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Abstract

Background and aims Understanding the determinants
of plant species associations on unique ultramafic
substrates is crucial for the study of restoration ecology.
We investigated the influence of local edaphic and
topographic gradients on woody species associations on
ultramafic and non-ultramafic substrates along the Great
Dyke of Zimbabwe.

Methods Vegetation attributes were assessed in 62
plots on ultramafic and adjacent non-ultramafic sub-
strates at varying slope magnitude and orientation.
Plant community comparisons and relationships with
soil and topographic variables were analyzed using
ANOVA and ordinations.

Results Aspect had more influence on woody
composition, species associations and densities on
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ultramafic compared to non-ultramafic substrates.
Lower species richness and tree/shrub densities were
observed on ultramafic substrates. Soil Mg, Mg/
Ca ratio, total Ni, Cr and Mn, and available Ni were
significantly higher on ultramafic substrates. Most
parameters (pH, Ca, Mg, Mg/Ca ratio; available Ni,
Cr, Mn and total Mn) were similar between ultramafic
east- and west-facing slopes, but only total Cr and Ni
were higher on east-facing slopes. Only available Ni
and Mn were higher on ultramafic piedmont than on
slopes. Tree/shrub density and species richness were
positively correlated with available Mn and Cr while
negatively correlated with total and available Ni, pH,
Mg/Ca ratio and herbaceous plant cover.

Conclusion Vegetation patterns on ultramafic sub-
strates are partly driven by intra-site edaphic (metals
and Mg/Ca ratios) and topographic gradients. Aspect
has differential influence on woody vegetation assem-
blages on ultramafic and non-ultramafic substrates.
Species associations and environmental determi-
nants observed can be used in mine site rehabilitation
planning.

Keywords Dyke - Endemic - Metallophytes - Metal
levels - Mg/Ca ratio - Phytostabilisation - Serpentine
Introduction

Serpentine soils are scattered around the world cov-
ering around 1% of the earth’s surface (Rajakaruna
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and Baker 2004). In some areas, they are located on
off-shore islands, along continental margins and are
derived from serpentine and other ultramafic rocks
(Rajakaruna and Baker 2004). Approximately one
third of the landmass in New Caledonia consists of
ultramafic rocks (Coleman and Jove 1992; Rajakaruna
2004). Western North America is also characterized
by both local and extensive occurrences of ultramafic
rocks with areas of 520 km? in Washington, 1170km?
in Oregon and 2860 km? in California (Kruckeberg
1985). Brazil has similarly large areas of ultramafic
rocks, and Indonesia harbors 8000km? of ultramafic
rocks (Baker et al. 2020; Brooks 1987). Ultramafic
rocks are also found on the Great Dyke of Zimba-
bwe. The Dyke extends more than 550 km north-east
to south-west of Zimbabwe, varying from 3 to 12 km
in width (Wild 1965). However, the ultramafic region
of Zimbabwe is one of the least-described and most
poorly-explored serpentine regions of the world (but
see Bangira 2010; Kativu et al. 2019; Wild 1965,
1974; Garnica-Diaz et al. 2023; Prendergast 2013;
Werger et al. 1978).

Ultramafic soils have unique properties that usu-
ally support characteristic vegetation (Brooks 1987;
Proctor and Woodell 1975; Whittaker 1954). At
global scales they are reported to harbor high propor-
tions of endemic plant species, with generally higher
rates of endemism towards the equator (Kruckeberg
2002; Rajakaruna and Baker 2004). Ultramafic soils
usually have stunted vegetation, extensive grass-
lands and unique plant communities often attrib-
uted to edaphic and other abiotic factors, includ-
ing fire (Kativu et al. 2019; Wild 1965, 1974). Such
soils have been reported to have high Magnesium/
Calcium (Mg/Ca) ratios, generally low nutrient con-
tent, and often associated with high levels of Ni and
other heavy metals (Bangira 2010; Oze et al. 2008;
Wild 1965; Worst 1960). The soils are home to major
mining activity and seldom used for agricultural pur-
poses. Due to their low macronutrients such as N and
Ca (Kumar et al. 2022) and high metal levels such as
Ni and Cr, they are often viewed as “natural waste-
lands”, similar to mine tailings that are dumped after
mineral processing (see Kumar et al. 2021; Ye et al.
2022; Wang et al. 2020).

Considerable attention to serpentine vegeta-
tion has been given outside of Africa (Garnica-
Diaz et al. 2023). Serpentine flora is well studied
not only for their taxonomic value, but also for
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their vitality in testing ecological and evolution-
ary scenarios, especially in California and other
parts of Western-North America (Alexander et al.
2007; Harrison and Viers 2007; Safford and Har-
rison 2008; Harrison and Rajakaruna (2011), in
tropical islands of Cuba and New Caledonia (Boyd
et al. 2004; Kruckeberg 2002; Rajakaruna and
Boyd 2009), and in Asia, Sri Lanka (Hewawasam
et al. 2014; Galey et al. 2017). The studies in Asia
mainly reported on endemism and the influence
of rainfall gradients on plant communities (Hewa-
wasam et al. 2014; Maas and Stuntz 1969), not-
ing a high Mg/Ca ratio and Ni gradients as poten-
tial factors causing observed differences in plant
assemblages on serpentine soils (Rajakaruna et al.
2009). While these studies provide insights into the
general factors shaping vegetation communities on
such substrates outside Africa, these findings have
never been widely tested in Africa and in Zimba-
bwe, in particular, where topographic and climatic
conditions markedly differ along the Great Dyke.
In Zimbabwe, only passing reference to serpen-
tine vegetation was first made in the 1920s and
1930s (Blackshaw 1920; Henkin et al. 1998). Other
studies described the grasslands of the Dyke with
some contrasting findings, for instance, Rattray
(1961) described them as Andropogon gayanus
grasslands with Panicum maximum and Themeda
triandra as surrogate species, while Rattray and
Wild (1961) indicated the presence of Andropogon
Chirensis and Loudetia simplex grasslands. More
detailed descriptions were done in the northern
Dyke where a general description of a small portion
of the Horseshoe intensive conservation area was
done (Barclay-Smith 1963). An extensive survey
identified the species found across the Dyke more
than 5 decades ago (Wild 1965) and another listed
30 endemic species (Mapaura 2002). These studies
generated species lists which were neither linked to
local microsite topographic and edaphic conditions
nor species associations. In Zimbabwe, no studies
have been done to investigate the role of topography
and edaphic gradients in shaping woody vegetation
occurrence patterns on serpentines and adjacent
non-serpentine sites. Despite growing interest in
the use of edaphically restricted plants for the study
of ecology and physiology (Balkwill 2001), no
attempt has been made so far to relate topographi-
cal and microscale edaphic influence to floristic
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composition, vegetation structure and the associa-
tion of species on a serpentinic ultramafic substrate
in the country.

