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Invasive alien plants negatively impact ecosystems, but recovery of native vegetation may fail following stan-
dard methods of alien species removal alone. Alternative management actions may thus be required. Cape
Flats Sand Fynbos is a critically endangered vegetation type in the Cape Floristic Region of South Africa which
is threatened by Acacia saligna invasion, but standard clearing methods have failed to restore native vegeta-
tion structure. A restoration study was performed comparing passive treatments i.e. clearing without burning
(stack-block) versus clearing and burning (burn-block), as well as active intervention by sowing seeds of

Edited by S] Siebert R R . e . : : ;
native species, either initially after burning or a year later, in which seeds were either not pre-treated or pre-
Ilfeygzords. treated with smoke and heat exposure before sowing. After two years all treatments resulted in different
‘ynbos

recovery trajectories, although none resembled the reference condition. Clearing without burning facilitated
recovery in less degraded areas with higher initial native shrub cover, but otherwise resulted in limited vege-
tation recovery. Limited recovery facilitated secondary invasion by herbaceous weeds. Active seed sowing
resulted in the highest recovery of native shrub cover and diversity. These findings suggest that passive res-
toration is constrained by seed limitation, due to the lack of recovery of vegetation components under pas-
sive clearing treatment. Active sowing was able to partially overcome this constraint through improved
recovery of total shrub cover. However, non-sprouting shrub cover was higher while resprouting shrubs and
species of Restionaceae were lower compared to the reference condition. Pre-treatment of seeds before sowing
improved establishment of some species. Active treatment involving sowing pre-treated seeds after clearing
and burning therefore resulted in best fynbos recovery compared to either of the passive treatments tested. A
decision tree has been developed based on these findings in order to guide best protocol for managers.

© 2020 Published by Elsevier B.V. on behalf of SAAB.
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1. Introduction well as South Africa (Van Wilgen et al. 1998) where the Working for

Water Programme was initiated to deal with invasive species.

Invasive alien plants are currently a major environmental prob-
lem on a global scale (Richardson and Rejmanek 2011) through nega-
tive impacts on diversity and ecosystem function (Levine et al.,
2003). Counteracting these effects, including preventing introduc-
tions, eradicating or controlling invasive species (Wilson et al., 2011),
and follow-up control, will likely be necessary for decades
(Pretorius et al., 2008). Impacts of invasive species are predicted to
further increase around the world (Walther et al., 2009). Plant inva-
sions are particularly problematic in Mediterranean-type ecosystems,
which constitute global biodiversity hotspots. Effects have been stud-
ied in regions including Portugal (Marchante et al., 2003), California
(D’Antonio et al., 2007) and Western Australia (Fisher et al., 2009), as
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Fynbos vegetation is a highly diverse sclerophyllous shrubland
confined to the Mediterranean climate region in the southwest of
South Africa, where many areas are invaded by alien tree species,
particularly Australian acacias (Le Maitre et al. 2011). Fire is necessary
to stimulate germination of most fynbos species due to fire-related
germination cues such as smoke (Brown 1993) and heat (Hall et al.,
2016), as has been found for other Mediterranean regions such as
Californian chaparral (Keeley 1987) and Australian kwongan
(Tieu et al., 2001). Invasive alien species including Acacia saligna
(Labill.) Wendl. (Port Jackson willow) are stimulated to germinate by
fire (Jeffery et al., 1988), but this facilitates rapid reduction of acacia
soil seed banks which would otherwise persist for decades
(Holmes et al., 1987). However, increased rate of biomass accumula-
tion by alien vegetation relative to fynbos results in fires of higher
severity and increased frequency, which can negatively impact on
fynbos recovery (Holmes et al., 2000).
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Lowland vegetation types in the Cape region of South Africa are
highly threatened, in part by degradation due to invasive alien plants
including Acacia saligna (Rebelo et al., 2006). If cleared and restored,
invaded habitats possess high conservation value. Following less
severe invasion, native vegetation will recover after clearing alone
(Mostert et al., 2017). Vegetation recovery will require fire where
native cover is depleted, but a long duration of invasion may deplete
native soil seed banks (Le Maitre et al. 2011). In such cases active
seed sowing is required to reintroduce lost vegetation components
(Holmes et al., 2020).

