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The idea of alternate stable states (ASS) has been used to explain the juxtaposition 
of distinct vegetation types within the same climate regime. ASS may explain the 
co-existence of relatively inflammable closed-canopy Afrotemperate forest patches 
(‘Forest’) within fire-prone open-canopy Fynbos in the Cape Floristic Region (CFR) 
on sandstone-derived soils. We evaluated the hypothesis that although fire and local 
topography and hydrology likely determined the paleogeographic boundaries of 
Forest, present-day boundaries are additionally imposed by emergent edaphic proper-
ties and disturbance histories. We studied vegetation and edaphic properties of Forest-
Transition-Fynbos vegetation at two sites within the CFR on sandstone-derived soils 
and tracked historical change using aerial photography. Whereas Forest and Fynbos 
have changed little in extent or density since 1945, transition vegetation increased into 
areas formerly occupied by Fynbos. Forest soils were ubiquitously more nutrient-rich 
than Fynbos soils, with transition soils being intermediate. These edaphic differences 
are not due to geological differences, but instead appear to have emerged as a conse-
quence of different nutrient cycling within the different ecosystems. Soil nutrients 
are now so different that a switch from Fynbos to Forest is unlikely, in the short term 
(i.e. decades). Floristically and nutritionally, transitional vegetation is more similar 
to Fynbos than Forest and may be less resilient to changes in exogenous drivers (e.g. 
fire). Our findings are consistent with the idea that geologically Forest and Fynbos 
are largely fire-derived long-term ASS, with the stability of each state reinforced by 
marked soil nutrient differences. In contrast, the intermediate transitional vegetation 
that might switch states is unlikely to be stable.
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Introduction

In theory, alternative stable states can develop despite sharing the same environment 
due to internal feedbacks (Lewontin 1969). In practice, however, there is considerable 
debate as to whether natural ecosystems display alternative states that remain stable 
over ecologically-relevant timescales, and whether shifts between states are caused by 
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changes in exogenous disturbance agents (e.g. fire; Wilson 
and Agnew 1992) or by changes in endogenous ecosys-
tem interactions (e.g. loss of predators, Beisner et al. 2003; 
increase in elephants, Pellegrini et al. 2017). The coexistence 
of contrasting vegetation types within the same climate enve-
lope has commonly been interpreted as a case of such alterna-
tive stable states (ASS; Warman and Moles 2009, Staver et al. 
2011, Hirota et al. 2011, Dantas et al. 2013, Pausas 2015). 
An alternative view is that physical factors other than cli-
mate (Veenendaal et al. 2015), such as edaphic limitations, 
local hydrology and land-use history (Sankaran et al. 2008, 
Staver et al. 2011) account for vegetation patterns. Since sta-
bilising feedbacks alter soil and other environmental proper-
ties (Jobbágy and Jackson 2000, 2004), it has been difficult 
to differentiate between soils determining vegetation and the 
emergence of ASS, where different vegetation creates differ-
ent soil properties. Soil chemistry is, however, more likely to 
change in response to different vegetation than soil physical 
properties (e.g. soil texture), providing a potential method for 
unscrambling the different processes.

Changes in the prevalence of fire have been suggested 
to account for the switch between fire-prone open-canopy 
and relatively poorly flammable closed-canopy vegetation 
in many contexts (Manders 1990, Manders and Richardson 
1992, Manders et al. 1992, Staver et al. 2011, Wood and 
Bowman 2012, Coetsee et al. 2015, Paritsis et al. 2015). 
Since the boundaries between vegetation types may change 
over time, this suggests that the internal stabilising feed-
backs of each stable state can be over-ridden. These bound-
aries may ‘emerge’ over long time periods (decades to 
centuries) driven by differences in fire frequencies (Jackson 
1968). Alternately the boundaries may be the stable product 
of differential fire susceptibility ‘imposed’ by site character-
istics (Mount 1979). This partial dichotomy between emer-
gent and imposed vegetation patterning is highly relevent 
to the Forest-Fynbos boundary in the Cape Floristic Region 
(CFR) of South Africa that is characterised by high taxo-
nomic (Power et al. 2017) and structural turnover (Forsyth 
and van Wilgen 2008). Patches of Afrotemperate Forest 
occur in a matrix of lower stature, fire-prone, open-canopy, 
sclerophyllous shrubby Fynbos. Forest-Fynbos boundaries 
can be sharp (< 10 m), although the vegetation may also 
grade through a transitional vegetation that is a mixture of 
both (ca < 100 m, McKenzie et al. 1977). Fire frequency 
and intensity are thought to be critical to determining 
Forest-Fynbos boundaries (Phillips 1931, McKenzie et al. 
1977, Manders and Richardson 1992), which often occur 
along drainage lines, wind-shadows, slope-breaks and 
rock screes, all of which represent an imposed limit to 
fire frequency and/or intensity (van Wilgen et al. 1990, 
Geldenhuys 1994). Forest and Fynbos species, how-
ever, differ in flammability, with shrubby Fynbos being 
more fire-prone than tall Forests (van Wilgen et al. 1990, 
Kraaij et al. 2013). These differences in flammability sug-
gest a degree of emergent spatial patterning of vegetation, 
with fire adaptation in Fynbos preventing the expansion 

