spreading desertification (Sileshi
et al., 2007). It stores approximately 23 Mg C ha~! making this
ecosystem an important global sink of carbon for climate change
mitigation (Shirima et al., 2011). Although they are of high eco-
nomic, ecological and social importance, the miombo woodlands
are under threat from anthropogenic activities and increased
drought frequency due to climate change (Chidumayo, 2002; Sile-
shi et al., 2007; Zinyowera et al., 2021).
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To better understand the significance of woodlands and the
multifaceted challenges they face, it is crucial to implement a
comprehensive and multidisciplinary approach that enhances our
comprehension of their composition, size distribution, and spatial
characteristics. Employing such an approach will facilitate the
development of evidence-based policy interventions aimed at
safeguarding this critical ecosystem and ensuring its sustainability
for future generations. Developing effective management strate-
gies relies on identifying the ecological mechanisms driving these
ecosystems, and spatial pattern analysis can serve as a valuable
instrument in revealing such mechanisms (Wiegand and Moloney,
2013).

Most studies in the miombo woodland have mainly focused on
structure and composition (Banda et al., 2006; Giliba et al., 2011;
Shirima et al., 2011), stand biomass (Mareya et al., 2018) carbon stor-
age (Shirima et al., 2011) and on allometric models (Mugasha et al.,
2013). However, there is little to no information on how miombo
woodland species partition space. Spatial pattern and interactions of
plants influence their population dynamics (Wiegand et al., 2000).
The spatial distribution patterns of trees depend on the plant’s bio-
logical characteristics at a small scale and on environmental hetero-
geneity, such as soil, water, light, and terrain, at large scales. Plants
perform well at sites that provide optimal resources and conditions
for germination and they interact positively or negatively with neigh-
bours, which influences their survival and growth (Assédé et al.,
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2012; Berkowitz et al., 1995; Callaway and Walker, 1997). These
interactions result in varying spatial patterns of plant distribution
(Wiegand et al., 2000). For example, competition may result in the
mortality of weaker individuals and thus increase the spacing
between plants over time (Smith and Goodman 1987). Composition
of any mature vegetation stand is shaped by competition (Clements
et al,, 1929; Wiegand et al., 2008) and/or facilitation among plant
species (Mureva and Ward, 2016). Strong competition among woody
species can result in a regular pattern of the shrubs, while weak com-
petition and/or facilitation can also result in clustering, as can envi-
ronmental heterogeneity (Meyer et al., 2008). Facilitation can be due
to seed dispersal, nurse-plant syndrome, and environmental hetero-
geneity. A facilitative nurse-plant syndrome often refers to seedling
establishment under canopies of adult trees. In such interactions, the
seedlings profit from protection against harsh temperatures, higher
available soil moisture and nutrients, and reduced soil compaction
and erosion (Flores and Jurado, 2003). The nurse-plant syndrome has
mainly been reported in arid and semi-arid regions (Chen et al.,
2011; Schleicher et al., 2011). Indeed, the role of savanna trees such
as Vachellia karroo in nucleation have been observed, producing spe-
cies-rich bush clumps (O’Connor and Chamane, 2012; Jameson-Dan-
iels et al., 2020).

If spatial processes of population dynamics have a strong effect
on plant spatial patterns and distribution, then these spatial pat-
terns contain information on population dynamics. It should be
possible, therefore, to learn about population processes by investi-
gating spatial patterns of plant distribution (Wiegand and Molo-
ney, 2013). Spatial pattern analysis can be used to: (1) infer
ecological mechanisms driving the plant population dynamics
(Duncan, 1991; He and Duncan, 2000; Wiegand et al., 2000) (2)
understand the genesis and maintenance of biodiversity patterns
(Plotkin et al. 2000, He and Legendre 2002, Fang 2005), and (3)
predict stand dynamics (Mateu et al. 1998, Stoyan and Penttinen
2000, Kokkila et al. 2002).

