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a b s t r a c t

Alien conifers, mainly pines, have been planted in South Africa for a range of purposes for over 300 years.
Formal plantations cover 660 000 ha of the country, and invasive stands of varying density occur on
a further 2.9 million ha. These trees have brought many benefits but have also caused unintended
problems. The management of alien conifers has evolved in response to emerging problems such as
excessive water use by plantations of conifers, changing values and markets, and the realities of a new
ecological order brought about by invasive alien conifers. This paper reviews the history of conifer
introductions to South Africa, the benefits and impacts with which they are associated, and the ongoing
and evolving research that has been conducted to inform their management. The South African approach
has included taking courageous steps to address the problem of highly invasive species that are also an
important commercial crop. These interventions have not, however, had the desired effect of both
retaining benefits from formal plantations while simultaneously reversing the trend of growing impacts
associated with self-sown invasive stands. We suggest that different approaches need to be considered,
including the systematic phasing out of commercial forestry in zones where it delivers low returns, and
the introduction of more effective, focussed and integrated, region-specific approaches to the manage-
ment of invasive stands of conifers. These steps would deliver much improved economic outcomes by
protecting valuable ecosystem services, but will require political commitment to policies that could be
unpopular in certain sectors of society.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ecosystems provide people with a range of benefits, and the
pressure on ecosystems to deliver these goods and services on
a sustainable basis continues to mount as human populations grow
(Millennium Ecosystem Assessment, 2005). Ecosystem managers
are expected to oversee and advise on the implementation of
a variety of interventions that will enhance the delivery of
ecosystem services, while at the same time minimising risks to
ecosystem integrity. These endeavours take place in an environ-
ment of incomplete knowledge of the functioning of complex
social-ecological systems (Levin, 2002), and a paucity of models
that can be used to predict the outcomes of interventions. In
addition, ongoing and accelerating changes, brought about by land
transformation and degradation, pollution, and ever-increasing
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demands for access to key resources provide a highly dynamic
backdrop to the already complex challenge of effective ecosystem
management. There are few examples of comprehensive attempts
to address particular aspects of ecosystem management, or
assessments of how such attempts have fared.

The widespread afforestation of landscapes with alien trees, in
an attempt to provide timber and other benefits, is an example of
a typical intervention that seeks to improve ecosystem service
delivery. In South Africa, natural forests are rare, and cover only 8%
of the land surface (FAO, 2010). Fast-growing conifers were intro-
duced into southern Africa following European colonization in the
1650s, and have become a dominant feature of many landscapes in
the region. Conifers, particularly pines (species in the genus Pinus)
are important to a modest (by global standards) forest industry that
has been established largely in the fynbos (Mediterranean shrub-
land) and grassland areas where mean annual rainfall exceeds
800 mm, and on land that is generally unsuitable for other forms of
agriculture. This plantation-based forest industry has brought
many benefits, and makes an important contribution to the coun-
try’s economy. However, the establishment of these plantations has

Delta:1_given name
Delta:1_surname
mailto:bvwilgen@csir.co.za
mailto:rich@sun.ac.za
www.sciencedirect.com/science/journal/03014797
http://www.elsevier.com/locate/jenvman
http://dx.doi.org/10.1016/j.jenvman.2012.03.052
http://dx.doi.org/10.1016/j.jenvman.2012.03.052
http://dx.doi.org/10.1016/j.jenvman.2012.03.052


B.W. van Wilgen, D.M. Richardson / Journal of Environmental Management 106 (2012) 56e68 57
not beenwithout cost. Pine plantations increase evapotranspiration
and decrease streamflow (van Lill et al., 1980; van Wyk, 1987). In
addition, pine species have become invasive, spreading signifi-
cantly beyond the borders of formal plantations, and impacting
negatively on surface water runoff, grazing resources and biodi-
versity, and exacerbating the problem of wildfires (Richardson,
1998; van Wilgen et al., 2008). These impacts have spawned
conflict between foresters and conservationists, and have led to the
development and evolution of novel approaches to the manage-
ment of conifers in South Africa. This paper reviews research to
improve understanding of introduced conifers, and to inform
management policies and approaches. We document briefly the
known benefits and negative impacts associated with conifers, and
describe the development of policy intended to enhance benefits
and to minimise impacts. We review the outcomes of these inter-
ventions, and identify possible future management options that
would lead to improved ecological and economic outcomes.

2. The introduction and spread of alien conifers in South
Africa

The introduction of alien conifer species to South Africa began
with European colonization in the mid-seventeenth century. Early
introductions were made for a range of reasons, including
providing a source of timber, and an urge to “alter, tame or
improve” landscapes (Richardson et al., 1997). Plantings were
initially haphazard, but the organised establishment of formal
plantations began in earnest in the early twentieth century. The
expansion of conifer-based plantation forestry had a focus on pines
(species in the genus Pinus, see Table 1), although other coniferous
genera were planted, including species of Abies, Agathis, Araucaria,
Cedrus, Cryptomeria, Cupressus, Picea, Pseudotsuga and Sequoia
(Poynton, 2009). A number of small plantations of some species (for
example Cupressus lusitanica and Sequoia sempervirens) were
established in South Africa, but only pines were extensively plan-
ted. During the 1930s, government-sponsored schemes hired
unemployed people to afforest large areas (mainly in the southern
and southwestern coastal areas). Initially, plantation-based forestry
was a government undertaking, but privately-owned plantations
expanded in the middle to late 20th century. The area under formal
afforestation with conifers (almost exclusively pines) reached
a peak of 798 000 ha in 1997, and then declined to 660 000 ha in
2009 (Forestry South Africa, 2011).

As is the case in many other parts of the world where pines have
been planted for forestry outside their native ranges (Richardson
and Higgins, 1998; Richardson and Rejmánek, 2004; Richardson,
2006; Simberloff et al., 2010), the spread of pines from planta-
tions into surrounding vegetation has become a widespread envi-
ronmental problem in South Africa. In South Africa, pines began to
spread from planting sites, invading natural vegetation, shortly
after they were introduced (Richardson and Higgins, 1998),
although concerns about invasions only began to emerge in the
early 20th century (Stirton, 1978; van Wilgen, 2009). Pines are pre-
adapted to fire-prone environments and have flourished, especially
in fynbos vegetation (Mediterranean-climate shrubland). Despite
considerable attempts to clear invasive pines in the late 20th and
early 21st centuries, the area covered by invasive pines has
continued to grow. In 1996 it was estimated that invasive pine trees
covered approximately 77 000 ha of South Africa (Le Maitre et al.,
2000) (areas are expressed as the equivalent of closed canopy
stands). A more recent study (Kotzé et al., 2010) estimated that
130 000 ha (equivalent closed canopy) were invaded. Although
these estimates are crude, they suggest that invasions are
increasing despite substantial efforts to keep them in check. Inva-
sive pines now dominate many landscapes (Fig. 1), and are likely to
become much more widespread if current trends continue (Rouget
et al., 2004).

