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Grasslands are one of the most threatened terrestrial ecosystem types, and
montane grasslands of particular conservation concern. Despite high rates of
transformation in recent decades, croplands and plantations are being
abandoned in parts of many countries, creating an opportunity for
conservation of montane grasslands through restoration. We report on the
changes in the cover of major vegetation types (indigenous forest, grassland,
and plantations) between 1935 and 2022, in an area that was intensively
afforested from 1930 to 1960 and abandoned in 2000. Montane grassland at
the site declined from over 50% of all landcover to below 15%, but subsequently
recovered to 30% within 20 years. Many former plantations developed into
secondary grassland with estimated gamma plant species richness of 231 for
herbaceous species and 45 for savanna species. These are high values
considering the size of the study area (4000 ha), and comparable to estimates
from primary grassland sites in the broader region. However, at the scale of 1 m?
sampling quadrats, richness in the secondary grasslands was below that recorded
in the last remaining patches of primary grassland at the site (means of 2.6 versus
4.7 for graminoid species, and 1.9 versus 2.9 for forbs). Some of the former
Eucalyptus plantations had transformed into novel savannas dominated by fire-
tolerant, resprouting trees, and may require more active restoration. Secondary
grasslands such as those reported on here could potentially make a significant
contribution to the conservation of montane biodiversity over the coming
decades, warranting further research (both socio-economic and ecological) on
the factors that lead to abandonment and promote the emerge of secondary
grasslands of high diversity.
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1 Introduction

Grasslands and savannas are the most threatened biomes
globally (Hoekstra et al., 2005). Within these biomes, undisturbed
montane grasslands are one of the most diverse and threatened
ecosystem types (Bond and Parr, 2010; Veldman, 2016). While most
montane grasslands did not experience the massive degree of
transformation to agriculture that occurred in most of the lower-
lying grasslands in the early 20" century, many have been
transformed more recently. These losses have serious implications
for conservation, as montane grasslands typically have high
biodiversity, including many species with small ranges and
endemic distributions which are vulnerable to transformation
(Srinivasan et al., 2015; Clark et al., 2022). These ecosystems are
also important for a range of ecosystem services, such as the
provision of medicinal plants (Davenport and Ndangalasi, 2003),
production of forage for livestock (Boval and Dixon, 2012), carbon
sequestration (Bai and Cotrufo, 2022) and regulation of freshwater
supplies (Carbutt and Thompson, 2021).

Most montane grassland ecosystem types have low levels of
formal protection. For example, of the 39 highland and montane
grassland vegetation types in South Africa, 27 have less than 10% of
their area within a formal protected area (Skowno et al., 2019).
Outside of these protected areas, transformation to cropland and
afforestation has been widespread and much of what remains is
highly fragmented (Mucina et al, 2006; Niemandt and Greve,
2016). Similar losses over the past few decades have been
reported for montane grasslands around the world, including the
shola grasslands of India (Arasumani et al, 2018), highland
grasslands in East Africa (Ndang'ang’a et al., 2002) and montane
grasslands in Brazil (Hermann et al,, 2016) and Ecuador (Farley
Wolf, 2007). Agricultural conversion, opencast mining,
anthropogenic increases in or suppression of fires, mismanaged
livestock, wood extraction, invasive species and global climate
change present additional risks to these grasslands in the
foreseeable future (Veldman et al., 2015).

While the primary focus for the conservation of montane
grasslands should remain the protection of remaining, intact,
primary ecosystems, this may not be sufficient. Many of these
undisturbed systems are small and fragmented, and may not be
capable of sustaining viable populations in the long-term,
particularly as global climate change intensifies. Even within well
managed protected areas, climate change, altered fire regimes and
invasive alien plants may degrade or further fragment these
ecosystems. The restoration of grasslands between the remaining
fragments may prove to be a valuable and even necessary
conservation effort for the long-term persistence of our remaining
montane biodiversity (Buisson et al,, 2021). Despite the recent,
widespread conversion of grassland to agriculture, and predictions
of increases in afforestation over the coming decades (e.g. McEwan
et al., 2020), there are some montane areas where the reverse is
currently occurring. This may provide an opportunity for
expanding the area of montane grassland under protection, and
reconnecting fragments of primary grasslands. In some countries
the area of montane grasslands has actually increased in recent
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decades following abandonment of croplands (Zarzycki et al.,
2022). While the total area of plantations continues to increase
globally, the rate of increase has declined, and reductions have
occurred in some countries over the past decade (FAO, 2020). For
European countries combined, the total plantation area decreased
from 2000-2010 to 2010-2020. In Australia, the area of plantations
has steadily declined since 2012, not all of which has been
transformed to agriculture (ABARES, 2023). In South Africa,
substantial areas of state forestry were decommissioned in the
early 2000s, following concerns about the impact of plantations
on freshwater supplies (Jackson et al., 2005; Scott and Prinsloo,
2008; Van Wilgen, 2015; Cano et al., 2023).