Academic and industrial scientists have come
together to explore how such plants can be used for
both the phytoremediation of contaminated soils
(Drozdova et al. 2019; Nascimento et al. 2021), and
phytomining of toxic metals from metal-rich sites
such as abandoned mine tailings (Brooks et al. 1998;
Cerdeira-Pérez et al. 2019; Muthusamy et al. 2022;
Reeves 2003; Walker et al. 1955). The study of plants
growing under extreme soil conditions holds much
promise, providing a model for both botanical studies
as well a means for an alternative to environmental
rehabilitation.

Natural topographic factors such as aspect
and slope vary over space and this usually influ-
ences vegetation distribution (Cui and Zheng 2016;
Malik et al. 2014; Woldu et al. 2020). Many stud-
ies observed significant influence of aspect on veg-
etation composition, species richness, production
and structure due to its influence on solar radiation,
air temperature and wind speed (Yang et al. 2006;
Sternberg and Shoshany 2001; Woldu et al. 2020;
Angessa et al. 2020; Yirdaw et al. 2015; Yuan et al.
2019), while slope magnitude has a similar effect
due to its influence on water availability (Cui and
Zheng 2016), with a few noting no effect (e.g. Gra-
cia et al. 2007; Woldu et al. 2020). Slopes receiving
lower solar radiation experience lower evapotran-
spiration rates and lower daily maximum tempera-
tures in water stress periods, hence more favourable
plant growing conditions, supporting the hypoth-
esis that aspect influences vegetation. Some studies
reported enhanced plant species richness, diversity
and structure on steeper slopes compared to more
gentle slopes, attributable to decreases in human dis-
turbance regimes as slopes become steeper (Woldu
et al. 2020), while some studies reported a negative
relationship (Zhang et al. 2013) and no effect (Adhi-
kari et al. 2022; Legendre et al. 2009; Song and Cao
2017). Despite contrasting reports about specific
influences of aspect and slope on vegetation attrib-
utes, what is common is the mechanism of topo-
graphic effects on vegetation through varying solar
radiation which in turn affects air and soil tempera-
ture, soil moisture, soil aggregation processes and
nutrients (Ahmed et al. 2022; Kutiel and Lavee 1999;
Sternberg and Shoshany 2001; Yang et al. 2020).

Understanding natural edaphic and topographic
factors affecting woody plant distribution on botani-
cally unique sites of high endemism such as the Great
Dyke is key in crafting sustainable management plans
on the site and for restoration purposes. Serpentinic
ultramafic soils of the Zimbabwe Great Dyke present
an opportunity for studies on plant-environmental
relationships that are critical in reclamation of similar
substrates such as mine tailings and rock waste dumps
that continue to cover increasing areas of the land-
scape due to global surges in mining activities (Maus
et al. 2022). While some attribute differences in veg-
etation composition and structure to local microsite
edaphic and topographic conditions, little attention
has been given to intensive description of the particu-
lar edaphic and topographic factors and their roles in
shaping woody plant species composition and assem-
blages on these natural substrates. Studies that jointly
investigate the influence of aspect, catena, total and
bioavailable fractions of metals and Mg/Ca ratios on
both ultramfic and non-ultramafic sites, including
trees, shrubs and seedlings, are limited. Our study
aimed to identify woody plant species, their associa-
tions, and densities, and relate them to topographic
factors such as aspect and slope, as well as selected
soil metals and Mg/Ca ratio. We posed the following
questions: (1) What are the woody species growing
on serpentinic ultramafic substrates? (2) How do their
densities vary with aspect and catenal position? (3)
How do their associations vary with aspect and cat-
enal position? (4) How does species composition vary
between ultramafic and adjacent non-ultramafic sub-
strates? (5) What is the relationship between vegeta-
tion and aspect, heavy metal levels and Mg/Ca ratio?

Materials and methods
Description of study area
Location and climate

The study was carried out in the northern part of
the Great Dyke, a unique linear geological feature
that stretches about 550 km from the north-east to
south-west across the center of Zimbabwe. The
study region is centered on longitude 30° 54’ 28" E
and latitude 17° 09’ 35" S on and around the Muto-
rashanga Pass (Fig. 1). Specific study sites were on
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the hill slopes and piedmont at Mutorashanga pass.
Twelve locations sampled include three Dyke west-
and east-facing slopes of the hills, two flat grass-
lands at the piedmont (ultramafic substrates) and
four reference (2-east facing and 2-west-facing) off-
Dyke patches (non-ultramafic substrates) of simi-
lar exposures, all adjacent to the Dyke. The area
receives a total annual rainfall of between 600 and
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800 mm and a mean maximum temperature range of
19°-23 °C (Mugandani et al. 2012).

