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ARTICLE INFO ABSTRACT
Keywords: By increasing resource heterogeneity, mistletoe-infected trees can restructure plant community
Acacia processes and distribution patterns. No information is available on how mistletoe-infected

Bivariate analysis
Competitive exclusion
Facilitation

Vachellia (Acacia) karroo trees within V. karroo dominated stands are spatially distributed, and
on how they influence the spatial patterns of their surrounding conspecifics and heterospecifics.
Semi-arid savannas Each woody plant was stem mapped using a cartesian plane (x, y) within three 50x50 m plots
Univariate analysis located in V. karroo dominated stands in a semi-arid savanna, South West Zimbabwe. Pair cor-
Vachellia karroo relations g(r) were used for the univariate analysis and Poisson process null models were applied
to quantify and detect overall departure from randomness. For the bivariate analysis, pair cor-
relations g12(r) under the null model of independence were used, whilst the mark correlation
function (kmm(r)) was used to analyse the correlation of tree canopy area and mistletoe infection
intensity. For each plot, size class distributions, based on tree height and basal stem diameter
displayed negative J curves, with steep negative regression slopes across the size classes, clearly
indicating a strongly recruiting population of V. karroo. The univariate patterns of all trees
(infected and non-infected) were consistent with a random pattern, which is attributed to un-
systematic mistletoe seed dispersal by birds. The univariate analysis of all woody plants (adults
and juveniles) exhibited aggregation at small spatial scales due to the high abundance of clustered
seedlings and saplings. At small spatial scales, understory woody plants (both conspecifics and
non-conspecifics) were positively associated with mistletoe-infected trees due to mistletoephily
which is the facilitation (or nurse protégé interactions) within the more resource-rich mistletoe-
infected tree subcanopies. These results provide strong evidence suggesting that the variations in
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spatial pattern modification by mistletoe-infected trees could further increase spatial heteroge-
neity in this semi-arid savanna. As such, by increasing heterogeneity, mistletoe-infected trees can
increase the resilience of semi-arid savannas in the face of perturbations and stochastic events.

1. Introduction

In semi-arid savannas, the intricate interplay between various environmental factors such as soil heterogeneity, topography,
termite mounds, and the presence of large trees profoundly influence plant diversity, structure, and community spatial patterns (Dale,
2000; Meyer et al., 2008; Rayburn, Monaco, 2011; Schleicher et al., 2011; Muvengwi et al., 2017, 2018a, 2020; Svatek et al., 2018).
Among these factors, large trees, acting as keystone elements, play a pivotal role by accumulating nutrients and enhancing water
availability within their subcanopies, thereby creating localized fertility islands that foster the establishment of seedlings of various
woody species (Belsky, 1994; Kanz, 1996; Muvengwi et al., 2015). Consequently, the presence and spatial distribution of large trees
significantly influence the composition of plant communities and the utilization of resources (Barot et al., 1999).

Mistletoe-infected trees, a common occurrence within these ecosystems, exert considerable influence on soil physical and
biochemical properties due to the substantial volume of quality litter and droppings deposited within their subcanopies by birds and
other animals attracted to mistletoes (Dzerefos et al., 2003; Ndagurwa et al., 2013, 2014, 2015, 2020; Mellado et al., 2016; Mellado
and Zamora, 2017; Maponga, 2021). This phenomenon often leads to the facilitation of understory plants or even competitive
exclusion, driven by the increased availability of resources (Maponga et al., 2021). However, while existing studies have primarily
focused on the spatial patterns and distribution of mistletoes on their hosts (Overton, 1996; Aukema, 2004; Kavanagh and Burns, 2012;
Sayad et al., 2017), little attention has been given to the small-scale effects of mistletoe-infected trees on the surrounding woody plants
within and beyond their subcanopies.

Understanding these dynamics is crucial as mistletoes, being hemiparasitic, derive water and nutrients from their hosts while
maintaining the ability to photosynthesize (Preston et al., 2010; Okubamichael et al., 2011; Arruda et al., 2012). Over time, mistletoe
infection can lead to detrimental effects on the host tree, including increased transpiration rates and alterations in morphology,
phenology, and physiology (Mathiasen et al., 1990; Sala et al., 2001; Bowie and Ward, 2004; Ward et al., 2006; Arruda et al., 2012;
Sayad et al., 2017; Bilgili et al., 2018, 2020; Ozturk et al., 2022). These changes reduce the competitiveness of the host, thereby
promoting the growth of neighbouring shrubs and trees and influencing the spatial pattern of larger size classes (Pennings and
Callaway, 1996; Spasojevic and Suding, 2011; Muvengwi et al., 2015; Ndagurwa et al., 2016, 2018). Additionally, increased light
incidence resulting from mistletoe infection further facilitates understory growth, particularly of sun-loving species (Mellado and
Zamora, 2017; Maponga et al., 2021).