3. Research as a basis for policy development

3.1. Finding the best species

Forestry, and the establishment of plantations of conifers in
South Africa, is based on a long tradition of research (Loock, 1950;
Grut, 1965; Poynton, 1979). For example, Loock (1950) reported on
detailed reconnaissance of Mexico and the British Honduras during
1947, in which he documented the indigenous pine species of the
region, and made detailed recommendations regarding 19 species
deemed to be worthy of importation for afforestation or orna-
mental purposes. A committee, established in 1948, was tasked
with a systematic review of plantings of pines and other conifers in
South Africa, with a view to establishing which species, and races,
were best suited to particular areas (Poynton, 1979). This
committee placed “great importance” on the classification of
climates of southern Africa, and the development of a map of
silvicultural zones as a basis for the rational interpretation of the
results of planting trials that went back over 100 years in some
cases. This work led to detailed recommendations on the relative
suitability of planting for a range of purposes for 57 “major” species
of pines (Table 1), and 11 “minor” species (a further nine species
were considered to have been failures in terms of their suitability
for planting in the country). While this work had the primary goal
of optimising timber yields, it also ensured that species with the
best chance of survival, vigorous growth, and invasive potential
were planted most extensively in areas that matched their
potential.

3.2. Investigating environmental impacts

Extensive droughts in the early 1930s led to concerns over the
potential impacts of afforestation on water supplies. This issue was
discussed during the Fourth Empire Forestry Conference hosted in
South Africa in 1935. It led to the establishment, in 1936, of a pro-
gramme of hydrological research aimed at determining “how
normal afforestation, as carried out in state plantations, would
affect climate, water conservation and erosion” (Wicht, 1939). The
experimental design was based on paired catchments, some of
which were afforested, while others were maintained as controls.
Catchments were established at Jonkershoek in the Western Cape
(afforested with Pinus radiata in 1936), at Cathedral Peak in the
KwaZulu-Natal Drakensberg (afforested with Pinus patula in 1946),
and at Mokubulaan in Mpumalanga (afforested with P. patula in
1956). This work revealed the relationships between afforestation
and streamflow runoff, and led to the subsequent restriction of
plantings (see 6.2 below).

3.3. Assessing the ecology of invasive species

The first record of naturalized and invasive pines in South Africa
(and the southern hemisphere; Richardson and Higgins, 1998) is
from 1855 e for Pinus halepensis in the Caledon district (Lister,
1959). Concerns that invasive alien plants (including pines) could
pose serious threats to natural vegetation in South Africa were
raised as early as the 19th century by botanists, including Harry
Bolus in 1886, Peter MacOwan in 1888, and Rudolf Marloth in 1908
(Stirton, 1978). By 1977, however, predictions were being made that
invasions would impact on water resources as well as biodiversity,
based on comparisons of the effects of afforestationwith pines, and
comparison to analogous invasions of nearby areas by Pinus
pinaster (Kruger, 1977). The need for a better understanding of the



Table 1
Dates of introduction, extent of planting and invasive status or potential for themajor species of pines in South Africa. Dates of introduction and extent of planting after Poynton
(1979); invasive status from Henderson (2001). Fischer’s Z-statistic provides an indication of invasive potential; positive values are associated with invasive species, and
negative values with non-invasive species; data from Rejmánek and Richardson (1996). Species with low Z-scores are invasive sometimes, but then only in cases where the
species have beenwidely planted over a long time; see Richardson and Rejmánek (2004) and Richardson (2006) for discussion. Species listed as “declared invaders in category
2 in South Africa” are recognised weeds that also have commercial value; see Section 6.4 in text.

Pinus species Date of first introduction Extent of planting prior to 1979 Invasive status (Fischer’s Z-score in brackets)

P. arizonica 1907 Fairly widespread but limited planting Potentially invasive (1.5).
P. attenuata 1884 Localised and limited planting Potentially invasive (1.1).
P. ayacahuite 1906 Localised and limited planting Potentially highly invasive (8.7).
P. banksiana 1902 Very localised and limited planting Potentially highly invasive (8.7).
P. canariensis 1878 Widespread, established in plantations

where it is of minor importance (3500 ha)
Recorded as invasive in Australia and South Africa, but only
very near plantations and is only mildly invasive. Declared
invader in category 2 in South Africa (�1.8).

P. caribaea 1927 Localised and limited planting Potentially invasive (1.3).
P. cembroides 1902 Localised and limited planting Not potentially invasive (�10.4)
P. clausa 1969 Very localised and limited planting Potentially highly invasive (11.5)
P. contorta 1902 Very localised and limited planting Potentially highly invasive (12.3)
P. cooperi 1907 Very localised and limited planting Unknown
P. coulteri 1894 Very localised and limited planting Not potentially invasive (�3.7).
P. cubensis 1949 Very localised and limited planting Unknown
P. densiflora 1893 Very localised and limited planting Potentially invasive (2.0)
P. douglasiana 1908 Very localised and limited planting Unknown
P. echinata 1899 Localised and limited planting Potentially highly invasive (5.6).
P. elliottii 1916 Widespread, established in plantations (134 000 ha) Known invasive. Declared invader in category

2 in South Africa. (4.33).
P. engelmannii 1907 Widespread and limited planting Not potentially invasive. (�5.0).
P. flexis 1902 Very localised and limited planting Not potentially invasive. (�4.1).
P. gerardiana 1907 Very localised and limited planting Not potentially invasive. (�13.7).
P. greggii 1910 Localised and limited planting Unknown
P. halepensis 1850 Widespread and limited planting Highly invasive in many parts of the world. Declared

invader in category 2 in South Africa (9.2)
P. hartwegii 1907 Very localised and limited planting Unknown
P. jeffreyi 1900 Very localised and limited planting Potentially invasive (2.4).
P. kesiya 1906 Widespread and limited planting Potentially highly invasive (11.0).
P. koraiensis 1901 Very localised and limited planting Not potentially invasive (�9.9)
P. lambertiana 1890 Very localised and limited planting Not potentially invasive (�15).
P. lawsonii 1907 Very localised and limited planting Unknown
P. leiophylla 1908 Widespread and limited planting Not potentially invasive (�3.1).
P. luchuensis 1932 Very localised and limited planting Unknown
P. lumholtzii 1912 Very localised and limited planting Unknown
P. massoniana 1894 Localised and limited planting Unknown
P. merkusii 1904 Localised and limited planting Potentially highly invasive (5.8).
P. michoacana 1906 Very localised and limited planting Unknown
P. montezumae 1858 Localised and limited planting Unknown
P. muricata 1894 Localised and limited planting Potentially highly invasive (10.0).
P. nigra 1883 Very localised and limited planting Potentially invasive (1.8).
P. oocarpa 1911 Very localised and limited planting Unknown
P. palustris 1884 Localised and limited planting Not potentially invasive (�6.4).
P. patula 1907 Widespread, established in plantations (268 000 ha) Known invasive. Declared invader in

category 2 in South Africa (8.2)
P. pinaster w1690 Widespread, established in plantations (35 000 ha) Known invasive. Declared invader in