There are two common ways of determining spatial distribution
of plants, namely point-pattern and nearest-neighbour analyses
(Wiegand and Moloney, 2004; Muvengwi et al., 2016; Muvengwi et
al.,, 2018a, Muvengwi et al., 2018b). In point-pattern analysis, the
position of a plant in a plot is represented by a point, and the spatial
pattern analysis indicates whether the distribution of the points is
random, aggregated or regular (Wiegand and Moloney, 2004). How-
ever, spatial pattern analysis cannot detect competitive interactions
that do not result in differential mortality of individual plants (Getzin
et al., 2006). Nearest-neighbour analysis, on the other hand, may pro-
vide a useful tool for detecting subtle interactions, where competition
may result in reduced growth rather than mortality (Getzin et al.,
2006; Shackleton, 2002). Nearest-neighbour analysis shows that if
competition is present there will be a substantial decrease in size of
one or more competing neighbours (Shackleton, 2002). This analysis
works on the premise that there is a positive correlation between a
size index (usually canopy diameter) and distance between compet-
ing neighbours (Shackleton, 2002). It is therefore expected that large
individuals should have smaller neighbours. In contrast, facilitation
among plants may result in increased growth, resulting in a negative
correlation size index and distance between competing neighbours
(Schleicher et al., 2011).

In this study our objectives were to determine the population
structure and spatial pattern of miombo woodland species across a
rainfall gradient in Zimbabwe. We determined: (1) the spatial pattern
of miombo tree species across a rainfall gradient, (2) the differences
in spatial pattern of juvenile trees in relation to adult trees along a
rainfall gradient and (3) the presence of both inter- and intra-specific
tree competition through examination of the relationship between
the total distance from the focal tree to its four closest neighbouring
trees and the combined canopy cover of the focal tree and its four
nearest neighbours.
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We hypothesized that:

1. The spatial point pattern of miombo tree species was expected to
be regular (indicating competition) in high precipitation areas
and clustered (indicating facilitation) in low precipitation areas.

. We expected juvenile miombo woody species to be clustered
around large trees in low rainfall (indicating facilitation) and over-
dispersed (indicating competition) around large trees in the high
rainfall sites, respectively.

. High rainfall might intensify competitive interactions due to the
favourable growth conditions, possibly resulting in increased
mortality and negative relationship between the total distance
from the focal tree to its four closest neighbouring trees and the
combined canopy cover of the focal tree and its four nearest
neighbours, as predicted by the honeycomb Voronoi tessellations.
Conversely, in areas with lower rainfall, plant-plant competition
may be less pronounced due to the stressful environmental condi-
tions (Maestre et al., 2009), with potential positive relationship
between the total distance from the focal tree to its four closest
neighbouring trees and the combined canopy cover of the focal
tree and its four nearest neighbours, indicating weak interaction.
Therefore, we expected reduced growth of neighbouring plants
and minimum mortality.

2. Materials and methods
2.1. Study sites

Cecil Kop Nature Reserve, Zimbabwe, located at 18'57'S, 032 41’E,
was established in 1977. The area receives an annual rainfall >
1000 mm and has minimum average temperature of 10 °C and an
average maximum temperature of 23 °C. This 1500 ha reserve is a
popular destination for bird enthusiasts. The soil profile predomi-
nantly consists of moderately shallow, greyish-brown, coarse-
grained sands transitioning to similar sand loams, and further over-
laying reddish-brown sandy loams. These soils are derived from gra-
nitic rocks (Campbell, Frost, Byron,1996). The area is protected, and a
fire frequency of one fire in five years has been recorded. The reserve
is dominated by Julbernardia globiflora and Brachystegia spiciformis. In
addition to its rich avian life, the park houses two elephants Loxo-
donta africana (a mother and son), three zebras (Equus quagga), a
giraffe (Giraffa camelopardalis giraffa), some kudu (Tragelaphus strep-
siceros) and vervet monkey (Chlorocebus pygerythrus). This site is
classified as region [ in the study.