Given these ecological dynamics, spatial point pattern analysis offers a valuable tool for elucidating the scales at which specific
patterns are significant and how different plant species and size classes are correlated (Fortin and Dale, 2005; Martinez et al., 2010).
However, in semi-arid savannas, no known study has investigated how mistletoe-infected trees influence the spatial distribution of
surrounding con- and hetero-specific woody plants of different sizes. Therefore, this study employs spatial point pattern analysis to
assess the spatial distribution of mistletoe-infected Vachellia karroo (Hayne) Banfi & Galasso (Fabaceae) (formerly Acacia karroo
Hayne) trees within V. karroo dominated stands. It is a typical spinescent, bipinnate leafed, African ‘Acacia’, which is common,
widespread, and indigenous to southern Africa. Specifically, we examine the spatial distribution of all woody plants, infected and
uninfected V. karroo trees, and mistletoe-infected V. karroo trees, while also investigating the spatial distribution pattern of understory
woody plants around mistletoe-infected V. karroo trees.

We expected that all woody and V. karroo individuals would be aggregated at small spatial scales. Infected and uninfected trees
were expected to show regular distribution due to density-dependent thinning. Although large trees are expected to have a regular
distribution (Ward et al., 2022), we expected that large mistletoe-infected trees would exhibit a random pattern, attributed to the bird
dispersers randomly visiting amongst the largest trees. Based on the host quality hypothesis this suggests that dispersers and mistletoes
would target and be compatible (respectively) with hosts with the highest benefits for their productivity (Dean et al., 1994; Kolodziejek
and Kolodziejek, 2013; Mellado and Zamora, 2017; Ndagurwa et al., 2012; Okubamichael et al., 2011, 2014; Overton, 1996; Press and
Phoenix, 2005; Roxburgh and Nicolson, 2005, 2008; Daryaei and Moghadam, 2012; Pinto, 2005). Lastly, we expected a positive
association between mistletoe-infected trees and specific understory woody plant species, known as mistletoephily (Maponga et al.,
2021). We assumed that mistletoe-infected tree subcanopies would be ‘safe sites’ for a diversity of plant species being nursed by the
mistletoe host tree. However, due to augmented nutrients and possible soil moisture limitation, facilitation is expected for the most
resource competitive species within the safe sites. Through this comprehensive analysis, we aimed to provide insights into the complex
interactions between mistletoe-infected trees and surrounding woody plant species, shedding light on their spatial dynamics and
ecological implications in semi-arid savanna ecosystems.

2. Methodology
2.1. Study area

The study was carried out at the 28 000 ha Matopos Research Station (MRS) South West Zimbabwe (20° 31°S, 28° 31’E, 1340 m a.
s.1.), 30 km south west of Bulawayo (Chirara et al., 1998; Moyo et al., 2011; Mupangwa et al., 2013). MRS is an agricultural research
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station that was established in 1903. It is fenced and has free ranging livestock e.g., cows’, goats, and sheep that graze throughout the
year. The area is very dry and has a recommended stocking rate of 1 livestock unit per 10 ha (Ovincent et al., 1960). There have not
been any recent instances of vegetation fire, but trees are occasionally harvested for firewood. MRS receives mean annual precipitation
of 586 mm whilst the mean annual temperature is 18 °C. The soils are predominantly medium-textured schist-derived siallitic red clay
soils of moderately high fertility (Dye, 1983). These fine-textured soils are dominated by V. karroo trees that are indigenous to southern
Africa. Nonetheless, MRS is generally dominated by a homogenous thornveld consisting mostly of several Vachellia (Acacia) species
(V. karroo, V. nilotica subsp. kraussiana, Vachellia gerrardii (Benth.) P.J.H. Hurter, and Vachellia rehmanniana (Schinz) Kyal. & Boatwr.).
At MRS, V. karroo is one of the main hosts of mistletoes such as Viscum verrucosum Harv (Viscaceae), Plicosepalus kalachariensis (Schinz)
Danser (Loranthaceae), and Erianthemum ngamicum (Sprague) Danser (Loranthaceae) (Ndagurwa and Dube, 2013; Ndagurwa et al.,
2013, 2016). It must be noted that our study tree, Vachellia karroo, formerly Acacia karroo Hayne, was reclassified in 2011 at the 17th
International Botanical Congress in Melbourne (Dyer, 2014). African Acacias were split into two genera (i.e., Vachellia and Senegalia)
based on their morphological, anatomical, and biochemical characteristics (Dyer, 2014).

2.1.1. Woody species mapping and measurements

Sampling was carried out between March and April 2018. Three relatively homogenous (with little differences in physical envi-
ronmental characteristics (very flat slope) or level of herbivory) 50 x 50 m (0.25 ha) plots were randomly selected within V. karroo-
dominated areas. These plots were located within a 1 km radius of each other; with little if any environmental differences between
plots. In each of the three plots, all the large, mature trees were V. karroo, although there were numerous smaller sized woody plants of
other species as well. The location of every woody plant was stem-mapped (x—y coordinates) on a Cartesian plane. The Cartesian plane
specifies each point uniquely in space by a pair of numerical coordinates, i.e., distances to the point from two fixed perpendicular
directed lines (Dale, 2000; Pillay and Ward, 2012). The plots were subdivided into ten, 5 x 50 m transects to ensure the accuracy of the
coordinates. For trees with a single stem base, the coordinates of the stem base were taken whilst, for multi-stemmed plants, the canopy
centroid coordinates were recorded. For each woody plant, the species and its size (height, stem diameter, long and perpendicular
crown diameter (D; and D3), canopy area (n(D1/2)(D2/2)), and number of mistletoes/tree were recorded. Individual woody plants
were classified using stem diameter into four-stage classes, seedlings (stem diameter, < 0.19 cm), saplings (stem diameter, > 0.20 cm),
shrubs (stem diameter > 1.01 < 4 cm), and trees (stem diameter, > 4 cm).