category 2 in South Africa (8.3).
P. pinea w1750 Localised and limited planting Not invasive (�15.5).
P. ponderosa 1894 Widespread and limited planting Potentially invasive (0.7).
P. pringlei 1907 Localised and limited planting Unknown
P. pseudostrobus 1908 Widespread and limited planting Unknown
P. radiata w1835 Widespread, established in plantations (51 000 ha) Known invasive. Declared invader in

category 2 in South Africa (10.1).
P. rigida 1865 Localised and limited planting Potentially invasive (3.6).
P. roxburghii 1865 Widespread, established in plantations (2500 ha) Not aggressively invasive. Declared

invader in category 2 in South Africa (�1.3).
P. sabriana 1894 Very localised and limited planting Not aggressively invasive (�8.9).
P. serotina 1958 Very localised and limited planting Potentially highly invasive (12.7).
P. strobus w1890 Very localised and limited planting Potentially invasive (5.0).
P. sylvestris w1670 Widespread and limited planting Potentially highly invasive (10.2).
P. taeda w1880 Widespread, established in plantations (47 000 ha) Known invasive. Declared invader in

category 2 in South Africa (2.8).
P. tenuifolia 1910 Very localised and limited planting Unknown
P. teocote 1948 Very localised and limited planting Unknown
P. thunbergii 1898 Very localised and limited planting Potentially highly invasive (10.4).
P. tropicalis 1948 Very localised and limited planting Unknown
P. wallichiana 1865 Widespread and limited planting Potentially invasive (1.2).
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Fig. 1. Alien pines in different settings in South Africa. A: plantations of Pinus patula established in grassland in Mpumalanga Province; B: scattered invasive pines in fynbos
vegetation in the Western Cape; C: Plantation of Pinus radiata and associated invasions in adjacent fynbos in the Eastern Cape Province; D: Remote and rugged mountains invaded
by Pinus pinaster and P. radiata in the Eastern Cape Province; E: Dense invasions of Pinus radiata above a plantation (below the firebreak) in the Eastern Cape Province; F: Abandoned
(uneconomic) plantation that has subsequently burnt in a wildfire in the Eastern Cape Province.
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problem led to increased research into the ecology and control of
invasive species (see, for example, Fugler, 1979; Richardson, 1989).
This research received a boost with the establishment of the SCOPE
programme on the ecology and management of invasive species in
1982, which led to a synthesis of knowledge (Macdonald et al.,
1986) and a growing recognition of the importance of the
problem of biological invasions.

3.4. Predicting the environmental and economic impacts of
invasions

In the mid-1990s, ecologists developed models of the spread
and impact of invading pine trees onwater resources, by combining
ecological and hydrological understanding (Le Maitre et al., 1996;
2002; van Wilgen et al., 1996). These models simulated the spread
of invasive alien trees (mainly pines) and shrubs into fire-prone
fynbos ecosystems. Pines are killed by fire, and they regenerate
and spread from seeds released after fires. The occurrence of fires
was used to trigger plant spread in the models, which produce
estimates of the extent of infestations, and the growth of the plants
between fires. The models further estimated the impacts of these
invasions on streamflow, based on the assumption that invasions
by pines would have similar impacts to those measured in affor-
estation experiments. The predictions made by this research were
used to motivate significant government investment into alien
plant control programs (van Wilgen et al., 2011a).

Further impacts associated with pine plantations (and pine
invasions) were investigated opportunistically as a result of wild-
fires in the afforested experimental catchments at Jonkershoek and
Cathedral Peak (Scott et al., 1998; Scott and van Wyk, 1990; van
Wyk, 1985). The work sought to quantify the combined impacts
of afforestation and fire on soil erosion, and provided further
evidence of the detrimental impacts of both afforestation and
invasions when they are combined with (essentially inevitable)
wildfires.

More recently, research has sought to quantify the impacts of
invasive species in monetary terms, as a basis for comparison with
the benefits generated by species that both bring benefits and do
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harm (De Wit et al., 2001). De Lange and van Wilgen (2010) esti-
mated that the loss of ecosystem services (mainly water) attribut-
able to “fire-adapted trees” (mainly pines) in the fynbos biome
alone was two billion rands annually at current levels of infestation
(1 US$ ¼ approximately 7 South African rands).

3.5. Developing sustainable control methods

The recognition that invasive pines could have serious envi-
ronmental impacts led to the initiation in the late 1990s of
a research project aimed at the biological control of invasive pine
species (Moran et al., 2000). The emphasis was on the use of seed-
and cone-feeding insect and mite agents: (i) because seed reduc-
tion has the potential of decreasing the invasiveness of alien plants;
(ii) because of the problem of re-growth of the trees, mainly from
seeds, in areas previously cleared; and (iii) because the exclusive
use of seed- and cone-destroying agents may lessen conflict
between the main role players, namely, conservationists, on the
one hand, and the forestry industry, on the other. The program led
to the identification of at least one suitable agent (the cone-feeding
weevil Pissoides validirostris on P. pinaster). However, after a decade
of research, it was decided not to proceed with this work (Lennox
et al., 2009). Although the beetles were found to be suitably
specific in their breeding behaviour and only utilise cones of
P. pinaster for this purpose, the adult beetles did feed on the stems
of other pine species during autumn. This type of damage has no
direct detrimental effect on the plants, but, under laboratory
conditions, the wounding allows ingress of the fungal pathogen
known as pine pitch canker, Fusarium cincinatum, which is a major
pathogen of pines (Richardson et al., 2007). Reasonable arguments
could be presented to show that the beetles would probably not
aggravate the prevalence of pitch canker under field conditions, but
no guarantees could be given. In the light of these findings, together
with the uncertainty that currently surrounds pitch canker in South
Africa, the research was suspended, reflecting a very conservative
approach to risk. However, because the estimated impacts of
invasive pines substantially exceed benefits generated by pine-
based plantation forestry (see Section 4.1), and because biological
control offers the only really effective, long-term, sustainable
solution to the problem, this decision is likely to be reviewed
(Hoffmann et al., 2011).

4. The benefits of alien conifers

4.1. Plantation forestry

The major benefits from conifers in South Africa come from the
forest industry. This industry has established plantations of alien
pines (mainly P. patula in the summer-rainfall areas, and P. radiata
in winter-rainfall areas) that covered 660 000 ha in 2009. These
conifers account for more than half (54.1%) of the total area of forest
plantations in the country. The industry as a whole supports 211
processing plants, ranging from small sawmills to large pulp mills
which collectively process 8.1millionm3 of conifer timber annually.
Exports from the forest industry amount to R9.5 billion (US$ 1.3
billion) annually, and include solid wood (37%), pulp (35%) and
paper (28%). The industry employs over 75 000 people directly,
while associated activities that depend on forestry employ a further
30 000 people; in a country with high levels of unemployment
(>20%), this is an important contribution (data from Forestry South
Africa, 2011).