Geology, soils and flora
The Mutorashanga pass area is extensively covered by

ultramafic rocks (Worst 1960). Serpentine is a mineral
derived from dunite or other ultramafic rocks such
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as peridotite and serpentinite, which is composed
of olivine, orthopyroxine, and about 3% chromite
(Alexander et al. 2007; Wild 1965). The orthopyrox-
ine is usually not present in the Dyke olivines. Both
olivine and pyroxenite are magnesium rich silicates,
which give serpentine soils their characteristic high
Mg/Ca ratio. The area has minor intrusions of norite
and pyroxenite. Generally, the upper layers are com-
posed of mainly dunite, harzburgite and pyroxenite
with lower strata containing serpentine, chromite and
sulfide minerals (Worst 1960; Wilson and Prendergast
2001). The adjacent off-Dyke patches contain granite
rocks. The soils of Mutorashanga are generally typi-
cal serpentines with high Mg/Ca ratio and nickel con-
centrations. The soils are rocky, gravelly and gener-
ally shallow on both hills and serpentine piedmonts
characterizing the Dyke margins.

Vegetation on both hills and piedmont is typically
grasslands to slightly wooded grasslands that are
botanically unique and metal tolerant (Wild 1974).
Typical woody species found in the area are dwarf,
and dominant species include Diplorhynchus condy-
locarpon and Ozoroa insignis (Wild 1965). Domi-
nant species in the grasslands are Loudetia simplex,
Themeda triandra and Andropogon gayanus (Wild
1965). Typical succulents are Eurphorbia wildii
(Wild 1974). The norite intrusions are reported to be
dominated by typical Miombo co-dominants, namely
Brachystegia spiciformis and Julbernardia globiflora
(Wild 1965). Vegetation of the off-Dyke patches is
dominated by Brachystegia spiciformis, Julbernardia
globiflora and Uapaca kirkiana.

Research design and sampling points layout

The field survey followed a stratified systematic sam-
pling protocol. The study area was first stratified into
two sites in accordance with location (Dyke and off-
Dyke). In the Dyke and adjacent off-Dyke reference,
the sites were further stratified in accordance with
catenal position (i.e., hill foot, flat land-piedmont
(0-5% slope) and hill bottom slopes (20-25% slope).
The slopes of the hills were further stratified by
aspect into west- and east-facing. These slopes were
replicated three times for each aspect in the Dyke and
twice for the adjacent reference site to eliminate the
influence of chance in the vegetation and soil assess-
ments (McKillup 2012). At each Dyke and adjacent
off-Dyke site, six (6), 50 %20 m plots (Campbell et al.

1995; Witkowski and Garner 2008) were systemati-
cally laid at 300 m intervals along a 1.5 km transect
set at an approximate midpoint on the slope aligned
along the contour, starting from a randomly chosen
endpoint that was selected using a coin toss. The six
plots were sufficient to capture 100% of the woody
species found in the area as per the preliminary plot
size testing exercise done during reconnaissance
(Martinez-Ruiz and Marrs 2007). Total number of
plots was 36 for the Dyke hills, 12 for Dyke piedmont
and 24 for the adjacent off-Dyke hills. For woody
seedling assessments, a 100 m line transect was
marked on each of the sampling sites used for tree/
shrub assessments, with five replicate 1x1 m quad-
rats at each point. The length of transect and number
of quadrats were tested for sampling sufficiency in the
preliminary survey and captured more than 95% of
the species encountered. A total of 180 quadrats were
laid in the Dyke hills, 60 for Dyke piedmont and 60
for the off- Dyke adjacent substrates.

Determination of species composition and density

In each plot all woody plant taxa encountered above
50 cm in height were identified to species and their
abundance recorded, and density expressed per ha.
Woody seedlings/juveniles (i.e., plants with height
less than 50 cm) were identified and abundance deter-
mined in the 1x1m quadrats. Aerial covers of woody
seedlings and herbaceous vegetation were each visu-
ally estimated as a percentage. Species richness for
each sampling plot was determined following identi-
fication of each species.

Soil sampling and laboratory analysis
Soil sampling

To explore how the edaphic factors were related to
observed vegetation patterns, 22 soil samples were
taken at 0—15 cm depth from selected plots used for
vegetation assessments. The sampling points were
selected using woody vegetation densities and com-
position gradients. The 22 samples were collected
from 2 to 3 points of each sampled face (i.e., 6 Dyke
west-slopes, 6 Dyke east-slopes, 6 Dyke piedmont, 2
Dyke Brachystegia spiciformis-Julbernardia globi-
flora patches and 3 off-Dyke patches. At each point
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soil samples were collected from 5 quadrats laid at the
center of the 5020 m plot. In each quadrat samples
were collected from the center using an 8 cm diam-
eter bucket auger or a garden trowel where gravel
and rocks were limiting. These were bulked and thor-
oughly mixed in the field before a 500 g homogenous
sample was extracted and placed in a well labelled
clean plastic bag. Samples were tied and appropri-
ately stored in a plastic bag to avoid contamination
before being transported to the laboratory at the Soil
Chemistry Research and Specialist Services Depart-
ment in Harare, Zimbabwe.

Laboratory analysis

All samples were air-dried before being passed
through a 2 mm stainless steel sieve to remove non-
soil particles (Anderson and Ingram 1993) before
analysis. Care was taken to avoid sample contamina-
tion during sample preparation. Subsequently, soils
were tested for pH, exchangeable Mg and Ca using
standard laboratory methods (Okalebo et al. 2002).
Soil pH was determined using the CaCl, method
specified in Brady and Weil (2002). Exchangeable
bases were determined by colorimetry following
methods described by Anderson and Ingram (1993).
Total heavy metal content was analyzed using the
fusion method, following extraction with sodium per-
oxide and sodium carbonate (Zaranyika and Chirinda
2011). The samples were analyzed using the Induc-
tively Coupled Plasma Optical Emission Spectrom-
eter (ICP-OES SPECTRO ARCOS FHS12). Avail-
able metals were determined after sample extraction
by EDTA followed by reading concentrations on an
Atomic Absorption Spectrophotometer (Zaranyika
and Chirinda 2011).