Mukuvisi Woodlands which is 263 ha in size is located on 17°50'S,
031°05'E, was founded in 1910. The area receives an average of
850 mm of rainfall per annum (Mbiba et al., 2021). The average mini-
mum temperature of 16 °C and an average maximum temperature of
26 °C has been recorded (Muvengwi et al,, 2021). The woodland is
dominated by Julbernardia globiflora and Brachystegia spiciformis. The
area records some occasional fires, with potential to modify tree
structure (Muboko et al., 2014; Muvengwi et al., 2022). The area has
ferric fluvisols-greyish brown sands and sandy-loam soils derived
from granite rocks. Mukuvisi Woodlands serves as a green belt situ-
ated just 5 km east of Harare Central Business District (CBD). Muku-
visi Woodlands is home to various game animals, including eland
(Taurotragus oryx), zebra (Equus quagga), giraffe (Giraffa cameloparda-
lis giraffa), wildebeest (Connochaetes taurinus), and impala (Aepy-
ceros melampus) (Muvengwi et al., 2022). Mukuvisi woodlands is
classified under region Il in this study.

We sampled a protected woodlot 5 ha in size at Chisangano High
School located at18" 52'S, 031°33'E in Chikomba District, Wedza. The
area receives an average of 650 mm of rainfall per annum with a min-
imum temperature of 6 °C and an average maximum of 33 °C. The
woodlot is dominated by Julbernardia globiflora and Brachystegia
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spiciformis and often experience occasional fires. The soil profile pre-
dominantly consists of moderately shallow, greyish-brown, coarse-
grained sands transitioning to similar sand loams, and further over-
laying reddish-brown sandy loams. These soils are derived from gra-
nitic rocks. Although smaller in size compared to the other two sites,
it contributes valuable data on the diverse woodland ecosystems
found in Zimbabwe (Fig. 1). The site does not have large herbivores
and has been well protected from illegal harvesting. This site is a pre-
served miombo woodlot managed by a local school in region III.

2.2. Data collection

To ensure comprehensive assessment of woody plant interactions
within different ecological regions of Zimbabwe, we selected two
nature reserves in natural regions I and II and a protected woodlot
from natural region III. There was no wood harvesting at the three
sites. Within these selected sites, we marked two 20 x 20 m plots in
relatively homogeneous patches to minimize the influence of visible
landscape environmental heterogeneity, thus focusing on woody
plant interactions within the specific site. Each plot contained a mini-
mum of 50 individual woody plants, in accordance with recommen-
dations by Wiegand and Moloney (2013), ensuring an adequate
sample size for analysis. For precise location referencing, we
employed a Cartesian plane with the origin set at (0, 0), marking the
location of each woody plant within the 20 x 20 m plots. The x- and
y-coordinates of each plant were determined using a tape measure,
ensuring accurate spatial data collection. All woody plants within the
plots, ranging from seedlings to adults, were considered for analysis.
Adults were defined as individuals with a diameter at breast height
(1.3 m) greater than 6 cm and/or a height exceeding 3 m. Sub-adults
were characterized as individuals with a height greater than 0.3 m
and less than 6 cm diameter at breast height (1.3 m), otherwise the
individual was classified as a seedling for structural assessment pur-
pose. These criteria, adapted from Gandiwa et al. (2011) and Walker
(1976), allowed for consistent classification of individuals across the
study sites. For each woody plant, comprehensive morphometric
measurements were conducted, including height, basal diameter,
and long and short perpendicular canopy diameters. Additional varia-
bles such as basal area and canopy cover were derived from these
measured parameters, providing a comprehensive dataset for subse-
quent analysis and interpretation.
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<
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2.3. Data analysis