Secondary grasslands in montane environments have rarely
been studied (Bond and Parr, 2010). A few studies show a reduced
diversity of herbaceous plants, particularly forbs, even decades after
plantations are removed (Zaloumis and Bond, 2011; Zaloumis and
Bond, 2016), consistent with secondary grasslands in general
(Nerlekar and Veldman, 2020). Less is known about the diversity
of other taxa, although Eckert et al. (2019) found a rapid return of
species richness of a range of invertebrate taxa in montane grassland
following the removal of a plantation. While secondary montane
grasslands may not develop the same degree of plant diversity as
original primary grasslands over decadal time scales - at least not
without massive and costly restoration efforts (Buisson et al., 2022) -
they could still make substantial contributions to conservation.
Firstly, by creating corridors between fragments of primary
grassland. Secondly, by providing habitats for mobile species
which are not dependent on high plant diversity and have home
ranges larger than fragments of remaining primary grassland within
a region. Secondary grasslands may also provide similar, if not
equal, levels of ecosystem services provided by former primary
grasslands (such as the recovery of river flows following removal of
plantations). However, abandoned areas can be rapidly colonized by
invasive alien plant species which may negate these potential
benefits, and may create source populations that invade further
into areas of primary grasslands (Nufiez et al., 2017). Abandonment
of croplands and plantations can thus create a threat rather than an
opportunity for conservation. Determining rates of cropland and
forestry abandonment, factors which increase biodiversity within
secondary grasslands, and factors that limit colonization by alien
species, are therefore key research questions for the future
conservation of montane grasslands.

In this study, the vegetation of a large area of decommissioned
plantations was studied in a sub-tropical montane region of South
Africa. The aims were to determine the current extent of grasslands
that have developed in these areas, identify factors which promote
their restoration, and estimate their plant diversity.

2 Methods
2.1 Site

The study area was the upper catchment of the Klaserie River,
an area of approximately 4000 ha on the eastern slopes of the
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Mariepskop and Hebron mountains of the North Eastern Great
Escarpment, South Africa (Figure 1). Vegetation of the area in pre-
industrial times is considered to have been Legogote Sour Bushveld
on the lower slopes (Mucina et al., 2006), a savanna type classified as
an Endangered Ecosystem in South Africa (Skowno and Monyeki,
2021). Aerial photography from 1938 indicates that the upper part
of the site was a mosaic of indigenous forest, grasslands and
wetlands. The forest falls within the Northern Mistbelt Forest
type of Mucina et al. (2006), and was not directly affected by
afforestation. Detailed phytosociological studies of these forests
indicate that 5 forest subtypes are likely to occur within the study
area: Mariepskop Mistbelt Forest, Foothills Mistbelt Forest, Blyde
Scarp Forest, Mapulaneng Scarp Forest and Escarpment Riverine
Forest (Lotter et al., 2014). Many of the grasslands are likely to have
fitted within the Northern Escarpment Quartzite Sourveld of
Mucina et al. (2006), although a broader diversity of communities
was probably present given the fine-scale variation in soils, aspect,
slope and precipitation in the upper part of the site.

The geology of the lower part of the study area is granite, with
mostly quartzite in the middle and upper parts and quarzitic cliffs
around the top (Matthews et al, 1993). Soils vary from shallow
sandy loams on ridges to deeper soils with higher organic content in
depressions and valleys. Wetlands are common, including
peat wetlands.

Strong rainfall gradients exist across the study area, ranging
from approximately 700 mm to 2000 mm per annum. Daily rainfall
data recorded at two forestry stations within the study area indicate
a mean annual rainfall of approximately 1250mm for much of the
middle altitudes of the study area: 1218 mm (85 years between 1935
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FIGURE 1

Map of the study area, showing the location of the transects and
quadrats sampled in the upper catchment of the Klaserie River
Circles are quadrats, squares are starting points of transects, and
diamonds show both a transect start/end and a quadrat. Points are
coloured according to each of the 23 sites
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and 2021) at the Salique forestry station at 890 m.a.s.l and 1266 mm
(90 years between 1930 and 2022) at the Mariepskop forestry
station at an altitude of 1314 m. a. s. . As no long-term rainfall
data were available for other parts of the site, automated rain gauges
were installed in 2019. One higher in the catchment at 1485 m. a. s.
L, where rainfall is assumed to be greatest, indicates an annual
rainfall of approximately 2000 mm. Another on the north-facing
slopes at an altitude of 1340 m.a.s.l indicates that the southern-
western part of the catchment is considerably drier, with annual
rainfall of approximately 750 mm. The lowest end of the study area,
where the altitude falls below 700 m. a. s. 1, is likely to have an
annual total of about 700mm, based on data from other gauges in
the region with similar altitudes. Rainfall is strongly seasonal, with
the majority falling in the summer, between October and April.
Mist is common at the higher altitudes and the duration of rainy
season is longer.

