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South Africa

Virgilia divaricata is a fast-growing nitrogen-fixing tree species often found on the margins of
forest in the southern Cape of South Africa and is particularly abundant after fire. However,
V. divaricata may invade fynbos even in the absence of fire and it has been described as a forest
precursor. We investigated whether V. divaricata enriches soil fertility after its invasion into
fynbos areas adjacent to forests. We measured soil organic carbon and soil nutrients at four
sites. At each site, three vegetation types (forest, V. divaricata and fynbos) were examined on
the same soil type and at the same elevation. Our results showed that, on average, soils taken
from V. divaricata stands had higher nitrogen and phosphorus values than the adjacent fynbos
soils, with either lower or similar values to the adjacent forest soils. Higher soil fertility under
V. divaricata, together with their shading effect, may create conditions favourable for shade-
loving forest species dependent on an efficient nutrient cycle in the topsoil layers, and less
favourable for shade-hating fynbos species, which are generally adapted to low soil fertility.
We suggest that the restoration of the nutrient cycle found in association with forest may
be accelerated under V. divaricata compared with other forest precursor species, which has
important consequences for the use of V. divaricata in ecosystem restoration.

Conservation implications: Alien plantations in the Outeniqua Mountains are being phased
out and the areas are being incorporated into the Garden Route National Park. Fynbos areas
are increasingly being invaded by forest and thicket species owing to fire suppression in
lower-lying areas. An improved understanding of the fynbos—forest boundary dynamics will
aid in efficient management and restoration of these ecosystems.

Introduction

In South Africa, natural forest covers about half a million hectares, which equates to only 0.5%
of the land surface. Apart from being the smallest biome, forest is also the most fragmented and
most vulnerable biome within the country (Van der Merwe 2011). The largest forest complex
is the afrotemperate Knysna forest, which covers 65 000 ha of the southern Cape. Heath-
like vegetation that is adapted to frequent fire, known locally as fynbos, forms a matrix with
these forests (Manders, Richardson & Masson 1992). Fynbos is evergreen and sclerophyllous.
Geldenhuys (1994) has shown that although environmental factors such as rainfall and substrate
determine the potential limits of forest distribution, actual forest distribution is determined by
the interaction between prevailing winds during dry periods, terrain physiography and the effect
of this interaction on fire pattern. In our study area, forests are usually found in the topographic
shadow areas of warm and desiccating berg winds, which are common in autumn and winter
(Geldenhuys 1994). However, extensive plantation forestry, which has protected fynbos against
fire, has led to forest expansion in the southern Cape in recent times (C. Geldenhuys, pers. comm.,
January 2011). In the prolonged absence of fire, forest species start to invade the surrounding
fynbos and the dominant vegetation may switch to closed-canopy forest (Kruger 1984; Masson
& Moll 1987).

Forest trees face certain inhibitory factors when expanding into fynbos. These include the
lack of perches for birds, which inhibits seed dispersal, the inability of seedlings to survive
summer droughts, lack of protection from wind and radiation and low levels of soil nutrients
(Campbell & Killick 1985; Manders 1990; Manders & Richardson 1992; White 1978). Manders
and Richardson (1992) propose a model of forest development in fynbos where the mechanism
of succession involves facilitation. Forest precursor species act as ‘nurse plants’ by increasing
the attractiveness of the area to avian dispersers, ameliorating summer water deficits owing
to a mulching effect of litter, protecting forest trees from radiation and wind, and decreasing
competition for water owing to decreased cover beneath these plants. The concept of pioneer
plants acting as nurse plants and ‘nucleation” sites for subsequent woody vegetation development
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has been reported in many ecosystems (e.g. Barnes & Archer
1999; Yarranton & Morrison 1974). Such modification of the
environment by an organism has been referred to as niche
construction” or ‘ecosystem engineering’ (Crain & Bertness
2006; Laland, Odling-Smee & Feldman 1999; Odling-Smee,
Laland & Feldman 1996). Examples include changing the
chemical nature of soils, the pattern of nutrient cycling, the
temperature, humidity, fertility, acidity and salinity of soils,
and the patterns of shade in the habitat (Laland et al. 1999).