Data analysis

Data analysis was done using two-way analysis of
variance (ANOVA) and multivariate ordination tech-
niques. Firstly, before ANOVA, data were tested for
normality using the Kolmogorov-Smirnov test in
SPSS versions 20.0, and log-transformed before anal-
ysis when necessary. Two-way ANOVA (P <0.05)
was used to test differences of vegetation (woody
densities, species richness) and soil (Ni, Cr, Mg,
Ca, Mn levels and Mg/Ca ratios) among sampled
sites using site (Dyke versus off-Dyke) and aspect as
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factors (Cafiadas et al. 2010; McKillup 2012). In the
event of a significant ANOVA test, a post hoc (LSD)
test was done to see the pair of sites contributing to
that (Cariadas et al. 2010).

Differences in plant communities among sampled
sites and species-soil relationships were tested using
ordination techniques in CANOCO-5. An uncon-
strained unimodal Detrended Correspondence Analy-
sis (DCA) was used to test differences in plant com-
munities among sites using species composition and
abundance data. A DCA was used since the gradient
length of the first axis was 6.2 (i.e. greater than 4 SD
units), requiring the use of the unimodal DCA rather
than linear PCA (Caiiadas et al. 2010). This analysis
was done in two ways, one down-weighting rare spe-
cies to reduce potential distortion of the analysis, the
other without down-weighting, but both presented
similar results. A DCA scatterplot was used to dis-
play the separation of the 60 sites using woody spe-
cies composition gradients. A DCA biplot was com-
puted to show major species associations at particular
sites. Canonical Correspondence Analysis (CCA) and
Redundancy Detrended Analysis (RDA) were used
to test the relationship between vegetation attributes,
soil and aspect, which was computed as a dummy
environmental variable. The techniques yield ordina-
tion monoplots, biplots and triplots that show sam-
ples and species as points, while environmental vari-
ables are displayed as vectors. Samples and species
in closer proximity means high positive relationship,
while acute angles between vectors depict a positive
relationship, those at 90° unrelated, above 90° show-
ing a negative relationship and with those at 180°
strongly negatively related. For vegetation and soils
data, there were only 2 off-dyke sites excluding the
piedmont to eliminate distortions related to influence
of agricultural activities at the off-Dyke piedmonts
and restrictions due to lack of permission to extract
soil samples by some landowners.

Results

General vegetation densities on- and off-Dyke
substrates

The east-facing slopes of the Dyke had significantly
higher woody tree/shrub density and seedling aerial
cover than the west-facing slopes. However, both
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Dyke sites had significantly lower woody densities
than their corresponding off-Dyke sites (Fig. 2a).
Woody seedlings aerial covers were similar for both
aspects on- and off-Dyke, with Dyke sites having sig-
nificantly higher cover than off-Dyke sites (Fig. 2b).

Woody species composition on- and off-Dyke hill
slopes

A total of 19 woody species were observed on Dyke
hills, while 32 were observed off-Dyke. On the Dyke,
12 species occurred on the piedmont, 20 on the east-
facing slopes while only 6 species occurred on the
west-facing slopes (Table 1). Of these species only 6
(Combretum zeyheri, Combretum molle, Euphorbia
wildii, Vangueria sp., Albizia sp. and Ozoroa insig-
nis) were common to both aspects (Table 1), while 13
species occurring on east-facing slopes were absent
on the west-facing. All species had higher densities
on east-facing slopes except for Euphorbia wildii
which had higher density on west-facing slopes. DCA
revealed that Euphorbia wildii was highly associ-
ated with west-facing slopes, while east-facing slopes

(a)
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Fig. 2 Vegetation attributes (mean+SE) on- and off- the
Great Dyke sites. a Tree/Shrub densities, b Woody seedling
cover. Different letters denote significant differences between
sites (P <0.05, LSD)

and the piedmont patches were more associated with
Diplorhynchus condylocarpon, Ozoroa insignis,
Protea welwitschii, and Albizia sp. (Fig. 3a). In the
adjacent off-Dyke matrix, 22 and 20 woody species
were observed on east-facing and west-facing slopes
respectively (Table 1). Off-Dyke sites were associ-
ated with key miombo dominants, Brachystegia spici-
formis, Julbernardia globiflora and Uapaca kirkiana.

DCA showed separation of Dyke and off-Dyke
plots while Dyke east-facing plots grouped with
either the piedmont or west-facing plots, yielding
3 broadly distinct clusters represented by ellipses
namely: (1) off-dyke plots (comprising all west and
east-facing plots and a few Dyke east-facing plots),
(2) largely Dyke west-facing along with a few east-
facing plots and (3) a mixture of piedmont and east-
facing plots (Fig. 3b). The first axis explained most
of the variation (Eigenvalue=0.941; explained vari-
ation=13.64%) while the second axis explained less
(Eigenvalue =0.343; explained variation=4.97%).
Regardless of aspect, Dyke plots (E, W and Dyke
Hill Foot) were on the right side of the diagram while
off-Dyke plots were on the left side. Dyke west plots
were more related to the first axis than the east and
piedmont plots (Fig. 3b).

Soil chemical properties on- and off- Dyke

One-way ANOVA showed that pH (F, ;) =4.439;
p=0.01), total Cr (F(4’17) =3.154; p=0.041), total Ni
(F4.17) =3.935; p=0.04); total Mn (F 7, =3.682;
p=0.025) and available Mn (F, |5y =3.55; p=0.028)
generally significantly varied across sites. Most
parameters (pH, Ca, Mg, Mg/Ca ratio; available Ni,
Cr, Mn and total Mn) were similar between Dyke
east- and west- facing slopes, with only total Cr and
total Ni significantly higher on east-facing slopes.
Only available Ni and Mn were significantly higher
on Dyke piedmont than on Dyke slopes (Table 2).
However, these elements varied significantly between
Dyke and off -Dyke substrates (higher in Dyke sub-
strates for Mg, Mg/Ca ratio, Total Ni, Cr and Mn, and
available Ni and lower for available Mn).