2.2. Data analysis

2.2.1. Univariate analysis

To detect density-dependent competition between neighbouring mistletoe-infected trees resulting from second-order effects in the
plots, the nearest neighbour analysis was used (Muvengwi et al., 2018b). Second-order effects are those effects that result from the
interaction of spatial points of the pattern. The nearest neighbour analysis estimates the likelihood of finding the nearest
mistletoe-infected tree within a distance r of the representative mistletoe-infected tree in each plot. It was calculated using the package
spatstat and the nearest neighbour function gest. All univariate and bivariate analyses were conducted in the r environment (R Core
Team, 2020)

Univariate distribution within each plot of (1) all the different woody plant individuals, (2) all stages of V. karroo individuals only,
(3) mistletoe-infected V. karroo trees, (4) all the large, mature V. karroo trees (inclusive of mistletoe-infected trees) was analysed using
the pair correlation g(r) function from the spatstat package. The small-scale point pattern of mapped trees was analysed using the pair
correlation function g(r).

The pair correlation function uses standardised density to describe patterns (Getzin et al., 2006, 2011) and it is non-cumulative,
provides better interpretation of neighbourhood density and can detect specific distances wherein there are violations to the null
hypothesis (Velazquez et al., 2014; Muvengwi et al., 2018b). Furthermore, the pair correlation uses the probability density function
which is intuitive in evaluating scale-dependent effects. Consequently, the pair correlation function does not muddle effects at shorter,
compared with those at longer distances, thus revealing the different scales of a pattern at all distances (Moustakas et al., 2008;
Muvengwi et al., 2018a). Detecting varying patterns across broad scales is critical in defining processes that occur at different spatial
scales in any ecological system (Wiegand et al., 2007). The pair correlation approximates the probability of discovering a tree at
distance r from a representative focal point, normalized by dividing by the intensity (1) of the pattern (Dohn et al., 2017). Therefore, g
(r) details the spatial structure i.e., aggregation and regularity at known radius r based on inter tree distances:

K'(r)

g(r):ﬁ for >0 (€]

For all the point pattern analyses, Ripley’s isotropic correction which accounts for edge effects was applied. Furthermore, we also
considered the occurrence of homogeneity in the point patterns of each plot to select the appropriate null model. For plots with
heterogeneous patterns, the heterogeneous Poisson process null model was applied, whilst, for plots with homogeneous patterns, the
null model of CSR (homogeneous Poisson process) was applied to quantify and detect overall departure from randomness (Velazquez
et al., 2014; Ben-Said, 2021; Getzin et al., 2011). The heterogeneous Poisson process null model takes into account environmental
heterogeneity effects and eliminates aggregation which can be influenced by first-order heterogeneity (Ben-Said, 2021). In addition, to
determine if there is a significant difference between the actual observed pattern and the null model, all the summary statistics
(univariate pattern analyses) were assessed using 199 Monte Carlo simulations (5th lowest and 5th highest value). These generated
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95% simulation envelopes, from which assessment of departure of the observed pattern from the null model was quantified (Baddeley
etal., 2014, 2015). Furthermore, the Diggle-Cressie-Loosmore-Ford test (DCLF) was used to investigate whether the observed spatial
patterns were significantly different from the null hypothesis of complete spatial randomness since simulation envelopes are sus-
ceptible to Type 1 error (Velazquez et al., 2014; Baddeley et al., 2014; Dohn et al., 2017; Ward et al., 2022).

2.2.2. Bivariate analysis

For bivariate analysis, data was split into sub-patterns of mistletoe-infected trees and understory woody plants (seedlings, saplings
and shrubs combined). The bivariate point-pattern analyses the pattern between two species of plants or two stage classes of the same
species, on whether their distribution is independent of each other (Dale, 2000; Wiegand and Moloney, 2013). The patterns of
interaction between mistletoe-infected trees and understory woody plants were tested using bivariate statistics i.e., bivariate estimator
for pair correlation, g;2(r) function:

,

K2 (r)
2rr

gp(r) = 2

Furthermore, when there are two types of points representing sub-populations (which are/not interacting), the null hypothesis of
independent labelling is most appropriate (Baddeley et al., 2015). Thus, the null model of independence was used to investigate
whether the understory woody plants were facilitated or inhibited by mistletoe-infected V. karroo trees. This model assumes that two
independent processes are responsible for generating the mistletoe-infected tree and the understory woody plant patterns (Wiegand
and Moloney, 2004; Ben-Said, 2021). Under independent labelling, understory woody plants in an originally non-marked point process
are a posteriori independently marked while keeping the locations and labels of mistletoe-infected trees fixed (Svatek et al., 2018).
Using the arguments rshift and radius = 150 (which selects a random point in the disc radius 150) we tested the independence of
components hypothesis, and the sub-patterns were randomly shifted independently of each other (Baddeley et al., 2015). A bivariate
pair correlation function g; »(r) above or below the simulation envelopes indicates that there are more (attraction) or fewer understory
woody plants (repulsion) around mistletoe-infected than under independent labelling, respectively (Wiegand and Moloney, 2004; De
La Cruz et al., 2008; Svatek et al., 2018). If the null hypothesis of independence is not rejected, this suggests that components are
independent (Baddeley et al., 2015).