It is, however, necessary to distinguish between benefits derived
from pine-based plantation forestry in fynbos shrublands, and
those elsewhere in South Africa (see also sections 8.1 and 8.3). Only
5.8% of plantations are in the fynbos biome (87% pines), generating
R146 million in roundwood sales in 2009 (www.forestry.co.za).
Many of these plantations are not economically viable (see Section
7.3). On the other hand, the loss of ecosystem services attributable
to invasive pines in the fynbos biome was estimated at R2 billion
annually at current levels of infestation (De Lange and van Wilgen,
2010). These impacts will increase as infestations spread and
become denser.

4.2. Carbon sequestration

Tree plantations are often promoted as a means of carbon
sequestration, because of the increases in plant biomass that they
bringabout (see, for example,Wright et al., 2000). InSouthAfrica, the
afforestation or invasion of native grasslands and fynbos shrublands
with alien conifers can significantly increase above-ground biomass
(from 1000 to 5000 g m�2 in native vegetation to
5000e25 000 g m�2, Versfeld and van Wilgen, 1986). However, the
capacity for South African landscapes to support sufficient planta-
tions to offset carbon emissions is low. For example, a doubling of
South Africa’s plantation forest area by 2030 will offset <1% of
greenhouse gas emissions, estimated to be approximately
450 000 Gg CO2 equivalent per year in South Africa in 2000
(Anonymous,2009). Inaddition, suchanexpansionofplantationarea
would have considerable costs in terms of substantial losses in
streamflow, and increased soil salinization and acidification (Jackson
et al., 2005), andwill have major impacts on biodiversity. Because of
high levels of water use (see Section 5.1), and low potential impact,
plantation forestry is not currently seen as an appropriate mecha-
nism for offsetting carbon emissions in southern Africa.

4.3. Aesthetic benefits

Alien conifers bring aesthetic and recreational benefits. Many
people find trees aesthetically pleasing, and the establishment of
trees in an environment where they were naturally rare, or were
severely depleted by early colonists for timber, was the original
motivation for the importation of many tree species, including coni-
fers. Many plantation areas are also heavily utilised by urban people
for recreation (picnicking, cycling, walking), mainly because of the
shade that they provide. There are no estimates of the value of these
benefits, but attempts to remove pines where they border on urban
areas are often met with strong resistance (vanWilgen, in press).

4.4. Conservation

Several coniferous species that are utilized globally in plantation
settings are rare and/or endangered in their native ranges. The
Central America and Mexico Coniferous Resources Cooperative
(CAMCORE) was established in 1980, with the goal of identifying
threatened tree species and provenances, collecting seeds from
these vulnerable populations, and distributing seeds for ex situ
conservation and growth studies (www.camcore.org; accessed 6
May 2011). CAMCORE is a leading player in this field in South Africa,
and all of the major growers are members. CAMCORE makes seed
collections in threatened forest stands and then plants these on its
member’s land in more protected areas with similar climates in
countries around the world. Several such plantations have been
established in South Africa, where they are seen as part of a global
effort to conserve forest resources. The plight of P. radiata, which
has a very limited natural range in California, provides a good
example. The species has suffered dramatic declines in its native
range through the introduction of alien diseases (Richardson et al.,
2007), and the potential exits to re-introduce the species from
translocated populations, once resistance to the disease has been
achieved.

http://www.forestry.co.za
http://www.camcore.org
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5. Impacts associated with alien conifers

5.1. Conifers and water use

Reductions in surface water runoff have been foremost among
the impacts associated with pines in South Africa (Görgens and van
Wilgen, 2004). As a general rule, trees tend to use more water than
grasses or shrubs (Bosch and Hewlett, 1982; Dye, 1988, 1996;
Jackson et al., 2005; Smith and Scott, 1992), and the greatest
impacts occur when seasonally dormant vegetation is replaced by
evergreen plants (Dye et al., 1995). Thus, where grasslands or
shrublands are replaced by either plantations or self-sown stands
of invasive trees, vegetation water use increases, and runoff
decreases. Much of the evidence for this statement comes from
catchment experiments in South Africa. These experiments were
established in high-rainfall areas where shrublands or grasslands
were converted to plantation forestry. Typical examples of results
include an 82% reduction in streamflow (reductions of 115 and
640 mm rainfall equivalent/yr in two small grassland catchments)
20 years after planting with pines (Bosch, 1979); a 55% reduction in
streamflow (from 600 to 270 mm rainfall equivalent/yr) in fynbos
catchments 23 years after plantingwith pines (vanWyk,1987); and
the total drying up of streams 6e12 years after completely
replacing grassland catchments with pines and eucalypts (van Lill
et al., 1980). By combining models of fire and plant spread with
the above understanding of hydrological impacts, Le Maitre et al.
(1996) estimated that the cover of invasive pines would increase
from 2.4% to 62.4% over the next 100 years in one of the major
catchment areas that supplied the water needs of the nearby city of
Cape Town. This would in turn lead to an average annual reduction
of 347 m3 of surface water runoff per ha (a 100 mm rainfall
equivalent reduction in runoff equates to 1000 m3/ha), equivalent
to 30% of the water supply of the city of Cape Town.

5.2. Conifers and fire severity

Afforestation or invasion by conifers increases biomass, fuel
loads and fire intensity. Typical fuel loads in grass and shrublands
are around 0.3e4 tonnes/ha (van Wilgen and Scholes, 1997), while
planted or invaded sites have significantly more fuel
(10e25 tonnes/ha, van Wilgen and Richardson, 1985). While
ecosystems in South Africa are normally quite resilient to regular
burning, these increased fuel loads lead to higher intensity fires and
a range of detrimental effects. Physical damage to the soil can occur,
resulting in increased erosion after fire. For example, six tonnes of
soil/ha was lost following fires in pine stands compared to
0.1 tonnes/ha following fire in adjacent fynbos in the Western Cape
(Scott et al., 1998); and 37 tonnes/ha was lost following fires in pine
stands compared to 1.8 tonnes/ha in adjacent grassland in the
KwaZulu-Natal Drakensberg (Scott and van Wyk, 1990; van Wyk,
1985). The increasing density and extent of invasion by pines in
an environment where wildfires are regular and extensive (van
Wilgen et al., 2010) has led to a growing problem of soil insta-
bility and erosion, especially in the fynbos (Mediterranean-climate
shrubland) vegetation typical of the southwestern regions of the
country (van Wilgen and Scott, 2001).