Correlations among vegetation attributes and between
vegetation and soil

Redundancy Detrended Analysis (RDA) (F=2;
p =0.098) showed that woody species density and
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Table 1 Presence (+) and absence (—) of woody plant species on- and off- the Great Dyke patches. ND denotes not defined
(unknown) family; * denotes Dyke endemic species

Family Species Dyke East Oft-Dyke Dyke Foot Dyke West Oft-
East Dyke
West
Anacardiaceae Lannea discolor + + + - +
Ozoroa insignis + - + + _
Ozoroa longipetiolata* + - + - _
Ozoroa reticulata - + - — _
Apocynaceae Diplorhynchus condylocarpon + + + - -
Araliaceae Cussonia arborea - - - - +
Asteraceae Vernonia glabra - + - - _
Bignoniaceae Kigelia africana - + - - -
Celastraceae Gymnosporia senegalensis - + - - -
Chrysobalanaceae Parinari curatellifolia + + + - +
Combretaceae Combretum adenogonium - - - - +
Combretum apiculatum + + + - -
Combretum elaeagnoides + - - — _
Combretum molle + + - + +
Combretum sp. + - + - _
Combretum zeyheri + - _ _ _
Terminalia brachystemma - - - - +
Ebenaceae Diospyros sp. + - - - _
Euphorbiaceae Euphorbia wildii* + - - + _
Fabaceae Albizia sp. + - + + _
Baphia sp. - + _ _ +
Bauhinia petersiana - - - - +
Brachystegia boehmii - + - _ _
Brachystegia glaucescens - + - — _
Brachystegia spiciformis + + - - +
Burkea africana + - - — _
Burkea africana-like sp. - + + - +
Dichrostachys cinerea — + — _ _
Julbernardia globiflora - + - - +
Peltophorum africanum - + - - _
Pterocarpus angolensis - + - — _
Senegalia (Acacia) polyacantha + - - - -
Vachellia (Acacia) karroo + - + _ _
Lamiaceae Vitex payos - - - - +
Loganiaceae Strychnos caffra - + - - -
Strychnos spinosa - - - - 4
Moraceae Ficus sycomorus - - - - +
Myrtaceae Syzigium guineense - + - — _
Phyllanthaceae Uapaca kirkiana - + - - +
Pseudolachnostylis maprouneifolia - + - - -
Polygalaceae “unique” - - - - +
Proteaceae Protea welwitschii + - + + _
Rhamnaceae Mzungu - - - - +
Rubiaceae Vangueria infausta + - - + +
Vangueria apiculata - + _ _ _
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Fig. 3 Ordination plots
showing separation of sites
based on woody spe-

cies composition. a DCA
biplot showing species
associations across sites, b
DCA scatter plot showing
separation of sites based on
woody species composition
(site symbols: Off = off-
Dyke; E=Dyke East-facing
slope; W=Dyke West-
facing slope; FT =Dyke
Hill Foot; number denotes
slope replicate number.
Full names of species in
Table 1); ellipses delineate
sites that clustered together

-2 DCA Axis 2 (Eigen value= 0.340; Var =4.97%) o

-2

DCA Axis 1(Eigen value= 0.9414; Var= 13.64%)

(b}

00 Axis 2 (Eigen value = 0430, var =4 97%) 35

richness were positively correlated while both nega-
tively correlated to herbaceous cover (Fig. 4a).
Woody species richness and density were positively
correlated to available Mn, Cr while negatively cor-
related to total Ni, available Ni, pH and Mg/Ca ratio
(Fig. 4a). Most measured elements though differently
related to vegetation attributes had comparable influ-
ence on vegetation structure (length of arrows were
similar; Fig. 4a and b). Total Ni and Mn and available
Ni were positively related to herbaceous aerial cover.

A CCA showed that Diplorhynchus condylocar-
pon, Ozoroa longipetiolata, Ozoroa insignis, Com-
bretum zeyheri, Combretum elaeagnoides, Vachellia

AXs 1 (Bigen value=0.9414; var=13 64%)

(Acacia) karroo, Albizia sp. and Eurphorbia wildii
were positively correlated to Mg/Ca ratio, pH and
total Cr while Combretum apiculatum, Ozoroa
insignis and Peltophorum africanum and Muzeze-
like were positively related to available Ni (Fig. 4b).
Combretum molle, and Lannea discolor were posi-
tively correlated to available Cr while Burkea afri-
cana-like sp. was positively correlated to available
Mn (Fig. 4b). Brachystegia spiciformis and Julber-
nardia globiflora were negatively related to most
measured soil factors. Correlation analysis of veg-
etation data and soil variables using multivariate
unconstrained unimodal CCA (F=1.6; p=0.004)
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Table 2 Comparisons of soil properties (pH, exchangeable
Ca, Mg and total and bioavailable Ni, Cr and Mn) (mean + SE)
among on- Dyke and off-Dyke substrates (results are in mg/kg

for metals and me% for bases). Means with at least one same
letter in superscript in same row are not significantly different
(LSD, P <0.05)

Soil parameter Dyke East Dyke West Dyke piedmont Off-Dyke East Off-Dyke West
pH (CaCl,) 5.74 +0.14% 5.89 +0.112 5.26 + 0.25% 5.01 + 0.06° 5.05 + 0.05°
Ca 4.7 +0.76" 5.25 + 1.08" 9.52 +3.27% 7.38 +2.43% 7.15 +3.65*
Mg 103 +1.917 10.18 +2.13% 14.74 + 5.24° 232 +0.34° 2.65 + 0.65°
Mg/Ca ratio 24+ 135 2.46 + 1.66° 1.57 + 1.20° 0.35 +0.23° 0.37 +0.20°
Total Cr 321.1 + 69.44 132.6 + 41.77° 98.8 + 6.23" 46.60 + 10.10° 50.80 + 11.00°
Total Ni 533.6 + 87.51% 395.5 + 71.63° 669.2 + 66.81° 30.05 + 6.16° 33.05 + 7.55¢
Total Mn 141.3 +20.112 108.6 + 14.29° 164.9 + 15.30° 58.4 + 18.01° 61.6 + 20.40°
Available Mn 7.1 +£0.24¢ 11.80 + 2.38° 22.30 +9.18° 37.7 + 6.90° 35.9 + 7.70°
Available Cr 4.8 +0.45° 4.7 +0.55° 4.24 +0.470° 5.80 + 1.712 5.30 + 1.50*
Available Ni 532+ 11.81° 53.05 + 16.04° 98.0 + 31.50° 22 +0.13° 2.10 + 0.10°
yielded 3 clusters namely (1) off-Dyke plots (2), Discussion

