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Abstract

Mountain fynbos ecosystems in South Africa are threatened by alien plant invasions and by a lack of funding for
effective management of these invasions. This paper develops an ecological-economic argument for the effective
management of plant invasions in mountain fynbos ecosystems. We do this by building a dynamic ecological economic
model which values the ecosystem services that fynbos ecosystems provide under different management regimes. We
propose that the services that mountain fynbos ecosystems provide fall into six components: water production,
wildflower harvest, hiker visitation, ecotourist visitation, endemic species and genetic storage. A scenario analysis based
on a hypothetical 4 km? mountain fynbos ecosystem in the western part of the fynbos biome estimated that the
ecosystem’s value varies from R19 million (under low valuation and poor management scenario) to R300 million (under
high valuation and good management scenario) [R4.50 = US$1]. Water production and genetic storage were the most
valuable ecosystem services. The model showed that the cost of clearing alien plants (under the proactive management
scenario) was a tiny (0.6—5%) proportion of the value of mountain fynbos ecosystems. This result motivates an injection
of funds for clearing alien plants from mountain fynbos ecosystems. © 1997 Elsevier Science B.V.
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1. Introduction

Westman (1977) recognized the need for the
economic valuation of the services that natural
ecosystems provide as a means of articulating the
value of ecosystems to both decision makers and
the public. Despite Westman’s call and a growing
need for the articulation of the value of ecosystem
services, few studies have attempted ecosystem
valuation. This may, in part, be due to some
ecologists’ philosophical objections to ecosystem
valuation (Pearce and Turner, 1990), the lack of
appropriate theoretical and technical tools for the
task (Costanza et al., 1993; Suter, 1995), and the
lack of effective trans-disciplinary collaboration
(Russel, 1995). Those who have attempted ecosys-
tem valuation have typically adopted a static ap-
proach (e.g. Costanza et al., 1989; but see
Krysanova and Kaganovich, 1994). However,
there is a growing recognition that the effective
articulation of ecosystem value will require a dy-
namic approach that combines, in integrative
models, both ecological and economic processes
(e.g. Costanza et al., 1991; Bockstael et al., 1995).

The fynbos ecosystems of southwestern South
Africa are recognized as a global center of floral
diversity (Cowling, 1992). At present these sys-
tems are inadequately managed for conserving
biodiversity and sustaining ecosystem services.
The reason for this poor management is not a
lack of ecological or management knowledge, but
a lack of funding in the face of increasing man-
agement challenges. The allocation of insufficient
funds for management stems from the perception
by policy makers that fynbos ecosystems provide
few economic benefits to society.

The primary management challenge in fynbos is
the control of invasive alien plants. This situation
has motivated fynbos scientists to begin to articu-
late the ecological (Le Maitre et al., 1996) and
economic (van Wilgen et al., 1996) consequences
of poor alien plant management in mountain
fynbos ecosystems. However these studies have
not integrated ecological and economic processes
into a dynamic model and have taken a narrow
view of the ecosystem services provided by moun-
tain fynbos ecosystems. The broad objective of
this paper is to develop a dynamic, integrated,

ecological-economic model of mountain fynbos.
We will use this model to explore the value of
ecosystem services that mountain fynbos ecosys-
tems produce under different management
regimes. In particular we ask:

1. What type and quantity of ecosystem ser-
vices do mountain fynbos ecosystems provide?

2. What are the values of these ecosystem ser-
vices?

3. How does the invasion of alien plants and
management strategies influence the flow of
ecosystem services from mountain fynbos ecosys-
tems and consequently the value of mountain
fynbos ecosystems?

2. Ecology and economics of mountain fynbos

Mountain fynbos ecosystems are home to a
major part of the Cape flora, one of the six plant
kingdoms of the world. The Cape flora consists of
8574 species crammed into a mere 90000 km?.
There are 989 genera of plants, of which 19.5%
are endemic; 5847 (68.2% of the total) species are
endemic (Bond and Goldblatt, 1984; Cowling et
al., 1992). Local endemism is extremely pro-
nounced, especially in the southwestern part of
the region (Cowling and Holmes, 1992; McDon-
ald and Cowling, 1995; Trinder-Smith et al.,
1996), making this region an unparalleled center
of endemic plant diversity (Myers, 1990). Al-
though florally spectacular, the mammalian diver-
sity of fynbos is unimpressive (Bigalke, 1979;
Johnson, 1992).