5.3. Conifers and native biodiversity

The afforestation or invasion of pristine ecosystems will impact
negatively on native species density, and can lead to the local or
total extinction of species. While the nature and extent of the
impacts of invasive species on ecosystem structure and composi-
tion are poorly documented (Richardson and van Wilgen, 2004),
alien species are known to be a major threat to native plant species.
The status of southern African plant species has been more thor-
oughly assessed than anywhere else in the world. Of 20 456 known
plant species in the region, about 15% are listed as extinct, endan-
gered or threatened (Raimondo et al., 2009). Of these, the extinc-
tion of 7 species has been attributed primarily or wholly to invasive
alien species, and a further 1207 species are threatened at least in
part by to invasive alien species. Transformation of landscapes by
forestry plantations in Mpumalanga province has reduced the
populations of 90 bird species, almost half of them being threat-
ened endemics (Allen et al., 1997). The loss of keystone species is of
particular concern. Examples include the 5% of plants (430 species)
in the Cape Floral Kingdom that are pollinated by birds (if eight key
bird species disappear through habitat elimination by invading
alien plants or other causes, it would impact on 430 plants, and on
many insects and other species dependent on those plants,
Johnson,1992). These are typical cascade effects which will become
more evident as alien organisms replace natural communities.
Pryke and Samways (2009) found that invertebrate communities in
pine plantations had low species richness and abundance in
comparison to surrounding areas, and concluded that their study
strongly supported the removal of pines in an urban setting.
Conversely, the clearing of stands of invasive trees along rivers has
been shown to result in the re-appearance of dragonflies that were
previously assumed to have been extinct (Samways et al., 2005).
Biodiversity impacts will be most keenly felt in the fynbos (Medi-
terranean-climate shrublands), which cover 90000 km2 of south-
western South Africa. This area, 4% of the land surface of southern
Africa, contains 45% of the subcontinent’s plant species. There are
almost 8600 species of flowering plants and ferns, of which almost
70% (5850 species) are endemic (Bond and Goldblatt, 1984). Almost
one third of the fynbos biome has already been transformed by
urbanization, agriculture and forestry (van Wilgen, 1988), and the
remaining areas (mainly in the mountains) are under severe threat
from invading alien plants, of which pines are one of the main taxa
(Rouget et al., 2003).

6. Policy responses

6.1. Forest policy environment

The South African institutional framework for environmental
management is divided and dynamic. There are national govern-
ment departments responsible for water, for forestry, for agricul-
ture, and for the environment, with overlapping responsibilities. In
addition, departments and their responsibilities have been merged
and/or split in the past. Here we focus on legislation that affects
forestry and invasive species, which has evolved over the past
century in response to changing needs, circumstances, values and
understanding. In the late 19th and early 20th century, forestry-
related legislation sought largely to encourage the planting of
alien trees, and to protect forest resources, for example from fire
(Richardson et al., 2003; Olivier, 2009). Much of the tree-planting
was subsidised by the government of the day to provide a supply
of wood (a strategic resource) and to create employment. With the
realization that plantation forestry was responsible for significant
reductions in streamflow, amendments to the legislation in 1972
consequently sought to restrict afforestation (see Section 6.2). As
private-sector plantation forestry grew, the government’s ongoing
role in commercial forestry became questionable, and a process of
privatization of state-owned plantations was initiated in the late
1980s. More significant changes came with the inauguration of
South Africa’s first democratically-elected government in 1994.
These included the need for payments for streamflow reduction
under the new Water law (National Water Act, Act 36 of 1998), as
well as requirements to take responsibility for, and to combat the



B.W. van Wilgen, D.M. Richardson / Journal of Environmental Management 106 (2012) 56e6862
spread of, invasive trees from plantation environments (see Section
6.4 below).

6.2. Putting a limit on afforestation

The demonstrated impacts of afforestationwith pines and other
trees on streamflow led to the introduction of restrictions on new
plantings in order to conserve water resources in 1972. These
restrictions were formulated in terms of an amendment to the
existing forest act (Forest Amendment Act, Act 40 of 1972), in terms
of which an afforestation permit system was established (van der
Zel, 1995). Watersheds were classified as either category 1 (where
water demand was greatest, and no further afforestation would be
allowed), category 2 (where sporadic water shortages were envis-
aged, and new afforestation was restricted reducing mean annual
surface water runoff by < 5%), and category 3 (where reductions in
mean annual surface water runoff of up to 10% were allowed).
Applications were only approved in cases where the predicted
reductions in streamflow were within the above limits. Where
permits were issued, there were further conditions attached; for
example, plantingwas forbiddenwithin 20e30m of a riparian zone
and 50 m of the edge of a wetland, as water use by trees had been
shown to be much higher in these zones.

6.3. Taxing environmental impacts

South Africa’s National Water Act of 1998 completely over-
hauled the approach to managing water resources. In terms of the
new law, all water resources (including rainfall, river flow, and
groundwater) are regarded as connected within a hydrological
cycle, and are subject to equitable sharing by means of permit
system. This permit system regulates the extraction of water from
rivers, dams and boreholes. The law further recognises that certain
activities will reduce runoff, and will also need to be regulated.
Planting of trees for forestry purposes has been formally recognised
as one such “streamflow reduction activity”, and as such can only
be practised where permits have been issued in terms of the water
law. This approach has replaced the afforestation permit system
described above.

6.4. Requirements to manage invasive species

South Africa’s Conservation of Agricultural Resources Act (Act 43
of 1983, as amended in 2001, CARA) was promulgated in 1983.
Regulations that governed the management of “declared noxious
weeds” in terms of this act were put in place in 1986, when 57 alien
plant species were declared as weeds. Landowners who had
declared weeds on their land were required to take adequate steps
to control these, and to prevent spread. This initial list did not
contain any weed species that were of value, to avoid any conflict.
However, following the promulgation of the National Water Act,
a new set of regulations was published in the Government Gazette
(Vol. 429, no. 22166 of 30 March 2001), resulting in the listing of
198 species as weeds. The revised approach classified weeds into
three categories: (1) weeds of no value; (2) recognised weeds that
also have commercial value; and (3) recognised weeds that have
ornamental, but no commercial value. For weeds in the first cate-
gory, control is required, and trade is banned. Landowners require
permits to grow weeds in the second category, and are required to
take steps to limit their spread; trade in these species and their
products is permitted. Weeds in the third category (created to
accommodate popular ornamental plants) are also subject to
permits that require steps to limit their spread, but further plant-
ings, and sale of plants and their products, is prohibited. Six species
in the genus Pinus were added to the list in the second category
(Table 1). The more recent National Environment Management:
Biodiversity Act (NEMBA, Act 10 of 2004) has yet to finalise its
regulations, but plans to introduce similar categories that will
complement those provided for by CARA. The major difference is
that invasive alien plants in category 1 will be split into subcate-
gories that recognise that some species with a very high invasive
potential will need to be placed under a government-sponsored
management program, in which landowners will be assisted with
their legal obligations to control the spread of particularly aggres-
sive invasive species.

6.5. Restricting the import of new species

The NEMBA legislation will also cover the importation of new
species into the country. In terms of the regulations (not yet
completed), permits for the import of species not yet present in the
country will be issued subject to the completion of a risk assess-
ment by the applicant. Unless the risk of a species becoming
invasive can be shown to be low, such permits will not be issued.