Virgilia divaricata Adamson and the closely related Virgilia
oroboides (P.]. Bergius) Salter (considered as one species by
some authors and locally known as keurboon) are commonly
observed growing on forest margins in the southern Cape
(Phillips 1926). Virgilia spp. seeds can be viable for at least
230 years, enabling the plant to recover or regenerate rapidly
after fire (Geldenhuys 1994). This fast-growing tree can
establish without shade. Seedlings and saplings of forest
canopy species can usually be found 5-10 years after the
development of Virgilia spp. stands and become established
after the natural suppression, mortality and consequent
thinning of the pioneer stand (Geldenhuys 1994). Phillips
(1926) has shown that the growth of seedlings and saplings of
forest species co-dominant with Virgilia spp. is considerably
more rapid under Virgilia spp. stands than in normal climax
forest. The mechanism of this enhanced growth was not
investigated; however, Phillips (1926) suggests that it may
be related to light conditions under Virgilia spp. being more
conducive to sapling growth than the low light conditions
beneath forest.

We suggest that an alternative mechanism for facilitation
of forest sapling growth may be that V. divaricata increases
soil fertility, as both Virgilia spp. are members of Fabaceae,
which have root nodules containing nitrogen-fixing bacteria
(Palgrave 1981). Nitrogen-fixing alien acacias, which
regularly invade fynbos, have been shown to increase soil
nutrient mineral content (Musil 1993; Stock, Wienand &
Baker 1995; Witkowski 1991a; Yelenik, Stock & Richardson
2004). However, little prior research has considered the
effects of V. divaricata on soil fertility and the current study
therefore aimed to investigate whether the establishment of
V. divaricata in fynbos patches adjacent to forests enhances soil
fertility. We hypothesised that soils underneath the legume
V. divaricata will become nitrogen enriched as a result of the
addition of nitrogen-rich litter and that the higher nitrogen
levels will be perpetuated by forest development. We also
hypothesised that levels of other nutrients, including carbon,
will increase as forest establishment progresses.

Methods
Study site

The study sites were situated in the Garden Route
National Park in the Western Cape: two on the northern
edges of the Groeneweide Forest, 5 km east of George
(Groenkop 1: 33.939436° S 22.560760° E; Groenkop 2: 33.943334° S
22.562730° E) and two in the Tsitsikamma Bloukrans forest
area near Nature’s Valley (Plateau: 33.565690° S 23.45856° E;
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Covie: 33.943334° S 22.562730° E). The average rainfall varies
between 500 mm and 1200 mm, with peaks in autumn and
early summer and a minimum in December. Temperatures
are mild, with mean minima and maxima of 7 °C and
19 °C, respectively, in June and 15 °C and 26 °C, respectively,
in January (Bond 1981). Soils are derived from quartzitic
sandstone of the Table Mountain Group. The topsoil in the
Groenkop sites is between 40 cm and 50 cm deep and overlays
poorly drained subsoil with indications of a fluctuating
water level, more so at Groenkop 1 than Groenkop 2. The
two Tsitsikamma sites were situated on old dunes. (See
Geldenhuys [1982, 1991] for a thorough environmental
description of the area.)

The forests studied fall within the Southern Afrotemperate
forest vegetation type (Mucina & Rutherford 2006). The
surrounding vegetation is mostly fynbos, with South
Outeniqua Sandstone Fynbos bordering the Groeneweide
forest and Tsitsikamma Sandstone Fynbos in the
Tsitsikamma sites (Mucina & Rutherford 2006). The study
sites at Groeneweide (Groenkop 1 and 2) burnt in 1996 and
well-established adult V. divaricata trees now form mostly
consocies stands, approximately 10 m — 15 m high at the
ecotone between forest and fynbos. The fynbos at Covie is
dominated by young Leucadendron saplings, indicative of a
recent fire, with a narrow band of V. divaricata between forest
and fynbos areas. The fynbos at Plateau is mostly lacking in
Proteaceae, probably because the area now conserved as a
nature reserve has been used for (potato) farming until quite
recently. The V. divaricata bordering the forest at Plateau
established after a fire in 2005. Finding sites where the fynbos
was in pristine condition was a typical problem during site
selection. In the past, fynbos adjacent to forest was either
farmed or planted with exotic plantations. Currently, fire
suppression, especially in the lower-lying fynbos patches,
has led to encroachment by thicket species, forest precursors
or invasive alien trees.

