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E.5.1 Risk, Hazard and Vulnerability: Concepts

Risk, in layman's terms, is the "chance of disaster" (Fair-
man et aI. 1998). More formally

cal event can disrupt the human environment, i.e. a haz-
ard is the combination of both the active physical expo-
sure to a natural process and the passive vulnerability
of the human system with which it is interacting (Plate
1996).

The physical exposure is essentially the damage-
causing potential of the natural process and is a func-
tion of both its intensity and duration. The natural proc-
ess becomes a hazard when it produces an event that
exceeds

Risk is a quantitative measure of a defined hazard,
which combines the probability or frequency of oc-
currence of the damaging event (i.e. the hazard) and
the magnitude of the consequences (i.e. expected
losses) of the occurrence.

Embedded within this defmition is the term hazard,
and implied in the phrase "consequences of the occur-
rence" is the concept of vulnerability to the hazard. These
two terms are therefore described next, before re-visit-
ing broader issues of risk.

A hazard is commonly described as the "potential to
do harm". Defined more rigorously (Zhou 1995; Smith
1996; Fairman et al.1998; Downing et al.1999)

A hazard is a naturally occurring, or human induced,
physical process or event or situation, that in particu-
lar circumstances has the potential to create damage
or loss. It has a magnitude, an intensity, a duration,
has a probability of occurrence and takes place within
a specified location.

The above definition serves to highlight the concept
that a physical process only becomes a hazard when it
threatens to create some sort of loss (such as loss of life
or damage to property) within the human environment
(Smith 1996). This is therefore essentially an anthro-
pocentric view of the concept of hazard and does not
take into account the effect that an extreme natural event
can have op an uninhabited area (Suter 1993). The as-
sessment of losses and the determination of the detri-
mental effects on future overall sustain ability in unin-
habited areas are extremely difficult to undertake and
they generally fall under the concept of ecological risk
assessment (Suter 1993). Here, the magnitude of a haz-
ard is thus determined by the extent to which the physi-

.thresholds, i.e. the critical limits (bounds) that the en-
vironment can normally tolerate before a negative
impact is produced on a system or activity (Downing
et al. 1999). In the case of rainfall, too much produces
a flood hazard and too little a drought hazard. In
Fig. E.4 the shaded area represents the tolerance lim-
its of the variation about the average, within which a
resource such as water can be used beneficially for
social and economic activities within the human en-
vironment (Plate 1996). The magnitude by which an
event exceeds a given threshold determines the dam-
age-causing potential of such an event.

.Intensity refers to the severity, or damage-causing po-
tential, of a natural process, e.g. rainfall at 20 mm h-l
is generally less damaging than 100 mm h-l over the
same time period. The hazard intensity is determined
by the peak deviation beyond the threshold (vertical
scale in Fig. E.4).

.Duration, the other variable determining the damage-
causing potential of an event, implies exposure to an
event, and the longer the exposure the greater the dam-
age-causing potential (Zhou 1995; Plate 1996; Smith
1996). Hazard duration is determined by the length of
time the threshold is exceeded (horizontal scale is
Fig. E.4).

Response to a hazard, as discussed in more detail later,
is either by

.adaptation, i.e. the long-term arrangement of human
activity to take account of natural events (e.g. becom-
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Fig. E.4.
The magnitude of environ-
mental hazard expressed as a
function of the variability of
a physical element within
the limits of tolerance (after
Smith 1996)

Average

c~~ Band of tolerance

ing more dependent on groundwater than on more er-
ratic surface water resources in more arid zones), or

.mitigation, i.e. the intentional response to cope with
a hazard (e.g. only constructing buildings beyond a
demarcated 1: 50 year flood line).

the flood discharge). Systems may, according to Smith
(1996), also be subjected to

.deprivation events (e.g. drought, soil erosion or leach-
ing of fertilisers out of the soil), in which case the
thresholds of vulnerability are determined by the re-
tention and replacement capacities of the system (e.g.
the buffer of deeper soil depth to storing moisture
for a plant during a drought, or the rate of weather-
ing to replace soil lost by erosion).

Vulnerability implies the need for protection. From
an anthropogenic viewpoint

Vulnerability is the characteristic of a person or group
or component of a natural system in terms of its capa-
city to resist and!or recover from and/or anticipate and!
or cope with the impacts of an adverse event (Blaikie
et al.1994; Downing et al.1999).

Vulnerability therefore invanably embraces an

Vogel (1998) describes vulnerability in terms of the
resilience and susceptibility of a system, including its
physical, social and human dimensions, while Plate
(1996) adds the reliability of the system to its attributes.

.external dimension (Vogel 1998), i,e. the threat of an
event, that may increasingly predispose people to risk
(e.g. climate change and its impacts on water re-
sources), as well as an

.internal dimension, i.e. the internal capacity to with-
stand or respond to an event, such as the defenseless-
ness to cope with a hazard (e.g. poor people living on
a floodplain) or the lack of means to cope with the
aftermath of damaging loss..Resilience (Vogel 1998) is the capacity of a system (e.g.

a dam) to absorb and recover from a hazardous event
(e.g. a drought). Resilience therefore implies that there
are thresholds of vulnerability.

.Reliability, on the other hand, is the probability that
the system, or a component of a system, will perform
its intended function for a specified period of time
(e.g. what is the probability that the dam will be able
to supply water to a city over the next 50 years?).

People may thus face the same potential risk, but are
not equally vulnerable because they may face different
consequences to the same hazard.

Although intuitively simple, the vulnerability concept
requires quantitative tools which are only now being de-
veloped. The issue of vulnerability is discussed in UNEP
(2000), for example. One new aspect to the vulnerabil-
ity perspective is that the affected resource can itself
feedback to influence its environment. An attempt to
quantify vulnerability in terms of the proportion of peo-
ple affected under extreme rainfall conditions in South
America has been presented by Guenni et al. (2001).
They assumed that the proportion of people affected (or
vulnerable) to extreme rainfall conditions is a random
variable that can be calibrated by using available infor-
mation on the conseqences of extreme events on the
population in different South American countries.

In terms of vulnerability, systems may be subjected to

.assault events (e.g. heavy rainfall; flood peak; pollu-
tion levels above a certain concentration), in which
case the vulnerability threshold is determined by the
system absorption and redirection capacities (e.g. a
heavy rainfall saturating a soil and the soil then drain-
ing the excess water rapidly enough, or a dam filling
to capacity and the spillway coping adequately with
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Fig.E.S.
A schematic illustration in
which risk changes due to var-
iations in the physical system
and the socio-economic sys-
tem. In all the cases risk in-
creases over time (with modi-
fications after Smith 1996)
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In viewing risk as having a human component, in
addition to its probabilistic one, three tiers of risk have
been identified by Zhou (1995):

Risk Revisited

If risk is the probability of a specific hazard occurring

and the loss caused by that hazard in regard to the level
of vulnerability of the affected people or places, then

several possibilities exist that give rise to increased risk.
These are illustrated in Fig. E.5 (Smith 1996):

.a lower band of risk, which is acceptable to the af-
fected people and where, for example, the benefits of
doing nothing or little outweigh the disadvantages
of carrying an unacceptable cost burden,

.a middle band of risk, where decisions have to be made
which trade off the costs of reducing the risk versus
the benefits of the risk reduction, and

.an upper band of risk, where doing nothing is com-
pletely unacceptable, irrespective of cost.