of fire-sensitive Forest species (van Daalen 1981, Manders 
1990). The spatial transitions between these vegetation 
types have consequently been considered to represent the 
coexistence of ASS (Coetsee et al. 2015), that are subject 
to anthropogenic modification of fire regimes (Poulsen and 
Hoffman 2015).

These vegetation boundaries can be associated with 
strong dissimilarities in soil nutrients (Masson and Moll 
1987, Manders 1990, Cramer 2010, Cowling and Potts 
2015). For example, Forest soils have higher C, N, Ca 
and K than Fynbos soils, even when occupying the same 
geology, implying that Forests increase the fertility of soils 
while frequent fires in Fynbos promote mineralization and 
loss of nutrients (Coetsee et al. 2015), potentially contrib-
uting to the resilience of the vegetation. If soils do have a 
role in dictating the structure and flammability of the veg-
etation, then the perturbation of vegetation by an altered 
fire regime would have to be sustained for long enough to 
override the inherent resilience of the ecosystem, including 
the soil properties, in order for the ecosystem to switch 
to an ASS. In the debate as to whether ASS exist between 
Forest and Fynbos, we therefore need to consider time and 
the degree to which the sites are fire-prone as a contibuting 
factors.

We hypothesised that Forest-Fynbos boundaries exhibit 
a degree of resilience to perturbation that is contingent on 
the contemporary edaphic circumstances. Consequently, 
switches between alternate stable states ought to be less 
likely where edaphic properties preclude one or the other 
of the alternate states. We predict that a consequence of 
edaphic discontinuities between Forest and Fynbos is that 
1) despite occurring on soils derived from the same geol-
ogy, Forests are constrained to more fertile soils and do not 
readily invade soils where Fynbos exists in a stable state, 
demonstrating that these are stable alternate states. 2) In 
contrast, the transitional vegetation with intermediate 
susceptibility to fire, occurring on soils that are also inter-
mediate between Forest and Fynbos, is most likely to be 
sensitive to changes in disturbance. This transitional veg-
etation may tend towards canopy closure in the absence of 
disturbance and to a more open-canopy with disturbance, 
exhibiting the ability to switch to alternate states depend-
ing on disturbance regimes, but these switches are unlikely 
to be stable.

To evaluate these predictions, we explored the vegetation, 
topography, edaphic properties, and fire history of Forest-
Transition-Fynbos in the CFR at two sites. We used spe-
cies cover data and normalised difference vegetation indices 
(NDVI) to determine whether these vegetations are floris-
tically and structurally distinct and therefore potentially 
could exist as alternate states (objective 1). Historical aerial 
photographs were used to test the prediction that Forest 
and Fynbos are constrained to particular zones, whereas 
Transition vegetation is more prone to range shifts (objec-
tive 2). To test the hypothesis that soil differences emerge 
from stable alternate states, soil textures and immobile soil 
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elements were analysed to determine whether the soils were 
derived from a common geological parent material (objec-
tive 3). We tested for biotic alteration of edaphic properties 
by analysing plant-essential elements (objective 4). Since 
possible switches between alternate states could be linked 
to fire disturbance, we assessed soil charcoal as a proxy for 
the incidence of fire (objective 5). Finally, we determined 
whether vegetation states could be predicted from soil 
variables alone (objective 6).

Materials and methods

Study sites

The study was conducted at two sites (Fig. 1) situ-
ated in the Table Mountain National Park, Blinkwater 
ravine (33.960003°S, 18.394640°E) and Orange Kloof 
(33.994899°S, 18.394476°E). At Blinkwater the vegeta-
tion around the seasonal stream is Southern Afrotemperate 