Sample collection and analyses

At each of the four sites, soils were collected from within the
forest, adjacent fynbos vegetation and V. divaricata stands.
Care was taken to select sites where forest, fynbos and
V. divaricata occurred at the same elevation and on the same
soil type. At each site, the three treatments (forest, fynbos
and V. divaricata) were close to one another. Adult stands of
V. divaricata formed narrow strips (~20 m — 80 m) of consocies
with an understorey of sparsely distributed forest saplings
on the margin between forest and fynbos. We tried to avoid
areas where Pteridium aquilinum (bracken) occurred as we
were uncertain how the strong allelopathic substances
exuded by bracken would affect soils (Chapman & Reiss
1992); however, bracken occurred in quite dense patches in
some areas adjacent to V. divaricata, especially at Plateau. Soil
was collected on transects spanning across the V. divaricata
stands and on transects running parallel to either side of the
V. divaricata stands in forest and fynbos. Soil samples were
collected about 20 m — 30 m apart, with a soil auger at three
depths: 0 cm — 10 cm, 10 cm — 20 cm and 20 cm - 50 cm
(4 sites x 3 vegetation types x 3 depths x 5 repetitions = 180
samples). After collection, soils were sieved through a 2-mm
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sieve to remove organic material and roots, and air-dried for
several days.

All samples were analysed for organic carbon, nitrogen,
phosphorus, calcium, magnesium, sodium and potassium
at the Institute for Plant Production, Stellenbosch, South Africa.
Carbon content was determined by a rapid dichromate
oxidation method using the Walkley—Black procedure
(Walkley 1947). Samples were not pre-treated for carbonates
as the pH was well below 7.4, which suggested that
carbonates were not present in significant amounts in our
samples (Nelson & Sommers 1996). Repeatedly run samples
analysed for carbon had a standard deviation of 0.03% and
coefficient of variation (CV) of 0.07. Extractable phosphorus,
calcium, magnesium, sodium and potassium were extracted
with 1% citric acid and analysed by using a Thermo ICP iCAP
6000 Series Spectrometer (Thermofisher Scientific, Surrey,
UK). Total soil nitrogen was analysed by total combustion at
Bemlab (Pty) Ltd., Somerset West, South Africa, using a Leco
Nitrogen Analyser FP 528 (LECO Corporation, St. Joseph,
USA).

To determine bulk density, a known volume was removed
from each soil depth using a core sampler. Known volumes
were dried, weighed and sieved to remove all roots and
stones, and the weight and volume of rocks were measured.
The bulk density of each sample was calculated by dividing
the dry mass of soil by the volume of soil, with the mass of
the rocks subtracted in each case. Bulk density was used to
convert concentration data to content data (i.e. aerial data).
We underestimated bulk density for samples with high root
biomass by not subtracting root volume from soil volume. As
forests typically have high root biomass, forest bulk densities
were consistently underestimated. We therefore considered
both the concentration and content data in our analyses. At
the two Tsitsikamma sites, we dried and weighed the roots
before the samples were sent for analysis. Litter was also
collected from beneath the canopy of the three treatments
(forest, fynbos and V. divaricata) and both root and litter
samples were analysed for nitrogen and carbon using a Leco
TruSpec CN Analyser (LECO Corporation, St. Joseph, USA).

Statistical analyses

All statistical analyses in this study were performed using
R (R Development Core Team 2011). Principle component
analyses (PCA) were used to explore the relationships
between the three vegetation types and various elemental
soil variables. The broken-stick distribution (PCA signifance
criterion in R) was used as the most reliable criterion to
test which of the PCA axes contributed significantly to the
ordination. PCA axes with larger percentages of accumulated
variance than the broken-stick variance were considered
significant (Kindt & Coe 2005; Legendre & Legendre 1998).
A three-way analysis of variance (ANOVA) was fitted to
explore the effects of site, vegetation type, depth and the
respective interactions on soil factors. Where necessary,
variables were transformed to attain approximate normality
and homogeneity of variance. Post hoc Tukey tests were
used to test for differences between levels of each factor in
the ANOVAs.
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Results

PC1 of the PCA explained 59% of the variance in soils
(eigenvalue 4.19; x-axis in Figure 1), with high loads
for nitrogen (-0.39), carbon (-0.39), potassium (-0.41),
magnesium, sodium and phosphorus (all -0.38). The three
vegetation types were arranged along a gradient of soil
fertility, according to which forests were found on the most
fertile soils, V. divaricata was associated with intermediate soil
nutrients, and fynbos was found on low-nutrient soils. PC2
(v-axis in Figure 1) explained a further 16% of the variance
and separated sites with high nitrogen (+0.42) and carbon
(+0.23) from those with high calcium (-0.71) and magnesium
(-0.44); however, this axis was not deemed significant. This
axis reflected site differences to a great extent. Covie soils, for
example, had very high levels of calcium and magnesium.