Invaded mountain fynbos may have a persistent native soil seed
bank (Holmes and Cowling 1997b). In lowland fynbos however, seed
banks of longer-lifespan species have lower persistence
(Holmes 2002) and native seed banks become depleted with time
after invasion. Serotinous Proteaceae, which includes the majority of
overstorey fynbos species, do not have a soil seed bank, so once they
disappear from invaded fynbos sites they will not reappear after alien
clearing alone (Holmes and Cowling 1997b; Mostert et al., 2017).
Obligate resprouting species persist for a limited time under invasion,
after which they may be hard to reintroduce since they have small
seed banks (Holmes and Richardson 1999) and do not readily pro-
duce seedlings (Marais et al., 2014). Resprouting shrubs are an impor-
tant vegetation component since they can provide cover more rapidly
after fire than seedlings (Rutherford et al., 2011), and the loss of this
component has important implications for ecosystem function. Seed
dispersal distance is limited in fynbos since most species are dis-
persed by ants, ballistically or passively (Holmes and Cowling 1997a).
Limited dispersal distance has been found to present a restoration
barrier in Australian kwongan (Standish et al., 2007) and Californian
grasslands (Seabloom et al., 2003). Species diversity does not recover
in these vegetation communities following disturbance, suggesting
that a biotic threshold may have been crossed (Suding et al., 2004;
Gaertner et al,, 2012a). Limited dispersal ability of many fynbos spe-
cies (Slingsby and Bond 1983) therefore suggests that fynbos vegeta-
tion degraded by invasion is constrained by seed-limitation and may
also have crossed a biotic threshold where ecologically important
species have disappeared from the ecosystem.

Active restoration could achieve two objectives. Sowing fast-
establishing native annual seeds could provide resilience against
reinvasion by invasive alien plant species (Falk et al, 2013;
Herron et al., 2013), but could also provide protection for enhanced
establishment of native perennial species germinating from the seed
bank (Padilla and Pugnaire 2006). Sowing seeds of species represent-
ing a mix of different fynbos guilds could overcome biotic thresholds
to facilitate restoration of vegetation structure and diversity where
certain of these components have been lost (Holmes 2002). Sowing
shortly after a fire while smoke residue is still present on the soil sur-
face will stimulate germination of smoke-stimulated seeds
(Brown et al., 2003), but not seeds requiring a heat pulse of the inten-
sity experienced during a fire (Jeffery et al., 1988; Hall et al., 2016).
Pre-treatment of seeds by mimicking fire conditions can improve effi-
ciency of seed sowing in fynbos (Hall et al, 2016), chaparral
(Wilkin et al., 2013) and kwongan (Roche et al., 1997).

In addition to a depleted native seed bank, invasive plants can also
alter soil chemistry (Yelenik et al., 2004; Fisher et al, 2006;
Marchante et al., 2008). This may result in native vegetation failing to
establish either due to competition from secondary invasive species
(Pearson et al., 2016; Nsikani et al., 2018) which take advantage of
these conditions, or due to native species’ sensitivity to toxicity
effects resulting from altered soil chemistry (Witkowski 1991).

Studies concerning the use of fire in invasive plant management
are lacking within the lowlands of the Cape fynbos, being mostly lim-
ited to mountain catchments (Holmes et al., 2000; Holmes and Mar-
ais 2000; Holmes and Cowling 1997b; Blanchard and Holmes 2008).
Similar studies have also been conducted in Californian chaparral
(Moyes et al., 2005; Alexander and D’Antonio 2003). Furthermore,
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limited work has been done to assess the effectiveness of active res-
toration in fynbos (Gaertner et al., 2012b; Waller et al., 2016;
Pretorius et al., 2008), while pre-sowing seed treatment has been
poorly studied. Effectiveness of active restoration has been studied in
chaparral (Cione et al., 2002), while the incorporation of pre-sowing
seed treatments has been tested in field trials in kwongan
(Rokich and Dixon 2007).

Although science can inform best practise, there are also many
constraints from a management and resource perspective (eg.
Hewitt et al., 2005; Krupek et al., 2016). This is being solved through
collaborations between scientists and management practitioners in
studies such as this. A decision tree was developed based on the find-
ings of this study in order to make this information accessible to
managers involved in ecological restoration. The aims of this study
were: (1) to determine whether biotic constraints exist to fynbos res-
toration following passive acacia clearing; (2) to determine whether
abiotic constraints exist to fynbos restoration that hinder recovery in
spite of sowing seed representing vegetation structural components;
(3) to assess which treatment is most successful ecologically and
develop a decision tree of best ecological restoration protocols.

We examined the following hypotheses: (i) Burning after clearing
will effectively stimulate fynbos germination where native seed
banks still exist, but poor fynbos recovery could result from depleted
native seedbanks due to the impact of acacia invasion . (ii) Fynbos
will re-establish following seed sowing thus showing that restoration
is not limited by biotic or abiotic constraints. (iii) Passive clearing
without burning will be successful where fynbos cover and diversity
has persisted; if not then sowing seed after burning will be most suc-
cessful ecologically. Optimal outcomes will be incorporated into the
decision tree.