Figure 1. Historical aerial photographs of the Blinkwater and Orange Kloof sites compared to contemporary images. Within each site the 
sampling locations are marked for each of the vegetation types (Fynbos, Transition, Forest). Sampling at Orange Kloof was in a larger geo-
graphic area and occurred in five different sites. Site E lacked Fynbos vegetation and was on granite-derived soils (as opposed to sandstone-
derived soils elsewhere) and was thus excluded from statistical analyses although the data was retained for presentation. At Blinkwater a 
walking path running southeast lies along a rock scree that defines the boundary between Transition and Fynbos vegetation. The large tree 
along the northwest path (‘Pipe track’) at Blinkwater is an alien Pinus sp.
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Forest (‘Forest’, Mucina and Rutherford 2006) with trees 
up to 8 m in height. Adjacent to the ravine the Peninsula 
Sandstone Fynbos is dominated by ericoid and prote-
oid shrubs (< 2.5 m in height), in addition to graminoids 
(Mucina and Rutherford 2006). A transitional vegetation 
type (‘Transition’) dominated by shrub and tree species 
(< 4 m in height) occurs between Forest and Fynbos. The 
boundary between Transition and Fynbos on the southern 
side is coincident with a line of boulders running downslope 
(Fig. 1). Soils at the study site are skeletal overlying shallow 
Table Mountain Sandstone rock, although granitic outcrops 
and relatively isolated boulders also occur downslope. In each 
of the vegetation types we selected three, 10 × 5 m plots and 
from each three soil samples were collected.

Orange Kloof is a 285 ha valley that has been actively 
managed (i.e. prevention of harvesting and fires) for over 
50 yr with no fire occurring since 1972 (McKenzie et al. 
1977). The vegetation on west facing slopes at higher eleva-
tions is Peninsula Sandstone Fynbos while the lower valley 
and large sections of the east facing slopes are dominated by 
Southern Afrotemperate Forests, interspersed with Peninsula 
Granite Fynbos (Mucina and Rutherford 2006). The lower 
area is made up of Basement Granite frequently overlaid 
by Table Mountain Shale and Table Mountain Sandstone 
(McKenzie et al. 1977). The area designated Peninsula 
Granite Fynbos is today largely dominated by what we des-
ignated as Transition vegetation, but was termed ‘scrub’ by 
(McKenzie et al. 1977). At four sites, three 10 × 5 m plots 
covering each of the vegetation types (Fynbos, Transition and 
Forest) were selected and three surface soil samples collected 
near each. Where granitic soils are dominant, one compari-
son site was established, but from which Fynbos was missing 
(Fig. 1, site E). The plots with the three vegetation types were 
selected in close proximity, ensuring consistency in topogra-
phy and geology (largely sandstone). In order to characterise 
the topography, the slope, elevation and aspect were extracted 
from the 10 m resolution digital elevation model of the city 
of Cape Town (< https://web1.capetown.gov.za >).

Vegetation assessment (objectives 1 and 2)

Within each plot the identity and percentage abundance of 
all plant species were recorded and NDVI measured (objec-
tive 1). NDVI at 10 m resolution was obtained through 
Google Earth Engine (https://developers.google.com/earth-
engine) from the Sentinel-2 MultiSpectral Instrument for the 
period Jun 2005 – Jun 2016. A cloud mask was applied and 
NDVI over the time series calculated using the upper quartile 
of NDVI values to avoid interference by cloud cover. NDVI 
was calculated using NDVI = ρNIR - ρRed/ρNIR + ρRed 
(Tucker 1979) in which ρNIR was the 842 nm band and ρRed 
the 665 nm band.

Repeat aerial photographs covering Blinkwater (1945–
2015) and Orange Kloof (1955–2016) sites were used to 
quantify change in woody cover over time (objective 2). Prior 
to analysis, images were georeferenced using the coordinates 
of continuously identifiable control points (e.g. rocks, roads) 

obtained from Google Earth. Misalignments between images 
and control coordinates were corrected using thin plate spline 
transformation and cubic spline resampling, implemented in 
QGIS (Quantum GIS Development Team, <http://qgis.
osgeo.org>). To quantify the extent of woody cover for each 
year, a 25 × 25 m grid with 5 m2 cells was centred over each 
plot. Vegetation of each cell was then manually classified as 
either ‘open-canopy’ or ‘closed-canopy’ based on the presence 
of woody vegetation occupying ≥ 50% of the cell following 
the approach of Wood and Bowman (2012).

Soil and rock sampling and preparation (objectives 3,  
4 and 5)

Surface leaf litter was removed and soils collected using a 
0.07 m diameter auger to a depth of 0.3 m. Soils were air 
dried for 1 week, weighed, and then passed through a 1 mm 
sieve. Sieved samples were split by repeatedly quartering the 
soil (Gerlach et al. 2002) for physical and chemical analy-
ses. Additional samples were collected for charcoal analysis at 
depths of 0–10 cm, 10–20 cm and 20–30 cm and air-dried 
for 48 h prior to analysis. Chemical characteristics of the soils 
were assessed using measures of extractable elements to assess 
plant available nutrients and characteristics of the intact soil 
total elemental composition from which organic material 
had been removed through dry-ashing (see below). Samples 
of granite and sandstone rocks occurring in or near Fynbos, 
Transition and Forest plots at Blinkwater were removed from 
boulders to provide a reference of geological parent material 
(objective 3). The rock surface was manually cleaned and 
washed to remove lichens and other deposits before being 
crushed.