The study area was afforested between the early 1930s and
1970s, as part of a national government forestry programme. This
extended across the study area and further south, ultimately
transforming 1100 ha of grassland and savanna to a variety of
alien Eucalyptus and Pinus plantations. Forestry operations were
decommissioned in 2001 and the majority of the study area
eventually gazetted as a state nature reserve in 2021. From 2000
to 2012 some plantation stands were felled and stumps treated with
herbicide, and others felled but not treated. Most were simply
abandoned due to the economic unviability of harvesting them.
Unregulated, informal logging has also occurred, particularly over
recent years, leading to the partial felling of many of the abandoned
stands. Concurrent with the above felling, a state agency (Working-
for-Water) and later a non-governmental organization (Kruger-to-
Canyons Biosphere Reserve NPO) implemented removal of all alien
plants, including plantation trees in some of the old plantation
stands. This involved ring-barking of adult Pinus trees, ring-barking
and the application of herbicide for adult Eucalyptus trees and
cutting and herbicide application to cut stumps for juveniles of
these species as well as any other alien plants. No restoration
planting activities or any other active management have been
implemented to date.

2.2 Land cover change

Long-term changes in the cover of the major vegetation types of
the study area were quantified using aerial photography from 1938,
1954, 1965, 1970, 1971, 1995 and 2012, and Google Earth imagery
for 2007, 2012 and 2017 - 2022. One hundred random points were
virtually placed within the study site using GIS, and overlaid on the
1938, 1954, 1970/71, 2017 and 2022 imagery. For each year, each
point was visually classified as either indigenous forest, plantation,
grassland (primary or secondary grassland with no or sparse shrubs
or trees) or transitional (areas with partial tree cover, usually of
juvenile trees — it was often not possible to distinguish if these areas
where young plantations or previously felled plantations that were
subsequently colonized by alien trees and/or indigenous pioneer
tree species). The proportion of each were summed to create a
relative percentage cover of each type per year.
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2.3 Experimental design

The diversity of altitude, precipitation, soil type and aspect
across the study area, together with the ad hoc felling of plantation
trees and unplanned fires, created the opportunity to conduct a
natural experiment to investigate the development of secondary
grassland in abandoned plantations. Based on field observations,
Google Earth imagery and local knowledge, the following
classification was used to categorize the major ecosystem types
present in each abiotic group in 2019 (Figure 2):

1. Primary grasslands, which were limited to two small
patches of 1 and 2.5 ha. These were the only sites that
could be found that were never afforested or invaded by tree
species, although may have been significantly affected by
past grazing by domestic livestock, fire exclusion
and fragmentation.

2. Secondary grassland that had developed from plantation
stands and were largely free of plantation species by 2019.
The term grassland is used broadly here, to include open
savannas with a low cover of shrubs and trees (sensu
Buisson et al., 2021). In sites that were previously
Eucalypts stands, it is likely that cut stumps in these sites
were treated with herbicide, but no records were found to
confirm where and when such treatments were applied. In
the old Pinus stands, it is unlikely that herbicides were
applied as Pinus trees usually die after being cut. Aerial
photography indicates that the clearing of all these sites
took place between 2003 and 2007.

3. Plantations that were not cut before abandonment and
remained dominated by plantation species. These included
stands of adult Eucalyptus or Pinus, and stands of mixed
species and mixed size classes, which had been cut at some
stage but had resprouted and/or were colonized by trees
through seed recruitment. The mixed stands were typically
a mix of Eucalyptus, Pinus and indigenous forest species,
and had a range of tree size classes. This type was sub-
divided according to the dominant plantation species
(Eucalyptus or Pinus).

The sites ranged in size from 1 to 38 ha. Natural forest was
excluded, and none of the plantation units were likely to have been
natural forest prior to afforestation.