Each of these three tiers of risk is related to the bal-
ancing of benefits v. costs. This is usually done through
risk management, which on the one hand has to be regu-
lated by professional standards and legal measures while
on the other hand it contains a large element of subjec-

tivity.
The vulnerability approach described above provides

a methodology by which the public in general and the
policy-makers in particular will gain a better insight into
which thresholds and limits in environmental changes
might potentially cause stress or damage. They would
have a better estimate of the uncertainty associated with
the occurrence of these thresholds and they could bet-
ter quantify the expected losses for specific hazards.

A cost-benefit analysis must necessarily be a next step
for policy-makers to take the required actions in high
vulnerability situations. In the following sections, spe-
cific examples of environmental variability and changes
and multiple stresses to ecosystems with their expected
impacts are presented.

.Case A represents a scenario where the tolerance and
the variability remain constant, but there is a gradual
change over time in the mean value. In this particu-
lar case the frequency of extreme events at one end
of the scale increases, as would be the case of a mean
decrease in rainfall, or a decrease in runoff associ-
ated with upstream afforestation.

.Case B shows a scenario in which both the mean and
the band of tolerance remain constant, but the vari-
ability increases. In this particular case the frequency
of potentially damage producing events increases at
both ends of the scale.

.In Case C the physical variable, e.g. runoff, does not
change, but the band of tolerance narrows, i.e. the vul-
nerability of the human system increases (e.g. because
of increased water demands on a river from people
living directly in the floodplain). In this particular
situation the frequency of damage-causing events in-
creases at both ends of the scale (e.g. too little water
during dry periods; vulnerability to flood damage
during high flows).

.In Case D, there is an abrupt change in the mean, but
the variability remains the same. Such a rapid tran-
sition provides little time to adopt to a change (such
as might be possible with Case A).
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Rik Leemans All these LUC-LCC aspects, interactions and feedbacks
are important and need to be considered and addressed
in creating scenarios of Earth system dynamics.

LUC-LCC aspects, however, are difficult to define
regionally and globally. LUC-LCC is strongly dependent
on local environmental conditions and diverse societal,
economic and cultural characteristics and evolves from
diverse human activities (e.g. food and fibre production,
mining, recreation and nature conservation) that are
heterogeneous in their spatial (e.g. stand and landscape),
temporal (e.g. diurnal, seasonal, annual and interannual)
and societal dimensions (e.g. household, village, region
and country). LUC-LCC dynamics are therefore funda-
mentally complex and amalgamate biogeochemical, hy-
drological, atmospheric and ecological processes with
human behaviour and societal institutions. All these com-
ponents have, by definition, their specific properties and
act on a typical scale level (Fig. E.6). Regionally and glo-
bally, only the cumulative consequences of all these di-
verse local and regional LUC-LCC developments influ-
ence the Earth system in a systemic manner. But in (glo-
bal) environmental-change or Earth-system studies it is
these coarse aggregation levels that matter.

E.5.2 Anthropogenic Land-use
and Land-cover Changes

The Importance of Land-use and Land-cover Change

Issues related to water, water quality and availability, and
water management are important on the international
political agenda. But these topics do not operate in a
vacuum. There are strong interactions between hydro-
logical, atmospheric and biospheric processes on the one
hand, and land use and water management on the other
hand. Land and water are thus both systemic compo-
nents of the Earth system, but simultaneously are
strongly affected by environmental change. Land use and
land-use change and its consequences for land cover
(LUC-LCC) are therefore essential components in the
development of comprehensive scenarios for the follow-
ing reasons:

Existing Land-use and Land-cover Datasets
and Scenarios ,

The starting point of LUC-LCC scenarios is always a de-
scription of current or historical LUC-LCC patterns. Land-
cover databases are used to initialise the models required
to develop the scenarios. However, there are large dis-
crepancies among different land-cover data-bases (Town-
shend et al. 1991; Leemans et al. 1996). Some list only po-
tential natural vegetation, others include one or more
land-use classes, but none includes land use comprehen-

.Society strongly depends on the continued availabil-
ity of renewable resources, such as food, fibre and fresh
water. Humans already dominate the use of most bio-
logical productivity (Vitousek et al. 1997) and are a
crucial factor in defining fresh-water availability and
quality (Matthews et al. 1997; Hoekstra 1998; Arnell
1999). The continued supply of these resources can
only be guaranteed by sustainable land uses but these
are easily jeopardised by short-sighted or inappropri-
ate human activities (Doos 1994). An integrated ap-
proach encompassing water, land and atmosphere
with human behaviour is thus urgently needed;

.LUC-LCC alters the Earth's surface characteristics and
thus climatic processes and patterns (e.g. Bonan 1997;
Claussen and Gayler 1997, see also Chapt. A.5 or A.8).
This also can alter water demand and supply or qual-
ity and availability;

.LUC-LCC are important determinants of carbon, wa-
ter and energy fluxes (Braswell et al. 1997> and non-
CO2 greenhouse-gas emissions (e.g. Flint 1994; IPCC
1996). These fluxes and emissions directly influence
atmospheric composition and radiative-forcing prop-
erties and, consequently, global and regional atmos-
pheric and hydrological patterns;

.LUC-LCC are an important factor determining the
response of species, ecosystems and landscapes to
environmental change and variability (Peters and
Lovejoy 1992; Leemans 1999). Land-cover modifica-
tion and conversion through, for example, nitrogen
addition by air pollution, drainage of wetlands and
deforestation change the behaviour of ecosystems;

.Finally, LUC-LCC are, in their own right, an impor-
tant component of global change (Turner et al.1995).