2.3.1. Tree structure analysis

Data on tree structural variables (height, basal diameter, and
crown diameter) were tested for normality using Shapiro Wilk test.
We analysed the tree structure variables using multivariate analysis
of variance (MANOVA) followed by a pairwise Tukey honest signifi-
cant difference (Tukey HSD) post hoc comparison for the different
sites for significantly different variables. A MANOVA test was applied
because its assumptions were fulfilled. Tree size class distribution
was compared using the Kolmogorov-Smirnov test. Diameter and
height size class distributions (SCDs) were computed according to
(Condit et al., 1998). A least-squares linear regression was calculated
with size-class midpoint as the independent variable and the number
of individuals in that class (Ni) expressed per hectare as the depen-
dent variable. Population structure was interpreted using the diame-
ter and height SCD slopes (Everard et al, 1995). Negative slopes
indicated recruitment; zero slopes indicated a balance between
recruitment and mature trees whereas positive slopes indicated
many mature trees without recruitment (Everard et al., 1995).

2.3.2. Spatial pattern analysis

The univariate point pattern was used to investigate the distribu-
tion pattern of adult miombo tree species in each region while the
bivariate point pattern was used to investigate the association
between adult plants (pattern 1) and juveniles’ (pattern 2). The uni-
variate method was used to determine whether the distribution of
adult miombo species in different ecological regions can be consid-
ered as having a regular, random, or aggregated pattern. The bivariate
method was used to determine the effect of adult species on the spa-
tial distribution of juveniles which included, sub-adults, saplings and
seedlings (Assédé et al., 2012).

In this study we used the pair correlation function g(r), the
expected point density at distance r from a typical point of the pat-
tern, relative to the intensity of the pattern. For a random univariate
pattern, the pair correlation function yields g(r) = 1. A value of g(r) >1
indicates that the pattern is clustered while a g(r) <1 value indicates
that the pattern is uniform.

The bivariate K- function (K;»(r)) is the expected number of points
of pattern 2 within a given distance r from an arbitrary point of pat-
tern 1 divided by the intensity of pattern 2 points (Wiegand and

b. N

Harare @)/ukuvisi woodlands

@hikomba &é/cil Kop

&ulawayo

Longitude

Fig. 1. Map showing location of Zimbabwe in Africa (a) and the study sites (Cecil Kop in region I, Mukuvisi woodlands in region Il and Chikomba in region III) and two major cities,

Bulawayo and Harare (b).
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Moloney, 2004). The second-order bivariate estimate is defined as
follows:

nl n2

o> Wi in(uy) (1)

i1 j=1

Kia(r) = (min) ' |A

where n; and n, are populations from species 1 and 2 respectively in
area A. Other terms are interpreted as in equation 4 above. However,
in this study we used the pair correlation function g;,(r) function
which was determined as follows:

dKq,(r
g2(r) = ‘112,,( )

/2mr (2)

If patterns 1 and 2 are randomly associated, g1»(r) = 1. When there
is facilitation, g;»(r) > 1. If the individuals are competing, g;5(r) < 1
(Gray and He, 2009). K1, (r) is calculated as in equation 3 above.

The confidence envelopes for pair correlations statistics were esti-
mated from 199 Monte Carlo simulations using the complete spatial
randomness null model for univariate analysis and the toroidal shift
null model for the bivariate analysis (Wiegand and Moloney, 2004).
The confidence envelopes were estimated using the 5th lowest and
the 5th highest values for each distance r. In the bivariate case, if the
g(r) statistic exceeds the upper confidence limit, it indicates aggrega-
tion at the r spatial scales where the deviation occurs. If the function
is below the lower confidence limit, it indicates spatial repulsion.
When the function lies within the confidence limits, the distribution
is considered random. To avoid the problems of Type I errors associ-
ated with multiple testing (Loosemore and Ford, 2006; Perry et al.,
2006), significant departure from the null models was tested at
o = 0.05 using the Diggle-Cressie-Loosmore-Ford (DCLF) test with
199 Monte Carlo simulations.