2.3.1 Vegetation sampling

Vegetation structure and composition was sampled at points
semi-randomly allocated in Google Earth within the 2 unplanted
grassland sites, 6 secondary grassland sites, 3 Pinus plantations and
12 Eucalyptus plantations. The sampling regime was originally
designed for a decadal-scale monitoring of vegetation change,
using a staggered, four-year rotational sampling schedule. The
first round of samples were used for this analysis, with the
majority (71) being sampled in 2019 to 2021, and an additional
26 sampled in 2022 and 2023.
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FIGURE 2

Examples of vegetation in the four categories of ecosystem type
used for analysis. (A) a view of sites on the higher altitude, north-
facing slopes of the study area, with indigenous forest in the
foreground, and patches of burnt and unburnt plantations and
secondary grassland in the background; (B) one of the patches of
primary grassland; (C) secondary grassland on shallow soils on a
relatively wet, south-facing slope; (D) secondary grassland in one of
the valley sites, with a mix of indigenous forest and old plantations
on the slopes behind; (E) secondary grassland on a drier, north-
facing slope with a high cover of Bracken fern; (F) secondary
grassland on a drier, north-facing slope with relatively high altitude
and steep slope; (G) abandoned Pinus plantation with recently
debarked adult Pinus trees and a thick cover of pine litter; (H)
abandoned Eucalyptus plantation showing a Eucalyptus individual
resprouting following felling and fire.

Vegetation structure was sampled in belt transects of 20 m
length and 2 m width. Within these all individual woody plants
(trees and shrubs) were identified and recorded, the height of the
highest leaf measured for juvenile trees and shrubs, and diameter at
breast height for adult trees (which were all Eucalyptus or Pinus
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trees). Any individuals less than 30 cm tall were categorized as
seedlings and counted but not measured. At each 1 m point along
the transect the cover of herbaceous vegetation was sampled in
twenty 50 cm x 50 cm quadrats. In each of these, the percentage
aerial cover of grasses, sedges, forbs, Bracken fern (Pteridium
aquilinium (L.) Kuhn subsp. aquilinum), other ferns, litter and
bare ground was visually estimated, and litter depth measured near
each corner.

Herbaceous plant diversity was sampled by identifying and
estimating the aerial cover of each herbaceous species in 1 m x 1
m quadrats. These were located at the start point and end points of
most transects, with some additional quadrats randomly located
within each site to increase sample sizes.

Initially 3 transects and 9 quadrats were located in each site.
However, following examination of the historical aerial
photography, some of the boundaries of the sites were adjusted to
correct initial assumptions regarding the original vegetation type
and afforestation history. Others had to be discarded due to severe
fires or unregulated clearing immediately before sampling. These
adjustments resulted in unbalanced replication, with between 2 - 7
transects and 4 - 13 herbaceous quadrats per site. Supplementary
Table SI provides the altitude, afforestation and fire history for
each site.

2.3.2 Abiotic variables

To try to account for major abiotic differences across the study
area, sites were assigned to one of three geographical groups that varied
according to precipitation, soils and mostly likely micro-climate:

1. The south-facing slopes, located in the northern part and at
higher altitude (approximately 1300 m. a. s. 1) with
high rainfall.

2. The north-facing slopes, located in the south-western part,
and at similar altitude to the south-facing slopes, but
warmer and with approximately half the average rainfall,
and generally on steeper slopes.

3. The valley, located in the eastern part, and at lower altitude
but with rainfall intermediate between the other two
groups, and mostly on gentle slopes and with deeper soils.

Secondary grasslands, Eucalypt and Pinus vegetation sites
occurred in each of these geographical groups, but primary
grassland was absent from the ‘valley’ group.

2.3.3 Fire history

While fire would have been suppressed and largely absent while
forestry was active at the site, wildfires have occurred regularly over the
past decade. To estimate recent fire frequencies for each site, the ANBR
(differenced Normalised Burn Ratio index; Ch and Benson, 2006) was
computed for the study area for 2014 to 2022 using Google Earth
Engine and ArcGIS 3.0.0, and the raster (Hijmans et al, 2015) and
tmap (Tennekes, 2018) packages in R statistical software. This index is
one of the most widely-used for burn severity mapping (Pfoch et al,
2023). It employs NIR (near infrared) and SWIR (shortwave infrared)
bands of multispectral sensors that are useful for detecting the
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combustion of vegetation (Garcia and Caselles, 1991). Typically,
analysis involves identification and contrasting the spectral signatures
of pre- and post-fire periods. For each year, pre-fire satellite imagery
were constructed using a date range spanning 1 December to 30 April.
This period is the second half of the wet season, when vegetation is
green with high moisture contents and fires are rare. Post-fire imagery
was constructed for 1 May to 30 November of the focal year, a period of
low rainfall when vegetation senesces and fires occur. Only images
containing zero clouds, snow and cloud shadows {band: pixel_ga; bits 3
to 5 (cloud shadow, snow and cloud)} were selected. This resulted in
excluding the year 2015 and 2022. The near- and short-wave infrared
bands from the Landsat 8 OLI Surface Reflectance Tier 1 product were
used to derive the index values following a workflow developed by the
United States Geological Survey and the United Nations, where
resultant pixel values are divided into 8 classes (Keeley, 2009;
Vermote et al, 2016). Upon inspection of the index values and
comparison with large resolution (sub-meter) aerial photography
available for the study area for late post-fire period (October) in
2021 and 2022, it was decided to only include values of >440
(moderate to high burn severity) for burnt areas. ANBR values were
calculated for each year and each sampling point. This allowed for the
determination of whether a point experienced a moderate to high burn
severity for the respective year which was treated as a definitively burnt
area. The number of fires between 2014 and 2022 was then calculated
for each site, based on whether sampling points within the site were
categorized as burnt each year. If a site contained points indicating both
burnt and not burnt, in a year, the entire site was assumed to have
burnt that year.