Fig. E.6. Interactions between different societal and ecosystems
dimensions

I
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Construction of Land-use Change and Land-coverChange 

Scenarios

sively. Further, most databases are compiled from diverse irrigation water can easily be met when economic re-
and heterogeneous sources and cannot be linked to a spe- sources are available (e.g. Rosegrant 1997). Global-change
cific time period. The determination of change is there- assessments, however, require broader LUC-LCC sce-
fore extremely difficult. Most of these datasets are of narios than those do. Adequate scenarios should incor-
dubious quality. However) more recent statistical data porate land-use activities and land-cover characteristics
sources on land use were improved and their internal in order to make comprehensive estimates of the role of
consistency is enhanced (e.g. FAO 1999). Also the high- land and land use in defining the dynamics of the Earth
resolution spatially explicit global database, DISCOVER, system. Currently) the only approaches to deliver such
has become available (Loveland and Belward 1997> and capability are Integrated Assessment Models (lAMs:
is frequently used in global-change research. This data- Weyant et al. 1996). Some of these lAMs are the Asian-
base is derived from satellite data from the early nineties Pacific Integrated Model (AIM: Matsuoka et al. 1994),
and consists of land-cover classes useful for initialising Integrated Model to Assess the Global Environment (IM-
land-cover scenarios. Further, several attempts have been AGE 2: Alcamo 1994; Alcamo et al. 1998) and Integrated
made to develop historical land-use and land-cover Climate Assessment Model (ICAM: Brown and Rosenberg
databases (Klein Goldewijk and Battjes 1997; Ramankutty 1999). These models already incorporate modules to simu-
and Foley 1998). These attempts use historical proxyvari- late the consequences for LUC-LCC) which generate LUC-
ables, such as historical maps, population-density esti- LCC scenarios on a resolution ranging from a coarse grid (IM-
mates) and the location of cities and other infrastruc- AGE 2 and AIM) or for socio-economic regions (ICAM).
ture, to reconstruct likely historical land-cover patterns The starting point for most of these models are crop-pro-
for the last centuries. Although it is difficult to determine duction models with different degrees of precision and
the validity and reliability of these historical databases, focus. Most lAMs focus on arable agriculture and neglect
all these improved databases are of utmost importance pasturalism, forestry and other relevant land uses. None
for initialising and validating regional and global models. of them, however, satisfactorily incorporate regional wa-

Many different scenarios for LUC- LCC exist. Many ter supply and demand issues. The feedback on land-use
of them focus on local and regional issues and only a change on the overlying weather has also not been in-
few are global in scope. However) most of the available cluded in these studies. Only the IMAGE-2 group is cur-
LUC-LCC scenarios are not developed to determine glo- rently developing such capability (Alcamo et al. 2000).
bal and regional environmental change, but more to
evaluate the dynamics and environmental consequences '
of different agrosystems (e.g. Koruba et al. 1996), agri-
cultural policies (e.g. Moxey et al. 1995») food security
(e.g. Penning de Vries et al.1997), and projections of ag-
ricultural production, trade and food availability (e.g. Initially the consequences of land-use change were of-
Alexandratos 1995; Rosegrant et al.1995).Moreover)these ten only depicted as causing changes in the CO2-emis-
studies do not well define the actual implications for sions from tropical deforestation. The conversion of
land-cover patterns. At best they define an aggregated these forests is one of the important human sources of
amount of arable land, pastures and other land uses. CO2. Early carbon-cycle models used simply prescribed

LUC-LCC scenario studies use different approaches. deforestation rates and emission factors to estimate fu-
Most of them are based on regression and process- based ture emissions. Land-use scenarios could only provide
simulation models. Alexandratos (1995) has combined the relevant estimates. During the last decade a more
and expanded these approaches by interactively includ- comprehensive view emerged embracing the diversity

ing expert judgement. Regional and national experts of driving forces and regional heterogeneity. The cur-
reviewed the model results. If such a panel determined rent driving forces of most LUC-LCC scenarios are de-
inconsistencies with observed trends or likely trends) rived from population, income and productivity as-
the scenarios were changed until a satisfactory solution sumptions for agriculture and forestry. The first two are
emerged for all regions. The resulting scenario can there- commonly assumed to be exogenous variables (i.e. sce-
fore be interpreted as a consensus scenario. This ap- nario assumptions), while productivity is determined
proach generally leads to conservative estimates of pos- dynamically by the models used.
sible trends, because the importance of new develop- In most scenarios) population is generally split into
ments are underestimated. urban and rural; each class is characterised by its spe-

Unfortunately) most of these LUC-LCC scenario stud- cific needs and land uses. The demand for agricultural
ies do not consider changes in water supply. Some in- products (both the quantity and composition as speci-
clude weather change (e.g. Alcamo et al. 1998) and oth- fied by diet) is generally assumed to be a function of in-
ers assume that an increased demand for, for example) come and regional preferences. With increasing incomes
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in all regions, except Africa and Asia. Pastures expandmore 
rapidly than arable land. There are, however, largeregional 

differences. One of the important assumptions
in this scenario is that biomass will become a suitable
energy source. The cultivation of such biomass crops
requires additional land. Similar changes in future land
use can develop if carbon sequestration forests are plant-
ed. Land use will thus respond to new needs for addi-tional 

products and services.

there is a shift from grain-based diets towards more meat-
based diets. Such a shift has large consequences for land
use (Leemans 1999). Similar functional relations are as-
sumed to determine the demand for non-food products,
such as timber, fibre and biomass-based fuels. Produc-
tivity is determined by the locally or regionally pr~vail-
ing environmental conditions. Soil and atmospheric con-
ditions defme potential yields of each individual crop.
In the calculation of potential yields, changes in weather
and CO2 are frequently included. The actual yields are a
fraction of the potential due to losses associated with
improper management, limited water and nutrient avail-
ability, pests and diseases, and pollutants (Penning de
Vries et al. 1997). During scenarios development, there-
fore, assumptions have to be made on the actual yield
levels as a function of agricultural management, such as
yield increases (e.g. fertilisation and irrigation) and pro-
tection measures (e.g. weeding and pest control). Irriga-
tion is rarely considered explicitly or dynamically evalu-
ated from realistic water supplies, nor is the effect of ir-
rigation on the local weather, such as described by Stohl-
gren et al. (1998). Further, most yield calculations assume
constant soil conditions. In reality, many land uses lead
to land degradation, which affects yields and in turn lim-
its and changes land use (Barrow 1991). Estimating fu-
ture yield developments is thus difficult because of its
dependence on management. Many contrasting percep-
tions therefore exist in the literature.

The demand for land-use products and the calculated
productivities are then translated into the actual land
use and corresponding land-cover patterns. In this step
large methodological difficulties emerge. Agricultural
land uses in certain regions intensify (i.e. increase
yields), while in others they expand in area. The causal
factors in different regions are different and the spatial
and temporal consequences cannot be determined un-
ambiguously. For example, deforestation is driven by
timber extraction in Asia and by the conversion towards
pasture in Latin America. In Europe, increasing produc-
tivity and a leveling demand drives the contraction of
agricultural land and the subsequent expansion of for-
ested land. Additionally, land-cover conversions are not
a continuous process. Shifting cultivation is a common
practice, but in many regions agricultural land has also
been abandoned (e.g. Foster et al.1998) or is abandoned
regularly (Skole and Tucker 1993). Such dynamic and
complex aspects of LUC-LCC make the development of
comprehensive high-resolution LUC-LCC scenarios
challenging, especially when simultaneously new land
uses (e.g. biomass plantations) are emerging.