In order to investigate our aims, biotic constraints were deter-
mined by comparing vegetation recovery between passive and active
restoration treatments, while abiotic constraints were determined by
comparing vegetation recovery as well as soil chemistry (where pos-
sible) between active restoration treatments and reference sites. Res-
toration success was determined by comparing vegetation recovery
under all treatments with reference site vegetation.

2. Methods
2.1. Field site description

The field site at Blaauwberg Nature Reserve is located within the
largest remaining area of critically endangered Cape Flats Sand Fyn-
bos, just north of urban Cape Town, South Africa (33.75°S, 18.48°E)
(Fig. 1). This vegetation type is confined to deep sandy soil of low pH
at low altitudes, within a strongly Mediterranean climate region of
hot, dry summers and cool, wet winters. Most of the vegetation was
invaded by Acacia saligna, although standing cover of native species
(mapped as restoration potential) varied greatly across the site
(Fig. 2). A 64 hectare area was included in the study, incorporating
mostly areas of very low (<1%) and low (1-10%) remaining fynbos
vegetation cover, but also a few plots with medium (11-50%) fynbos
cover. These categories are generally accepted within local ecological
expert opinion as appropriate for differentiating between restoration
potential categories (Wotsitsa and Mgese 2012).

2.2. Passive restoration experiment

The 64 hectare restoration site was divided into two 32 hectare
passive treatment blocks: stack-block treatment involved stacking
cleared acacia biomass into brush piles, while burn-block treatment
involved spreading biomass evenly and burning it. A prescribed fire
was conducted in the burn-block treatment on 4th April 2013, within
the optimal season to burn for fynbos recruitment (Van Wilgen and
Viviers 1985).
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Fig. 1. Location of the study area at Blaauwberg Nature Reserve and reference vegetation sites north of the city of Cape Town, within the Western Cape province of South Africa.

Sixty four plots of 5 x 10 metres were established on a hectare
grid pattern across the site with 32 plots in each passive treatment.
These were monitored for vegetation richness (species/plot), cover
(%) and plant density (plants/5m?) of native and alien plant guilds at
six month intervals (autumn and spring) for two years after initiating
treatments in March 2013.

Soil chemistry data were sampled by collecting six replicate soil
cores per plot in all restoration (64 plots) and reference sites (9 plots)
and combining into one sample per plot. Soil samples were then ana-
lysed at Bemlab (Pty) Ltd. (Somerset West, South Africa) for available
phosphorus (P, mg/kg, PBray II), mineral nitrogen (ammonium, NH4-
N, mg/kg, and nitrate; NO3-N, mg/kg), electrical conductivity (EC,
mS), percentage carbon (%C) and nitrogen (%N). Soil pH was analysed
at Stellenbosch University, using a 0.01 M CaCl,*2H,0 solution
(25 mL) and the pH of the supernatant was measured with a pH
meter. Soil chemistry was sampled at the time of initiating treat-
ments in March 2013 and again after one year in March 2014.

The sizes of native and acacia seed banks were determined by col-
lecting six replicate soil cores per plot within both passive treatment
sites. Replicate samples were combined and sieved to collect and
count acacia seeds, then divided between two seed trays of
240 x 170 x 60 mm for each plot. Each plot’s sample therefore repre-
sented 0.012m? of surface area, or 0.75m? including all plots. Trays
were treated by exposing soil samples to smoke residue to stimulate
germination of seeds in the soil (Brown 1993), after which they were
placed into a greenhouse with open sides to maintain ambient tem-
perature but with a constant irrigation regime of three times per

week. Trays were then monitored for native seedling germination at
weekly intervals for five months from June until October. Samples
were collected at the time of initiating treatments for native and aca-
cia seed bank as well as one and two years after initial clearing to
determine acacia seed bank reduction rate.

2.3. Active restoration experiment

Two sowing plots of 9 x 4 m were laid out perpendicular to each
of the 5 x 10 m monitoring plots in the 32 hectares under the burn-
block treatment. One sowing plot was sown with an annual forb seed
mix. The other was sown with a mix of species representing fynbos
structural components including serotinous overstorey proteas, eri-
coid shrubs, Restionaceae (hereafter restios) and geophytes. Within
these were a number of both resprouting and obligate re-seeding
taxa. Seeds were collected from within a 10 km radius of the restora-
tion site. Perennial fynbos species were selected to represent a range
of vegetation structural components, growth-forms and seed mor-
phologies (Hall et al., 2016). Sowing took place after the prescribed
burn at the end of April 2013 to allow for high temperature fluctua-
tion between day and night, since widely alternating diurnal temper-
atures stimulate germination in some species (Pierce and Moll 1994).
Plots were monitored for vegetation richness (species/plot), cover (%)
and plant density (plants/5m?) of native and alien plant guilds at six
month intervals (autumn and spring) for two years after sowing.