ANOVA results showed that the interactive effect of site and
vegetation type on nitrogen concentration was statistically
significant but not the interaction amongst the three factors
or any of the other two-way interactions (Table 1). Although
depth had less of an effect on nitrogen content, it was an
important determinant of soil concentrations (Table 1). When
nitrogen concentration was converted to nitrogen content,
both the interactions between site and vegetation type and
site and depth became important in determining nitrogen
(Table 1).

Across sites, forest soils had the highest nitrogen
concentration (0.44% = 0.05% and 34.2 gm™ + 3.18 g.m™),
followed by V. divaricata soils (0.29% + 0.02% and 25.4 g.m™
+ 1.55 g.m™) and fynbos soils (0.18% + 0.01% and 19.2 g.m™
+ 0.86 g.m™). For individual sites, Groenkop 1 and Groenkop 2

Q.
1
N

PCA 2

Eigenvalues

PCA1

PC1 (x-axis) explains 59% and PC2 (y-axis) explains 16% of the variance amongst vegetation
types.

Nitrogen and carbon values expressed as percentages; potassium, sodium and phosphorus
values expressed in mg.kg™!; magnesium and calcium values expressed in cmol.kg™.

PCA, principle component analyses.

FIGURE 1: Principle component analysis based on measures of soil fertility (soil
nutrients).
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TABLE 1: Results of three-way analysis of variance, showing the effect of site, block (vegetation type) and depth on various soil variables.

Variables Site

(df=3)

Block
(df=2)

Depth
(df=2)

Site x Block
(df = 6)

Block x Depth
(df = 4)

Site x Depth
(df = 6)

Site x Block x Depth
(df =12)

Soil N (%) 63.5%**
Soil N (g.m™2) 38.2%**
Soil P (mg.kg™) 18.8***
Soil P (g.m™?) 25.3%**
Soil C:N 37.2%**

89.1%**
37.0%%*
72.5%%x
48.1%**
6.97**

80.7***
12.3%%%*
84.3%**
11.8%**
13.0%***

9.41%**
10.6%**
9.77***
10.6%***
9.11%**

n/a

n/a
1.14
6.39%**
4.74**

1.85
5.44%*x
2.57*
2.68*
7.26***

n/a
n/a
2.30*
3.23%*

n/a

N, nitrogen; P, phosphorus; C:N, carbon-to-nitrogen ratio; df, degrees of freedom; n/a, not applicable (if interaction was not included in final model fit).

F values and significance levels are shown.
*, p<0.05; **, p<0.01; ***, p <0.001

reflected the general pattern for both nitrogen concentration
(Figure 1a) and nitrogen content (Table 2), with the highest
values associated with forest and the lowest values associated
with fynbos. At Covie, forest and V. divaricata soils had
similar nitrogen concentrations (0.24% + 0.02% and 0.26% =
0.04%, respectively), but these were higher than for fynbos
(0.14% = 0.01%; Figure la). Nitrogen content was similar for
forest and V. divaricata, but V. divaricata had higher nitrogen
levels than fynbos (Table 2). At Plateau, all three vegetation
types had similar nitrogen concentrations (Figure 2) and
nitrogen content (Table 2). As expected, the shallowest soils
generally had the highest nitrogen concentration (0.44%
+ 0.56%), followed by the 10-cm — 20-cm depths (0.19% =+
0.01%) and then the deeper soils (0.27% =+ 0.19%).