The result of most LUC-LCC scenarios is land-cover
change. This is illustrated by an IMAGE-2 scenario
(Fig. E.7). This scenario illustrates some of the complexi-
ties in the underlying land-use dynamics. Deforestation
continues globally. Only in the latter half of this century
is it expected that the forested area will increase again

Uncertainties in the Interpretation of Scenarios

Diverse applications of LUC-LCC scenarios have been
developed. The different approaches are all very sensi-
tive to the underlying assumptions of future changes in
agricultural productivity. Estimating demand is rela-
tively straightforward, because it depends on the number
of people and their diet. Productivity in most scenarios
is calculated through potential and actual yields (i.e. the
interaction between environmental conditions and ag-
ricultural management; Rabbinge and van Oijen 1997>.
Large differences in productivity exist between scenarios
and it is not always clear if potential or actual yields are
used. This leads to large differences in the conclusion of
different LUC-LCC scenario studies. For example, the
FAO scenarios study (Alexandratos 1995) concluded that
land availability was not a limi':ing factor in most coun-
tries, while IMAGE-2 scenarios (Alcamo et al.1998) show
that in Asia and Africa, land rapidly becomes limited
over the same time period. In the IMAGE-2 scenario,
relatively fast changes towards more meat-based diets
lead to a rapid expansion of grazing systems on which
productivity only slowly increases. This strongly influ-
ences the simulated extent of land use. The FAO study
does not consider increases in grazing systems. This ex-
ample shows that not clearly specifying the actual as-
sumptions can lead to discrepancies and inconsisten-
cies in scenario interpretation. Unfortunately most land-
use scenario studies focus on agricultural production
on arable land and few at the same time include grazing
systems. Other important land uses, such as forestry,
infrastructure (i.e. urban land uses) and nature conser-
vation, and new land uses, such as biomass and carbon
plantations, are generally not considered, nor is the in-
fluence of these changes in the climate system consid-
ered. In most scenario studies, integration of all land
uses is not yet accomplished.

Reconciling demand and supply leads to different
land-use and land-cover patterns (cf. Fig. E.7>. This is
often done by heuristic rules that link {inter)national
socio-economic drivers with patterns of resource avail-
ability. Cellular automata, for example, explicitly resolve
such rules by assigning probabilities for different land
uses to each cell. These probabilities can change through
time (e.g. White et al. 1997). The amount of land used is
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temporal resolution. The feedback of the surface envi-
ronmental changes within the climate system also needs
to be assessed. However, the normal physical dating
procedures can give only approximate data. Therefore,
warve-countings, dendrochronology or age determina-
tions from annually-layered ice have to be used instead.
This in turn means that much more comprehensive stud-
ies are needed. Moreover, it will often become important
to look for marker horizons that can clearly identify syn-
chronously-formed sediments within the ocean, in lakes
and on the continents; in general, these will be wind-
transported substances like volcanic ash, etc.

The purpose of the scenario development, its under-
lying assumptions and approaches used should be care-
fully and critically evaluated before the resulting land-
cover patterns are applied in other studies. In addition
the feedbacks between LUC-LCC and other components
of the Earth system (e.g. the weather, the hydrological
cycle, etc.) needs to be investigated, as described else-
where in this volume. Despite the obvious limitations of
current LUC-LCC scenarios, recent scenario develop-
ments show how useful organised thinking (i.e. detailed
consistency checks between scenario assumptions and
outcomes and explicit incorporation of interactions and
feedbacks) about the future can be. However, a better
perspective on how to use land-use and land-cover
change as a driving force to environmental change is
strongly required. This requires the further development
of high-resolution integrated assessment models and
comprehensive scenario studies, integrating other as-
pects of the Earth system, such as specifically land,land
use and water issues.

Vegetation Changes: Consequences for Water Budgets

It is evident that changes in the vegetation pattern and
in the prevailing plant communities may be triggered
by atmospheric change or by biotic and pedogenetic
changes, or even by grazing and trampling animals
(Gossow 1976; Peer 2000; Samjaa et al. 2000; Schaller
1998; Turner 1975). The approach is to study the vegeta-
tion and its ongoing or past changes on a broad regional
scale, which helps to differentiate between more regional
or local processes. This means, in general, that the vari-
ous vegetation types within a landscape, e.g. a complete
catchment, have to be studied in space and time in such
a way that it opens up starting points for ecological in-
vestigations or calcul~ions, i.e. one has to try to map or
reconstruct the vari6us important plant communities
which existed or which had changed within the catch-
ment area being studied. One has to determine whether
these changes had been triggered by long-term changes
in weather or by biotic processes only, e.g. by the immi-
gration of stronger competitors or by pedogenesis, as
far as this is independent from vegetation (Frenzel 1994).

Plant ecologists in general determine the water budg-
ets of only certain plant species then, if necessary, ex-
trapolate to whole plant communities. Hydrologists, on
the other hand, generally investigate the water budgets
of whole catchments, which might be covered by sev-
eral, quite different, plant communities. Neither of these
approaches yields reliable data for understanding what
happens to the water budgets of a specific region, if cer-
tain plant communities are changing. To overcome these
difficulties, at present it is only possible to rely on the
evaporation data of identical plant communities at com-
parable sites, or at least to use data from related plant
communities, even though the specific soil, water and
atmospheric conditions may be different at individual
sites. These difficulties increase when reconstructing
former plant communities with no homologues (or at
least analogues) to be found in modern vegetation; or if
they do exist, do so under quite different environmen-
tal conditions. Such an example would be the early Holo-

Burkhard Frenzel

E.5.3 Procedures to Assess the Effect of
Environmental Conditions on Water
Resources: Natural landscape Changes

Introduction

When dealing with the long-term palaeoecological proc-
esses that might influence present-day water budgets, it
must be noted that climatic factors may have very long-
lasting, but unexpected series of consequences. An ex-
ample of this is the immigration history of forest plant-
species into vast regions of higher latitude after the end
of the last glaciation (Bernabo and Webb 1977; Glieme-
roth 1995; Huntley and Birks 1983). These migrations,
which were triggered by Late-glacial and early Holocene
climatic changes, continued until other decisive factors
such as stronger competitors or adverse geological or
climatical situations finally stopped the immigration

process.
This immigration and reorganisation process of the

various forest communities influenced the water budg-
ets of the regions into which they immigrated but the
decisive climatic factor was at first the transition from
the Late-glacial to the Holocene. probably nearly all the
other processes that took place during immigration were
biotic consequences, which could not be predicted ex-
actly if only the quality and intensity of the Late-glacial
to Holocene climatic change was measured. It is scien-
tifically very difficult to understand and to quantify these
long-lasting, indirect climatic influences correctly, and
demands reliable quantification of the climatic change
triggers at a regional scale and with high and reliable
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in fact the drowning of the peat bog and of the alder carr
was only caused by migrating dunes impeding the run-
off and pressing groundwater out of the sediments.