An additional sowing experiment was done a year after the initial
active restoration treatment, in order to determine whether seed

Key
Restoration potential
[l Medium (10-50% indigenous cover)
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Field treatment plots
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1 100 metres

Fig. 2. Treatment setup at Blaauwberg Nature Reserve. The 64 ha site was divided into 2 passive clearing treatments: the 32 ha burn-block treatment was nested within the sur-
rounding stack-block treatment. Active sowing treatments were set up within burn-block plots.
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pre-treatment improves seed germination in the field. This involved a
similar fynbos seed mix but with two plots, one sown with untreated
seeds as before and one plot with seeds pre-treated with a combina-
tion of smoke solution and heat treatment. Species were treated
based on seed germination requirement data (Brown 1993;
Hall et al., 2016). Plots were surveyed using the same method as the
other treatments but for two years after initiation of this treatment -
three years after initial clearing.

2.4. Reference sites

One patch of good quality fynbos vegetation adjacent to the resto-
ration site within Blaauwberg Nature Reserve (Friends Patch) 33°
45'09”S 18°29'35”E, as well as nearby Papkuils Outspan 33°32'00”S
18°30'00"E were used as reference sites free of acacia invasion to
compare with restoration treatments as a measure of success. Five
plots were established in mature vegetation at Blaauwberg, and five
plots were established in young vegetation recruiting after a 2013
fire at Papkuils Outspan to determine rates of pristine vegetation
recovery post-fire. Reference plots were monitored for the same veg-
etation and soil chemistry data as in the restoration site, although
mature fynbos plots were surveyed only once.

2.5. Statistical analysis

The Acacia seed bank data were shown to be normally distributed.
Acacia seed density across the 32 plots per treatment was analysed
over the three time periods to compare between stack-block and
burn-block treatments. This was done using a repeated measures
ANOVA as well as by performing a Fisher LSD post-hoc test in STATIS-
TICA (version 13).

Soil chemistry data were shown to be normally distributed. To
provide a comparison between stack-block and burn-block treat-
ments as well as with the reference sites soil chemistry variables
were analysed across the 32 plots per treatment, using an ANOVA,
followed by a Fisher LSD test. Block-burn treatments were compared
with the burnt reference site at the same times following the fire,
while the stack-block treatment was compared with the initial
unburnt reference site immediately after initial clearing as well as
one year post-clearance .

All passive and active clearing treatments were compared by per-
forming a repeated measures ANOVA for all treatments (Stack block -
SB, Burn block - BB, Fynbos sown - FS, Annual sown - AS, Fynbos
sown pre-treated seed - FST, Fynbos sown untreated seed - FSUT) at
all survey times (Initial, 6 months, 1 year, 18 months, 2 years) for the
variables percentage cover, plant density and species richness. Burn-
block and stack-block treatments were compared with reference site
data using the same analyses. Stack-block treatment was compared
with mature unburnt fynbos vegetation while burn-block treatment
was compared with vegetation of the same age post-fire at each sur-
vey time. Data that were not normally distributed were transformed
using a BoxCox transformation. Significance values were determined
by performing a Fisher LSD post-hoc test in STATISTICA (version 13).
In all analyses, differences were reported as significant where p <
0.05.

3. Results
3.1. Biotic constraints to fynbos restoration

3.1.1. Native seed bank study

Native soil seed banks across the restoration site were extremely
species-poor with only 21 species recorded, of which only two were
perennials each represented by an individual seedling. The density of
the total native perennial seed bank was estimated to be 0.44/m?,
versus geophyte density of 1.76/m? represented by six species
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(emerged from soil stored corms), annual forb density of 11.22/m?
represented by nine species, and graminoid density of 4.62/m? repre-
sented by four species. The latter two groups were dominated by
alien species associated with disturbance. Soil seed banks from refer-
ence sites could not be determined due to an irrigation malfunction
where these samples were kept causing seedlings to be killed before
they could be identified. However, Holmes et al. (2002) found good
representation of fynbos shrub diversity in seed bank studies within
uninvaded sand fynbos sites. Furthermore, most of the species
recorded in plots within the passive treatments were the same as
those found in the native seed bank study.

3.1.2. Acacia seed bank study

There was a significant difference in the initial acacia seed bank
size between treatments (Fig. 3). In the burn-block treatment there
was a large decrease in the acacia seed bank following burning, but
the seed bank did not decrease significantly after the first year fol-
lowing fire. The acacia seed bank size under the stack-block treat-
ment also decreased following clearing but by a smaller amount
initially. In the second year after clearing there was a further
decrease, after which the seed bank size was not significantly differ-
ent between the two passive treatments.

