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INTRODUCTION

Andrew J. Baird

WHAT 1§ ECO-HYDROLOGY?

Eco-hydrology, as its names implies, involves the study of both hydrology
and ecology. However, before atctempring a definition of eco-hydrology, and
therefore a detailed description of whar this book is abour, it is useful to
consider briefly how hydrology and ecology have been studied separately and
together in the past. As a discipline, hydrology has a long history, which has
been described in detail by Biswas (1972) and Wilby (1997a). As a science, its
origins are more recent. Bras (1990: p. 1) defines modern hydrology as ‘the
study of water in all its forms and from all its erigins to all its destinations
on the earth.” Implied in this defnition is the need to understand how
warter cycles and cascades through the physical and biological environment.
Also implied in this definition is the principle of continuity or the balance
equation; that is, in order to understand the hydrology of a system we must be
able to account for all inputs and outputs of water to and from the system as
well as all stores of warer within the system. As noted by Baird (1997) afcer
Dooge (1988), the principle of continuiry can be considered as the funda-
mental theorem or equation in hydrology. The dominance of the principle is
relatively recent, and it is surprising to discover that the earliest hydrologists
were unable to perceive that rainfall was the only ultimare source of stream
and river flow. Remarkably, it was not until the studies of Palissy (1510-
1590) that it was realised thar rain falling on a cacchment was sufficient to
sustain stream discharge (Biswas, 1972: p. 152). Much of the history of
hydrology is dominarted by the necessity to secure and distribure potable
water supplies (Wilby, 1997a). The discipline, therefore, has an engineering
background.

Today, hydrology is still in large part an engineering discipline concerned
with water supply, waste water disposal and flood prediction and, as studied
by engineers, has close links with pipe and channel hydraulics. This link
berween hydrology and hydraulics together with the practical application of
hydrological knowledge often forms the focus of standard hydrology and
hydraulics textbooks written for engineering students, such as Chow (1959),
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Jonasson & al. (1997), Scocker et &/, (1997), Bruijnzeel and Veneklaas (1998)
and Hall and Harcombe (1998). However, the term ‘eco-hydrology’, which is
used to describe the study of these links, seems to have been coined originally
to describe only research in wetlands (see, for example, Ingram, 1987) and
appears to have been in use by wetland ecologists for at least two decades
(G. van Wirdum and H.A.P. Ingram, personal communication). In an editorial
of a collection of papers on eco-hydrological processes in wetlands in a special
issue of the journal Vegetatio, Wassen and Grootjans (1996: p. 1) define eco-
hydrology purely in terms of processes occurring in wetlands:

Ecohydrology is an application driven interdisciplin [sic] and aims
at a better understanding of hydrological factors determining the
natural development of wet ecosystems, especially in regard of their
functional value for nature protection and restoration.

It is instructive to read the papers in the special issue of Vegetario, because
they give an insight into how users of the term ‘eco-hydrology’ conduct their
research. A recurrent theme of the papers is that hydrological, hydrochemical
and vegetation patterns in the studied ecosystems are measured separarely and
then related to each other. This is particularly evident in the papers of Wassen
et al. (1996), who compare fens in natural and arrificial landscapes in terms of
their hydrological behaviour, water quality and vegetation composition, and
Grootjans & al. (1996a), who investigate vegetation change in dune slacks in
relation to ground warer quality and quanrtity. Somewhat surprisingly,
manipulative experiments, whether in the laboratory or in the field, on factors
affecting growth of plants do not figure highly in the research programmes
presented. A second theme in the papers is that of the practical application
of scientific knowledge to ecosystem management, especially for narure
conservation. The compass of eco-hydrology as defined by these papers would,
therefore, appear to be somewhat narrow. First, the term is used to describe
wetlands research. Second, it describes predominantly field-based research
where links between hydrological and ecological variables are sought; it does
not appear to include manipulative experiments. Third, the term is associated
with practical application of scientific ideas, especially in nature conservation.
Interestingly, and somewhat confusingly, Grootjans ef al. (1996b; cited in
Wassen and Grootjans, 1996) appear to recognise that the term can be
applied more widely. To them, ‘ecohydrology is the science of the hydrological
aspects of ecology; the overlap between ecology, studied in view of eco-
logical problems.” Although broader, this dehnition still includes an emphasis
on solving ecological ‘problems’, where presumably these are similar to the
conservation problems mentioned above.