2.2.3. Mark correlation function

The mark correlation function k;;;(r) for quantitative marked patterns was used to investigate if canopy area or mistletoe counts on
pairs of infected trees exhibited any spatial correlation dependent on their distance r. The relationship between the mistletoe-infected
trees and their characteristics (canopy area, mistletoe numbers) was quantified for positive real-value marks, as f (m, m) = mm/,
(Baddeley et al., 2015). There were three possible outcomes of the relationship between the marks, i.e., if m x m' of canopy area or
mistletoe numbers of two trees separated by distance r were equal to the overall marks mean g, i.e., if kym(r) = 1, then there is no
spatial correlation, if ky,;(r) > 1, there is a positive association (correlation), and lastly, if k;;;(r) < 1 there is a negative association
(Muvengwi et al., 2018a). Departure from independent marking null model, which randomly shuffles the marks (canopy area or
mistletoe counts) between pairs of trees, was evaluated using the 5th lowest and 5th highest values of 199 Monte Carlo simulations to
generate ~99% simulation envelopes (Baddeley et al., 2014).

3. Results
3.1. Structural attributes, density, species richness and mistletoes/tree

The total number of woody plants and stand density was highest in plot 2 and lowest in plot 1 (Table 1). Seventeen woody species
were observed across the three plots (Appendix 1). Plot 3 had the lowest species richness, whilst plot 2 had the highest, with V. karroo
being the dominant species for plot 1 (87%) and plot 2 (74%), but not plot 3 (23%), which was dominated by smaller stage classes of
Ziziphus mucronata Willd. subsp. mucronata (Rhamnaceae) (49.1%), (Appendix 1). All the plots were dominated by saplings, with
relative abundances from 74% to 80% (Appendix 2). Stem diameter and height across the plots ranged from 0.10 to 46 cm and
0.02-10.30 m (Table 1). All mature trees recorded in this study were V. karroo.

There were negative J shaped size class distributions (SCD) curves of V. karroo for height and stem diameter in each plot (Fig. 1). All

Table 1

Number of woody plants, stand density/ha, number of woody species, stem diameter and height ranges/plot in the three plots. SE — standard error.
Parameter Plot number

Plot 1 Plot 2 Plot 3 Mean + SE

Total woody plants 1100 2174 1273 1515 + 333
Stand density/ha 4400 8588 5092 6027 + 1296
Number of woody species 11 13 10 11.33 +£0.88
Stem diameter range/plot (cm) 0.10-34.00 0.10-46.00 0.10-31.2
Height range/plot (m) 0.3-8.20 0.02-8.50 0.02-10.30
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SCDs had negative slopes, indicating a strongly recruiting V. karroo population (Table 2), attributed to large numbers of smaller
compared to larger sized plants. Further, the relationship between height and stem diameter of V. karroo individuals and different stage
classes in all three plots showed a positive relationship (Fig. 2).

The number and density of mistletoe-infected trees was generally higher in plot 3 and lowest in plot 1 (Table 3). There was a
significant difference in the stem diameter (Kruskal Wallis y? = 9.33, df = 2, P = 0.01), canopy area (Kruskal Wallis y> = 7.03, df = 2, P
= 0.03) and mistletoes/tree counts (Kruskal Wallis XZ =8.42, df = 2, P = 0.01) on mistletoe-infected V. karroo trees across the three
plots (Table 3), but no differences in tree height (Kruskal Wallis X2 =0.35,df =2, P =0.83).

V. verrucosum was by far the most dominant mistletoe species (94.6% of individuals), occurring on all infected V. karroo trees except
for one in plot 3. The other two species were less prevalent, namely P. kalachariensis (5.1%), and E. ngamicum (0.3%) (Table 3).
Uninfected mature trees tended to be smaller in height and DBH than mistletoe-infected mature trees (Fig. 3).

3.2. Univariate analysis

Plot 1 (5.77 £+ 0.52 m) had the longest mean nearest neighbour distance, whilst both plot 2 (3.84 + 0.33 m) and plot 3 (3.68 +
0.16 m) had much shorter nearest neighbour distances.

The univariate analysis of all the woody species in each of the three plots showed strong evidence of aggregation (g(r)>1) (DCLF
test: P <0.05, Table 4) at distances from 0.5 to 1 m, 0-7.2 m, and 0.2-1.4 m for plot 1 to plot 3, respectively (Fig. 4a-c). At greater
distances, each of the three plots had a random pattern (Fig. 4).