6.6. Certification of forestry operations

Although not required by law, private and state-owned forestry
companies have sought to have their operations certified in terms
of acceptable environmental management practices. There are
sound business reasons for this, as the sale of forestry products is
often linked to such certification by potential buyers. All of the
major forestry operators in South Africa (Mondi, South African Pulp
and Paper Industries e SAPPI, and the government-owned South
African Forest Company Limited e SAFCOL) have received certifi-
cation from the Forest Stewardship Council (FSC). Obtaining certi-
fication from the FSC (the leading certification body) requires
adherence to certain principles (FSC, 2000), including (under
Principle 6: Environmental Impact) a requirement that “the use of
exotic species shall be carefully controlled and actively monitored
to avoid adverse ecological impacts”. In addition, principle 10
relates to plantations, and it seeks to reduce pressures on natural
forests. It promotes the use of native species rather than exotic
species, and requires, among other things, that “no species shall be
planted on a large scale until local trials and/or experience have
shown that they .. are not invasive, and do not have significant
negative ecological impacts on other ecosystems”. The FSC’s prin-
ciples are adapted to accommodate national standards. In the case
of South Africa, FSC takes account of forestry permits, which require
payment of streamflow reduction levies to compensate for adverse
ecological impacts in the form of increased water use (in terms of
the National Water Act, see Section 6.1), and regulations that
require “all reasonable steps to be taken to curtail the spread of
plants outside the demarcated areas” (in terms of CARA regulations,
see Section 6.4). In reality, plantation managers are not able to
curtail the spread of pines. As a result of such shortcomings, the
application of FSC certification to plantations (as opposed to natural
forests) is frequently criticised as counter-productive (World
Rainforest Movement, 2003; Schepers, 2009).

6.7. Payment for ecosystem services

Because clearing projects can deliver hydrological benefits,
some water utilities and municipalities raise funds through water
tariffs, and use these to contract workers to control invasive alien
plants in their water catchments. This approach provides access to
funding for clearing programs that would be difficult to justify for
other, less easily quantifiable, benefits, such as biodiversity
protection (Turpie et al., 2008).
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6.8. Proposals not yet implemented

A number of additional measures to assist with the manage-
ment of invasive conifers (and other alien species) have been
debated without resolution to date. These include seed pollution
taxes, requirements for clearing certificates, and biological control.
The proposed tax on “seed pollution”would be similar in concept to
the streamflow reduction charges that have been instated. Propo-
nents of this approach invoked the “polluter pays” principle,
arguing that the beneficiaries of forestry (plantation owners) were
imposing an external cost (wind-dispersed seeds spreading inva-
sive pines) on neighbours, who had to bear the cost of control
operations or suffer the consequences. The proposal for clearing
certificates called for the issuing of certificates that vouched that
land had been cleared of invasive species before ownership could
be transferred. Similar requirements do exist in law, for example
a requirement for a “beetle certificate” that vouches that roof
beams are free of borer beetles before the title deeds for a house can
be transferred to a new owner. If instated, this requirement would
prevent landowners from selling property if the invasive species on
the property had not been cleared. The release of seed-feeding
biological control agents is seen by proponents as a sustainable
potential solution to the problem of invasions, given the ineffective
nature of other control measures (Hoffmann et al., 2011). Propo-
nents argue further that plantation owners could combat the
“threat” (to plantations) of biological control agents in the same
way that they would respond to any other insect pests (by spraying,
for example). This would internalise the costs of control, in a similar
way to the seed pollution taxes.

7. Outcomes of policy interventions

7.1. Judicious expansion of forestry

The afforestation permits system succeeded in limiting the
impacts of afforestation onwater resources. The systemwas inplace
for 22 years (1972e1995), and it significantly restricted the expan-
sion of forestry plantations. During this time, 4300 applications
were received, of which 3900, for over 1 million ha, were approved,
while 400 applications for 137 000 ha were refused (van der Zel,
1995). Within the afforested area, between 6 and 9% was within
the buffer zones around rivers and wetlands, and remained unaf-
forested. Forestry companies in the private sector also began a pro-
gramme of voluntary clearing of plantations established before the
requirement for permits (i.e. before 1972)within these buffer zones,
which resulted in the further clearing of over 12 000 ha. Following
the introduction of South Africa’s new water law in 1996 (Section
6.3), new afforestation required a “forestry licence”, which placed
similar restrictions on the expansion of plantation forestry. The area
under conifers peaked at 798 000 ha in 1997, then declined to
660 000 ha in 2009 (Forestry South Africa, 2011).

7.2. Payment for water use

Plantation owners nowmake regular payments for water use by
plantations. In order to calculate payments due from growers for
water use by conifer plantations, agreement had to be reached on
the amount of water used by forest plantations. Understandably,
the issue was contentious, and research was commissioned in an
attempt to reconcile the differences in estimated water use that
resulted from observation (watershed experiments) on the one
hand, and modelling on the other (Gush et al., 2002). This research
calculated the national average reduction in mean annual runoff
attributable to plantations of pines, gums (Eucalyptus species) and
wattles (Acacia species), using a modelling approach, for 843
quaternary watersheds with mean annual rainfall above 650 mm.
By assuming that all of the watersheds were fully afforested, water
use was found to be about 70 mm/yr for non-riparian settings, or
20 889 million m3 annually. However, given that plantations cover
only 1 518 138 ha (5.1% of the 843 quaternary watersheds involved)
the estimated annual water use by forestry plantations should be
reduced to 1065 million m3 (Owen and van der Zel, 2000). On the
basis of the above, the forest industry negotiated with government
to set the estimated annual water use by plantations at 60 mm
(Anonymous, 2002), reduced from the previously suggested
100 mm based on the results of watershed experiments. These
calculations now form the basis for ongoing payments for
streamflow reduction by plantations. In 2005, foresters paid 32c/
m3 for estimated streamflow reduction, compared to an estimated
value for water of between R1.79 and R3.62/m3, suggesting that the
forest industry received a substantial subsidy (Tewari, 2005).

7.3. Privatization of plantation forestry

Plantation-based forestry was originally a government under-
taking, but the private sector has a long history in the South African
forestry sector (Olivier, 2009). The private sector expanded signif-
icantly in the second half of the 20th century, and developed largely
as a wood chip and pulp export business (Louw, 2004a). By 1975,
privately-owned forest plantations made up over 70% of all plan-
tations (Louw, 2004a). In 1985, government took the first steps
towards privatization of its plantation forestry operations through
the establishment of a “trading account” which tracked all costs
and income from plantations, and sought to cover costs from the
sale of forest products. In 1990, the South African Forestry Company
Limited (SAFCOL)was established as a further step towards possible
privatization, and an Act was passed to provide for the privatization
of Government plantations through SAFCOL in 1992 (Louw, 2004b).
By 2003, most of these plantations were taken over by the private
sector. However, the plantations in the southwestern (fynbos)
regions of the country failed to attract any bidders, as they were
economically unattractive (Louw, 2006). The future of these plan-
tations (mainly pines) is uncertain (Kraaij et al., 2011).