Dyke Brachystegia spiciformis—Julbernardia globi-
flora patch (and 3) the largest cluster with the bulk
of Dyke plots (2, 3 and 4; Fig. 4c). A CCA biplot
of sites using composition data and soils attributes
showed that most (Dyke east, west and foot) sites
clustered around Mg/Ca ratio, total Ni, pH, avail-
able Ni, and total Cr, showing a positive relation-
ship of their species assemblages with these soil
elements (Fig. 4c). The Dyke Brachystegia spici-
formis-Julbernardia globiflora plots were more pos-
itively related to available Cr while the off- Dyke
plots were more positively related to available Mn
with the rest of the Dyke piedmont, east and west-
facing plots generally related to similar attributes
(pH, total Cr and Mg/Ca ratio (Fig. 4d)). A forward
selection analysis to identify significant explanatory
soil variables picked total and available Mn and Ni,
and pH.

Correlation of Dyke woody species with aspect

Higher abundances of Protea welwitschii, Burkea
africana-like sp., and Ozoroa sp. were obtained on
plots from the piedmont while east-facing slopes were
associated with higher densities of Burkea africana,
Combretum zeyheri, Combretum elaeagnoides, Ozo-
roa longipetiolata and Combretum molle (Fig. 5).
West-facing slopes were related to Euphorbia wildii
and Vangueria infausta. Albizia sp., Diplorhynchus
condylocarpon and Combretum apiculatum were
more related to the piedmont.

@ Springer

The study sought to answer the following ques-
tions: (1) What are the woody species growing
on serpentinic ultramafic substrates? (2) How do
their densities vary with aspect and catenal posi-
tion? (3) How do their associations vary with
aspect and catenal position? (4) How does species
composition vary between ultramafic and adjacent
non-ultramafic substrates? (5) What is the relation-
ship between vegetation and aspect, heavy metal
levels and Mg/Ca ratio? The study had five main
findings: (1) Lower tree/shrub densities (Fig. 2 and
species richness (Table 1) were observed on Dyke
than off-Dyke, (2) Distinct compositional separa-
tion of Dyke and off-Dyke plots, clustering of off-
Dyke plots, separation of the piedmont plots from
the west—facing Dyke plots, while east plots over-
lapped with both Dyke piedmont, west-facing and
some off-dyke plots (Fig. 3b). (3) Most soil param-
eters (pH, Ca, Mg, Mg/Ca ratio; available Ni, Cr,
Mn and total Mn) were similar between Dyke east-
and west-facing slopes except total Cr and total
Ni which were significantly higher on east-facing
slopes, while only available Ni and Mn were sig-
nificantly higher on the piedmont than on slopes
(Table 2), and (4) the following soil parameters:
Mg, Mg/Ca ratio, total Ni, Cr and Mn, and avail-
able Ni were significantly higher in Dyke patches
than off-Dyke except for available Mn which was
lower on the Dyke. (5) Lastly, RDA showed that
woody species density and richness were positively
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Fig. 4 Ordination diagrams illustrating relationships among
woody vegetation composition, soil properties and sam-
pled sites. a RDA ordination showing correlation between
vegetation structural attributes and soil properties, b CCA
plot for relationship of woody species and soils, ¢ CCA scat-

correlated to available Mn, and Cr, while nega-
tively correlated to total Ni, available Ni, pH and
Mg/Ca ratio and herbaceous cover (Fig. 4).

-0.8 Axis 1(Eigen value= 0.578;'Expl var= 16.09%) 0.6

ter plot for sites similarity based on species composition, and
(d) relationship between soils and sites [site symbols: 1=Off
Dyke; 2=Dyke east-facing slope; 3 =Dyke west-facing slope;
4=Dyke piedmont; 5=Dyke east (Brachystegia-Julbernardia
patch)

The observed vegetation patterns can be attributed
to microsite variations between ultramafic and non-
ultramafic substrates related to geology, microsite
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Fig. 5 CCA diagram showing correlation between Dyke
woody species and aspect

variations related to slope, tree-grass interactions and
availability of metals and differential responses of
specific species to environmental gradients such as
topography and edaphic factors. A forward selection
analysis to identify significant explanatory soil varia-
bles picked total and available Mn and Ni, and pH, as
explanatory variables for woody densities differences.

Variation of soil properties of ultramafic Dyke and
non-ultramafic off-Dyke substrates

The observed higher Mg, Mg/Ca ratio, total Ni, Cr
and Mn, and available Ni in Dyke patches than off-
Dyke are due to differences in parent material form-
ing the soils. The Dyke has serpentine ultramafic
soils rich in magnesium and metals such as Ni, Cr
and Mn (Whittaker 1954; Wild 1965) while adjacent
soils are mafic of granite origin (Wild 1965). The
ultramafic soils are basic while soils of granite ori-
gin are acidic sands (van Der Ent et al. 2018) and this
may account for the differences in pH. In spite of high
total metal levels, Dyke soils had low available met-
als most probably due to their slight alkalinity as they
are derived from basic material. Heavy metals are
less soluble at pH above 5 (Zaranyika and Chirinda
2011). The low available metals could also be due to
the immobilization effect of adaptive plant species
such as Diplorhynchus condylocarpon, Ozoroa longi-
petiolata and some herbaceous species that complex
or precipitate the heavy metals into insoluble forms as
a survival mechanism (Mendez and Maier 2008). The
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observed low Mg/Ca and lower metal levels in some
patches of the Dyke especially the east-facing slopes
dominated by Julbernardia globiflora may be because
of norite and pyroxenes intrusions. Such geology has
properties comparable to off-Dyke patches. Similar-
ity in properties between west- and east-facing slopes
generally show dominance of similar ultramafic sub-
strates that is a natural occurrence independent of
exposure or catenal position. The observed results
concur with findings from similar studies (Lazarus
et al. 2011; Oze et al. 2004) which report higher met-
als on ultramafic soils than surrounding matrix. The
intra-Dyke variations concurred with findings from a
similar study (Chiarucci et al. 2001).