The Cape flora occurs in a mediterranean cli-
mate area that is characterized by cool wet win-
ters and warm dry summers. Fynbos is a
fire-prone vegetation type, and regular fires are
considered necessary for the maintenance of di-
versity (van Wilgen et al., 1992). Prescribed burns
are conducted at intervals of around 12-15 years
in the late summer to early autumn period in
order to rejuvenate the vegetation.

The value of mountain fynbos ecosystems can
be classified in a number of ways. We choose six
categories: water production, wildflower harvest,
hiker visitation, ecotourist visitation, endemic spe-
cies and genetic storage. Water production is the
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major indirect use value of mountain fynbos. As
fynbos has a lower biomass than would be pre-
dicted by its bio-climate (Richardson and Cowl-
ing, 1992), mountain fynbos ecosystems are highly
productive in terms of their water yield per unit
area (Boucher and Marais, 1995). This water yield
is of particular relevance in the Western Cape,
where the rapid population expansion of the
metropolis of Cape Town (Richardson et al.,
1996) threatens to create a regional water crisis
within the foreseeable future (Preston et al., 1995).
The harvesting of wildflowers is a lucrative con-
sumptive use of fynbos (Greyling and Davis,
1989; Coetzee and Littlejohn, 1994; Higgins et al.,
1997). Recreational use of mountain fynbos is
presently confined to hiker visitation and limited
but growing ecotourist visitation. The exceptional
species richness of fynbos means that the option
value of fynbos ecosystems is high: fynbos has
already provided the source of many cultivated
species and varieties for the cut flower, floriculture
and herbal industries, and the future economic
potential of its genetic variety is far from fully
explored (Cowling and Richardson, 1995). The
establishment of a fynbos gene bank (Littlejohn,
1995) is indicative of this option value. We divide
this option value into endemic species value and
genetic storage value to distinguish between the
value of species (combinations of genetic material)
and the value of populations (genetic material).
Although the value of mountain fynbos ecosys-
tems is not presently well articulated, it is increas-
ingly recognized that poor management,
particularly poor alien plant management, is lead-
ing to a decrease in the value of mountain fynbos
ecosystems (Boucher and Marais, 1995; van Wil-
gen et al., 1996). The most important invaders of
montane areas are serotinous {canopy seed stor-
age) plants such as Pinus pinaster, Pinus radiata
and Hakea sericea that are killed by fire and
release their seeds on the death of the parent plant
(Richardson et al., 1992). Populations of these
fire-adapted plants substantially expand their cov-
erage after each fire (see Le Maitre et al., 1996;
Higgins et al., 1996). The weeds are competitively
superior to the native vegetation, hence the risk of
local extinction of many fynbos species is in-
creased by the invasion process (Richardson et al.,

1989; Musil, 1993; Richardson et al., 1996). Plant
invasions are also likely to reduce the productivity
of the wildflower industry and the value of hiking
and ecotourism. In addition, a stand of alien
plants has a biomass of between 50 and 1000%
greater than a stand of native plants (Versveld
and Wilgen, 1986). As a result, it is estimated that
water production from invaded systems is reduced
between 30 and 100%, depending on the nature of
the alien invasion and the system’s characteristics
(Burgers et al., 1995; Le Maitre et al, 1996).
Despite the fact that effective techniques for alien
plant control exist, invasions in mountain fynbos
ecosystems is widespread. Alien control programs
are limited by the narrow perception of the value
of fynbos mountain ecosystems and the need to
allocate government funding to social upliftment
programs.