Very recently, Hatton ef a/. (1997) have used the term to describe plant—
water interactions in general and suggest thar Eagleson’s (1978a—g) theory
of an eobydrological equilibriwm should form the focus of eco-hydrological
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INTRODUCTION

research. The ideas of Hatton & a@/. on eco-hydrological modelling are
discussed briefly later in this volume (Baird, Chapter 9; see also below).

THE SCOPE OF THIS TEXT

In this book, a wider definition than either (Wassen and Grootjans, 1996;
Grootjans et al., 1996b) given above is used. In recognising that ew is a
modifier of Aydrology it could be argued that eco-hydrology should be more
about hydrology than ecology. However, it is undesirable and probably
impossible to consider the links berween plants and warer solely in terms of
how one affects the other. Thus, while this book tends to focus on hydro-
logical processes, it also considers how these processes affect plant growth.
Additionally, as noted above, there is no intrinsic reason why eco-hydrology
should be solely concerned with processes in wetlands. Eco-hydrological
relations are important in many, indeed probably all, ecosystems. Although
such linkages are very important in wetlands, they are arguably of equal
importance in forest and dryland ecosystems, for example. Therefore, an
attempt is made in this volume to review eco-hydrological processes in a range
of environments, thus following the broader definition of eco-hydrology
implied by Hatton e al. (1997). Eco-hydrological processes are considered
in drylands, wetlands, forests, screams and rivers, and lakes. However, it
is probably impossible to compile a volume which looks at every aspect of eco-
hydrology. In recognition of this, the book focuses on plant—water relations in
terrestrial and aquatic ecosystems. Thus the role of marine ecosystems in the
global hydrosystem, although extremely important and acknowledged in the
conclusion, is not considered in any detail. Full consideration of the ropic
would require a volume in its own right. For similar reasons, the role of
water as an environmental factor controlling animal populations is not dealt
with. Even with the focus on terrestrial and aguatic ecosystems it has been
impossible to provide a comprehensive overview of all ecosystems. Thus, eco-
hydrological processes in tundra and mid-latitude grasslands, for example,
are not discussed. Despite this selective focus, it is hoped that the material
presented herein will still reveal the key research themes and perspectives
within eco-hydrology. Finally, in this volume a range of eco-hydrological

research methods, including manipulative experiments, are reviewed.
Each of the fAve chosen environments or ecosystem types mentioned

above are dealt with in Chapters 4 to 8. In Chapter 4, John Wainwright,
Mark Mulligan and John Thornes consider eco-hydrological processes
in drylands. The authors look at how dryland plants cope with generally
low and highly variable amounts of rainfall. They consider how plants affect
runoff and warer-mediated erosion in drylands. The issue of scale is also
dealt with. Spatially, the role of small-scale process interactions on large-
scale soil-vegetation—atmosphere transfers (SVAT) in drylands is considered.
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Temporally, vegetation evolution in the Mediterranean is considered in terms
of climate change.

In Chapter 5, Bryan Wheeler looks at water and plants in wetlands. The
bulk of the chapter considers how water levels in wetlands exert a control
on plant growth and survival. Wheeler notes thar it is vital to consider more
than just bulk amounts of water; water level regime can exert as much control
on plant growth as can absolute level. However, despite ample evidence for
water levels affecting plant growth, it is clear that simple deterministic
relationships berween level or regime and vegerarion species composition
have remained elusive. Complicating factors in the relationship between
vegetation composition and water levels include the source of the warter,
which affects its nutrient status, and the effect of water on other processes
within wetland soils such as oxidation—reduction (redox) reactions. Wheeler
also considers the role of plants in affecting wetland water levels, principally
through their control of the structure of the organic substrate found in many
wetlands.

In Chapter 6, John Roberts explores the relationships between plants and
warter in forests. The emphasis here is on how trees affect the delivery of warter
to the ground surface and how they affect soil moisture regimes through che
processes of evapotranspiration. Emphasis is placed on methods of measuring
and modelling the various processes considered, especially canopy intercep-
tion and cranspiration. Roberts focuses on processes in temperate forests and
tropical rain forests, and draws comparisons between warter transfer processes
in the two. He acknowledges thar relatively little is known about plant—water
relations in boreal and mediterranean forests and that these ecosystems should
form the focus of furure studies of forest hydrology.