7.4. Clearing invasive conifers

Co-ordinated attempts to systematically clear invasive pines
from watershed areas began in the fynbos areas of South Africa in
the early 1970s. For example, an average of 35 000 ha of mountain
land was cleared of invasive pines and hakeas each year between
1970 and 1974 (Fenn, 1980). The momentum was lost in the 1980s,
and it was only with the establishment of a new democratically-
elected government in South Africa in 1994 that large-scale
control operations were resumed under the auspices of the
Working for Water programme (van Wilgen et al., 1998; van
Wilgen, 2009; van Wilgen et al., 2011a). This programme was
established to meet the dual aims of clearing invasive alien plants
and creating employment among the rural poor. Its establishment
was based on studies that showed the impacts of alien plants on the
loss of water resources, as well as on the large numbers of jobs that
could be created in the clearance of invasive alien plants. The ability
to create jobs was and remains a prime factor that enabled ongoing
political support.

Working for Water has addressed the control of invasive pines
since 1995, especially in the fynbos biome. However, there is no
indication that the extent of invasion has decreased in the fynbos
biome. Unpublished data from Working for Water show that
control projects have reached only a part of the invaded area, and
invasive pines remain prominent. Marais et al. (2004) estimated
that about 3500 ha (100% canopy cover equivalent) of invasive



Fig. 2. Areas of plantation forestry subjected to wildfires over the past three decades in
South Africa (data from Forestry South Africa, 2011).
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pines had been cleared, and subjected to the necessary follow-up
treatments annually. At this rate, and assuming no spread (an
unrealistic assumption), Marais et al. (2004) estimated that it
would take 22 years to clear existing stands of invasive pines. One
study in the eastern fynbos biome (Moeller, 2010) estimated that
the cover of invasive pines had more than doubled (from 13.4 to
28.7%) between 1986 and 2007. In the absence of biological control
solutions, the rugged and inaccessible mountain areas remain
vulnerable to invasion by pines, which represent the most signifi-
cant threat to the integrity of fynbos ecosystems (Hoffmann et al.,
2011; Kraaij et al., 2011).

7.5. Attitudes towards conifers

Trees and forests are generally viewed by people as beneficial,
and the deliberate removal of plantations (to prevent further
spread) or the clearing of invasive pines often attracts considerable
criticism, despite strong evidence for the impacts of these trees, and
the benefits of clearing. For example, in the Table Mountain
National Park (which lies within the city of Cape Town), pine
plantations are being removed based on their invasive properties
and the negative impacts of invasion. Those against this removal
cite the value of pine plantations for recreation, aesthetic concerns,
the (perceived) unattractive nature of the treeless natural vegeta-
tion, and the (incorrect) belief that trees bring additional rainfall
(van Wilgen, in press). Despite opposition, the policy promoting
alien plant removal has remained in place, and considerable
progress has been made towards clearing pine plantations and
invasive populations from the Table Mountain National Park. The
reasons for this conservation success lie in political support. The
support is largely due to the employment opportunities offered by
clearing projects, but is strengthened by sufficient scientific
evidence of impacts (see, for example, van Wilgen et al., 2001;
Görgens and van Wilgen, 2004; Richardson and van Wilgen, 2004;
Le Maitre et al., 2011).

8. Future challenges

8.1. Pine-based plantation forestry

Plantation-based forestry has remained an attractive land-use
option because of the ongoing demand for building timber, and
the contribution of the forest industry to job creation and the
economy in general. Pine-based plantation forestry nonetheless
faces significant challenges in South Africa. While this form of land-
use produces reasonable returns on investment in the northern
parts of the country (summer-rainfall regions where extensive
plantations of P. patula have been established in native grasslands),
this is not the case for parts of the southern area of the country. It is
in this area that plantations were often established on poor sites,
and they do not yield economic returns that would justify ongoing
management costs (Kraaij et al., 2011). The formal recognition of
impacts associated with plantation forestry in legislation, in the
form of imposed payments to offset water losses, and requirements
to deal with trees that become invasive, place further pressures on
the industry. In addition, forest plantations have been established
throughout the country in areas subject to regular wildfires, which
increasingly inflict serious damage to plantations, leading to
substantial financial losses. Damage to plantations bywildfires over
the past two decades has increased steadily, and recently dramat-
ically (Fig. 2), although the reasons for this are not clear. Plantations
of conifers also face the threat of serious outbreaks of pathogens
although these have not yet had a significant effect; as a result,
forestry companies are being urged to establish breeding and
selection programmes to identify disease-tolerant planting stock
(Roux et al., 2005). Certification by the Forestry Stewardship
Council can also further restrict the options available to foresters.
These include discouraging the use of genetically-modified trees
(which could both improve disease tolerance and possibly reduce
invasive potential through the breeding of sterile cultivars) and the
use of pesticides (which could potentially be used to counter the
effects of any biological control agents).

8.2. Invasion of natural landscapes

Of the 57 species listed in Table 1, at least five are widespread
invaders, and several more have the potential to become invasive.
Much suitable habitat remains (Rouget et al., 2004), suggesting that
invasions will continue to spread if current conditions prevail,
despiteongoingattempts toclear them.This isparticularly thecase in
fynbos shrublands, because the ruggedand inaccessible nature of the
terrain (Fig. 1D) prevents effective control operations, and the pre-
vailing fire regime promotes the spread and densification of pines
(vanWilgen et al., 2010). The impacts of invasions onwater resources
and other ecosystem services can therefore be expected to grow.
Despite the varied and often novel and innovative approaches
adopted to enhance the prospects of gaining control of conifer
invasions, the prognosis under a scenario of “business-as-usual” is
not encouraging. Legal instruments that require landowners and
growers to take effective steps against invasions have either
remainedunenforced, orhavebeen ignoredwith impunity. Attempts
to address the problem through the introduction of biological control
agentshavebeen suspendeddue to concerns aboutpotential harm to
the forest industry. Unprofitable plantations have been abandoned
under thepolicies of privatization, andhandedover to cash-strapped
conservation agencies which do not have the resources needed to
rehabilitate these areas (Kraaij et al., 2011). There appear to be no
viable options for the control of invasive pines in remote and rugged
mountain watershed areas, where the range and density of these
plants continues to increase. Public resistance to clearing operations
inmoreaccessibleareas,where clearing ispractically feasible, further
impedes progress. Clearing efforts to date have proceeded under
what has been termed a “strategy of hope” (vanWilgen et al., 2011b),
where available (but inadequate) resources are directed at pockets of
the problem in an un-coordinated, without objective prioritisation,
leading to ineffective control.

8.3. Plantation forestry and the new bioeconomy

Socio-political developments and escalating environmental
concerns in South Africa, along with global economic and



Table 2
Three major systems of utilization of alien conifers in South Africa, with potential options for future policy approaches and their likely outcomes.

System of utilization Major species
currently used

Features of the current system Potential options for future
policy and management

Likely outcomes

Plantation forestry in
fynbos shrublands

Pinus radiata
P. pinaster

Relatively small planted areas in a
large matrix of fire-prone, inaccessible
terrain
Significant invasions by self-sown
pines over large areas, with high
and growing impacts
Relatively long fire return periods
conducive to the promotion of spread
and densification of self-sown
stands of pines
Relatively low returns from
plantation forestry

Phase out plantation forestry, and focus on
more effective integrated control of self-sown
stands, including all available biological control
options. Make effective use of payments for
ecosystem services to sustainably fund
control operations.