3. Model description

A dynamic simulation model was built with the
aim of integrating our ecological and economic
knowledge of fynbos ecosystems. The model was
developed in STELLA (High Performance Sys-
tems, 1993), a high-level programming language,
which facilitated the interactive and collaborative
development of the model. Using STELLA also
allowed the rapid development of a friendly and
interactive user-interface, which will allow man-
agers and policy makers to experiment with the
model. In order to facilitate the integration of
information from different study sites into a single
model and to make the model generic, we mod-
elled a hypothetical fynbos ecosystem. The model
has a spatially aggregated structure and therefore
assumes a homogenous study site. A monthly
time step was selected in order to simulate the
seasonal dynamics of the system.

The model comprises five interactive sub-mod-
els, namely hydrological, fire, plant, management
and economic valuation (Fig. 1). The plant sub-
model determines the area of alien and native
plants, and traces the current vegetation age. The
area of native plants is used to calculate the
number of native species, the number of endemic
species and with vegetation age, harvestable
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Fig. 1. Conceptual diagram of the fynbos model.

wildflowers. Vegetation age and the areas of na-
tive and alien plants are used to calculate the
above-ground biomass for the hydrological
model. Plant biomass is used to estimate the
probability of fire occurrence. Fire occurrence in
turn reduces plant biomass. Rainfall and above-
ground biomass determine the evapotranspiration
which with rainfall determines the river flow.
Management is able to manipulate the fire
regimes, remove alien plants and control visitor
numbers and wildflower harvesting. The extent of
alien plants, however, influences management re-
sponse to alien plant clearing, the visitation rates
and the extent of native plants. The economic
valuation sub-model calculates the value of the
wildflower harvest, ecotourist visitation, hiker vis-
itation, water production, genetic storage, en-
demic plant species as well as the management
costs. Each of the sub-models is discussed in more
detail below. Parameter names, units, symbols
and estimates are listed in Appendix A.

3.1. Hydrological sub-model

The hydrological model simulates the move-
ment of water through a simple precipitation,
interception, run-off, infiltration, evapotranspira-
tion and ground water base-flow cycle. Potential
evapotranspiration losses (£, mm/month) were
estimated using an empirical relationship between
plant biomass and evapotranspiration (Le Maitre
et al., 1996), such that:

E

E = 101 logio(l + By +2.119_ Lp

1948.6

, E
102335 logyp(1 + 8 + 2.119__Lp ]
+ 1948.6 O

where E, is pan evaporation (mm/month,
Versveld et al., 1992), B, and B! are relative
native and alien biomass (g) as estimated by the
plant sub-model (described below). This relation-
ship accounts for seasonal patterns of canopy
interception and evapotranspiration of native
biomass relative to alien biomass. The difference
between precipitation (P) and evapotranspiration
(E) determines surface run-off (R= P — E,). In-
ter-annual differences in rainfall were not inves-
tigated (Le Maitre et al., 1996). An empirically-
derived infiltration constant (/, Scott and van
Wyk, 1992) determines the proportion of surface
run-off which moves into the ground water
reservoir (G;). The remainder of the surface run-
off enters river flow (F,, m*/month). A propor-
tion of ground water is lost to evapotrans-
piration (E,), and another proportion, the
groundwater base flow (F,), enters the river flow
(F,).

River flow data from a mountain fynbos
ecosystem (Scott and van Wyk, 1992) was used
to calibrate the model. The calibration proce-
dure involved adjusting the parameters £, and
F,. The calibrated model’s river flow and the
observed river flow are illustrated in Fig. 2.
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3.2. Fire sub-model

Two types of fires can occur in the system,
managed fires and wildfires. Once ignition occurs,
both these fire types burn the entire area (Kruger
and Bigalke, 1984). If the model is run with fire
management (MF?= 1), fires occur at a frequency
determined by the managed fire frequency (MF).
If fire management is turned off (MF?=0), then
the wildfire rules determine fire frequency. The
probability of wildfire occurrence in fynbos is
primarily a function of biomass accumulation
rates and weather (van Wilgen and van Hensber-
gen, 1992; Richardson et al., 1994). Empirical
data on the relationship between biomass and fire
frequency (van Wilgen and van Hensbergen,
1992) allowed the construction of a simple fire
probability model,

—0.00214 — 1.42 x 10~ 5B,
6.24 x 10~ 5B2 — 8.60 x 10~ 2B + 3.42
x 10~ 16R* Q)