Species composition and densities on the Dyke and
surrounding matrix

The observed lower woody species richness, densi-
ties and seedling cover on the Dyke compared to
the off-Dyke vegetation matrix can be attributed to
the observed differences in soil properties between
the two substrates (Table 2). Higher Mg/Ca ratios
observed on the Dyke typical of ultramafic soils
normally pose Mg toxicity to most plants (Raja-
karuna et al. 2009). This toxicity is associated with
suppressed nutrient uptake and below optimal plant
metabolism (Rajakaruna and Baker 2004), yield-
ing a feedback loop called the serpentine syndrome
which is linked to Ca and Mg imbalances (Vlamis
and Jenny 1948). The Dyke had very high Mg/Ca
ratios which were above the 1.43 reported for normal
soils (Werger et al. 1978; Wild 1965, 1974). Sup-
pressed densities and richness can also be attributed
to the observed higher Ni and Mn in the Dyke than
the off -Dyke patches (Table 2; Fig. 4a). Though Ni
and Mn are key plant micronutrients they exceeded
normal soil levels in the Dyke (i.e., above 30 mg/
kg and 50-100 mg/kg for Ni and Mn respectively).
Such high metal levels inhibit germination of seeds,
threaten survival of seedlings and suppress lateral
root development, flowering and fruiting thus result-
ing in poor recruitment (Peralta et al. 2009; Naz et al.
2022). High Ni and Cr also inhibit nutrient uptake by
forming insoluble compounds (Echevarria et al. 2006;
Manzoor et al. 2020; Wani et al. 2022). This may
leave only a few well adapted species that thrive here,
and hence may account for the observed lower species
richness and seedling cover in the Dyke. At pH<5.5
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as observed in off-Dyke patches, Mn bioavailability
is high as Mn** while at higher pH, there is chemi-
cal auto-oxidation of Mn**, resulting in less available
forms of Mn and this may explain suppressed bio-
available Mn in the Dyke patches that had average pH
above 5.5 contrary to off-Dyke patches. Depressed
Mn availability adversely affects plant growth as Mn
is an essential plant nutrient (van Der Ent et al. 2018).

The existence of some woody species (e.g. Diplo-
rhynchus condylocarpon, Ozoroa longipetifolia,
Combretum apiculatum, Protea welwitschii, Euphor-
bia wildii and Combretum zeyheri (Table 1; Figs. 3
and 4) suggest their tolerance to Ni, Cr, Mn and Mg
toxicity observed in the Dyke (Table 2). The survival
of such species could be linked to rhizofiltration,
metal exclusion and or phytoaccumulation (Mendez
and Maier 2008). These species have been reported
to occur in several serpentine soils in Shamva (Tiper-
rary hill), Bindura (Kingstone hill), Shurugwi and
Shangani (Wild 1965, 1974). Diplorhynchus condy-
locarpon, for instance, has been reported to accumu-
late high levels of nickel into its above ground tissues
(Wild 1965). These are dominant woody species of
the Combretaceae, Euphorbiaceae and Proteaceae
suggesting correlation between such families and
substrate. The results are consistent with findings by
Wild (1965) who reported 35.7%, 25% and 18.9%
representation of Proteaceae, Euphorbiaceae and
Combretaceae, respectively, on the Zimbabwe Great
Dyke. The general absence of typical miombo species
such as Brachystegia spiciformis, Julbernardia globi-
flora, B. boehmii and Uapaca kirkiana which charac-
terized off-Dyke patches further suggests significant
influence of edaphic factors.

The rare existence of Brachystegia spiciformis, and
Julbernardia globiflora on one east-facing hill slope
resulting in compositional overlap with off-Dyke
patches could be due to observed higher Ca/Mg ratios
when compared to the rest of the Dyke east-facing
and west-facing slopes (Table 2). Such plots were on
norite and pyroxenite intrusions which are known to
be rich in silicates which improves the calcium con-
tent of the substrate hence the lower Mg/Ca ratios
(Whittaker 1954; Wild 1974). The Ca/Mg ratios were
near normal hence pose less toxicity to several plant
species and may further account for the observed
higher species richness on such plots than the bulk
Dyke plots. The higher woody species richness and
densities observed on east-facing than west slopes

and flat piedmont can therefore be explained in terms
of both influence of aspect and by chance due to a
norite substrate coinciding with the eastern aspect.

Vegetation patterns on ultramafics and relationship
with topographic factors

While Mg/Ca ratios and metal level gradients can
account for differences in woody composition and
densities between Dyke and off-Dyke substrates
(Table 2) (“General vegetation densities on- and
off-Dyke substrates” section), a few of these param-
eters may be accounting for intra Dyke- microsite
differences. Considering the observed partial sepa-
ration and overlaps of plots from Dyke-hill slopes
and flatter piedmont and between west-facing and
east-facing slopes, both slope orientation and mag-
nitude appear to have partial influence on observed
vegetation patterns.

The intra-Dyke variation between slopes and pied-
mont for some soil elements e.g. exchangeable Ca,
available Ni and available Mn), is an example of influ-
ence of position or slope inclination on soil proper-
ties. Thanachit et al. (2006) reported the influence of
catenal position on bases and metals dynamics related
to hydrology, pH dynamics and degree of weathering.
On serpentines there is a tendency of soils on slopes
greater than 15 degrees to form shallow unstable soils
with a high Mg/Ca ratio which in turn influence veg-
etation properties (Silva et al. 2007; Yang et al. 2022).
Mechanisms accounting for this effect was beyond
the scope of this study. Although generally aspect had
an influence on woody vegetation communities, finer
microsite sampling of soils and vegetation lumped the
plots from all Dyke patches together, suggesting more
influence of other factors beyond this study.