Such migrating dunes, both at the coast and within
the continents, contain a lot of groundwater, thus favour-
ing peat-bogs to grow between the dune ridges or even
lakes to be formed (Pachur and Hoelzmann 1991). These
water masses within the dune sands can also be influ-
enced by permafrost. Moreover, it is inadequate to rely
on only one study site or small region. The investigation
of the history of the migrating dunes in the lowlands of
the River Leba, as already mentioned, exemplifies this
very well (Tobolski 1982). Only by a regional, compre-
hensive investigation, could it be convincingly shown that
the middle to late Holocene start of the migration of these
dunes was caused by man; this in turn influenced the
morphology of the nearby sea coast, and the water budg-
ets and vegetation types, without any atmospheric im-
pact! A scientifically broad investigation of present-day
ecological and hydrological conditions in homologue
ecological situations is, therefore, of utmost importance
for understanding what has happened and for avoiding
incorrect palaeo- or ecological conclusions to be drawn.

Migrating Dunes and Their Influence on Water Budgets

Pedogenesis and Changing Water Resources

1\'10 types of migrating dune fields have to be taken into
consideration: those on the lowland coasts and those
within the continents. Causes and consequences of the
action of coastal dune fields are directly connected with
the processes going on along the lowland coasts. Con-
cerning the continental dune fields, one has to differen-
tiate between those of arid to semi-arid climates against
those of more temperate climates. The latter were mostly
formed during glacial times and their migrations
stopped by plant growth during the Holocene. In gen-
eral, they will become active again if the protective veg-
etation cover is destroyed. This can occur due to land-
scape conversion by people. In colder climates, where
plant growth is not rapid, fire and river action can cause
terrestrial sand dunes to migrate again. In arid and semi-
arid regions on the other hand, continental sand dunes
will nearly always be able to migrate, provided the geo-
logical situation is favourable. Here, migrating sand
dunes can block rivers and cause lakes to be formed.
This is not restricted to modern arid to semi-arid re-
gions only, but may also have happened during full-gla-
cial or late-glacial times of various Pleistocene glacia-
tions in what are now temperate climates.

During palaeoecological investigations these dune-
made lakes or swamps may easily be taken as indicators
of the weather becoming moister, though this has not
always been the case. Comparable effects can be observed
even today in temperate climates, as for example in the
lowlands of the River Leba, northern Poland (Tobolski
1982; Fig. E.9). Here, migrating dunes are invading a peat-
bog or an alder carr. Again, the palaeoecological impres-
sion would be that the weather had become moister but

It is well known that pedogenesis is governed decisively
by atmospheric conditions, by the hydrological situa-
tion and by the biosphere. With water resources, the most
important processes are the formation of finer-grained,
minerogenic particles and the narrowing of or even
blocking of pores that might contain and conduct wa-
ter. Soil formation is one long-duration process which
is often influenced by much older climatic or geological

Fig.E.9.
Leba-lowland, northern Po-
land. A sanddune invades an
ombrogenous peatbog, caus-
ing an inundation of the bog
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processes. A broad literature informs about the wealth
of difficulties in dating reliably the beginning and the
various steps of pedogenesis in a given area (Morozova
1981). Where soils have been fossilised during the past
by natural or anthropogenic processes (e.g. the erection
of large burial mounds, etc.) the outlines of their for-
mation-history can be traced to some extent. Yet it has
always to be taken into consideration that even modern
pedogenesis can penetrate deep into the soil, thus influ-
encing former soil horizons. In this context it must be
stressed that the spontaneous or anthropogenic changes
to vegetation will influence soil formation intensively
thus influencing water resources indirectly.

Final Remarks

The task is to assess the consequences of natural land-
scape changes on water resources. From the discussion
here, it will be seen that these natural landscape changes
are in general very complex and complicated processes,
in which the triggering mechanisms may be simple (in
general they are not) but the consequences and the in-
terrelationships of processes are extremely non-linear
and complicated. This being so, one should always re-
strain from simple, uni-directional explanations. Instead,
the great variety of interacting processes has to be taken
into consideration. The palaeoecological and ecologi-
calliteratures show that, however, a uni-directional way
of thinking is widely accepted. Very often we are a long
way from a reliable understanding of what had happened
palaeoecologic ally and thus what might have influ-
enced -and still influences -the environment, includ-
ing water resources. The only way to avoid these traps is
to complete a scientifically and regionally very broad,
very comprehensive, investigation of the palaeoecologi-
cal and ecological processes acting in a given landscape.
This is a very difficult task but is essential if we are to
understand how human beings alter the natural envi-
ronment.

with such changes, and the resilience of the ecosystem to
resist negative impacts due to these changes.

Despite the recent attention that global climate change
and potential long-term effects of increasing greenhouse
gases in the atmosphere received, other environmental
stresses are higher priority issues and concerns for land
managers in the area (e.g. Rocky Mountain National Park
Resources Management Plan 1999). The economy of the
regions is transforming from extraction-based industries
(forestry, mining) to tourism (natural areas and wildlife).
The human population is increasing in the region at
2-3% yr-l (a doubling rate in 20 years), and annual visi-
tation to Rocky Mountain National Park now exceeds
3 million people (Stohlgren 1999a).Entire ponderosa pine
(Pinus ponderosa) forests, decimated byturn-of-the-cen-
tury logging and fire, have re-grown to create massive
fuel loads, that due to a half-century of fire suppression,
are ripe for catastrophic wildfire at the forest-suburb
interface (Veblen et al. 2000). There is a very strong link
of El Nino-Southern Oscillation on fire frequency and
size throughout the Front Range (Veblen et a1.2000).Also
demanding immediate management attention, are extra-
large herds of elk, without native predators (grizzly bear.
wolves). Many drainages have been altered by the near-
complete extirpation of beaver, altering vegetation suc-
cession, nutrient cycling, soil erosion, and wildlife habi-
tat. Invasive annual grasses and noxious weeds are in-
vading these riparian zones, meadows, and low-elevation
forests, which as a result, urgently require control actions.
Air pollution adds more than 4 kg ha-l yr-l to terrestrial
systems in this region (Baron et al. 2000), contributes to
visibility problems, and potentially enhances the spread
of invasive species. Even without changes in climate, these
multiple stresses would remain top research and resource

management priorities.
Assessing the vulnerability of Rocky Mountain Na-

tional Park and adjacent lands to climate change requires
a full understanding of ecosystem components and proc-
esses, existing stresses, and their interactions. Land man-
agers are often bombarded by so many current and near-
future problems and stakeholder demands, that long-
term, subtle, chronic stresses like increasing greenhouse
gases in the atmosphere are of less importance to them.
Still, the long-term conservation of natural resources and
healthy economies requires short- and long-term plan-
ning. A common sense approach might include: (1) di-
rect and immediate attention to the most urgent and
costly stresses; (2) additional research on the role of eco-
system components and processes within the climate
system, and (3) some research attention on improving
long-term scenarios. An alternative approach is to pro-
portion research, management, and coping efforts at
various scales (i.e. local, regional, national, global) to
assure that various stakeholder needs are met at the ap-
propriate scale. In any case, multiple stresses must be
assessed simultaneously.