Soil particle size analysis (objective 3)

Soils samples were heated to 450°C for 12 h to remove organic 
matter (dry-ashed) prior to particle size distributions being 
measured using a Malvern Master-Sizer 2000. Each sample 
was subjected to 300 s ultrasonic dispersal to ensure complete 
disaggregation of particles. The proportion of the soil par-
ticles in each size class was recorded and plotted. These size 
classes were then summed into categories representing clay, 
silt, very fine sand, fine sand, medium sand, coarse sand and 
very coarse sand, according to the Wentworth grain size chart 
(Williams et al. 2006).

Soil and rock total elemental analysis (objective 3)

Sieved and dry-ashed soil, and crushed rock samples were 
milled in a mortar and pestle to a fine powder. The samples 
were assessed in a Spectro Xepos X-Ray Fluorescence (XRF) 
analyzer (Spectro, Amatek materials analysis division, Kleve, 
Germany) in a helium atmosphere using a silicon drift 
detector. The instrument was calibrated by using a certified 
standard GBW07312 (National Research Center for CRMs, 
Beijing, China), for which elemental concentrations were 
obtained from NOAA technical memorandum NOS ORCA 
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68 (1992). Based on this data a weathering ratio was calcu-
lated as ([Ca] + [Mg] + [K])/[Zr] following the example of 
Chittleborough (1991), but substituting K for Na.

Available soil nutrient analysis (objective 4)

Mass spectrometer analysis for soil C, N, δ13C and δ15N 
was conducted in the Dept of Archeometry (Univ. of Cape 
Town). Approximately 40 mg of sieved soil was weighed into 
tin capsules (Elemental Microanalysis Ltd, Devon, UK) and 
combusted in a Thermo Flash EA 1112 series elemental ana-
lyzer from where the gasses were fed into a Delta Plus XP iso-
tope ratio mass spectrometer (Thermo Electron Corporation, 
Milan, Italy). Two in-house standards and one IAEA stan-
dard were used to calibrate the results.

The Inst. for Plant Production (Dept Agriculture: Western 
Cape, South Africa) measured pH, electrical conductivity, K, 
Mn, Na, Cu, Zn, Ca, Mg and two measures of plant available 
P: P-Citric (extracted in 1% (w/v) citric acid) and P-Olsen 
(Olsen et al. 1954) following protocols of soil science society 
of South Africa (1990) on sieved soils. Soil pH was deter-
mined by shaking 2 g soil in 20 ml 1 M KCl at 180 rpm 
(Hermle Z420, Gosheim, Germany) for 60 min, centrifug-
ing at 10 000 g for 10 min and measuring the supernatant 
pH. Exchangeable cations were extracted with NH4-acetate 
and EDTA at pH 4.65, and their concentrations deter-
mined using a Thermo ICP iCAP 6000 series spectrometer 
(Thermofisher Scientific, Surrey, UK).

Charcoal analysis (objective 5)

Samples of 100 g of air-dried soil were stirred into 10% (w/v) 
KOH and left overnight before sieving through 1.4 mm mesh 
and washing with water. The sieved material was suspended 
in water in a petri dish and the charcoal fragments extracted 
by hand under a dissecting microscope. The fragments were 
counted and weighed after drying at 70°C for 48 h.

Statistical analysis

Chao estimates of extrapolated species richness from species 
accumulation curves (Chao 1987, Chiu et al. 2014) were 
determined using the specpool function of the ‘vegan’ library 
(Oksanen et al. 2016) in R (R Development Core Team). 
To compare turnover in species richness between vegetation 
types, Sørensen’s dissimilarity coefficient was calculated using 
the function shared from the ‘rich’ library (Rossi 2011) in R. 
Analysis of similarity (ANOSIM) in the library ‘vegan’ library 
provided a test of whether there were significant differences 
between Forest, Fynbos and Transition vegetation types.

A one-way ANOVA followed by a post-hoc Tukey HSD 
test using the ‘agricolae’ library (de Mendiburu 2016) in R, 
was used to check for significant (p < 0.05) differences in 
topography, soil nutrients, rates of change in woody cover 
and NDVI between Forest, Transition and Fynbos across 
both study sites. To examine the separation or overlap of 
the three vegetation types (Forest, Transition, Fynbos) with 

respect to soil nutrition (objective 6), a linear discriminant 
function analysis (LDA) was conducted using the ‘lda’ func-
tion in the ‘MASS’ library (Venables and Ripley 2002) in R. 
We selected soil variables (pH, Ca, Mg, Olsen P, Na, K, Cu, 
Zn, Mn, total N, organic matter, clay and δ15N) that repre-
sent important plant and ecosystem characteristics. We also 
used texture classes in an analogous LDA, but this failed to 
separate the vegetation types (data not shown).

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.f3h1342 > (Cramer et al. 2018).