Significant interactions affecting phosphorus concentration
are shown in Table 1. When phosphorus concentrations
were converted to phosphorus content, the interaction
between vegetation type and depth, in addition to the other
factors and interactions, was also statistically significant
(Table 1). Although the three-way interaction was
significant, its importance was relatively small compared
to site x vegetation type and vegetation type x depth
(Table 1). However, to confirm that the three-way interaction
was significant, we compared the interaction between
site and vegetation type for each depth (Figure 3). At
0 cm — 10 cm and 10 cm — 20 cm, Covie forest and V. divaricata
soils had higher phosphorus concentrations than fynbos;
Groenkop 1 had higher phosphorus concentrations associated
with forest than fynbos (Figure 3). No differences were found
for phosphorus concentration between vegetation types at
Plateau. At 40 cm — 50 cm, fynbos still had a lower phosphorus
concentration than forest and V. divaricata at Covie, but
phosphorus concentration for fynbos was lower than for both
forest and V. divaricata at Groenkop 1 and Plateau (Figure 3).
When phosphorus concentrations were converted to content
data, no differences were found between vegetation types
at Groenkop 2. Virgilia divaricata had higher phosphorus
content than fynbos at Covie and Groenkop 1, whilst fynbos
soils had higher phosphorus content than the other two
vegetation types at Plateau (Table 2).

We measured soil carbon-to-nitrogen ratios (C:N) at all
four sites, as well as C:N for litter and root material at
Covie and Plateau. Site had a very pronounced influence
on soil C:N and all interactions with site were significant
(Table 1). Apart from the interactions with site, the interaction
between vegetation type and depth was also statistically
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cd

0.2 A

0.0 -

Covie Groenkop 1 Groenkop 2 Plateau
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Different lowercase letters indicate significant differences at p < 0.05.

FIGURE 2: The effect of an interaction between site and vegetation type on soil
nitrogen in the southern Cape.

TABLE 2: The effect of interactions between site and vegetation type on mean
nitrogen and phosphorus content in the southern Cape (g.m= + SE).

Site Block Nitrogen Phosphorus
Covie Forest 19.5 + 0.79%" 1.22 +0.10¢
Virgilia divaricata 22.9+1.87¢ 1.63 +0.07°*
Fynbos 17.6 + 1.04¢f 0.61 +0.07¢
Groenkop 1  Forest 37.8£2.22% 2.10 £ 0.07*
Virgilia divaricata 26.4 +2,94¢ 2.05+0.21%®
Fynbos 15.8 +1.71° 1.19 +0.06<
Groenkop 2 Forest 58.6 +9.59° 1.58 +0.10%
Virgilia divaricata 36.5 +3.23 1.73 £0.11%¢
Fynbos 22.8 +£1.95% 1.06 + 0.08<
Plateau Forest 20.8 + 1.39¢%f 1.69 £ 0.13%*
Virgilia divaricata 16.2 +1.67¢ 1.43 +£0.10"
Fynbos 20.6 + 1.57%f 2.24+£0.43°

Different lowercase letters denote statistically significant differences at p < 0.05.

significant. The three-way interaction was not significant.
When comparing individual sites, soils from Groenkop 1 and
Groenkop 2 showed no differences in C:N between the three
vegetation types (Figure 4). At Covie, soils beneath forest
and V. divaricata showed the highest C:N, both of which were
higher than for soils beneath fynbos (Figure 4). At Plateau,
forest and V. divaricata had similar values, and V. divaricata
and fynbos had similar values, but forest had higher soil
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FIGURE 3: Soil phosphorus (mg.kg™) for different vegetation types at four sites at different depths: (a) 0 cm — 10 c¢m, (b) 10 cm — 20 cm and (c) 40 cm — 50 cm.

C:N than fynbos. The site x vegetation type interaction was
statistically significant for root C:N (p = 0.002). At Covie,
V. divaricata soils had lower root C:N than fynbos soils, but no
differences were found at Plateau (Figure 4). Unfortunately,
we did not have enough repetitions to compare C:N for
litter statistically and can therefore comment only on the
general trend. Litter C:N showed the same pattern as root
C:N, with V. divaricata samples having the lowest litter
C:N (22.8 + 1.75), followed by forest (35.7 + 3.16) and fynbos
samples (51.8 + 6.41).