Thomas J. Stohlgren

E.5.4 An Example of the Vulnerability Approach:

Ecosystem Vulnerability

Rocky Mountain National Park and adjacent areas in the
Front Range of the Rocky Mountains in Colorado, USA,
like all bio-regions in the country, suffer from multiple
stresses simultaneously including: rapidly changing cul-
tural history, rapid human population growth, habitat loss
and loss of species, altered disturbance regimes, invasive
species, and air and water pollution (Stohlgren 1999a).
Rapid climate change is an additional stress that may
interact to a greater or lesser degree with these other
stresses. There is a need to assess the risks associated



There are strong suspicions that the episodes of
warming and cooling were abrupt rather than gradual
changes (Fall 1988; Schuster et al. 2000). Tree-ring
records nearby in the south-western US show numer-
ous abrupt changes in precipitation between 800 and
2000 years ago (Graumlich 1993; Hughes and Graumlich
1996), and the ice cores in Greenland (Groots et al.1993;
Alley et al. 1993) and Wyoming (Schuster et al. 2000)
have documented changes in mean annual temperature
by as much as 10 °C in a few years. Background rates of
climate change in the topographically complex Rocky
Mountains have been abrupt, bidirectional and unpre-
dictable (Schuster et al. 2000). The present rates of
change can be gauged against these background levels.

Introduction

The central Rocky Mountains, like all bio-regions in the
USA, suffer from multiple stresses simultaneously in-
cluding: rapidly changing cultural history, rapid human
population growth, habitat loss and loss of species, al-
tered disturbance regimes, invasive species, and air and
water pollution (Stohlgren 1999b). Rapid large-scale at-
mospheric circulation change is an additional stress that
may interact to a greater or lesser degree with these other
stresses. Assessing the immediate and long-term needs
of stakeholders, native biodiversity, the economy, and
ecosystems requires that we understand all these stresses
and set appropriate priorities for prevention, control,
mitigation, and restoration. After a brief review of the
individual stresses, potential interactions are discussed
in this example, and strategies to assess priorities are

presented.
It is often helpful to evaluate climate trends in a

palaeoclimate context. The story that emerges in the
central Rocky Mountains is one of tremendous tempo-
ral and spatial variability, and bi-directional changes in
climate and vegetation (Nichols 1982; Alexander 1985;
Whitlock 1993; Stohlgren 1999a,b; Schuster et al. 2000).

The varying treeline locations provide evidence of
drastic changes in climate. During the Pinedale glacia-
tion (22400 to 12200 years ago), the treeline in the
southern Rocky Mountains in Colorado was 500 m (Ni-
chols 1982) to 1500 m (Fall 1988) below the present-day
treeline, and annual temperatures were 7 to 13 °C cooler.
The lower limit of permafrost was 1 000 m lower in Colo-
rado (Fall 1988). During the late-glacial period (15000
to 11000 years ago), annual temperatures were 3 to 4.5 °,
cooler than today, and the treeline was about 500 m to
700 m below the modern treeline (Fall 1988). During the
Holocene transition (12000 to 8000 years ago), subal-
pine forests probably migrated upslope, and montane
forests of lodgepole pine and Douglas-fir began to ex-
pand in the lower elevations. There was a climatic opti-
mum from 9000 to 7000 years ago; mean annual tem-
peratures increased 5 to 7.5 °C from the late-glacial into
the Holocene. As the climate warmed between 9 000 and
4500 years ago, the upper treeline advanced to as high
as 300 m above its present position during the warmest
period (Fall 1988). Cooling and treeline lowering oc-
curred again between 4500 and 3100 years ago (Fall
1988) followed by another warming period from 3000
to 2000 years ago, and a cooling trend 2000 years ago
(Elias et al. 1986). The Little Ice Age from around 1550 to
1845 A.D. ended very abruptly (Schuster et al. 2000) and
forced a descending of the upper treeline and perhaps
lengthened intervals between fires. Tree rings evidence
a warming trend in recent decades, but only in some
areas (Weisberg and Baker 1995).

Rapid 

Human Population Growth

The 

human population grew rapidly between 1950 and
1990 with a 40-year increase of about 150% in Colorado.The 

population in Estes Park and visitor use of Rocky
Mountain National Park has almost doubled since 1960

Rapidly Changing Cultural History

Cultural history has changed rapidly in the past 200 years
having significant effects on the natural resources,land-
scapes, and ecosystems in the central Rocky Mountains
(Buchholtz 1983). The discovery of gold in 1859 resulted
in an exponential increase in the human population,
which changed the regional economy and greatly altered
nearly every ecosystem. Economic development began
to centre on mining, forestry, agriculture, recreation, and
the service industries that support these other economic
activities (Lavender 1975). These activities required wa-
ter storage and re-distribution projects proportionate
with human population growth (Stohlgren 1999a).

The extraction-based culture in the Rocky Mountains
gained momentum by mining copper, gold, lead, mo-
lybdenum, silver, tungsten and zinc, resulting in the con-
tinued contamination of many lands and waterways.
Forestry was a major industry, though the rapid cutting
of old-growth timber, relatively slow growth rates, and
a shift to tourism has reduced the emphasis on forestry
in many areas. Agriculture includes dryland and irri-
gated farming and livestock grazing. Livestock are fre-
quently moved between high-elevation summer and
low-elevation winter pastures. Tourism is now the ma-
jor industry in the region -centered on Rocky Moun-
tain National Park, several national forests, major ski
resorts, and summer vacation use in nearly all moun-
tain towns. It is against this backdrop of rapid cultural
change that rapid human population growth has become
a major concern in many areas (Riebsame 1997).



(Stohlgren 1999a). Current rates of human population
change are 2 to 3% for many areas in the Rocky Moun-
tains with urban sprawl and development in mountain
communities. Population growth increases demands for
water, power, and natural resources. Runoff and snow-
melt from the peaks supply the Arkansas, South Platte,
Colorado, and San Juan rivers with the water supply for
most western states (Riebsame 199]). Human popula-
tion growth and agriculture demands on water have
many of these rivers "over-subscribed". Evaluating the
effects of near-future weather and local land-use changes
on the quality, quantity, and timing of water are a pri-
mary concern of stakeholders.