Similarly, the spatial pattern (g(r)) for all the V. karroo individuals (Fig. 4d-f) confirmed significant aggregation at distances from
0.5 to 0.75 m, 0-1.8 m, and 0.2-1 m for plot 1 to plot 3, respectively (DCLF test: P <0.05, Table 4). However, (i) mistletoe-infected
trees and (ii) all the trees showed a completely random pattern (g(r) =1) across the three plots (Fig. 4 g-i and Appendix 3, respectively,
DCLF test: P > 0.05, Table 4).

3.3. Bivariate analysis

Understory woody plants were positively associated with mistletoe-infected trees at distances from 1 to 1.5 m and 0-1 m in plot 2
and plot 3, respectively, whilst plot 1 showed no association (Fig. 5a-c). Further, all understory plants were negatively associated with
mistletoe-infected trees at distances from 2 to 3 m and 7-7.2 m in plot 2 and plot 3, respectively.

3.4. Mark correlation

The univariate mark correlation function in plot 1 showed that canopy areas of mistletoe-infected trees at shorter distances were
larger than those further away from each other (Fig. 6a). However, overall mistletoe-infected tree canopy areas in plot 1 showed
independence at all the distances. In contrast, in plot 2 and plot 3, the canopy areas of two nearby mistletoe-infected trees were smaller
than pairs situated farther away from each other (Fig. 6b-c). Furthermore, there was a significant negative correlation at distances
between 1 and 3 m for both plot 2 and plot 3 signifying presence of competition at shorter distances (Fig. 6b-c).

Likewise, the number of mistletoes found on mistletoe-infected trees at shorter distances apart tended to be more than found at
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Fig. 1. Frequency (log;o) of Vachellia karroo individuals in each height and diameter size class for plots 1-3.
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Table 2
Summary table of the slope of regression (height vs. number of individuals, diameter at breast height (dbh) vs. number of individuals).
Variable SCD slope (°) r? t 14
Height
Plot 1 -0.69 0.68 -3.81 0.01
Plot 2 -0.72 0.57 -3.07 0.02
Plot 3 -0.37 0.64 -3.50 0.01
All plots -0.77 0.65 -3.58 0.01
Diameter
Plot 1 -0.95 0.95 -12.73 <0.001
Plot 2 -0.99 0.97 -15.97 <0.001
Plot 3 -0.84 0.99 -12.15 <0.001
All plots -1.0 0.99 -16.00 <0.001
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Fig. 2. Relationship between stem diameter (cm) and height (cm) of all Vachellia karroo trees recorded in the three plots combined but according to
size classes, i.e., orange open dots show seedlings, saplings, and shrubs, respectively, while grey and black closed dots represent uninfected and
infected V. karroo mature trees, respectively. Regression lines for mistletoe-infected trees (black, r* = 0.41), uninfected trees (grey, r* = 0.51), and
orange (for immature plants, i.e., seedlings, saplings, and shrubs, r> = 0.41) are shown.

Table 3

Number and density of all large, mature Vachellia karroo trees (mistletoe-infected and uninfected trees), their stem diameter, height, canopy area,
density, proportion and mistletoes/tree (mean =+ S.E, and range), total number of mistletoes/plot, and numbers of the three mistletoe species/plot.
Means in rows not sharing a small common letter are significantly different (Kruskalmc, P < 0.05).

Parameter Plot number

Plot 1 Plot 2 Plot 3
Overall tree attributes
Total number of trees/plot 42 77 120
Density of trees/ha 168 308 480
Stem diameter/plot (cm) 15.76 + 1.40% 13.85 + 0.89%° 11.80 + 0.67°
Height/plot (m) 5.67 + 0.37% 6.20 + 1.67% 6.18 + 0.22%
Canopy area/plot (m?) 28.11 + 3.422 21.06 + 2.19% 18.76 + 1.80°
Mistletoe infected tree attributes
Number of mistletoe-infected trees/plot 32 52 61
Density of mistletoe-infected trees/ha 128 208 244
Proportion of infected trees (%) from the total number of trees 76% 68% 51%
Number of mistletoes/infected tree 3.21 + 0.42° 5.37 £ 0.76% 4.12 + 0.72%
Number of mistletoes/infected tree (range) 1-9 1-25 1-31
Total number of mistletoes 222 275 247
Number of Viscum verrucosum (number of trees infected) 212 (32) 263 (52) 229 (60)
Number of Plicosepalus kalachariensis (number of trees infected) 8 (4) 12 (9) 18 (27)
Number of Erianthemum ngamicum (number of trees infected) 2(2) 0 (0) 0(0)

greater distances apart in plot 1 (Fig. 6d). However, in plot 2, the number of mistletoes on two nearby trees was negatively correlated
(P < 0.05) at distances between 1 and 2.8 m (Fig. 6e). Plot 3 showed independence at distances from 0 to 6.8 m before showing a
marginal positive correlation at distances around 7 m apart (Fig. 6f).
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Fig. 3. Comparison (mean + standard error) of a) stem diameter and b) height of mistletoe-infected and uninfected trees (all Vachellia karroo)
within each plot (1-3, with decreasing proportions of infected V. karroo trees). Asterisks show differences between mistletoe-infected and uninfected
trees per plot (P <0.05).

Table 4
Results of the Diggle-Cressie-Loosmore-Ford Test (DCLF) of complete spatial randomness under Monte Carlo, based on 199 simulations with fixed
number of points.