]

P

i

where p is the probability of a fire and B, is total
plant biomass (g/m?). To incorporate the seasonal
pattern of wildfire occurrence we constrained
wildfire occurrence to low rainfall (P <50 mm)
months. In summary, the wildfire rule allows a
fire if rainfall is < 50mm and if the product of a
uniformly distributed random number and the
probability of a fire (p) is greater than a fire
threshold constant (F)).
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Fig. 2. Predicted and observed river flow from a 4 km? fynbos
mountain ecosystem.
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Fig. 3. Net primary production-biomass relationship for alien
and native plants.

3.3. Plant sub-model

Two groups of plants are considered by the
model, alien plants and native plants. The spread
of alien plants in fynbos systems is driven by fire
events (Richardson et al., 1992): this is simulated
in the model by preventing alien plant spread
between fires. The invasion rate (/) determines
the increase in areal extent of alien plants (¥4,
where A, is the area of alien plants) that occurs
during each fire. This ignores the details of the
invasion process (Higgins and Richardson, 1996;
Higgins et al., 1996). The area to be cleared of
aliens (management parameter A4.) determines the
decrease in the areal extent of alien plants. Empir-
ical data (Rutherford et al., 1986) were used to
estimate a biomass (B,)-net primary production
(NPP,) relationship (Fig. 3). This relationship was
used to calculate the monthly increase in alien
biomass, and fire was assumed to reduce alien
biomass by 85% (Richardson, 1988).

Native plants are competitively inferior to alien
plants (Witkowski, 1991; Musil, 1993; Holmes
and Cowling, 1997). Consequently, the area occu-
pied by native plants (A4,) was assumed to be the
difference between the total area of the landscape
(A) and alien area (A4,). Empirical data (Kruger,

1977) were used to estimate a biomass (B,)-net
primary production (NPP,) relationship (Fig. 3)
for native plants. This relationship was used to
calculate the monthly native biomass increment,
and fire was assumed to reduce native biomass by
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99% (Kruger and Bigalke, 1984; Le Maitre and
Midgley, 1992).

To model native plant species extinction events
that would accompany alien invasion of a land-
scape (Musil, 1993), we constructed a regression
model based on empirical data (Cowling et al.,
1992; McDonald and Cowling, 1995; Trinder-
Smith et al.,, 1996) which predicts number of
endemic species (N.) as a function of area (a,
km?),

153.6a

T 4145+a 3)

In the model we substitute A4, for «, thereby
assuming that as the area invaded increases, the
endemic species pool will decrease. This assump-
tion is based on the observation of reduced native
plant diversity (Richardson et al., 1989) and in-
creased chances of native plant extinction (Musil,
1993) under stands of alien plants. A plant spe-
cies-area regression for the western fynbos biome,
where our mountain fynbos ecosystem is located,
(Cowling and Holmes, 1992) was used to estimate
the total number of indigenous plants that could
go extinct as the invasion process proceeds;

y 167624
1042 4 a

where « is area (km?) and N, is number of native
plant species. The native plant extinction process
is modelled in the same way as endemic plant
species extinction (described above). Modelling
extinctions in this way ignores the resilience of
some fynbos species to extinction and the sensitiv-
ity of others to extinction (Musil, 1993; Holmes
and Cowling, 1997).

Native plants can be harvested for an existing
wildflower market (Greyling and Davis, 1989; Co-
etzee and Littlejohn, 1994; Higgins et al., 1997).
Since productivity, particularly of reproductive
material, of fynbos decreases as biomass accumu-
lates (Le Maitre, 1992) we estimated the potential
wildflower harvest as,

H, = —0.00640 — 5.64 x 10~ 3B, + 5.84
x 10~ 7B2 — 1.62 x 10~ 1°B> (5)

4)

where H, is the potential wildflower harvest (m?/
month) and B, is native plant biomass (g/m?).
This relationship ignores details of the spatial and
temporal variation in wildflower productivity.