The relatively lower woody densities, species rich-
ness and herbaceous cover on the west-facing than
east-facing slopes might be due to differences in solar
irradiation received by the two opposing aspects.
West-facing slopes in the southern hemisphere
receive more irradiation in terms of intensity than
east-facing slopes (Bennie et al. 2006). The higher
irradiation on west-facing slopes might be mainly due
to the fact that they face the sun in the hottest part of
the day (i.e., 1-3 pm) whereas the east- facing aspects
face the sun in cooler hours of the day (i.e., morning).
This difference in irradiation influences soil moisture
dynamics, creating drier conditions in the already
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shallow and rocky slopes, which in turn reduce seed
germination, seedling recruitment and productiv-
ity on such west-facing slopes (Maren et al. 2015).
Aspect markedly affects plant species composition,
density and structure in low rainfall areas as radiation
co-vary with many plants’ physiological processes
which inevitably affect species composition and for-
est structure (Bennie et al. 2006; Maren et al. 2015;
Silva et al. 2007). The dominance of Euphorbia wil-
dii and Vangueria infausta in the west-facing slopes
(Fig. 5) therefore suggests these species are tolerant
of lower soil moisture levels especially considering
the two species have been reported to occur in dry
and rocky areas (Van Wyk and Van Wyk 2013).

The distribution of individual species in the Dyke
regardless of position or slope orientation tended to be
highly related to exchangeable bases and heavy metal
gradients, with some species thriving more in high Ni
areas while others tolerating high Mg soils. Principal
edaphic factors positively related to woody densities
were total Ni and Cr, available Ni and exchangeable
Mg. The positive correlation of vegetation species to
high total metal content suggests the stabilization of
heavy metals by the observed plants. Plants that sur-
vive high metals may be suppressing uptake of metals
by roots through immobilizing them by their nega-
tive charges on their roots and their exudates, making
the metals less soluble for uptake by plants and sub-
sequent translocation to the shoots where toxicity is
usually exhibited (Mendez and Maier 2008; Oze et al.
2008). Alternatively some plants may be hyperac-
cumulating metals such as Ni in their tissues (Wild
1965), a mechanism that was not tested in the present
research but can be direction for follow-up research.
Metal uptake discrimination and suppression in the
roots could be the mechanisms for serpentine vegeta-
tion tolerance to the observed harsh soil chemistry
(Oze et al. 2008). This together with high pH may
account for uncharacteristically low bioavailale levels
of Ni, Mn and Cr in the Dyke despite the observed
high total metal levels related to the serpentine parent
material. Our results are consistent with findings from
several studies which highlighted that species rich-
ness and plant community composition are influenced
by relief characteristics such as slope position and
orientation (Cousins et al. 2014; Sternberg and Sho-
shany 2001; Silva et al. 2007; Yang et al. 2020) and
in particular studies that reported differences in veg-
etation structure, composition and diversity between
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west- and east-facing slopes (Angessa et al. 2020;
Yirdaw et al. 2015).

The fact that aspect seemed to have no effect on
vegetation attributes on off-Dyke substrates sug-
gests interactive influence of aspect and substrate
on observed vegetation patterns on the Dyke. The
grouping of plots of contrasting aspects off-Dyke
while there was general separation on the Dyke
suggests differential influence of aspect on woody
species composition on ultramafic and non-ultra-
mafic substrates. The off-Dyke substrates would
be rescued from solar radiation by observed more
woody vegetation cover giving a mulching effect
from tree canopies and the litter from leaf fall
and better soil water holding capacity compared
to ultramafic dyke soils (Galey et al. 2017). This
interactive influence of aspect and substrate was
more pronounced for adult woody plants than
seedlings, mainly driven by differences in total and
available Ni and Mn and pH for woodies (Fig. 4).
Overall, the edaphic and topographic attributes
assessed partly and differentially influenced veg-
etation patterns on ultramafic and non-ultramafic
substrates. Such gradients may also contribute to
soil-plant metal relations (Adhikari et al. 2022).
Other factors may be rockiness, fire regimes and
other disturbances (Kativu et al. 2019). Consistent
with our findings in summing the effects of topo-
graphic and edaphic factors on vegetation, Maren
et al. (2015) postulated that plant diversity, com-
position and regeneration are affected by factors
like topography, aspect, inclination of slope and
soil type.

Conclusions and recommendations

We conclude that ultramafic substrates of the Great
Dyke support unique species, mainly distinct from
those of non-ultramafic substrates off-Dyke, with a
few overlaps between off-Dyke non-ultramafic sub-
strates and norite and pyroxenite intrusions on the
Dyke. Compositional distinctiveness is mainly driven
by Ozoroa longipetiolata, Ozoroa insignis, Protea
welwitschii and Euphorbia wildii. Total Ni, Cr, Mn,
Ca/Mg ratio and pH are the main determinants of dif-
ferences in vegetation between ultramafic and non-
ultramafic patches. Edaphic factors do not vary much
with topographic gradients on the Dyke and that may
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account for compositional and structural overlaps.
However, small differences in available Mn, Ni and
exchangeable Ca and pH may account for the intra-
Dyke vegetation differences.

We recommend further testing of the metal stabi-
lization potential and drought tolerance of the plant
species found on the serpentine Dyke patches (e.g.
Diplorhynchus condylocarpon, Combretum molle,
Combretum zeyheri, Combretum apiculatum, Ozo-
roa sp., Protea welwitschii and Euphorbia wildii) as
they are candidate rehabilitation species for similar
stressful and metalliferous sites such as mine tail-
ings and waste rocks. We also recommend that use
of such species be preceded by careful soil testing
as different metals and bases affect different species
differently. We also recommend that in rehabilitat-
ing different substrates, species be planted in asso-
ciations, such as found in this current study. Future
research may replicate such studies along climatic
gradients to discover species that might universally
thrive in harsh conditions under different climatic
conditions, in order to establish a widely applica-
ble set of rehabilitation species for metalliferous
sites. Mechanisms of metal tolerance of dominant
and rare species on serpentine Dyke must also be
explored through future research.
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