Results

Current vegetation characteristics (objective 1)

Forest and Fynbos vegetation types are floristically distinct, 
as is evident from the fact that there were no shared species 
between them at Blinkwater and only 1% at Orange Kloof 
(Supplementary material Appendix 1 Table A1). We identi-
fied Transition vegetation as being a combination of elements 
of both Fynbos and Forest and located sample sites in areas 
in which change in vegetation has occurred over the last 6 
decades (Fig. 1). At both Blinkwater and Orange Kloof, 
Transition vegetation shared elements of both Fynbos and 
Forest, but according to Sørensen’s dissimilarity coefficients 
(Supplementary material Appendix 1 Table A1) was floristi-
cally more similar to Fynbos.

Although vegetation types at Blinkwater were rela-
tively homogeneous between sites, there was significant 
turnover in species between the three vegetation types 
(Supplementary material Appendix 1 Fig. A1a). Forest and 
Transition at Orange Kloof had similar Sørensen’s coeffi-
cients to those at Blinkwater, however, Fynbos exhibited 
greater variance between sites at Orange Kloof than at 
Blinkwater (Supplementary material Appendix 1 Table A1). 
The larger number of species and greater variance of Fynbos 
at Orange Kloof is probably the consequence of a broader 
geographic sampling. At both Blinkwater and Orange 
Kloof, the species pools of each vegetation type diminished 
in the following sequence Transition > Fynbos > Forest, 
consistent with Transition vegetation containing species 
from both Fynbos and Forest. Overall, the NDVI values 
at Blinkwater were lower than at Orange Kloof (p = 0.017, 
Supplementary material Appendix 1 Fig. A2). Moreover, 
NDVI was significantly higher in Forest than in Fynbos, 
with Transition being intermediate at both sites. Forest 
and Fynbos are thus floristically and structurally distinct at 
both sites and could therefore be considered distinct alter-
nate states. Despite these vegetation differences, there were 
no significant differences in slope (p = 0.509), elevation 
(p = 0.113) or aspect (p = 0.921) between vegetation types 
across the study sites.
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Vegetation change (objective 2)

Woody cover was high for Forest at both Orange Kloof 
and Blinkwater (Fig. 2a) and increased over the duration of 
the observations at Blinkwater (1945–2015) by 0.25% per 
annum, but remained completely unchanged at all Orange 
Kloof sites (1955–2016, Fig. 2b). Although woody cover of 
Fynbos and Transition is distinct at Blinkwater today, this 
was not the case in the preceding decades over which woody 
cover of both Fynbos and Transition increased (Fig. 1–2). At 
Orange Kloof, Fynbos woody cover has been lower than that 
of Transition from the 1960’s onwards, with only small annual 
increases in Fynbos (0.08% per annum) while Transition 
increased at a faster rate (0.55% per annum, Fig. 2b), which 

is similar to the rate of change reported by Luger and Moll 
(1993) of 0.41% per annum (applying a linear regression to 
their data) for Orange Kloof. Forests and Fynbos are thus 
constrained to particular zones exhibiting little change in 
distribution, whereas Transition vegetation is more prone to 
range shifts.

Soil texture (objective 3)

Overall, soil texture was remarkably similar between vegeta-
tion types on sandstone-derived soils (Fig. 3). The only sig-
nificant (p < 0.05) differences at Blinkwater involved very 
coarse sand, which was lower in the Fynbos than in either 
Transition or Forest soils (Supplementary material Appendix 1  

Figure 2. Differences in the change in woody cover with time between vegetation type (Fynbos = Ff, Transition = Tr, Forest = Fo) at both 
study sites. Lines represent linear fits and the grey bands are the 95% confidence intervals. Linear fits (a) for each individual plot were used 
to calculate the (b) rates of wood change for both sites and all vegetation types. The boxes and horizontal lines represent the first and third 
quartiles and the medians, respectively. The whiskers represent 1.5 × the interquartile range and outliers above/below are shown as points. 
Circles represent the mean with letters indicating the significant interaction between vegetation types and sites from a one-way ANOVA, 
for which the F-value and p-value is given.
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Table A2). The texture of soils at Orange Kloof was similar 
to Blinkwater, but with more very fine sand at Orange Kloof 
in Transition, less coarse sand in Fynbos and less very coarse 
sand in all vegetation types. The lack of strong differences in 
texture indicates that the soils are derived from a common 
geological parent material. We reported site E at Orange 
Kloof (Fig. 1) separately from the others because this site had 
no Fynbos vegetation in the vicinity. Occurring on granite-
derived soils, the site was also distinct in texture, having a 
greater concentration of finer material and correspondingly 
less coarse particles (Fig. 3).