Habitat Loss and Loss in Biodiversity

Another top priority environmental issue in the Rocky
Mountains, and one of the most urgent for land manag-
ers throughout the west, is habitat loss and loss of bio-
diversity. Most of the species on the endangered species
list are there because of habitat loss (mostly associated
with land exploitation) or invasive species (Flather et al.
1984). Beavers (Castor canadensis) that once played im-
portant roles in shaping vegetation patterns in riparian
and meadow ecosystems in the Rocky Mountains are vir-
tually absent in many areas (Chadde and Kay 1991; Knight
1994). Top predators such as grizzly bears and grays were
hunted relentlessly by European settlers and have been
extirpated from most of the Rockies. Amphibians have
declined through habitat loss, predation by non-native
sport fishes, timber harvest, increased ultraviolet radia-
tion, and disease (Corn and Fogelman 1984; Bury et al.
1995). Nearly all native fisheries in the Rocky Mountains
have been compromised by introduced fishes (Trotter
1987; Behnke 1992). Populations of bighorn sheep are at
only about 2% to 8% of their populations at the time of
European settlement (Singer 1995). Long-term changes
in weather have not been implicated in the loss of any
species in the US but abrupt changes in weather in an
already fragmented landscape, and in combination with
other stresses, may have a greater effect now than weather
changes in the past. Shifting the focus of biodiversity
preservation to the radiative effect of increased CO2 in
the atmosphere (see Sala et al. 2000) may be tangential
given that the overriding causes of species endangerment
are habitat loss (land-use change) and invasive species
(Flather et al. 1984).

fnvasive 

Species

[nvasive non-indigenous species are causing severe losses
in agriculture, forestry and fishery resources in some
regions and ecosystem processes throughout the US to
the tune of $138 billion per year (Pimentel et al. 1999;
Mack et al. 2000). Land managers, farmers, ranchers, and
the public consider invasive species a top priority threat
(Mack et al. 2000). European cheatgrass has invaded sig-
nificant portions of the western pinyon-juniper wood-
lands, ponderosa pine, and Douglas-fir areas in the Rocky
Mountains (Peters and Bunting 1994). Several rare plant
species are being displaced by introduced plants in west-
ern rangelands (Rosentreter 1994). A dense cover of
cheatgrass increased the fire frequency in many of these
areas. With each fire, the dominance of non-native an-

Altered Disturbance Regimes

Vegetation types that are adapted to frequent fire are a
major concern in the foothills of the central Rocky Moun-
tains. For example, ponderosa pine forests in the Front

Range of Colorado show a tenfold increase in ponderosa
pine biomass since 1890 in many stands (M. Arbaugh,
US Forest Service, unpublished data; Veblen and Lorenz
1991). This has restored habitat for many wildlife species.
However, more than 60 years of fire suppression has cre-
ated hazardous fuels in a forest community that natu-
rally burned at 20-60-year intervals in many areas
(Veblen et al. 2000). Fire suppression has been effective:
perhaps too effective for some species. For example, the
number of three-toed woodpeckers increases greatly for
three to five years in burned stands, as the birds feed on
larval spruce beetles. These woodpeckers may have a pro-
found affect on nearby forest stands by reducing the se-
verity of spruce beetle epidemics. Herbaceous plant di-
versity skyrockets after a burn. Seventeen years after the
390-ha Ouzel burn in Rocky Mountain National Park,
twice as many understorey species can be found in the
burned area than can be found in adjacent unburned for-
est stands (Stohlgren et al. 1997>. Species dependent on
post-disturbance stands suffer habitat loss with each sup-
pressed fire.

All rivers in the Rocky Mountain region have been
altered by reservoirs or other water projects (transbasin
canals, irrigation ditches, and small water impound-
ments).A majortransbasin water import project in Colo-
rado carries about 370 Mm3 yr-l from the Colorado River
(west of the Continental Divide) through a 7.8-km tun-
nel to the Big Thompson River (east of the Continental
Divide). Ten reservoirs were built to support the project.
In the catchments of the Arapaho-Roosevelt forests
in Colorado are approximately 40 major reservoirs
(C. Chambers, US Forest Service, pers. comn., February
1995). Reservoir-building directly tracks human popu-
lation increases (Stohlgren 1999a). Domestic water use
accounts for less than 6% of the total water use, agricul-
ture accounts for about 90% of the water use (United
States Geological Survey 1990).
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Potential Interactions

nual grasses is enhanced at the expense of native peren-
nial grasses. Exotic plant species such as spotted knap-
weed, Kentucky bluegrass, common dandelion, and Rus-
sian thistle are rapidly invading many landscapes (Lang-
ner and Flather 1994; Stohlgren et al. 2000). Purple loose-
strife, another European weed, is beginning to invade
Rocky Mountain wetlands and streams ides. Purple loos-
estrife spreads quickly and crowds out native plants that
animals use for food and shelter. Most invaders have no
natural enemies in the United States and therefore spread
unchecked (Thompson et al. 198]). The effects of these
introduced plants and links to weather are poorly un-
derstood. The level of soil disturbance (road building,
ploughing, small mammal burrowing, etc.) is most often
implicated in the spread of invasive species.

Greenback cutthroat trout was near extinction by the
early 1900S because of broad-scale stocking of non-na-
tive brown trout and rainbow trout, land and water ex-
ploitation, mining, and logging (Colorado Division of
Wildlife 1986; Henry and Henry 1991). Three of the four
other native subspecies of cutthroat trout are extinct
(Greenback Cutthroat Trout Recovery Team 1983). Most
aquatic ecosystems in the Rocky Mountains are now in-
fluenced by non-native brown trout from Europe and
rainbow trout from the Pacific Coast. One of the subtle,
yet devastating, trends in the Rocky Mountain fishery is
loss of genetic diversity in native fishes from introduc-
tions of non-native fishes.

The Rocky Mountain goat and the moose, which are
damaging to native plant species, were deliberately in-
troduced into Colorado. Accidentally introduced mam-
mals in Colorado and Wyoming include the house mouse
and the Norway rat (Armstrong 1993). The potential ef-
fects of these introduced mammals on Rocky Mountain'
ecosystems are poorly understood.

Invasive exotic diseases are increasingly devastating
to native flora and fauna. White pine blister rust is caus-
ing up to 50% mortality of white pines in areas of Mon-
tana. Lungworm-pneumonia complex is a bacterial dis-
ease that causes spontaneous mortality in the lambs of
bighorn sheep in summer (Aguirre and Starkey 1994).
Proximity to domestic sheep highly correlates with mor-
tality in newly reestablished bighorn sheep populations
(Singer 1995). Whirling disease, introduced from Europe,
is a parasitic infection that attacks recently hatched trout.
It is now affecting native and non-native trout popula-
tions in Colorado. At first, the disease was thought to
affect only hatchery fishes; however, the native green-
back cutthroat trout may also be susceptible.

While weather interacts with some of the disturbance
mechanisms such as fire, dispersal and the human redis-
tribution of species is the primary cause of invasion (Mack
et al. 2000). The expense and difficulties of preventing,
managing, and controlling invasive species may be only
weakly linked to weather relative to other factors (land-
use change, human-aided dispersal, pollution, trade, etc.).

I

Air and Water Pollution

Air and water pollution also continue to be major stresses
throughout the region. For example, air pollution, pri-
marily from the combustion of fossil fuels in the Denver-
Boulder-Fort Collins metropolitan corridor, may dimin-
ish water quality, benefit exotic plant species, and affect
nutrient cycling in Colorado (Baron et al. 1994). Chemi-
cal analyses of the high-elevation Colorado snowpack are
revealing high concentrations (about 15 microequiva-
lents/litre) of sulphate and nitrate in areas north-west of
Denver (Turk et al.1992). Remote areas of the world typi-
cally receive less than 0.5 kg ha-l yr-l of inorganic nitro-
gen, whereas the high-elevation sites in the Colorado
Front Range now receive as many as 4.7 kg ha-l yr-l of
inorganic nitrogen (Williams et al. 1996). In February
1995, the Colorado Air Quality Commission increased the
Denver metropolitan area's particulate pollution limit
from the current 41.2 t d-l to 44 t d-l in the next 20 years.
Terrestrial biota of high-elevation areas may not have the
ability to respond to this increased nitrogen loading
(Nams et al. 1993). We can expect direct and indirect ef-
fects on ecosystem functions in forested catchments
(Baron et al. 1994).