3.2. Biotic constraints to fynbos restoration

3.2.1. Soil chemistry comparisons between passive treatments

Changes in NH,4", total N, and Electrical Conductivity (EC) (Fig. 4)
(as well as soil pH and total C (Appendix 1a, b)) did not differ between
treatments and between initial clearing and one year post-clearing.
NOs;~ remained stable over time in the stack-block treatment but
decreased during the first year post-fire in the burn-block treatment.
P remained stable in the burn-block treatment while there was a
decrease over time in the stack-block treatment (Fig. 4). Soil moisture
was initially lower in the stack-block treatment than the burn-block,
but in both treatments this dropped to a similar value after a year
(Appendix 1c).

In the burnt reference site, P, NO;~, NH4", Soil C and soil moisture
remained constant over time, while total N and EC decreased. In the
burn-block treatment, P and N remained higher than the reference
site a year after burning. In the stack-block treatment, soil moisture

F(4, 56)=6.8500, p=.00015
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Fig. 3. Change in acacia seed bank over two years after initial clearing for passive treat-
ments burn-block (BB) and stack-block (SB) analysed using ANOVA. Vertical bars
denote 0.95 confidence intervals.
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Fig. 4. Soil chemistry variables analysed using ANOVA for passive treatments burn-block (BB) and stack-block (SB) at time of initial clearing (03/13) and a year after clearing (03/14)
as well as burnt reference (REF BB) and mature reference vegetation (REF SB). Vertical bars denote 0.95 confidence intervals.

and soil carbon showed the same response as with burning, but NO3~
as well as total N increased within a year after initial clearing to
higher levels than in the unburnt reference site. P remained higher
than the reference site since clearing (Fig. 4), while NH;" and EC did
not differ over time.

It was intended that the relation between soil chemistry and fyn-
bos growth would be further analysed. However no significant corre-
lation was found between any of the soil chemistry variables and any
of the vegetation growth parameters. Therefore further analyses
were excluded from the current study.

3.3. Restoration treatment effectiveness

3.3.1. Recovery of vegetation components under passive restoration
treatments

The stack-block treatment resulted in higher cover of alien annual
graminoids (Fig. 5a) than the burn-block during spring surveys.
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Invasive alien Acacia saligna cover (Fig. 5b) was lower under the
stack-block treatment than all other treatments. Perennial graminoid
cover (Fig. 5¢) was lower in the burn-block initially but after a year
had increased to the level of the stack-block. The stack-block treat-
ment had higher cover of non-sprouting shrubs (Fig. 5d) and lower
cover of resprouting shrubs (Appendix 2f) than the burn-block treat-
ment from the second spring onwards. Overall native species rich-
ness (Fig. 5f) was higher after two years in the burn-block than in the
stack-block treatment, although much of the richness in both treat-
ments consisted of annual species.

In comparison with the mature reference vegetation site, native
perennial forb richness was higher in the stack-block treatment
(Fig. 6a, b). Non-sprouting shrub densities were comparable to the
reference site (Fig. 6¢), but cover (Fig. 6d) was significantly lower in
the stack-block treatment.

The burn-block treatment did not differ from the burnt reference
site in terms of graminoid cover (Fig. 7a). All other vegetation
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Fig. 5. Comparison of vegetation components over five survey times between passive clearing treatments burn-block (BB) and stack-block (SB), and initial sowing treatments
Annual sowing (AS) and Fynbos sowing (FS): a) Alien annual graminoid cover; b) Acacia cover; c¢) Native perennial graminoid cover; d) Non-sprouting shrub cover; e) Restionaceae
cover; f) Total native species richness. Cover represented as percent cover where not BoxCox transformed, and richness is in number of species present. Same letters show which
samples do not differ significantly based on repeat measures ANOVA. Vertical bars denote 0.95 confidence intervals.

components were significantly lower in the burn-block, as shown by
lower total native cover (Fig. 7c). Apart from annual graminoid spe-
cies richness (Fig. 7b), all other vegetation components had lower
species richness in the burn-block treatment (Fig. 7d) than the burnt
reference site.

3.3.2. Recovery of vegetation components under initial active
restoration treatments

Sowing of annuals resulted in higher alien annual graminoid cover
(Fig. 5a) during spring surveys, and initially lower acacia cover
(Fig. 5b) compared to other burn block treatments. Annual sown plots
had highest native annual forb cover and species richness, although
cover declined in the second year.
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Non-sprouting shrub cover (Fig. 5d) as well as Restionaceae cover
(Fig. 5e), density and richness was highest in fynbos-sown plots from
the second spring but non-sprouting richness and density was higher
at all times after burning and sowing.