Soil chemical properties (objectives 3 and 4)

Many plant available nutrient concentrations were con-
siderably higher in granite than in sandstone rocks 
(Supplementary material Appendix 1 Table A3). As a con-
sequence, we restricted sampling to sandstone-derived soils, 
apart from site E at Orange Kloof (Fig. 1). Fynbos soils had 
significantly lower total concentrations of C, P, Ca and Sr 
than Forest at both sites (Supplementary material Appendix 1  
Fig. A3). Only at Orange Kloof were K, Fe and Al higher 
in Fynbos than in Forest. Generally, Transition soils were 
intermediate between Fynbos and Forest, except for Orange 

Kloof, where concentrations of C, P, Ca and Sr in Transition 
soils were more similar to the Fynbos than Forest soils. Of 
the properties affecting nutrient availability, pH, total N, 
P-citric, K, Ca, Mg, and organic matter were all higher in 
Forest than Fynbos soils at both sites (Fig. 4). Although 
Transition soils were intermediate between Fynbos and 
Forest at Blinkwater, Transition soils from Orange Kloof 
were generally statistically indistinguishable from those of 
Fynbos (Fig. 4).

To show the relative availability of P-citric and extract-
able K we expressed them as a proportion of their totals 
(Supplementary material Appendix 1 Fig. A4). For P a 
greater proportion of the P was available in Forest soils than 
in Fynbos. A similar pattern occurred for K at the Orange 
Kloof. N:P ratios were indistinguishable across vegetation 
types. Differences between ratios of P and K to Zr and the 
weathering ratio (Supplementary material Appendix 1 Fig. 
A4) generally showed higher values in Forest than in Fynbos, 
indicating greater loss of P and K and greater weathering of 
Fynbos than of Forest soils. The fact that Zr does not differ 
between Forest and Fynbos, together with the texture data 
indicates, that the soils are derived from a common geologi-
cal parent material. Despite this, the plant available nutrients 
differed strongly.

Figure 3. Comparison of the proportion of the soil volume (%) comprising different particle sizes (log scale) between vegetation type 
(Fynbos = Ff, Transition = Tr, Forest = Fo) at both study sites. Grey ribbons represent the 95% confidence bands. The broken lines with pink 
ribbons are for the Orange Kloof granitic site (Fig. 1) that was excluded from inclusion in statistical analyses.
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Charcoal (objective 5)

The weights and counts of charcoal in the soils were relatively 
high in all vegetation types at both sites (Fig. 5). The lack 
of significant differences between vegetation types probably 
reflects the high variability of the data due to quantification 
of charcoal being done by individually picking out frag-
ments. Despite the variability, Orange Kloof had significantly 
greater concentrations of charcoal in Fynbos and Forest than 

did Blinkwater. This indicates that fires have occurred ubiq-
uitously through these two areas, and that despite occasional 
fires in Forest prior to the era of aerial photographs, this has 
remained Forest (Fig. 1).

Prediction of vegetation based on soil data (objective 6)

Linear discriminant analysis (LDA) was able to clearly dif-
ferentiate between the three vegetation types at Blinkwater, 

Figure 4. Variation in soil chemical characteristics determined using standard soil analysis protocols to assess plant–available nutrients 
between vegetation types (Fynbos = Ff, Transition = Tr, Forest = Fo) at both study sites. The measured characteristics include electrical con-
ductivity (EC) and organic matter determined from weight loss on ignition. The boxes and horizontal lines represent the first and third 
quartiles and the medians, respectively. The whiskers represent 1.5 × the interquartile range and outliers above/below are shown as points. 
Circles represent the mean with letters indicating the significant interaction between vegetation types and sites from a one-way ANOVA, 
for which the F-value and p-value is given.
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based entirely on soil data (Fig. 6). At Orange Kloof, Fynbos 
and Transition showed considerable overlap, but Forest was 
still clearly differentiated. LDA, however, failed to separate 
these vegetation types when based on soil textural data (data 
not shown). This demonstrates that the vegetation is associ-
ated with distinct edaphic chemical properties, but not tex-
tural properties.

Discussion

We found no evidence for switches between floristically 
and structurally distinct Forest and Fynbos as ASS over 
the decades for which aerial photographs are available. The 
almost complete turnover in species between Forest and 
Fynbos illustrates that the structural differences in vegetation 
are not simply a matter of Fynbos ‘etiolation’ into Forest 
(Torello-Raventos et al. 2013, Veenendaal et al. 2015). The 

existence of Transition vegetation is consistent with the com-
mon occurrence of forest-savanna transition zones globally 
(Veenendaal et al. 2015), although there are examples at our 
study sites and elsewhere in the region where the Transition 
vegetation is either very small (i.e. < 10 m wide) or non-
existent. The increased woody cover in Transition vegetation 
over time could be interpreted as providing support for the 
capacity of this Transition zone to exist as ASS (Coetsee et al. 
2015). The fact that canopy closure is incomplete and that 
soil and vegetation properties are intermediate suggests, 
however, that this Transition vegetation may rather be an 
unstable seral stage (Phillips 1931).