2.3.4 Data analysis

To quantify vegetation structure, the density of trees and shrubs
was calculated per transect, as well as the mean cover of Bracken
fern and herbaceous species in the 20 quadrats per transect. Mean
litter depth was calculated for each quadrat and the mean of these
used for a single transect value. The mean of the transect values was
then calculated to create a mean site value for each of these variables
(Supplementary Tables S2, S3). For herbaceous plant diversity, the
replication of herbaceous quadrats was considered too low and
unbalanced to estimate the species pool for each site, or compare
composition between sites. Instead, diversity was only estimated as
the mean number of species per 1m” quadrat, a simple measure of
alpha diversity for each site. This was calculated separately for
graminoid (grasses and sedges) and forb species. Differences in
these means were tested with a mixed linear model in R using the
‘nlme’ package (Pinheiro et al., 2023), with ecosystem type as a main
effect and site as a random effect. Separate tests were performed for
graminoid and forb species, and in both cases the effect of
ecosystem type was significant at p = 0.05. Differences between
the ecosystem type means were tested with a post doc Tukey test
using the emmeans package (Lenth and Lenth, 2018). To estimate
the total species pool for the study area, species accumulation curves
were calculated separately for forest and savanna woody species and
herbaceous species, using transects and quadrats as the sampling
units, respectively. The exact method was used, and the Chao
estimate for extrapolation.
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The relationship between the vegetation of the sites, their abiotic
group and fire was explored using Non-metric Multidimensional
Scaling (NMDS) ordination with euclidean distances, strong ties and
50 random restarts. To characterize the vegetation of each site, the
mean values for variables describing the abundance of woody
vegetation (the density of adult and juvenile trees categorized as
either indigenous forest, indigenous savanna, Pinus or Eucalyptus),
the percentage cover of the most common ground cover groups
(herbaceous vegetation excluding Bracken fern, litter and Bracken
fern), and the species richness of the herbaceous layer (the mean
number of species per 1 m* quadrat for graminoid or forb species) were
used. An ordination with 2 dimensions provided a good fit, with a
stress of 0.097. Adding dimensions resulted in marginal reductions in
stress (Supplementary Figure S1). The above analyses were performed
in R using the ‘vegan’ package (Oksanen et al,, 2022).

3 Results

Analysis of historical aerial photography indicated that by 1938,
plantations covered over 20% of the study area although grassland
was still the dominant vegetation type (Figure 3). By 1970, the area
under plantation had greatly increased, with grassland declining to
a combined total of around 15%. Plantation cover was unlikely to
have increased further after 1970 and declined rapidly in the 2000s,
with a concurrent increase in grassland and transitional vegetation.

Ordination indicated that sites of primary grassland and
secondary grassland were similar in terms of vegetation structure
(Figure 4A). Remaining Pinus and Eucalyptus plantations were
distinct, with the former having the highest densities of juvenile
indigenous forest species, but no juvenile Pinus. Remaining
Eucalyptus plantations had a wide range of structure, which was
expected as this category included old, uncut plantations as well as
previously cut areas which had resprouted and some which had also
burnt and resprouted. A subset with higher densities of adult

10.3389/fcosc.2024.1297148

Eucalyptus also had many juveniles and juvenile Pinus, deeper
litter and low cover and species richness of herbaceous plants.
These were apparently sites where the plantation species have been
able to persist and recruit. Another subset was more similar to the
secondary grasslands in terms of herbaceous vegetation, and had
fewer plantation trees but more juveniles of other alien species and
the most indigenous savanna woody species. These were perhaps
sites in transition to secondary grassland. The secondary grassland
sites, as well as the two unplanted grassland sites, were separated
from all the plantation sites by a high cover of herbaceous species,
higher numbers of forb and graminoid species, and lower densities
of all woody species groups. The cover of Bracken fern was
associated with the variation between these sites.