3.3.3. Follow-up sowing treatments with untreated and pre-treated
seed

Follow-up sowing treatments showed no change in acacia cover
over the duration of surveying, and did not differ at the end of the
experiment from other burn-block treatments. Restio cover was
higher in pre-treated compared to untreated and unsown plots from
the second autumn onwards (Fig. 8a). Restio density was initially
highest for pre-treated sown plots, but then decreased and did not
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differ from the untreated sown plots after the second winter (Fig. 8b).
Resprouting shrub cover was higher in pre-treated sown plots than
un-treated sown plots during the first spring, but was higher than
the initial sowing treatment at all times after the initial survey
(Fig. 8c). Resprouting shrub richness of both follow-up sowing treat-
ments was higher than initial sowing treatment (Fig. 8d). Non-
sprouting shrub cover increased equally in both follow-up sowing
treatments, and was higher than initial sowing treatment after two
years (Fig. 8e). Nonsprouting shrub density was highest in the pre-
treated sowing treatment in the first spring survey, after which den-
sities in all sowing treatments were the same (Fig. 8f).

4. Discussion

The main aims of this study were to determine the most effective
passive and active restoration techniques in overcoming constraints
to restoration of Cape Flats Sand Fynbos. Burning after clearing did
not facilitate better fynbos recruitment than clearing alone within
the majority of the treatment plots. Passive restoration is seed-lim-
ited since seed banks are depleted and thus a biotic threshold was
crossed. The study supported the hypothesis that sowing seeds
improves fynbos establishment, thereby overcoming the constraint
of seed-limitation (Fig. 9).

While all treatments differed from each other after two years, no
treatment resembled the reference vegetation structure. Two years is
perhaps insufficient to easily assess treatment success in restoring
vegetation structure, since different vegetation components domi-
nate at different points in time following disturbance (Hoffman et al.,
1987). However, within two years following fire all species in a fyn-
bos community should be present since most fynbos species have
seeds that germinate in response to fire-related cues (Le Maitre and
Midgley 1992). Therefore it appears that none of the tested treat-
ments will necessarily facilitate restoration of a pristine ecosystem
even in the long-term. This is supported by the results from having
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developed a model using this data to predict long-term recovery tra-
jectories (Hall et al., 2020).

4.1. Biotic constraints to fynbos restoration following passive acacia
clearing

The seed bank study indicated that native seed banks lacked the
expected density and diversity of perennial species at the time of
clearing, as has been reported previously following alien invasion
(Holmes 2002). Native seed bank depletion has also been found in
acacia-invaded Portuguese dune ecosystems (Marchante et al., 2011a)
as well as in grass-invaded Californian coastal shrubland (Cione et al.,
2002), in both cases suggesting that biotic thresholds may have been
crossed.

In our study, non-sprouting shrub cover increased within the
stack-block treatment after two years due to recruitment of seedlings
of a few species not requiring fire-related cues for germination
(Hall et al., 2016). In time this could facilitate recovery of shrub cover,
but since most fynbos species are only capable of short-distance dis-
persal (Holmes and Cowling 1997a) it is unlikely that there would be
an increase in shrub species richness with time, even after subse-
quent fires.

Burning after clearing resulted in minimal recovery of non-
sprouting native shrub species, due to a combination of a depleted
native seed bank, and competition from vigorous post-fire recruit-
ment of Acacia saligna (Holmes 2002; Musil 1993) since this species
is stimulated to germinate by fire. A similar phenomenon has been
found in ecosystems with different invasive species (Yurkonis et al.,
2005). However, depleted seed banks are more likely responsible
than post-recruitment acacia competition, since it was noted in some
parts of the burn block treatment that a diversity of native shrub
seedlings had established despite dense acacia recruitment. Most
native shrub recovery in passive treatments was limited to estab-
lished plants persisting at the time of initial clearing.
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Acacia densities were found by Holmes and Cowling (1997b) to
have a significant negative impact on establishment success of shrub
seedlings in sowing experiments. In follow-up sowing treatments,
acacia cover and growth rate was much lower since follow-up clear-
ing operations took place shortly before sowing. The motivation of
burning before sowing was to clear litter from the soil surface which
otherwise inhibits native seedling germination (Marchante et al.,
2011b), and provide smoke residue to stimulate germination
(Brown 1993), but the competitive effect of the high invasive seedling
density (Adams and Galatowitsch 2008) outweighed potential
benefits.