2.3.3. Nearest-Neighbour analysis

We used nearest-neighbour analysis to infer fine-scale competi-
tion. Competition does not always lead to significant mortality and
may only result in growth reduction in one or more neighbouring
plants (Dale, 1999). We determined the correlation between the sum
of canopy diameters of four nearest neighbours plus the canopy
diameter of the focal tree and the sum of the distances from the four
nearest neighbours to the focal tree. If the trees are directly compet-
ing, then the nearest-neighbour distance should be smaller for
smaller trees than for large trees. A significant positive correlation
between nearest-neighbour distances and tree sizes indicates compe-
tition and a significant negative correlation indicates facilitation.

3. Results
3.1. Tree density and structural variables

Adult tree height was significantly different (F, 3g9 = 69.8,
p < 0.001) among the three regions (Table 1). Region I (>1000 mm)

Table 1
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had taller adult trees compared to the 850 (p < 0.001) and 650
(p < 0.001) mm MAP sites. Adult individuals at region Il woodland
were significantly taller compared with those in region IIl (Table 1).
The juveniles were also significantly taller in the region I compared
to region Il and region IIl (Table 1). Individuals, however, were signifi-
cantly taller in region Il woodlands and region Il woodland com-
pared to region I.

Basal diameter was significantly different in adults (F;, 389 = 12.35,
p < 0.001), sub-adults (F5 s4¢ = 18.93, p = 0.008) and juveniles
(F2, 526 = 12.35, p < 0.001) across the three sites (Table 1). region I
woodland had higher adult diameters compared with region II
(p < 0.001) and region IIl woodlands (p < 0.001). The basal diameters
of juvenile plants were smaller (P < 0.001) in region Il compared to
region [ (Table 1).

Canopy diameter and canopy cover were significantly different for
adults and sub-adults (F, 3g9 = 22.34, p = 0.001, F;, 389 = 17.25,
p < 0.001, respectively) across the regions. For sub-adults, canopy
diameter was significantly different (F 3545 = 3.42, p = 0.03) while can-
opy cover was marginally different (F, s48 = 2.65, p = 0.07) across
sites.

The Kolmogorov-Smirnov test showed that the diameter class dis-
tributions were significantly different between region I and region II
woodlands (D = 0.184, p < 0.001). The diameter class distributions
were also significantly different between region I and region III
woodlands (D = 0.193, p < 0.001). The height class distributions were
significantly different between region I and region II woodlands
(D =0.222, p < 0.001), region I and region Il woodlands (D = 0.194,
p < 0.001) and region II and region Il woodlands (D = 0.14,
p < 0.001). All the three miombo woodlands showed a typical inverse
J-shaped diameter class distribution. The relative frequency of indi-
viduals between 0 and 4 cm in diameter was 56 %, 67 % and 64 % in
the Regions 1, 2 and 3 respectively (Fig. 2). Individuals with diame-
ters greater than 13 cm had a relative frequency of 15 % and 37 % in
the region I and region Il while they only contributed 1.7 % region Il
woodland (Fig. 2).

3.1.1. Univariate analysis of adult miombo species

The pair correlation function in region I showed that the miombo
adult trees were significantly aggregated (p < 0.05) for both plots
between 2 and 4 m (Figs. 3a&b; 4a&b). The highest average neigh-
bourhood density for plot 1 in region I woodland was at 0.5 m
(2 times higher than expected) while in plot 2 the highest density
was at 3 m (1.5 times higher than expected) (Fig 4a&b, respectively).
In region Il woodland there was an aggregation up to 5 m (p < 0.05
for plot 1 and 2) (Figs. 3c&d; 4c&d). The average neighbour density
for region Il woodland plots was more than 2 times that expected at
distances less than 0.5 m. In both plots in region Il woodland, the
pair correlation function showed aggregation up to 5 m (p = 0.005
and p = 0.01 for plot 1 and 2 respectively). The neighbourhood den-
sity was highest at short distances (r < 1) (Figs. 3e&f; 4e&f).