The existence of charcoal in all vegetation types indicates 
exposure to fire. While fire return intervals in Fynbos are 
variable (7–55 yr, but mostly 10–20 yr) but relatively regular, 
fires do also occasionally transgress into Forest under high fire 
danger conditions (Kraaij et al. 2014). Furthermore, clear-
ing and burning of forest vegetation is known to have taken 

Figure 5. Variation in the weight and number of fragments of charcoal (logged) extracted per weight of soil between vegetation types 
(Fynbos = Ff, Transition = Tr, Forest = Fo) at both study sites. Other details as in Fig. 2.
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place in the 19th century (Poulsen and Hoffman 2015). The 
fact that fires have occurred in the Forests prior to the period 
covered by aerial photographs indicates that Forest is at least 
partially resilient to fire (i.e. vegetation recovers), since fire 
did not elicit a state change, consistent with the hypothesis 
that Fynbos and Forest are stable states. The fire-, land use-
histories (Luger and Moll 1993, Poulsen and Hoffman 2015) 
and the edaphic circumstances suggest that the changes in 
Transition vegetation are at least partially the consequence of 
reestablishment of vegetation, rather than ‘de novo’ canopy 
closure.

For Forest and Fynbos to switch states, the climate and 
edaphic properties should be capable of supporting either 
vegetation type. The close juxtaposition of Forest and Fynbos 
plots in our study means that the climate is similar. The plots 
were also located in similar topographic positions (i.e. no 
significant difference in elevation, slope or aspect) although 
there may have been differences in local hydrology at some 
sites. Forest soils may be deeper than the Fynbos soils, but 
the sandstone derived soils at Orange Kloof are all gener-
ally relatively shallow (< 0.5 m deep; Campbell and Moll 
1977, McKenzie et al. 1977, Masson and Moll 1987). Since 
there was also very little difference in soil texture between 
the Forest and Fynbos plots, this is consistent with Forest 
and Fynbos ecosystems representing long-term ASS on the 
same sandstone-derived geology. Concentrations of the rela-
tively immobile element Zr (Shahid et al. 2013) also did not 
differ significantly between Forest and Fynbos, although the 

relatively lower K:Zr and P:Zr ratios likely indicates greater 
losses of K and P from Fynbos than from Forest soils. Moreover, 
the higher weathering ratio of Forest than Fynbos soils indi-
cates that mobile elements have been leached (Cramer and 
Hoffman 2015) from Fynbos soils or lost through repeated 
pyro-mineralisation (Stock and Lewis 1986). The nutritional 
strategies of Fynbos that allow them to access scarce and spar-
ingly available nutrients (reviewed by Cramer et al. 2014) 
may also exacerbate nutrient losses through leaching and fire. 
Thus, differences in pedogenic feedbacks between open- and 
closed-canopy vegetation (Wood and Bowman 2012, Staal 
and Flores 2015, Kitzberger et al. 2016) likely account for 
the strong nutritional differences between Forest and Fynbos 
soils, despite the shared geology. Taken together, this sup-
ports the hypothesis that edaphic differences are the product 
of divergent pedogenic pathways between Forest and Fynbos 
on the same geological substrate.

The Forest-Fynbos nutritional differences were particularly 
pronounced for pH, total N, total P, K, Ca and Mg. Since 
the sandstone-geology is shared, these nutritional differences 
have emerged as a consequence of divergent nutrient cycling 
in Forest and Fynbos (Hobbie 2015). In the case of Forest, a 
lack of frequent fires and the accumulation of organic carbon 
are likely to drive nutrient accumulation, whereas the lower 
stature open-canopy and fire-prone Fynbos results in nutri-
ent depleted soils. Although the role of fire in dissipating soil 
nutrients has been questioned (Lloyd and Veenendaal 2016), 
there is considerable support for fire depleting nutrients 

Figure 6. Linear discriminant analysis of the vegetation types at both sites using soil variables. For Blinkwater and Orange Kloof LD1 
explained 86 and 69%, respectively, of the between-vegetation type explained variance. Results of MANOVA using Wilk’s λ are shown. Soil 
properties determined using standard soil analysis protocols that were not collinear (R < 0.7) and were included in the LDA were pH, Ca, 
Mg, Olsen P, Na, K, Cu, Zn, Mn, total N, organic matter, clay and δ15N.
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in diverse ecosystems (Neary et al. 1999, Wan et al. 2001, 
Resende et al. 2011, Pellegrini et al. 2014, 2018) including 
in the CFR where nutrients mineralized by fire are prone to 
leaching if not taken up (Stock and Lewis 1986). These emer-
gent differences in edaphic characteristics between Forest and 
Fynbos imply that fire does not merely ‘sharpen’ pre-existing 
edaphic discontinuities (Wilson and Agnew 1992), but cre-
ates them. These edaphic discontinuities represent a degree 
of resilience to change that, together with other emergent 
biotic factors (Kitzberger et al. 2016), supports the idea that 
these are ASS. We speculate that such large nutrient differ-
ences on geologically identical substrates only emerge over 
time scales of multiple decades to centuries. Therefore, from 
an edaphic perspective, intact Forest and Fynbos vegetation 
types are particularly stable alternative biome states, and this 
is likely accentuated by the fact that Fynbos occurs on some 
of the most nutrient depauperate soils globally (reviewed by 
Cramer et al. 2014).