4.2. Abiotic constraints to fynbos restoration and the impact of
associated soil chemistry legacy effects

Comparison of soil chemistry variables between each passive
clearing treatment and the corresponding reference sites showed
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that legacy effects of certain soil chemistry variables remain after a
year, as indicated by higher levels of P and N in cleared sites com-
pared to reference sites. These findings correspond with those of
Nsikani et al. (2017) who found that altered soil chemistry effects
persisted for an extended time after acacia clearing. The elevated
nutrient availability could negatively affect growth of some fynbos
species including Protea repens (Witkowski 1991; Lamb and Klauss-
ner 1988). However, Protea repens established within plots with no
evidence of toxicity effects, and therefore it does not appear that an
abiotic threshold had been crossed.

Lack of fire after clearing or lack of rapid native shrub establish-
ment after burning left gaps for secondary invasive species to estab-
lish and dominate; in this case resulting in a persistent herbaceous-
dominated vegetation state before native shrub species could estab-
lish. Combined with increased nutrient availability, bare ground pro-
motes invasion by alien annual grasses (Maron and Jefferies 1999), as
well as opportunistic weedy native species including Ehrharta
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Restoration potential
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Fig. 9. Resulting vegetation recovery under different initial levels of vegetation degradation (restoration potential) following Stack-block and Burn-block passive treatments (after
follow-up acacia clearing) and active sowing treatment: (a and d) medium restoration potential - relatively intact vegetation with guilds other than serotinous proteas still present
(autogenic recovery possible), recovery of reasonable diversity after burning; (b and e) low restoration potential - highly degraded vegetation with only scattered shrubs of mostly
a single ericoid shrub species Passerina corymbosa remaining without burning, and few resprouting shrubs present after burning (active restoration necessary); (c and f) extremely
degraded and containing no native shrub cover or diversity, secondary invasives dominant without burning but barren after burning apart from acacia recruitment (active restora-
tion necessary); (g) recovery of fynbos vegetation structure after active sowing intervention in either low or very low restoration potential sites. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

calycina (Yelenik et al., 2004; Fisher et al., 2006). These species com-
pete against native shrubs which are unable to benefit from increased
nutrients (Musil 1993). Grass-dominated vegetation is more prone to
burning than native shrub cover (Cione et al., 2002), and these com-
bined effects prevent reversal of this biotic threshold, resulting in a
possible regime shift to another ecosystem state (Gaertner et al.,
2014).

Reduced soil carbon within both passive treatments may be a lim-
iting factor in facilitating excess N immobilization. Soil remediation
through input of carbon-rich mulch can deplete excess nutrients in
order to decrease competition from secondary invasive annuals and
therefore facilitate establishment of less competitive native shrub
species (Zink and Allen 1998; Gaertner et al., 2011).

4.3. Assessment of the ecological effectiveness of restoration treatments

The stack-block treatment was arguably most effective in terms of
restoring a balance of different native vegetation components,
although this depended on shrubs persisting before initial clearing
(Fig. 9a). Bare ground was subsequently invaded by herbaceous spe-
cies. Lack of fire hindered the recovery of many fynbos species requir-
ing fire-related cues for germination (Holmes and Cowling 1997b).
Acacia saligna recruitment would however also be hindered by lack
of fire (Richardson and Kluge 2008), resulting in much lower costs for
acacia follow-up clearing than the burn-block treatment. The acacia
seed bank of the stack-block treatment was reduced by almost as
much as the burn-block within three years of initial clearing, perhaps
due to removal by rodents (Holmes 1990), showing that fire is not
necessary for reducing acacia seed banks in this ecosystem following
clearance of the alien stand.

Burning effectively controlled alien annual graminoids, suggesting
that the heat of the fire killed their shallow seedbanks. Annual
grasses were already apparent in the stack-block treatment but not
in the burn-block before acacia seedlings germinated. Alien forbs
were initially controlled in the burn-block treatment, but this was
not sustained beyond one year after burning, likely due to reinvasion
from the stack-block area and lack of competition after follow-up
acacia clearing in the second winter. The decreased alien annual grass
cover may also have facilitated establishment of alien forbs, as has
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been found following attempts to control alien grasses (Cox and Allen
2008). Sowing of native annual forbs can unintentionally spread sec-
ondary invasives if seed batches are contaminated with alien annuals,
since higher overall alien herbaceous cover was found in the annual
sowing treatment over the longer term. Along with higher native
perennial forb cover, this resulted in establishment of herbaceous
dominated vegetation rather than facilitating native shrub establish-
ment and is therefore an undesirable treatment.

Pre-treating restio seeds resulted in an initially higher number of
plants, which subsequently decreased after the following summer,
suggesting that drought stress hampers optimal restio establishment
from seed. Resprouting species are not entirely dependent on seeds
for maintaining populations (Van Wilgen and Forsyth 1992) and
exhibit very low recruitment rates (Marais et al., 2014). However,
pre-treated seeds of Phylica cephalantha and Trichocephalus stipularis
showed high germination success under laboratory conditions
(Hall et al., 2016), thus poor establishment success following pre-
treatment suggests that there are post-germination barriers in the
field.