Height (m), basal diameter (BD) (cm), basal area (BA) (cm?), canopy diameter (CD) (m), canopy cover (CC) (m?) of the major miombo species in different ecological
regions within Zimbabwe compared using multivariate analysis of variance (MANOVA). Means were separated using Tukey honest significant difference (Tukey HSD)

post hoc comparison. Values represent the means + SE in each age class.

region | region II region III
Juveniles Sub-Adults Adults Juveniles Sub-Adults Adults Juveniles Sub-Adults Adults
Height 0.32+0.09° 1.20 +0.69% 577 £1.82% 026+1.32° 1.61+068" 426+133° 0.19+0.11°  1.64+0.60° 427 +£4.35°
BD 0.36+041° 267 +2.21° 12.98 £ 6.92° 0.85+1.33° 339+211°® 952+445° 0.46 £0.61*° 3.09+158"  6.788 & 3.14°
BA — 9.44 +14.06°  169.79 £ 25247°  ——- 196 +5.02°° 867 +7042° —— 9.44 +8.82°  43.88 +404°
cD — 0.92 + 0.62°% 3.04 + 1.46% - 1.07 £ 0.69° 219 +1.24% - 0.95+049*  2.133+095°
CcC — 0.95 +1.24% 8.95 +9.53* —— 0.95 + 0.49° 4.97 +6.42° — 0.90 + 0.89% 427 +4.35°

Means in the same row within the same age class with different superscripts are significantly different at P = 0.05.
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Fig. 2. Size class distributions (SCDs) according to diameter (a—c) and height (d—f)) of miombo species in the three ecological regions in Zimbabwe, region I (a and d), region II (b

and e) and region IIl (c and f).

3.1.2. Bivariate analysis of adults and juveniles

The bivariate L function showed that region I juveniles were clus-
tered around adults between 0.5 and 5 m (p = 0.005) in the two plots.
The bivariate L function showed inconclusive results in region II
woodland, with plot 1 showing significant (p = 0.02) aggregation of
juveniles around adults between 2 and 5 m, while in plot 2 juveniles
were significantly (p = 0.005) dispersed from their adult counterparts
between 2 and 5 m (Fig 5c and d, respectively). In region IIl woodland
the bivariate L function was also inconclusive with one plot showing
clustering of juveniles around adults while the other plot showed
that juveniles were randomly distributed around the adults.

The bivariate pair correlation function indicated that juveniles
were aggregated around adults in both plots in region, with plot 1
showing aggregation (p = 0.005) between 0 and 2 m while plot 2
showed aggregation between 0.5 and 5 m (p = 0.005). In region I
woodland the bivariate pair correlation function showed that the
juveniles in plot one were generally randomly distributed around the
adult trees, while in plot 2 the juveniles were over dispersed
(between 1 and 5 m) around the adult plants. In region III the juve-
niles in one plot were aggregated between 1 and 5 m (p = 0.005)
around adult plants while in the other plot there was random distri-
bution (p = 0.73) of juveniles around adult plants (Fig. 6).

3.1.3. Nearest-Neighbour analysis

There were significant correlations between sum of the distance
to the nearest neighbour and the sum of the canopy diameters of the
focal individual and its neighbours in the study plots (Fig. 6). How-
ever, although the p-values were significant (because of the large
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number of data points), the relationships explained very little (< 5 %)
of the variation in all the plots (Fig. 7).

4. Discussion

Adult and juvenile trees had significantly larger structural varia-
bles (height, basal and canopy diameter) in the most humid site
(region I) than in region II and region III. Tree density, was however,
highest in region Il and lowest in region I site contrary to our predic-
tion which expected density to be highest in region Il site. High
moisture content that prevails in humid regions as well as high levels
of nutrient cycling (Schimel et al., 1985) enhance plant performance,
leading to large trees dominating our wetter site (Homeier et al.,
2010; Takyu et al., 2002). Because of the high moisture availability,
plants in our region I study site tend to compete, eliminating weaker
individuals resulting in a low-density stand (Mureva and Ward,
2016; Muvengwi et al., 2018). High tree density in the region III
woodland may have led to intense competition with potential to
lower plant growth (in terms of canopy diameter and diameter at
breast height), with trees investing more in height due to competi-
tion for light (Nagashima and Hikosaka, 2011; Nishimura et al., 2010;
Weiner and Thomas, 1992). However, the investment in height of
trees in low precipitation areas is limited by resource availability.