Loss of employment and income from plantation forestry,
with political consequences
More effective control of invasions, and protection of valuable
ecosystem services, provided that biological control is effective
Overall, a positive benefit:cost ratio

Continue with plantation forestry, and focus
on more effective integrated control of self-sown
stands. Adopt a cautious approach to biological
control to protect plantations. Make effective
use of payments for ecosystem services to
sustainably fund control operations.

Retention of employment and other benefits
Invasion of natural areas continues to grow without effective
and sustainable biological control options, with accompanying
declines in the levels of ecosystem services
Overall, a negative benefit:cost ratio

Plantation forestry
in grasslands

P. patula
P. elliottii
P. taeda

Relatively large planted areas in a
smaller matrix of fire-prone
grasslands in relatively accessible
terrain
Relatively high returns from
plantation forestry
Relatively short fire return intervals,
making control of self-sown
stands feasible

Continue with plantation forestry, and focus
on more effective integrated control of
self-sown stands. Make effective use of payments
for ecosystem services to sustainably fund
control operations. Ensure that the imperative
to address invasive features of the crop plants
are adequately addressed in the requirements
for certification of forestry operations.

Retention of employment and other benefits
Invasions can be effectively contained given collaboration from
growers in helping to prevent spread
Overall, a stable, positive benefit:cost ratio

Continue with plantation forestry, without
adequate systems to ensure that invasions
by the crop plant are contained (business-as-usual)

Retention of employment and other benefits
Invasion of natural areas continues to grow with accompanying
declines in the levels of ecosystem services
Overall, a decreasing benefit:cost ratio

Planting for ornamental,
amenity and recreational
purposes in all zones

All species Uneconomical plantings retained
in areas of high human density for
their amenity and recreational values.
Ornamental and amenity plantings
continue in order to upgrade
impoverished or neglected areas

Continue with retention of plantations for
recreational use, and with ornamental plantings

Ongoing and expanding contributions to propagule pressure,
exacerbating control efforts

Discontinue ornamental plantings with pines
or other invasive trees, and switch to non-invasive
or indigenous alternatives. Convert uneconomical
plantations with recreational value to other
species over time

Public resistance to removal of established plantations.
Possible failure to find suitable alternative non-invasive
species in harsh habitats
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environmental issues, demand innovative approaches for
managing the new bioeconomy to ensure sustainable delivery of
products such as pulp and timber, while simultaneously ensuring
the long-term sustainability of natural capital and ecosystem
functioning. Increasing demands for products and services from
alien plants (via plantation forestry, agroforestry, horticulture, and
biofuel production) is leading to escalating conflicts relating to
land-use and conservation. The situation calls for innovative
approaches to multi-purpose landuse planning that are closely
aligned with regional and national conservation plans (Blanchard
et al., 2011).

South Africa has already taken bold steps by attempting to
address the problem of highly invasive species that are also
important commercial crops. It is the only country to have intro-
duced legislation to address the management of such species by
creating different categories of weeds, to have introduced biological
control for important alien forestry species (in the genus Acacia, see
Impson et al., 2009, van Wilgen et al., 2011b), and to have imposed
environmental taxes on such crops. These policy interventions may
not yet have been entirely successful, but the experiment is
ongoing. Reversing the trends of increasing invasion and impact,
while protecting benefits, is a daunting challenge, but several as yet
untested options remain.

This review suggests that conifer management in South Africa
can be addressed according to three distinct systems of utilization
(Table 2). The first relates to pine plantation forestry in the fynbos
regions of the country, which operates in an environment con-
taining large tracts of inaccessible, rugged terrain of exceptional
biological diversity. These areas are vital for water production as
well as conservation. Regular fires drive ongoing invasion, and are
a significant threat to plantations as well. Many of the forestry
plantations are economically unsustainable. Resource economic
studies (for example De Wit et al., 2001; De Lange and van Wilgen,
2010) suggest that the benefits gained from commercial forestry
undertakings are often considerably smaller than the impacts from
related invasions of the crop species concerned.

The effectiveness of control operations in fynbos areas could
arguably be improved in a number of ways. These include gener-
ating substantially higher levels of funding for control operations
through schemes that utilize payments for ecosystem services,
resuming and expanding the search for suitable biological control
agents, prioritizing areas for control to ensure that adequate
funding gets channelled to areas where it is most needed and will
be most effective, raising awareness and understanding through
targeted information campaigns, and combining available control
techniques to maximise the chances of their impact. A successful
precedent exists for the use of seed-feeding biological control
agents on commercially-important trees (Impson et al., 2009), and
this needs to be aggressively pursued as it provides arguably the
only control option that will be effective and sustainable over the
long-term. In addition, the adoption of appropriate decision-
support methods could judiciously reduce the logistical problems
that face alien plant control managers (Roura-Pascual et al., 2009).
Maintaining the plantations for arguably limited benefit would
nonetheless be accompanied by ongoing invasion and the erosion
of very important ecosystem benefits, to the overall detriment of
other development opportunities in the region. Phasing out plan-
tation forestry would improve the chances of sustainable control of
invasions substantially, but would be politically difficult given the
prevailing socio-economic needs for employment. Nonetheless,
this option would almost certainly deliver higher overall benefits,
and needs to be seriously considered.

The second system relates to pine plantation forestry in the
grassland regions of the country, which operates in an environment
in which the control of invasions is made feasible by the relative
accessibility of the terrain, and by a fire regime that does not drive
the spread of self-sown pines as aggressively as it does in the
fynbos. In addition, pine-based forestry in these areas is generally
economically viable. Here, policy-makers should consider options
that would encourage a responsible approach to the problem, by
allowing plantation forestry to continue, but encouraging appro-
priate contributions to control operations by both growers and
beneficiaries of ecosystem services.

The third system relates to the broad non-commercial utiliza-
tion of all pine species as ornamental and utility trees, and to the
retention of uneconomical plantations where these exist in areas of
high human density and are frequently used for recreational
purposes. The continued utilization of invasive conifers for these
purposes will exacerbate the problem of control by providing
a ready source of seeds for the invasion or re-invasion of nearby
ecosystems, thus eroding ecosystem services and increasing the
costs of control. An alternative exists through the use of non-
invasive or indigenous tree species, but this would require
replacement of existing trees which would both be unpopular and
would take several decades due to the slow growth of replacement
trees. We have attempted to illustrate some of the more obvious
choices that exist, and the likely outcomes that thesewould have. In
our opinion, the choice should favour the options that deliver the
largest benefits, although this will require strong political will and
courage if it is to be implemented. Failure to do so, on the other
hand, will in all likelihood result in a degraded environment far less
capable of delivering ongoing and vital services on a sustainable
basis.
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