Discussion

In this study, we compared differences in soil fertility
between stands dominated by forest, V. divaricata and fynbos
vegetation, respectively, to establish the effect of V. divaricata
on soil fertility. Firstly, we used PCA to explore relationships
amongst soil variables and found that the different

http://www.koedoe.co.za . doi:10.4102/koedoe.v55i1.1128

vegetation types separated in ordinational space, with forest,
V. divaricata and fynbos on a gradient of high to low soil
nutrients and carbon. We also compared in more detail the
differences in nitrogen and phosphorus amongst the three
vegetation types. Although the results were site depended,
both nitrogen and phosphorus concentrations appeared to be
low in fynbos soils, with higher values found in forest and
V. divaricata soils. It was only at Plateau where phosphorus
concentration was higher in fynbos soils compared with the
other vegetation types. The lower nutrient status of fynbos
soils is not unexpected, as previous work has shown that
fynbos soils are nutrient poor, with low concentrations and
availability of nitrogen and phosphorus (Richards, Stock &
Cowling 1997; Stock & Lewis 1986; Stock, Wienand & Baker
1995; Witkowski & Mitchell 1987). Fynbos vegetation has
several adaptations to low nutrient availability, including
cluster (e.g. proteoid, capillaroid and dauciform) roots and




Page 6 of 8

¥ Original Research

40 R [Forest []Virgilia .Fynbos‘ a
b

30 - ab be ab a a ab
z od d cd
O 20 d
st d
=]
n

N ﬁ%'

0 -

Covie Groenkop 1 Groenkop 2 Plateau
Site
[JForest []Virgilia .Fynbos‘ b
a

120

1004 L
Z 80
o
S e | L be
S c
@ 40 ¢ ¢

20

0 C
ovie . Pl
site ateau

Different lowercase letters indicate significant differences at p < 0.05.

FIGURE 4: Carbon-to-nitrogen ratios for different ecosystem components: (a)
soil and (b) root.

mycorrhizal associations that confer efficient nutrient uptake
(Allsopp & Stock 1993; Lamont 1982) and high nutrient-
use efficiency (Stock & Lewis 1984; Van Daalen 1981). The
higher phosphorus concentration and content of fynbos soils
at Plateau was an unexpected result. However, the fynbos
area at this site was farmed until recently and we cannot rule
out that phosphorus-rich fertilisers were used at the site. As
phosphorus is bound quite strongly by soils, it is not easily
leached from soils. This could explain the higher phosphorus
values found for the top 20 cm, despite the lower phosphorus
values in deeper soils compared with the other vegetation

types.

The establishment of forest on fynbos soils is not an
uncommon phenomenon and forest invasion into fynbos
during prolonged fire-free periods has been reported for
many sites (Geldenhuys 2004; Kruger 1984; Manders 1990).
Although fynbos soils are generally low in nitrogen (Stock &
Lewis 1986) and phosphorous (Witkowski & Mitchell 1987),
Van Daalen (1984) has shown that in the southern Cape forest
can establish on most soils. Fynbos and forest soils seldom
appeared to differ and therefore Van Daalen (1984) described
any existing differences as an artefact of the vegetation. Van
Daalen (1981) rejected the hypothesis that the poorer nutrient
status of fynbos soils precludes the colonisation of fynbos by
forest species. Bond (2010) supported this when he showed
that most fynbos soils have enough micronutrients to build
forest when deeper soil layers are included. However, Van
Daalen (1981) found no regeneration of forest in fynbos
at some sites in our study area and attributed this to the
dependence of forest species on the ‘closed” nutrient cycling
of the forest ecosystem, where nutrients are tightly and
efficiently cycled within the root zone.

Increasing research findings point to vegetation feedbacks
having significant effects on soil fertility to explain
establishment of trees on nutrient-poor fynbos soils (Vitousek
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1990; Vitousek & Walker 1989; Wedin & Tilman 1990). For
example, invasive Australian Acacia species invade fynbos
over vast areas in South Africa, with profound changes in soil
as a result (Higgins et al. 1999; Van Wilgen et al. 2001). These
alien nitrogen-fixing Acacia species regenerate rapidly after
fire (Milton & Hall 1981) and the subsequent large inputs
of high-nitrogen leaf litter elevate total soil nitrogen and
organic matter (Stock et al. 1995; Witkowski 1991a; Yelenik
et al. 2004). Alien acacias have been found to have higher
leaf nitrogen concentrations than indigenous vegetation and
no differences in resorption were found between fynbos
species and alien acacias during a study in another fynbos
area, which meant that more nitrogen was returned to soil
in the acacia litter (Witkowski 1991b). A combination of high
tolerance to low shade conditions and fast modification of
the nutrient cycle thus results in successful invasion of alien
acacias into fynbos.