Plot number u-value P Rank

All woody species 1 4.56 0.01 1
All woody species 2 6.28 0.01 1
All woody species 3 2.27 0.01 1
V. karroo only 1 4.05 0.01 1
V. karroo only 2 5.34 0.01 1
V. karroo only 3 3.90 0.01 1
V. karroo with mistletoes 1 21.33 0.09 9
V. karroo with mistletoes 2 0.50 0.94 188
V. karroo with mistletoes 3 1.46 0.58 115
All trees 1 3.68 0.30 61
All trees 2 4.91 0.12 12

All trees 3 0.53 0.74 74

4. Discussion

The three randomly chosen plots had considerable differences in total woody plant density, as well as understorey species
composition, which was predominately made up of saplings. In agreement, the regression slopes were negative across the size classes,
showing a strongly recruiting population of V. karroo. There was only a single mistletoe host tree species, Vachellia karroo, which also
differed in density between the three plots. As such, plot 1 had the lowest number and density of all large mature trees and mistletoe-
infected trees compared to plot 3, which had the highest. However, stem diameter and canopy area were larger in plot 1 and smaller in
plot 3. Plot 2 had the highest number of mistletoes/infected tree, while plot 1 had the least. Nonetheless, there was little variation in
the heights of all the large, mature trees between the plots. Mistletoe-infected trees were taller and had larger stem diameters than
uninfected trees across the plots. In the context of these and other similarities and differences between the plots, the main findings of
the study are that (a) the univariate patterns for all the woody species and all the V. karroo individuals within each plot were consistent
with aggregation at shorter scales and a random pattern at larger scales. Higher subcanopy relative to inter canopy soil resources,
enhanced reproductive capacities, and changes in light incidence beneath mistletoe-infected and uninfected adult V. karroo trees can
cause this observed small-scale aggregation. (b) Mistletoe-infected trees showed a univariate random distribution, as did all trees
(infected and uninfected trees combined). This type of pattern is frequently related to the coexistence of aggregation and dispersion in
several areas within these relatively large plots. (c) Lastly, there was a positive association (especially in plot 2 and plot 3) of un-
derstory woody plants with mistletoe-infected trees, indicating mistletoephily (Maponga et al., 2021), a phenomenon supported by
augmented resources beneath mistletoe-infected tree canopies. In the following, we discuss the possible causes of the observed patterns
and whether the resulting patterns are consistent with our projected hypothesis.

All the large, mature trees (inclusive of mistletoe-infected trees) were randomly distributed across the three plots, contrary to the
regular pattern that we had initially predicted. We had expected that as trees grow, space and resource limitations would increase,
leading to competitive exclusion and density-dependent mortality (Schleicher et al., 2011; Pillay and Ward, 2012; Cheng et al., 2014;
Pablo and Gusman, 2017; Muvengwi et al., 2018a; Ward et al., 2022) and thus a negative spatial association would become more
pronounced (Phillips and MacMahon, 1981; Barot et al., 1999; Meyer et al., 2008; Gary and He, 2009; Velazquez et al., 2014; Ward
etal., 2022). However, the random pattern could be due to presence of both positive and negative associations in different areas within
each of the plots, depending on the competitive abilities of neighbouring trees. Some portions of the plots had larger trees with smaller
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Fig. 4. Summary of univariate analysis showing the spatial patterns of all woody plants occurring in each plot (a-c), all the Vachellia karroo trees
only (d-f), and mistletoe-infected V. karroo trees (g-i) within the three plots (1-3 respectively, with decreasing proportions of infected V. karroo
trees), using the pair correlation function g(r). The grey shaded areas show the upper and lower critical boundaries of the 95% point-wise envelopes,
i.e., the 5th lowest and 5th highest values of the pair correlation function (g) estimated from 199 Monte Carlo simulations with either the het-
erogeneous Poisson or homogeneous null model of CSR (black lines). If the black line is above, below and within the grey area, then the pattern is
clustered, regular or random, respectively.

tree neighbours such that even if competition was present, mortality had not (yet) been induced, thus leading to aggregation. Whereas
other parts of the same plots had predominantly large neighbouring trees which are able to disproportionately acquire resources, thus
resulting in density-dependent thinning, leading to a regular pattern (Meyer et al., 2008; Wiegand et al., 2008; Gary and He, 2009;
Pillay and Ward, 2012; Dohn et al., 2017).