When the abiotic and fire history variables were overlain on the
ordination, fire frequency was most strongly correlated with the
NMDS axes (Figure 4B). None of the Pinus and some of the
Eucalyptus sites burnt, between 2014 and 2021, while other
Eucalyptus sites and grassland sites burned 3 or 4 times. These
latter were mostly in the valley group, while the Pinus sites and
some unburnt Eucalyptus sites were on the cooler, wetter south-
facing slopes. Only one secondary grassland site occurred in the
valley, and it experienced the maximum fire frequency, while the
other grassland sites at higher altitude experienced the full range.
The confounding of the abiotic group with fire - with more frequent
fire in the valley - is clear from Figure 5A.

A total of 23 forest and 38 savanna woody species, and 166
herbaceous species were recorded across all the sites, with extrapolated
estimates of total pool sizes (+ standard error) of 26 + 3.6,45 + 5.4 and
231 + 23.7 respectively (Supplementary Figure 52). The mean number
of species recorded per quadrat was substantially greater in the
primary grassland for graminoids, but not forbs (Figure 6).
Graminoid richness was higher in the secondary grasslands than the
plantations, but below that of the primary grassland (Figure 6). This
pattern was not evident for forbs, for which richness was low in the
Pinus sites but similar for all the other ecosystem types.

60 1
Type
L Forest
< 404
) == Grassland
>
) .
o Plantation
=8= Transitional
201
0

1950 1975

FIGURE 3

2000 2025

The relative cover of the four ecosystem types of the study area, based on 100 random points placed in historical aerial photography (1938, 1970/71 and
1995) and Google Earth imagery (2017 and 2022). Each point was visually classified as either indigenous forest, plantation, grassland (primary or secondary
grassland with no or sparse shrubs or trees) or transitional (areas with partial tree cover, usually of both alien and indigenous juvenile trees)
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FIGURE 4

Ordination plots of the NMDS showing the relationship of the four ecosystem types to the vegetation variables (A) and selected environmental
determinants (B) for the 23 sites. In (A), ‘adult.alien.gum’ and ‘pine’ refers to Eucalyptus and Pinus trees with stems greater than 10cm diameter at
breast height, and ‘juvenile...’ to ones smaller that this but taller than 30cm; ‘juvenile.alien.other’ refers to other alien tree species less than 5m in
height; ‘juvenile indig. forest’ to indigenous woody species that occur in forests and ‘juvenile indig. savanna’ to those that do not occur in the local
forests; ‘herb’ is the aerial cover of herbaceous species, and ‘bracken’ the aerial cover of Bracken fern; ‘forb species’ and ‘graminoid species’ refer to
species richness. In (B), ‘North-facing’ and ‘South-facing’ indicates sites at higher altitude of different aspect and 'Valley’ sites at lower altitude. "Fire
frequency” is the number of years each site burnt in 7 years between 2014 and 2021

Variation in herbaceous species richness was correlated with
both forb species richness and graminoid species richness (r = 0.82,
p < 0.01 in both cases) but forb and graminoid richness were not
related to each other (r = 0.42, p > 0.05) and high numbers of both
were present at sites with the highest herbaceous richness. At many
sites, forb richness was no greater than graminoid richness. Fire
frequency was the best univariate predictor of forb richness, and
more frequent fire appeared to result in greater forb species richness
even amongst the valley sites (Figure 7). In contrast, there was little
effect of fire on graminoid richness (r = 0.08, P > 0.1).

w
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FIGURE 5

Bracken cover, another potential determinant of herbaceous
diversity, did not have any significant linear effects on forb or
graminoid richness. However, an envelope effect was evident, with
low richness at sites where Bracken cover was above 10%,
particularly for forb richness. Any effects of Bracken cover were
also confounded with the abiotic group and fire, with Bracken being
almost entirely absent from the valley sites and most common on
the south-facing slopes (Figure 5B), and having low cover at the
sites which burned the most. While an absence of Bracken did not
necessarily result in high herbaceous richness and other factors
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Boxplots showing the variation of fire frequency (A) and the aerial cover of Bracken fern (B) with the three abiotic groups. These group sites
according to similar aspect and precipitation. Lines are medians, boxes show the inter-quartile range and whiskers are 1.5 X the inter-quartile range.
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The mean number of graminoid (top) and forb (bottom) species recorded in the 1 m? quadrats in the four ecosystem types. Error bars show 1
standard error, and subscripts indicate statistically distinct groups at p = 0.05 according to a Tukey post hoc test applied to a linear mixed model.

where controlling richness at the valley sites, a high cover may still
have been the direct cause of lower richness at the higher altitude
sites, with low fire frequency being the cause of high Bracken cover.
However, Bracken cover did not have a significant co-efficient (at p
= 0.05) in multiple linear regression of forb richness versus fire
frequency and Bracken cover, nor did this model produce a lower
AIC than the univariate regression with fire frequency alone.