Chapter 7, written by Andrew Large and Karel Prach, considers plants and
water in streams and rivers. Plants exert a considerable influence on the
hydraulic properties of channels, principally through ctheir effect on channel
roughness or friction to flow. The exact effect will depend on river stage and
the species composition and density of in-channel vegetation. Flow regime,
in turn, has a profound effect on plant growth and survival in channels. If che
Aow is too powerful, plants can become uprooted from the channel substrace
or cannot become established. Equally, the stability of the substrate, itself
related to flow regime, can affect rooting of in-channel plants. As in wetlands,
hydrological regime is as important as mean conditions, and floods and
droughts can pose special problems for plants growing in channels.

In Chapter 8, Robert Werzel examines plants and water in lakes. The
role of plants in controlling lake water levels is considerable. Here it is the
littoral vegetation that is most important. Although planktonic organisms can
modify thermal conditions and influence evaporation, stratification and related
mixing processes in open water, they are of relatively minor importance in the
hydrology of lake basins as a whole. Indeed, evapotranspiration from lake-edge
vegetation can be several times greater than open-water evaporation, and can
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exceed other forms of water loss from lake systems. The drawdown of lakeside
water tables can in turn change pacterns of groundwater flow to and from a
lake. Wind-generated water movements within lake waters cransport sediment
and nutrients and can, therefore, affece where plants are able to become estab-
lished within the lake system, These water movements are also greatly affected
(reduced) by the presence of littoral emergent vegerarion.

To underpin and augment the themaric material on particular environ-
ments, three ‘generic’ chapters have been included. In the firse of these,
Chapter 2, Melvyn Tyree looks at the water relations of plants. The purpose of
this chapter is to provide che reader with basic information on how plants use
water. Many existing hydrology textbooks consider transpiration briefly, but
few look in detail at the movement of water from roots to leaves and the effect
of waterlogging and drought on plant growth and survival. Thus Chapter 2
provides a basic foundation for all the other chapters, but in particular
Chapters 4 to 8. One theme within Chapter 2 is scale: water relations of plants
are considered at the scale of the cell, whole plants and stands of plants. The
theme is continued in Chapter 3, where Robert Wilby and David Schimel
demonstrate how eco-hydrological relations can be considered ar ditterent
spatial and temporal scales. Scale is an increasingly important theme in both
hydrology and ecology, and it is important to understand how different eco-
hydrological processes can be represented ar different scales, from the small
research plot to the regional and global scale. It is also important to consider
how we can link observations made ac different scales and how we can evaluate
the effect of processes occurring at one scale on larger- and smaller-scale
processes. In Chapter 9, Andrew Baird considers the role of models in
eco-hydrology. Models are frequently used to formalise understanding of
environmental processes and for cheory testing. The growing importance of,
and need for, eco-hydrological models is stressed. However, it is important
that models are sensibly designed in order to improve scientific under-
standing of eco-hydrological processes. There is the persistent danger that
models can become over-complex abstractions of reality thar are difficulr to
understand and use.

The volume concludes with Chapter 10, in which Robert Wilby suggests
future directions in eco-hydrological research. He returns to the theme of
scale and considers the prospects for a planetary-scale eco-hydrology. He also
examines the role of an experimental approach within eco-hydrology and
looks at how an understanding of eco-hydrological processes can be used in
the management of human-impacted ecosystems.
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.
WATER RELATIONS OF PLANTS

Melvin T. Tyree

INTRODUCTION

Water relations of plants is a large and diverse subject. This chapter is
confined to some basic concepts needed for a better understanding of the role
of plants in eco-hydrology, and readers seeking more details should consult
Slatyer (1967) and Kramer (1983).

First and foremost, it must be recognised that water movement in planes
is purely ‘passive’. In contrast, plants are frequently involved in ‘active’ trans-
port of substances; for example, membrane-bound proteins (enzymes) actively
move K* from outside cells through the plasmalemma membrane to the
inside of cells. Such movement is against the force on K tending to move
it outwards, and such movement requires the addition of energy to the
system to move the K*. Energy for active K* transport is derived from
ATP (adenosine triphosphate). While there have been claims of active warter
movement in the past, no claim of active water transport has ever been
proved.,

Passive movement of water (like passive movement of other substances or
objects) still involves forces, but passive movement is defined as spontaneous
movement in a system thar is already our of equilibrium in such a way that
the system tends towards equilibrium. Active movement, by contrast,
requires the input of biological energy and moves the system further away
from equilibrium or keeps it out of equilibrium in spite of continuous passive
movement in the counter-direction. The basic equation char describes passive
movement is Newton's law of motion on Earth where there is friction:

where v is velocity of movement (ms™'), F is the force causing the movement
(N) and f is the coefficient of friction (N sm™).