The univariate pattern and the mark correlation function of mistletoe-infected trees were predominantly consistent with a random
pattern in all three plots, supporting our initial hypothesis. Although the results showed that mistletoe-infected trees could have as
many as 25-31 mistletoes/tree (indicating considerable within-tree mistletoe dispersal), this individual tree mistletoe infection in-
tensity, did not translate to mistletoe-infected trees exhibiting a clustered pattern. Therefore, the random distribution of mistletoe-
infected trees could relate to the mistletoes inability to occupy all suitable habitats (mature V. karroo trees), dispersal limitations
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Fig. 5. Summary statistics of bivariate g;5(r) patterns of mistletoe-infected trees with all understory plants for plot 1 to plot 3 respectively (a-c)
(with decreasing proportions of infected V. karroo trees). The null model of independence was used, and the grey shaded areas show the upper and
lower critical boundaries of the 95% point-wise envelopes i.e., the 5th lowest and 5th highest values of the pair correlation function estimated from
199 Monte Carlo simulations (black lines). The position of the black line across the scale, determines the pattern, if it is either below or above the
simulation envelopes this indicates that there are fewer or more understory plants around mistletoe-infected trees than under independent labelling,
respectively. Note different Y-axis scales.

that prevent efficient and effective mistletoe seed dispersal, poor host quality, or historical recruitment events of V. karroo before they
were infected by mistletoes (Overton, 1996; Sayad et al., 2017). The random pattern exhibited by mistletoe-infected trees could also be
influenced by disperser preferences and the interaction of mistletoes with dispersers, which may not necessarily be systematic
(Overton, 1996; Aukema, 2004; Okubamichael et al., 2011, 2011b; Kavanagh and Burns, 2012; Sayad et al., 2017). Bird dispersers
prefer to perch, feed, and build nests on taller trees with larger canopies and greater food resources (Okubamichael et al., 2014; Sayad
et al., 2017), and thus they could have randomly selected trees with these characteristics. Likewise, mistletoes survive at higher rates
on older, taller, and larger trees because these hosts are a reliable source of nutrients and water, even throughout the dry season
(Ndagurwa et al., 2012; Okubamichael et al., 2014; Sayad et al., 2017).

Despite the overall random patterns of mistletoe-infected trees across the three plots, some important differences were observed.
The mean plot nearest neighbour distances varied from 3.6 to 5 m depending on the density of mistletoe-infected trees within the plots.
Subsequently, the characteristics of mistletoe-infected trees also differed between plots. This could have caused the disparities of other
spatial patterns observed between plots. For instance, an increase in the density of mistletoe-infected trees (plot 2 and plot 3), suggests
weak competition for resources within these plots. Therefore, mistletoe-infected trees in plot 2 and plot 3 could have invested in height
growth rather than in extending their canopies; a typical response to density-dependent thinning, thus, the overall pattern tends to-
wards aggregation (Gary and He, 2009). Further, the number of mistletoes/tree was highest in plot 2, which could have augmented
nutrients from the mistletoe and animal litter deposits (Ndagurwa et al., 2014), thus further supporting the presence of mistletoephily
and the competitive growth of subordinate trees/shrubs within this stand (Maponga et al., 2021). In contrast, mistletoe-infected trees
in plot 1 had larger canopy areas, which could result in greater competition, thereby driving the pattern towards regularity, as shown
by their lower density. Further, similar to other studies (Kolodziejek and Kolodziejek, 2013; Bilgili et al., 2020a), which report that
high density tree stands have lower mistletoe prevalence, plot 1, which had the fewest trees, had the highest proportion of
mistletoe-infected trees. This is despite having the lowest total number of mistletoes and number of mistletoes/tree. These differences
could indirectly be a baseline for predicting potential scenarios most likely to occur at different mistletoe-infected tree densities.

In agreement with our expectations, mistletoe-infected trees facilitated positive plant interactions with understory woody plants,
particularly in plot 2 and plot 3. Saplings dominated all the plots, and their high relative abundances could have influenced the small-
scale clustering patterns that were observed within the plots (Ward et al., 2022). However, mistletoe-infected tree subcanopy
microsites could have supported nurse protégé interactions due to augmented resources (Ndagurwa et al., 2013, 2014, 2015, 2020;
Mellado et al., 2016; Mellado and Zamora, 2017), resulting in coexistence and survival of heterospecific seedlings and their
recruitment into saplings. Furthermore, enhanced soil moisture in the subcanopy of mistletoe-infected trees could have increased the
establishment of seedlings and the survival of saplings (Wilson and Witkowski, 1998; Maponga, 2021). This positive spatial rela-
tionship between different species and understory plants growing close to large trees is common in semi-arid savannas and may explain
why there were more than 10 different species in each plot (Meyer et al., 2008; Schleicher et al., 2011; Pillay and Ward, 2012; Dohn
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Fig. 6. Summary of the mark correlation function ky,m(r), within the three plots (1-3; with decreasing proportions of infected V. karroo trees), for
canopy area (a-c), and number of mistletoes per tree (d-f). Grey-shaded areas shows the envelopes (5th highest and 5th lowest values) constructed
using 199 Monte Carlo simulations. The mistletoe-infected trees are either positively or negatively correlated if the black line is above or below the
grey-shaded envelopes.

et al., 2017). Moreover, trees such as Ziziphus mucronata and Flueggea virosa (Roxb.ex Willd.) Voigt (Phyllanthaceae) which have a
significant presence in high-resource mistletoe-infection tree subcanopies (Maponga et al., 2021), were also recorded in this study.
Therefore, clustering of these small stage classes combined at shorter distances, suggests their affinity to infected tree subcanopies i.e.,
mistletoephily, consequently making mistletoe-infected tree subcanopies, ‘safe sites’, which facilitate successful germination and
recruitment of a variety of seedlings and saplings (Maponga et al., 2021).