4 Discussion

A combination of felling plantation trees and regular fire
appears to have been the main driver of transitions from
plantation to secondary grasslands over the past 20 years at our
study site. Due to the limited and ad hoc removal of plantation
stands, the area consisted of a complicated mosaic of undisturbed
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Forb species richness (A) and graminoid species richness (B) versus the number of years each site burnt in 7 years from 2014 and 2021. In (A), the
grey line shows a linear regression with 95% confidence intervals (r* = 0.54, p < 0.01).
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indigenous forest, a few small remnants of primary grassland,
secondary grasslands, and extensive novel ecosystems derived
from plantations of a variety of size, shape and plant
composition. For many Eucalyptus plantations, transitions to
secondary grassland had either not occurred, or are occurring
very slowly. Extensive areas of Eucalyptus that had been felled
and burnt regularly still existed as novel savanna ecosystems, with
low herbaceous species richness and dominated by resprouting
Eucalyptus and various other woody species. It is likely that
herbicide application is needed to complete the transition of these
areas to grassland, as presumably occurred in other Eucalyptus
plantations that are now secondary grasslands.

Despite an absence of planned burning or extensive clearing of
invasive aliens, the secondary grasslands which have recently
developed were largely free of alien species. The climate of the study
area would allow forest or very dense savanna to develop in any of
these sites, but indigenous tree species were also found at low densities.
This presumably indicates that the fire frequency that has emerged
following the exit of formal forestry - largely as a result of unplanned
wildfires and perhaps lightning ignition - is adequate to allow for the
maintenance and even expansion of the secondary grasslands.

The secondary grasslands generally had high herbaceous cover,
and species richness was reasonably high albeit well below that of the
few remaining patches of pristine grassland. While it is difficult to make
statistical comparisons with the few studies from primary grasslands
within the broader region (due to differences in sampling methods), a
crude comparison suggests that species richness in the secondary
grasslands at our site was similar to that found in protected areas
nearby. The 91 species recorded in the 75 quadrats in secondary
grasslands in our study equates to 1.2 species per m* sampled,
compared to less than 0.5 for grasslands in protected areas at other
sites along same mountain range: Uys et al. (2004) recorded 141 species
in 27 plots of 1000m* each (~ 0.5 species per m?) at mesic savanna site
and 89 species in 27 plots of 1000m* each (~ 0.3 species per m?) at a
montane grassland site; Zaloumis and Bond (2016) recorded 164
species in 16 plots of 78m” each (~ 0.1 species per m?®) at dry
grassland site and 174 species in 12 plots of 78m?* each (~ 0.2 species
per m?) at wet montane grassland site; Matjie (2019) recorded 47
species in 40 plots of 1m” each (~ 1.2 species per m®) at a nearby
grassland site. While this crude comparison shows an impressive
richness of herbaceous species, it must be noted that it does not
consider the type of species present, and it is likely that functional
diversity is lower in the secondary grasslands. Furthermore, forbs
comprised only 60% of the species recorded in the secondary
grasslands in this study, a lower percentage than in all the studies
cited above. Finally, while the montane grasslands of this region are
known for high levels of endemism (Clark et al, 2022), only two
endemic species were recorded in this study.

When considering the combined richness of herbaceous and
woody species, the diversity of the site is also impressive. Prior to
plantations, the site was a mosaic of grassland (often containing
savanna tree species) and forest. Our estimate of total plant species
pool for the study area was 231 herbaceous and 45 savanna woody
species. While forest was not sampled, a phytosociological study of
forests of the region reported 260 species for the forest types within
our site (Lotter et al., 2014). That equates to a total plant species
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pool of 536 species in an area of 4000 ha. Together with the
unknown diversity of forest and grassland fauna, this makes the
area potentially very valuable for conservation within the region,
even if the plant diversity of the secondary grassland does not
increase any further. However, regular fires will be needed to
maintain a stable co-existence of forest and grassland and prevent
encroachment of forest into grassland (Valencia et al., 2023), and
further research is need to determine the appropriate frequency and
seasonality of fire for this.