In contrast with alien acacias, forest trees typical of
afrotemperate forests do not tolerate regeneration in sunny
micro-climates well and are, as a rule, quite sclerophyllous
(Van Daalen 1981). This leads to low decomposition rates
(Witkowski 1991b). Van Daalen (1984) suggests that for
forest to re-establish in a fynbos habitat or after disturbance,
forest precursor species that can tolerate low nutrient levels
and summer water deficits establish first. Decomposition and
nutrient return were found to be higher in a study comparing
strandveld (sclerophyllous vegetation with a higher tree
component on the west coast of South Africa) with fynbos
(Witkowski 1991b). Although nitrogen-fixing trees increase
soil nitrogen over time owing to nitrogen-enriched litter
being returned to the soil, soil nutrients may also be enhanced
in other ways. Trees may increase soil nutrients by:

e drawing nutrients from deep soil layers and areas beyond
the canopy and depositing them in the form of root exude,
litter and/or canopy leaching (Belsky 1994; Jobbagy &
Jackson 2004; Kellman 1979; Scholes & Hall 1996)

e acting as an atmospheric dust trap and increasing
nutrients from canopy leaching (Bernhard-Reversat 1988;
Escudero et al. 1985)

e attracting mammals and roosting birds by providing
shade and refuge, who then add nutrients by means of
their droppings (Belsky 1994; Giorgiadis 1989).

When forest precursor trees establish in the current study
area, litter builds up over time and eventually a dense
mat of decomposing root material and organic material is
formed (Geldenhuys 2011; Geldenhuys & Theron 1994).
Shallow feeder roots depend on the nutrients released from
decomposing material and take up these nutrients before they
are leached; in this way nutrients are increased and cycled
quite tightly within the rooting zone. Small additions of
nitrogen to nutrient-poor fynbos soils resulted in significant
changes in the growth-form composition of the vegetation
and led to increases in graminoid forms of fynbos elsewhere
(Witkowski 1991b). Some fynbos species show decreased
growth rates with increased levels of nitrogen or phosphorus
in the soil (Witkowski 1989). Some restios have been shown
to decrease allocation to reproduction when treated with
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nitrogen- and phosphorus-rich fertilisers (Witkowski 1990).
Apart from decreasing the competitiveness of fynbos
vegetation and restoring the nutrient cycle, forest precursor
species provide suitable shade, with accompanying
higher dispersal opportunities and ameliorated soil water
conditions. Once these conditions re-establish, forest trees re-
establish (Geldenhuys 2004).

If nitrogen-fixing V. divaricata enriches soils in a similar
manner to the invasive acacias, then the nutrient cycle should
be re-established much faster than under sclerophyllous
forest precursors. Invasive acacias show faster decomposition
rates and nitrogen return compared with the local forest
precursor tree Pterocelastrus tricuspidatus as a result of
nitrogen-rich litter (Witkowski 1991b). Similarly, we found
that V. divaricata litter (and roots) tends to have higher
nitrogen concentrations than either forest or fynbos litter
(with accompanying low C:N). In some ways V. divaricata has
a very similar ecology to that of Australian acacias in that it
recruits rapidly after fire and has the potential to fix nitrogen.
However, some major differences between invasive acacias
and V. divaricata are that V. divaricata is not as persistent and
long lived as the acacias. This allows other forest species to
establish over time, as Virgilia spp. stands usually die off
naturally after approximately 20 years owing to caterpillars
of the Leto venus moth ringbarking trees (C. Geldenhuys, pers.
comm., January 2011). Virgilia divaricata stands are typically
also less dense than invasive acacia stands, thereby allowing
gaps for indigenous shade-tolerant forest species to establish.

Conclusion

We compared soil fertility between three co-occurring
vegetation types: V. divaricata-dominated stands with forest
and fynbos on either side. Our findings suggested that
V. divaricata enhances soil fertility. However, owing to the
nature of our work, the link between V. divaricata and higher
soil nutrients is only tentative and further experimental work
should be undertaken to confirm that V. divaricata enhances
soil nutrients. Nonetheless, owing to its ability to grow fast
and establish without shade, we suggest that V. divaricata
can be gainfully used to restore the ‘closed” nutrient cycle
found beneath forest and in this way aid in efficient forest
regeneration. In contrast, maintaining ‘healthy” fynbos (i.e.
with a competitive advantage over trees) requires regular
fires, both to maintain the ideal micro-climate for fynbos
vegetation and to disrupt the nutrient cycle associated with
tree-dominated vegetation.
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