The high recruitment observed in our region III site compared to
the most humid site demonstrated that in low precipitation areas
there is less mortality dependent competition and bigger plants tend
to facilitate seedlings and juveniles to escape from the harsh environ-
ment through provision of shade, water, and nutrients (Getzin et al.,
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Fig. 3. Spatial distribution of trees in sampled regions of Zimbabwe, region I; (a) and (b), in region II (c) and (d) and in region IIl woodlands (e) and (f). Black circles represent loca-

tions of individual trees in the sampled plots.

2006; Maestre et al., 2003; Pillay and Ward, 2012). Another probable
explanation for the high density of seedlings and juveniles in the
drier site, is that, under tree canopy, there is low evapotranspiration
demands and competition for soil water (Holmgren et al., 1997)
resulting in high seedling survival in arid regions compared to humid
regions. Although recruitment was significantly higher in the low
precipitation areas, all our study sites showed a size class distribution
conforming to the inverse ] size-class distribution indicating high
density of juveniles compared to adults (Everard et al., 1995). These
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findings suggest that the Miombo woodlands may be fine grained
forests and the species may be shade tolerant as they are able to
regenerate under canopy cover (Everard et al., 1995).

The aggregation of adult tree species shown in this study was con-
trary to our prediction for the region I woodland, however the predic-
tion agreed with our region III site. Our findings in the high rainfall
area, are in agreement with Pillay and Ward (2012) who found a sim-
ilar spatial pattern (aggregation) of adult savanna trees in humid
regions, although they were focusing on Acacia (Vachellia) species.
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Fig. 4. Spatial distribution of adult miombo trees in the sampled regions of Zimbabwe, region I (a and b), region II (c and d), and region IIl woodlands (e and f) using the univariate
pair correlation function. Significant departure from the null model of complete spatial randomness (CSR) is indicated by the dark line falling below or above the 99 % confidence
limits (grey shaded area), determined from the 5th lowest and 5th highest values among 199 Monte Carlo simulations.

This suggests absence of extreme inter- and intra-specific competi-
tion, which leads to death of plants. A regular distribution of trees is
usually due to density-dependent mortality and occurs when trees
compete for limited resources. Intense competition may result in
mortality of aggregated individuals, resulting in regular distribution
of trees in accordance with the honeycomb rippling model (Ward,
2005; Wiegand et al., 2005). Adult individuals, therefore, should be
more evenly spaced than juveniles. Even distribution will only occur
when competition leads to sufficient mortality within a stand of trees
(Stoll and Bergius, 2005). In some cases, competition may not be suf-
ficient to cause mortality but rather reduces growth. In agreement
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with our studies, Pillay and Ward (2012) and Getzin et al. (2006)
failed to find any evidence of spatial regularity in Vachellia karoo and
Pseudotsuga menziesii var. menziesii stands, respectively. However,
the two studies detected important competitive interactions via size
correlations. In our study the correlation between canopy diameters
and nearest neighbour distance was weak, suggesting relatively
weak competitive interactions of adult miombo species.