3.4. Management sub-model

A number of options are available for the man-
agement of mountain fynbos ecosystems, namely
fire control, alien plant clearance, wildflower har-
vesting, and controlling the access of hikers and
ecotourists. The management sub-model allows
the definition of the fire management strategy
(through parameters MF? and MF;) and the area
of aliens to be cleared (parameter A4.): the me-
chanics of these management options are de-
scribed above in the fire and plant sub-models.
The proportion of native plants available for
wildflower harvesters can be defined by the man-
ager (parameter H,). The manager also defines the
potential visitation rate (P}V) of ecotourists and
hikers. It is envisaged that ecotourist potential
visitation rates (PV,) would be lower than hiker
visitation rates (PV,); potential visitation rates
were estimated from a typical hiking trail located
in mountain fynbos (Ms A. Eager, Cape Nature
Conservation, personal communication). The re-
alized visitation rates (RV)) would be a function of
alien plant density, with hiker visitation rates
(RV}) being less sensitive than ecotourist visita-
tion rates (RV,) to alien plant density (Fig. 4).
Hence we assume that ecotourists are primarily

1 _o_1 =~ Ecotourists
- == Hkers

0.8
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0.4

Relative visitation

0.2+
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Fig. 4. Hypothesized relationship between hiker and ecotourist
visitation rates and alien plant cover.
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interested in pristine ecosystems and would avoid
lightly invaded systems and conversely that hikers
are not motivated by pristine systems but would
shun densely invaded areas.

3.5. Economic valuation sub-model

The economic sub-model calculates the benefits
of the mountain fynbos ecosystems as well as the
costs associated with different management sce-
narios. Benefits are derived from consumptive use
(wildflower harvest), non-consumptive use (hiker
and ecotourist visitation), indirect use (water pro-
duction), and future use or option value (endemic
plants and genetic storage). The existence value of
the ecosystem is not included in the model. Costs
include direct and indirect management costs. The
values are calculated as follows, using variable
unit values which are quantified in the scenario
analysis section.

The monthly value of wildflowers (V}) is the
product of the area of native plants, the potential
harvest, the proportion of total ecosystem avail-
able to harvesters and the unit value of flowers
(AXHEHEUV,). The monthly value of hikers (V)
and ecotourists (V,) is A*RVEUV, and
A*RV¥UV,, respectively, where A is the ecosys-
tem area, the RV terms are realized visitation rate
per unit area and the U} terms are the unit
values. The monthly value of water (V) is
UV*F,, where F, is river flow as determined by
the hydrological sub-model and UV, is the unit
value of water. The value of plant species endemic
to the mountain fynbos ecosystem (V,) is UVIN,,
where UV, is the unit value of an endemic species
and N, is the number of endemic species. The
monthly value of the genetic storage service (V)
provided by mountain fynbos ecosystems 1is
UVEN..

Management costs are divided into capital in-
frastructure maintenance costs (MC,), alien clear-
ing costs (MC,), wildflower harvesting costs
(MCy) and fire management costs. If fire manage-
ment is selected, the fire management costs are
A*MC; plus the cost of extinguishing the fire
(MC.,y). If there is no fire management, the cost of
fire management is only the cost of extinguishing
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Fig. 5. Changes in (A) alien and native plant biomass and in
(B) evapotranspiration and river flow over time (including four
fire cycles) for an invaded mountain fynbos ecosystem.

a wildfire (MC,,). The records of the regional
conservation authority (Cape Nature Conserva-
tion; Anon., 1992) were used to estimate MC,,
MC; and MC,;, while MC, was estimated from
Burgers et al. (1995). The cost of flower harvest-
ing (MCg,) was based on the generalization that
harvesting costs amount to 40% of the gross
wildflower harvest income (Mr R. Middleman,
South African Protea Producers and Exporters
Association, personal communication).

The static (one-off values of endemic plant
species) and dynamic values (costs and benefits
cumulated on a monthly basis) are combined to
form the total value of the mountain fynbos
ecosystem over the 50-year period. In order to
calculate the net present value of the mountain
fynbos ecosystem, static values are taken at the
end of the 50-year period, while costs and benefits
were discounted at a rate of 3%.