High seedling recruitment from accumulated seeds beneath mistletoe-infected trees (Flores and Jurado, 2003; Schleicher et al.,
2011; Dohn et al., 2017; Mellado and Zamora, 2017, Maponga, 2021), vegetative reproduction, directed seed dispersal, and increased
germination underneath mistletoe-infected trees, could also have led to the aggregation of V. karroo seedlings and saplings (Phillips
and MacMahon, 1981; Barot et al., 1999; Witkowski and Garner, 2000; Walters and Milton, 2003; Getzin et al., 2006; Schleicher et al.,
2011; Cheng et al., 2014; Maponga et al., 2021; Ward et al., 2022). This could also be the same reason, why from the univariate
analysis there was significant clustering of all V. karroo individuals across the three plots. Indeed, other studies have also reported
clustering as the overall univariate spatial pattern of Vachellias (formerly Acacias) and other woody species (Meyer et al., 2008; Pillay
and Ward, 2012). Therefore, the presence of both uninfected and mistletoe-infected V. karroo trees results in high-resource sub-
canopies, which could have promoted the facilitation and recruitment of a variety of understory woody plants (Barot et al., 1999; Dale,
2000; Meyer et al., 2008; Rayburn, Monaco, 2011; Schleicher et al., 2011; Velazquez et al., 2014; Tamjidi and Lutz, 2020; Maponga
et al., 2021; Maponga, 2021).

The diversity of tree species and aggregation of smaller stage classes in clumps could also have been influenced by the variation in
shading. Shade-intolerant species could have colonized and aggregated within areas with higher light and temperature conditions
(Mellado et al., 2017; Maponga et al., 2021), attributed to reduced foliar cover of the mistletoe-infected, compared to uninfected, trees
(Bilgili et al., 2018, 2020; Ozturk et al., 2022). In contrast, areas directly underneath the mistletoe clumps (composed of leaves, fruits,
flowers, and many branches) that are completely shaded could have also favoured the establishment of more shade-tolerant species
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thus further leading to aggregation. For example, V. karroo trees are facultative sciophytes (heliophytes that can also grow under
shade); hence V. karroo seedlings and saplings may occur in higher densities at short distances around the mistletoe-infected tree
(O’Connor, 1995; Maponga, 2021).

Lastly, the effects of mistletoe-infected trees go beyond plant community structure; they also influence animal movements in semi-
arid environments. A variety of animals, including birds and livestock, tend to be attracted to both mistletoe-infected tree canopies and
canopy patches due to mistletoes, which flower a couple of times a year, and the diverse understory plants (attributed to high litter
volume and decomposition rates). In turn, these animals also deposit excreta, further increasing nutrient availability within these
mistletoe-infected tree canopy patches (Ndagurwa et al., 2013; Mellado et al., 2016; Watson, 2016; Maponga, 2021). Therefore, in the
face of erratic rainfall and high temperatures, woodlands with mistletoe-infected trees are crucial as they are nutrient hotspots for both
plants and animals, and they may help buffer climate change impacts in semi-arid savannas.

5. Conclusion

This study provides insight into the woody plant distribution patterns as influenced by mistletoe-infected V. karroo trees in a semi-
arid savanna system. Mistletoe-infected trees were randomly distributed, possibly due to seed-disperser-bird preferences and the
already existing random patterns of large trees common in the savanna. The random pattern displayed by infected and uninfected trees
can be due to the presence of both negative (from strong competition) and positive associations (from promotion of growth due to weak
competition and increased availability of resources). However, understory woody plants were positively associated with mistletoe-
infected trees, probably due to facilitation (via increased nutrients and/or the weak competitive ability of the disease-ridden host),
variations in light intensity underneath the tree canopies attributed to mistletoe-infected tree’s foliar loss (increasing light incidence)
and augmented light inhibition due to mistletoe-clumps (decreased light incidence). Of interest, the three plots displayed varying
spatial patterns which was attributed to the differences in the mistletoe-infected tree densities. Therefore, these inconsistencies in
spatial pattern modification by mistletoes increases spatial heterogeneity in this semi-arid savanna.

Moreover, mistletoe-infected trees will eventually die creating gaps for the establishment and survival of the subdominant het-
erospecific tree species. Despite our results showing a strongly recruiting V. karroo population, presence of subdominant heterospecific
woody species will likely result in a more mixed woodland with higher species richness and diversity. Together, these results strongly
indicate that mistletoe infection plays an important role in shaping the woody plant spatial patterns of this savanna. In addition, given
the distribution of mistletoes worldwide, these findings have important implications for spatial patterning and heterogeneity in many
ecosystems. However, this study is a snapshot, given that both V. karroo and mistletoes are long-lived species, thus long-term studies
are required to provide a more complete understanding of how mistletoe infection contributes towards the spatial patterning and
overall ecosystem heterogeneity over longer periods. Perhaps the differences between plot 1 versus plots 2 and 3 are an indication of
different successional stages. As such, it is possible that the larger mature trees in plot 1 underwent density-dependent thinning and
had regularly spaced mature trees, as opposed to the tree density in plots 2 and 3, which may be going through density-dependent
thinning and thus having more aggregated younger trees.
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