In the context of passive water or solute movement in plants, it is more
convenient to measure moles moved per s per unit area, which is a unit of
measure called a flux density (/). Fortunately, chere is a simple relationship
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between J, v and concentration (C, mol m™) of the substance moving: J = Cy.
Also, in a chemical/biological context, it is easier to measure the energy of a
substance, and how the energy changes as it moves, than it is to measure the
force acting on the substance. Passive movement of water or a substance
occurs when it moves from a location where it has high energy to where it has
lower energy. The appropriate energy to measure is called the chemical
potential, g, and it has units of energy per mol (] mol™). The force acting on
the water or solute is the rate of change of energy with distance, hence
F = <(dp/dx), which has units of ] m™ mol™ or N mol™ (because ] = N m). So
replacing F with —(d/dx) and v wich_| we have:

J = - K (dw/dx) (2.2)

where K is a consrant = C/f. Equarion (2.2) or some variation of it is used to
describe water movement in soils (Darcy's law — see Chapter 9) and plants.
The variations on equation (2.2) generally involve measuring J in kg or m* of
water rather than moles and measuring U in pressure unics racher than energy
umnits.

WATER RELATIONS OF PLANT CELLS

The water relations of plant cells can be described by the equartion thar gives
the energy state of water in cells and how this energy state changes with water
content, which can be understood through the Hifler diagram. First let us
consider the factors that determine the energy state of water in a cell.

The energy content of water depends on temperarure, height in the Earth’s
gravicational field, pressure and mole fraction of water (X ) in a solution. For
practical purposes, we evaluate the chemical porential of warter in a plant cell
in terms of how much it differs from pure water at ground level and ac the
same temperature as the water in the cell; i.e., we measure

A= p-, @23)

where U is the chemical potential of water at ground level at the same
temperature as the cell. It has become customary for plant physiologists ro
report Al (J mol™') in units of J per m? of water because this has dimensions
equal to a unit of pressure (i.e. Pa = Nm™), and this new quantity is called
water potential (). The conversion involves dividing At by the partial molal
volume of water {‘E-T_}. i.e.,

y-—Au (2.4)
v
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So, in general, W is given by
“!l | E-I'm& [Ej}

where P is the pressure potential (the hydrostatic pressure),
K= 2T InX
V.

is called the osmotic potential (sometimes called osmotic pressure) and is
approximated by T=-RTC, where C is the osmolal concentration of the
solution, R is the gas constant and T is the kelvin temperarure, p is the
density of water, g is the acceleration due to gravity, and 5 is the height above
ground level.

Warter will flow into a cell whenever the water potential outside the cell
(¥ ) is greater than the water potential inside the cell (W ). Let us consider the
water relations of a cell ar ground level, i.e., how water moves in and out of
the cell in the course of a day. Water flows through plants in xylem conduits
(vessels or tracheids), which are non-living pipes, and the walls of the pipes
are made of cellulose. Water can freely pass in and out of the conduits through
the cellulose walls (Figure 2.1A). The water potential of the water in the
xylem conduit is given by:

ﬁfl-Pl-r m (2.6)

During the course of a day, P, might change from slightly negative values at
sunrise (e.g. <0.05 MPa) to more negative values by early afternoon (let us say
—1.3 MPa) and then might return again by the next morning, as explained in
‘the cohesion—tension (C-T) theory and xylem dysfunction’, below. The
concentration of solutes in xylem fluid is usually very low (i.e., plants
transport nearly pure water in xylem) so & is not very negative (let us say
~0.05 MPa). So ¥ might change from —0.1 to —1.35 MPa in the example
given in Figure 2.1B. This daily change in W, will cause a daily change in y/
as water flows out of the cell as ¥, falls and into che cell as ¥ rises.

The two primary factors that determine the water potential of a cell at
ground level (W) are turgor pressure P (i.e. P inside the cell) and 7 of the cell
sap (7):