Despite many consistent Forest-Fynbos differences in 
NDVI and edaphic properties, there is also a degree of vari-
ability in those between Orange Kloof and Blinkwater. These 
differences are probably related to differences in rainfall, 
proximity to the coast, aspect and land use histories. Despite 
these site-specific differences there were also extremely con-
sistent differences in some soil nutrients between the sites. 
There has been considerable focus on scarce soil P as an indi-
cator of Fynbos vegetation (reviewed by Cramer et al. 2014) 
and that was indeed consistently different between Forest and 
Fynbos soils at the two sites. However, there were also consis-
tent differences in pH, EC, N, K, Ca and Mg. The turnover 
between Forest and Fynbos vegetation cannot therefore be 
associated with any one of these edaphic characteristics in 
isolation. Thus, soil differences do, at least in some cases, pro-
vide a mechanism for explaining bimodalities in tree cover 
(c.f. Staver et al. 2011).

Transition vegetation has been considered an example 
of expanding Forest (McKenzie et al. 1977). In our analy-
sis, the Transition vegetation shared more floristic similari-
ties with Fynbos than with Forest, is still far from the closed 
canopy and occurs on soils that are nutritionally intermedi-
ate, although more similar to Fynbos, particularly at Orange 
Kloof. This may indicate that the Transition vegetation is 
recovering from disturbance and is transitional in both space 
and time. We thus suggest that this Transition vegetation 
zone is a relatively unstable intermediate zone with respect 
to fire, water and nutrients, in which regime shifts could 
occur and may therefore exist as a relatively open- or closed-
canopy forms. For example, protection from fire may result 
from the rocky scree southwest of the Transition vegetation 
at Blinkwater which likely reduces the fire incidence driven 
by prevailing south-westerly winds. Over prolonged time 
periods, less frequent exposure to fire than Fynbos coupled 
with smaller nutrient feedbacks (e.g. due to leaf litter and soil 
volume explored) than in Forest may explain the intermedi-
ate nutrient status of these Transition zones. Although this 
Transitional vegetation may also reflect recent climate or land 

management activities, as suggested for forest-savanna transi-
tions (Veenendaal et al. 2015), we suggest that this Transition 
vegetation, and possibly also some forest-savanna transitional 
vegetation types, likely remain unstable due to intermediate 
fire- and edaphic-properties. In the absence of disturbance, 
however, will Transition vegetation continue to increase in 
density towards a Forest, or will it persist as Transitional veg-
etation between Forest and Fynbos? There is little informa-
tion on the rate at which vegetation can alter soil chemical 
properties in the Fynbos sufficient to allow Forest closure. 
Palynological records from a site in the CFR, where the con-
temporary vegetation consists of a mosaic of Forest, Fynbos 
and Strandveld, suggest that a shift from Fynbos to Forest 
takes at least 750 yr (Quick et al. 2018). In Orange Kloof, 
colonising Forest trees (e.g. Cassine peragua, Olea capensis) 
can be observed both on the ground (pers. obs.) and from 
aerial photographs in Fynbos, but soil modification beneath 
their canopies has not been compared to uninvaded Fynbos, 
so there is no clear answer to this question as yet.

Conclusion

Considering the disparate nutritional characteristics of Forest 
and Fynbos, we suggest these biomes are generally unlikely to 
switch to an alternate state, unless perturbations persist for 
periods of multiple decades to centuries and are capable of 
altering soil properties. In this system, large differences in soil 
chemistry are commonly caused by the vegetation, and are 
not intrinsic (i.e. geological). Rates of vegetation change in 
this nutrient depauperate vegetation are, however, far slower 
than recorded for tropical grassy ecosystems which can switch 
to closed forest where fires are suppressed for 30 to 40 yr 
(Bond et al. 2005, Durigan and Ratter 2016). We conclude 
that fire patterns are both the cause and, at least partially, 
the consequence of differences in Forest-Fynbos vegetation 
structure (c.f. Veenendaal et al. 2015). Transitional areas 
between Forest and Fynbos with intermediate vegetation 
and edaphic characteristics, because of either different geolo-
gies or resulting from partial protection from fire, may more 
rapidly switch states, but are unlikely to be stable.
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