The aggregated distribution of the juvenile plants observed in this
study can be due to several ecological processes such as facilitation,
seed dispersal and environmental heterogeneity. Facilitation has
been reported in arid and semi-arid environments and is regarded as
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Fig. 5. Bivariate L;,(r) function (square root transformation of the bivariate Ripley K;,(r) function) showing the analysis of the interaction between adults and juvenile miombo tree

species in sampled regions of Zimbabwe, region I (a) and (b), in region II (¢) and (d) and in region IIl woodlands (e) and (f); r (

m) is the distance scale in metres. The observed pattern

(solid black line) within, above or below the 95 % Monte Carlo Simulation envelopes (grey area) indicate random, aggregated and regular, respectively.

aresponse to patchy precipitation events in arid savannas (Holmgren
et al., 1997; Schleicher et al., 2011) which is uncommon in high rain-
fall areas (Eisinger and Wiegand, 2008; Ward, 2009). Facilitation
occurs when a nurse plant has an established canopy beneath which
conditions for seed germination and seedling survival are enhanced,
e.g. due to increased water availability, more nutrients in the soil, or
reduced grazing pressure (Flores and Jurado, 2003). On the other
hand, directed seed dispersal results in spatial plant associations sim-
ilar to those caused by nurse plant effects when wind-dispersed
seeds are trapped beneath (apparent nurse) plants or when animal
dispersed seeds preferentially defecated beneath (apparent nurse)
plants (Chen et al.,, 2011; Dean et al., 1999). Finally, external factors
cause environmental variables to be unevenly distributed in space
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and/or time. If local environments (e.g. soil nutrient concentrations)
are favourable to the investigated species, these species will tend to
aggregate even in the absence of mutualistic interactions (Barot et al.,
1999; Maestre et al., 2003).

Understanding the influence of a rainfall gradient on miombo spe-
cies spatial point patterns, size class distribution, and structure pro-
vides valuable insights for ecosystem management and conservation,
particularly in the context of climate change. Our findings suggest
that the distribution and characteristics of miombo woodlands are
strongly influenced by local environmental conditions, with varying
responses along a precipitation gradient. Given that tree height and
other structural attributes were significantly influenced by the rain-
fall gradient, climate change scenarios predicting alterations in
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precipitation patterns could have profound effects on miombo wood-
land structure. With anticipated shifts in rainfall regimes, particularly
in drier regions experiencing increased aridity and moisture stress,
we might expect changes in tree density, size class distribution, and
spatial patterns. For instance, reduced precipitation could lead to
decreased tree growth and recruitment, impacting the overall struc-
ture and composition of miombo woodlands. Conversely, areas
experiencing increased rainfall may see enhanced tree growth and
density, potentially altering species interactions and community
dynamics.
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To inform evidence-based management strategies for miombo
woodlands under future climate scenarios, it is imperative to implement
adaptive management approaches that account for potential shifts in
tree species composition, structure, and function in response to chang-
ing precipitation patterns. There is need to prioritize conservation
efforts in areas exhibiting high tree density and recruitment, especially
in regions prone to increased aridity and potential vegetation shifts and
finally establish long-term monitoring programs to track changes in
miombo woodland structure and dynamics, enabling timely interven-
tions and adaptive responses to climate-induced alterations.
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5. Conclusion

Our study investigated the influence of a rainfall gradient on spa-
tial point patterns, size class distribution, and structural variables of
miombo species. We found that adult miombo species were signifi-
cantly clustered across the three study sites, with aggregation of
juveniles around adults observed consistently. Trees in the high rain-
fall site exhibited the largest structural variables (height, diameter at
breast height, canopy diameter, and canopy cover) compared to sites
with medium and lower rainfall. This underscores the strong
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influence of rainfall on miombo tree structure, suggesting that
regions experiencing high rainfall may struggle to sustain large trees,
with potential implications for ecosystem services and overall func-
tion in the face of climate change. Interestingly, tree density was
higher in the least humid site. Both univariate Ripley’s L and pair cor-
relation functions supported these findings. However, our analysis
suggests that while rainfall gradient is important for shaping miombo
woodland structure, its influence on the spatial patterning of tree
species may be minimal. We propose that biological mechanisms,
such as seed dispersal and nurse syndrome, may play a more critical
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role than environmental factors in shaping miombo woodland
dynamics and distribution patterns.
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