We found that the secondary grasslands in the lower altitudes of the
area had higher herbaceous species richness, with some evidence that
low fire frequency was responsible for the relatively low richness at
higher altitudes. More frequent fires in the valley may be a result of long
dry season at lower altitude, where vegetation is likely to be in a
senescent and more flammable state for a longer time at the end of each
dry season. The south-facing slopes are also protected from fires
spreading up from below by surrounding tracts of forest. The valley
may also experience far more ignitions as cattle graze the lower slopes
and valley and cattle owners are known to light fires in the area in the
late dry season, to open the vegetation and promote a flush of green
grass. Fire frequency appears to be increasing on the wetter south-facing
slopes, with a few fires deliberately set by managers in recent years, in an
attempt to promote restoration. The planned repeated sampling of the
sites used in this study should reveal if that leads to the expected increase
in forb species richness. Fire frequency has been found to promote forb
diversity at a pristine montane grassland site in the region, with
maximum richness in annual burning treatments (Uys et al,, 2004).
More focused research is needed to confirm this role of fire in secondary
grasslands in this regard, as well as the ecological mechanisms that lead
to increased forb establishment with frequent burning. Research on
other interventions to increase forb diversity, such as seeding or
transplanting (Carbutt and Kirkman, 2022) would also be valuable,
even if such interventions are not feasible for the entire area.

An additional factor that may have had a negative effect on
herbaceous diversity was a high cover of Bracken fern, an indigenous
invasive species that can dominate stands of grasslands and exclude
other herbaceous species, even in undisturbed montane grasslands
(Singh et al., 2013). The absence of Bracken from the valley sites may be
an important reason for the higher forb diversity there. Determining
the reason(s) for its absence (ostensibly the warmer climate) would be
insightful and valuable for the management of other secondary
grasslands where Bracken occurs or may invade.

Further monitoring is needed before any conclusions can be
made with confidence regarding the long-term, stable state of the
emerging ecosystems in the abandoned plantations of this area. As is
more focused research regarding the levels of beta diversity and rarity
that have developed thus far, and some estimation of the ecosystem
services they are now providing. However, our results already indicate
that even with modest interventions, secondary grasslands
supporting reasonable plant diversity can establish and persist in
montane areas subjected to plantation forestry for up to 75 years.

As global climate change intensifies and water scarcity becomes
more severe in many parts of the world, more plantations may be
abandoned to secure adequate river flows during dry seasons and
droughts. Private forestry companies may choose to convert
plantations to crops or orchards which, in the case of South Africa at

frontiersin.org


https://doi.org/10.3389/fcosc.2024.1297148
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Swemmer et al.

least, requires a reduction in the area under use in order to comply with
water use legislation. They may also choose to decommission sections
of their plantations to meet environmental and social governance
targets. Increases in temperature and evapotranspiration, reductions
in rainfall, and associated risks of increased wildfires, pathogens and
pests could make commercial forestry economically unviable in some
montane areas over the coming decades (Booth, 2013; Pinkard et al,,
2015; Watt et al., 2019; Teshome et al., 2020).

Socio-economic research to identify montane regions where
future abandonment of plantations might occur is needed. Finally,
an additional emerging barrier to such land use change must be
considered - afforestation for the purpose of selling carbon credits.
Any decision-maker considering the fate of abandoned cropland or
plantation now days would be tempted to consider reforestation for
the purpose of earning carbon credits, rather than conservation.
The recent drive to plant trees for carbon sequestration actually
pose a risk to both primary and secondary grasslands (Bond, 2016;
Dudley et al,, 2020), and brings potential social costs (Lyons and
Westoby, 2014). Rates of carbon sequestration in the secondary
ecosystems studied here are unstudied, and quantifying this could
be valuable as a potential counter-argument to any future
reforestation threat, and informative for restoration initiatives in
montane grasslands elsewhere. In addition, outreach initiatives are
needed to dispel misconceptions that grasslands are degraded
forests, which is common in our study region as well as many
other parts of the world (Bond et al., 2008; Lahiri et al., 2023)

5 Conclusion

The abandoned plantations of the Mariepskop area have
provided a natural experiment on large-scale, passive restoration
of montane grassland. Our initial research shows natural
regeneration of grassland structure and substantial plant diversity
within a few decades, highlighting an opportunity for increasing the
conservation of montane grasslands in similar areas elsewhere in
the world. Future research on the diversity of other taxa, the role of
regular fire, and the ecosystem services provided by these secondary
ecosystems, including carbon sequestration, are needed to further
elucidate the potential value of restoring grasslands and promote
them as an alternative land use of montane environments.
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