Water quality is a growing concern in the Rocky
Mountains. The United States Geological Survey (1993)
stated that all of Colorado's major drainages are affected
to some degree by pollution. Historic mining operations
still contribute toxic trace elements to more than 2 100 km
of rivers and streams in Colorado. Of the 50300 km of
streams in Colorado, more than 900 km of streams do
not meet water-quality criteria for fishing. Other Rocky

'I\1ountain states report similar problems (United States
Geological Survey 1993). Although water developments
affect riparian zones upstream and downstream from
dams (Mills 1991), regional information on the biotic ef-
fects of water projects and pollution is extremely lim-
ited, fragmentary, or inaccessible. Air pollution and wa-
ter pollution are immediate threats to human health,
biodiversity, and local economies.

A vulnerability assessment requires an understanding
of existing and potential interactions among stresses
(Fig. E.10).

For example, air pollution and fertilisation may add
high levels of nitrogen into rivers and streams (Baron
et al. 1994; Williams et al.1996). Nitrogen concentrations
may be offset somewhat by increased precipitation and
runoff, or they could be exacerbated by drought. The
flow of nitrogen through the ecosystem might be fur-
ther influenced by land-use change (e.g. deforestation,
urbanisation, intensive grazing), invasive plant species



Strategies to Set Priorities

Assessing the immediate and long-term needs of stake-
holders, native biodiversity, the economy, and ecosys-
tems requires that we understand all these stresses and
set appropriate priorities for prevention, control, miti-
gation and restoration. It is common for land managers
and stakeholders to address single stresses over the
short-term (Stohlgren 1999a,b). Immediate issues re-
lated to rapid human population growth, habitat loss
and loss of species, altered disturbance regimes, inva-
sive species, and air and water pollution often take prec-
edence over long-term responses to these same stresses.
For example, rarely is long-term change recognised as
the top research and management concern in city plan-
ning documents, county budget documents, or resource
management plans in national parks and forests. Land
managers are duly concerned and preoccupied over
recent building permits on adjacent lands, loss of wet-
land habitat and recent amphibian decline, invasive
noxious weeds and diseases, air-quality violations due
to prescribed burning to bring forest-fuel levels under
control, and current water-pollution problems from
air pollution or pesticide use from nearby. Land man-

(e.g. nitrogen fixers or nitrogen accumulators), or by the
extirpation or re-introduction of beavers. Thus, assess-
ing the vulnerability of water quality in a region to rapid
change, multiple stresses and interactions must be con-
sidered. Setting appropriate priorities for prevention,
control, mitigation, and restoration of water quality must
consider all existing and potential stresses and their in-
teractions. Local decisions on land use, control of inva-
sive species, and fire management can have substantial
effects on important resources.

As another example, increased CO2, warmer tempera-
tures, and increased precipitation may favour forest growth
in several areas. However, increased forest growth may
reduce understorey plant diversity, forage for wildlife, and
riparian zone width, while increasing the forest fuel build-
up and the threat of catastrophic wildfire in areas of in-
creasing human population growth. Meanwhile, warmer
night-time or winter temperatures may facilitate insect
outbreaks by reducing the winter-kill of insect eggs and
larvae, possibly counteracting the increased forest pro-
duction with increased forest mortality (Robertus et al.
1991). Changes in forest composition, age structure, and
biomass can greatly alter hydrology. Economic models
of change must consider many possible interactions and
outcomes from a suite of forces in complex systems.
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agers are often affected most by short-term and local
issues.

Stakeholders with economic interests (e.g. local busi-
nesses, water managers and farmers) are often concerned
with short-term economic returns and the immediate
resource supplies that maintain the status quo. Thus, there
may be significant pressure to manage for short-term
needs that are easily addressed and matched to one- and
two-year funding cycles, short-term public opinion and
management plans, and average job longevity (c. three
to five years). It follows that meagre research funds are
frequently spent on short-term studies of problems.

There are several reasons why addressing only short-
term stresses one at a time might be very shortsighted.
First, as stated, there are many obvious interactions
among the stresses that can have compounding and con-
founding effects. Second, there could be "threshold" ef-
fects, non-linear responses, or lag effects where the ef-
fects of single or multiple stresses go undetected until a
given level is exceeded. Subtle changes are often the most
difficult to detect and manage. Third, we do not fully
understand, or even marginally understand, the long-
term effects of multiple stresses in most ecosystems and
regions. For example, rapid, but long-term, weather
change or increases in variability or extreme events
could make the management of the other stresses that
much more difficult and expensive in the future.

Conclusion
I

The human population in the Rocky Mountain region
will probably double in the next 20-40 years, creating
increased demands for and pressures on natural re-
sources, especially water. National parks, forests, and wil-
derness areas will probably become increasingly insu-
lar, and habitat fragmentation will increase in the na-

ture reserves and the urban areas. Continued species
decline (e.g. prairie dogs, amphibians, deer, old-growth
and fire-dependent species), habitat loss (wetlands, ripa-
rian zones, and old-growth forests), increased air pollu-
tion and water developments, altered disturbance re-
gimes, and introduced species and diseases will continue
to affect many Rocky Mountain ecosystems. Vulnerabil-
ity assessments must recognise modern humans as be-
ing both a primary stress factor and as stakeholders.
Combined with standardised biotic resource invento-
ries, predictive models, and long-term monitoring, vul-
nerability assessments are a logical approach to respon-
sible land and water stewardship in the face of multiple
stresses.

Setting priorities for the control and mitigation of
multiple stresses requires detailed information on short-
and long-term ecological and economic effects (Pielke
1998b). Some level of effort must be reserved for long-term,
unpredictable responses. However, adequate funds must
be allocated for the primary, short -term stresses that have
an immediate effect on the region's resources and peo-
ple. Current long-term GCM sensitivity experiments, with
no known probability, may be of limited use to local land
and water managers, but they may focus some attention
on the need for a longer planning horizon and a more
complete understanding of the Earth's climate system and
potential human impacts to that system.

In the absence of adequate information and models,
setting specific "coping" priorities is tenuous and should
be an iterative process that should be improved as addi-
tional information becomes available. The palaeoclimate
records warn us to be better prepared for rapid, abrupt
changes -in any direction. Interdisciplinary research
and monitoring of ecosystems, anticipating economic
concerns, and clearly identifying society's immediate
and long-term needs are prerequisites to vulnerability
assessments and for setting and adjusting priorities.