Drought sensitivity has been found to hinder shrub establishment
from seeding treatments (Cione et al., 2002; Moreno et al., 2011).
Higher establishment success could be achieved through supplemen-
tal watering after sowing seeds (although only practical on a small
scale). Watering may benefit secondary invader establishment, but
could facilitate more rapid native cover establishment (Daehler and
Goergen 2005). However, the large scale of restoration efforts
required coupled with a lack of local water supply render irrigation
unfeasible. It may be more effective to aim for optimal germination
of available seed through pre-treatment before sowing, or sowing
pre-treated seeds over multiple years if the first year is unusually
dry.

Resprouting and restio species may also establish more success-
fully by planting out rootstock which have sufficient resources to
establish before the following summer. Rootstock planting has
achieved limited success in Australia, although the plants which sur-
vived showed very poor reproductive success (Morgan 1999). Rein-
troductions of threatened species by planting seedlings have been
successful in Tokai Park within Cape Flats Sand Fynbos
(Hitchcock and Rebelo 2017), although reproductive success at this
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management of restoration
sites after alien clearing
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Multiple vegetation guilds
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10% fynbos shrub cover

<~
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Only one vegetation guild
remaining or less than 10%
fynbos shrub cover

< U

a | Clear and stack biomass, follow-up
acacia control from seedlings
germinating after clearing. Monitor

If acacia seedbank is large

If acacia seedbank is small

<

alien herbaceous species and control
where necessary. Where barren

< N8

patches remain between intact cover, Secondary

sow Fynbos seeds. Burn only once invasive

sufficient Fynbos cover has established seedbank
small

Secondary Clear and burn site, sow
invasive Fynbos seeds, follow-up
seedbank acacia control from mass
large seedling recruitment

<>

<>

¢ | Clear and stack biomass, sow pre-treated
Fynbos seeds, follow-up acacia control
from seedlings germinating after clearing.
Monitor and control secondary invasives

Clear and spread biomass, block-burn
after at least 2 years then sow Fynbos
seeds, follow-up acacia control

Fig. 10. Decision tree for determining best protocol for restoration of lowland fynbos vegetation after initial alien clearing.

site appears to have been comparable to reference sites for some spe-
cies studied (Hall unpublished).

4.4. Development of a decision tree to determine best protocols for
restoration

The most effective restoration method depends on site-specific
characteristics. The knowledge developed from this study has there-
fore been used to develop a decision tree to determine best protocols
for restoration and guide managers carrying out this work in different
sand fynbos areas (Fig. 10). Based on the treatments tested, where
some fynbos vegetation structure remains at the time of acacia clear-
ing, the stack-block passive treatment alone can be applied since
native seed banks have likely not yet been depleted. Where vegeta-
tion structure has been lost by the time of clearing, native seedbanks
will also have been depleted, and thus a biotic threshold may have
been crossed. In such cases active restoration will be necessary. If
plots are burned after clearing, delayed sowing with pre-treated
seeds may be a better option than initial sowing as this allows acacia
seedlings to be removed, and autogenic recovery can be better
assessed prior to sowing. Alternatively, sowing pre-treated seeds
without burning could be considered, if sufficient cleared alien bio-
mass can be removed. However, in this case secondary invaders may
compete with seedling establishment, but appropriate means of con-
trol can help decrease the competitive advantage until shrubs estab-
lish sufficient cover. Native vegetation can be restored following
invasive alien removal, so long as consideration is given to the habitat
state at the time of clearing.

Conclusions

Our hypotheses were supported overall. Firstly, burning after
clearing alone generally failed to facilitate improved fynbos recovery
within our study site. It appears that native soil seed banks have been
depleted due to impacts associated with acacia invasion, which
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therefore suggests a biotic constraint to passive restoration. Secondly,
we found that fynbos will establish following seed sowing thus
showing that biotic constraints can be overcome through active res-
toration. Abiotic constraints appear not to have hindered restoration,
although soil chemistry has been partially altered by acacia invasion.
Pre-treatment of fynbos seed before sowing can further improve
establishment success and therefore increase efficiency of this treat-
ment. Under the conditions within our study site, active fynbos sow-
ing treatment was the most effective of the treatments tested.
However, the most effective treatment is likely to differ among sites,
depending on the invasion history and proximity to natural vegeta-
tion remnants among other factors. The decision tree developed from
our findings will assist in determining the best protocols for restora-
tion based on local site conditions.
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