W=P+T (2.7)
Plant cells generally have & values in the range of -1 to -3 MPa;

consequently P is often a large positive value whenever W = . There are
two reasons for cells having P > 0:
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Figure 2.1 A drawing of a living cell with plasmalemma membrane adjacent toa
xylem conduit (shown in longitudinal section). The living cell is surrounded by a
soft cell wall composed of cellulose, which retards expansion of the cell and prevents
collapse of the cell as P_falls. The xylem conduit is surrounded by a woody cell wall
(cellulose plus lignin), which strongly retards both expansion and collapse when P
becomes negarive. A: A Hifler diagram showing how the cell water potential (y),
the cell osmotic potential (1) and the turgor pressure (P ) change wich cell volume.
B: A representative daily time course of how cell or xylem warer potential ()
changes during the course of a day. The component warter potentials shown are
xylem pressure potential (P ), xylem osmotic potential (1), cell turgor pressure (P)
and cell osmotic potential (& ). Also shown is how cell volume changes with time.
See text for more details.
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1 The protoplasm of living cells is enclosed inside a semi-permeable
membrane (the plasmalemma membrane) that permits relatively rapid
trans-membrane movement of water and relatively slow trans-membrane
movement of solutes, so the solutes inside the cell making & negative
cannot move out to the xylem to make T more negative.

2 The membrane-bound protoplasm is itself surrounded by a relatively
rigid-elastic cell wall, so the cell wall must expand as water flows into the
cell to accommodarte the extra volume; the stretch of the elastic wall
places the cell contents under a positive pressure (much like a tyre
pumped up by air puts the air in the tyre under pressure). The rise in P,
raises W until it reaches a value equal to W, at which point water flow

STOpS.

The effect of water movement into or out of a cell is described by a Hisfler
diagram (Figure 2.1A). Entry of water into the cell has two effects: it causes a
dilurion of cell contents, hence T becomes slightly less negarive; and P rises
very rapidly with cell volume. The net effect of the increase in & and P is an
increase in Y towards zero, Conversely, a loss of water makes y, & and P fall
to increasingly negacive values. If W falls low enough, then P, falls to and
remains at zero in cells in soft tissue. In woody tissues, i.e. in cells with
lignified cell walls, the lignification will prevent cell collapse and P can fall
to negative values. The information in the Hifler diagram can be used to
understand the water relations of cells in the course of a day.

A representative time course is shown in Figure 2.1B. Suppose the sun rises
at 06:00 and sets ar 18:00. Radiant energy falling on leaves will enhance the
rate of evaporation above the rate at which roots can replace evaporated water,
hence both W and . will fall to the most negative values in early afterncon
(indicated by the solid line marked by ¥ in Figure 2.1B). As the afternoon
progresses the light intensity diminishes and the rate of water loss from the
leaves falls below the rate of uptake of water from the roots; hence W increases.
Overnighe, the value of W will return to a value near zero in wet soils or more
negative values in drier soils; in either case Y reaches a maximum value just
prior to dawn. The value of W prior to sunrise (called the pre-dawn wacer
potential) is often taken as a valid measure of soil dryness (= y ) in the
rooting zone of the plant. In the xylem, the osmoric potential (T ) remains
more or less constant and only slightly negative during the day. Therefore, all
the change in . is brought about by a large change in P, which closely
parallels changes in Y. Similarly, in living cells, changes in W are brought
about by large changes in P, while the cell osmotic potential (1) changes
only slightly and remains a large negarive value,
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The evaporative flux density (E) of warter vapour from leaves is ultimarely
governed by Fick’s law of diffusion of gases in air. The control exercised by the
plant is to change the area available for vapour diffusion through the opening
and closing of stomaral pores. The value of E (mmol water per s per m® of leaf
surface) is given by:

E=g(X-X) (2.8)

where g, is the diffusional conductance of the leat (largely controlled by the
stomatal conductance, g), X, is the mole fraction of water vapour at the
evaporative surface of the palisade and mesophyll cells, and X is the mole
fraction of water vapour in the ambient air surrounding the leaf. The mole
fraction is defined as X = a /N, where n_ is the number of moles of water
vapour and N is the number of moles of all gas molecules, the most abundant
gas molecules being N, and O,. The dependence of g, on some environmental
and physiological variables is illustrated in Figure 2.3,
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Figure 2.3 Relationship between change of g, relative to the maximum value, ie.
&/8, .., and various environmental factors measured on Acer saccharum leaves, The
environmental factors are A: photosynthetically active radiation (PAR); B: leaf
temperature (T, ); C: vapour pressure deficit (V,); and D: leaf water potential ().
Adapred from Yang er al. (1998).
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The maximum value of X occurs when RH is 100 percent, i.e. when the air
is saturated with water vapour, and its value increases exponentially with the
kelvin temperature of che air. The air at the evaporating surface of leaves is at
the temperature of the leaf (T ), and X is taken as the maximum value of X
at saturation, which we can symbolize as X, = X(T ). The value of X depends
on the microclimate near the leaf, i.e. the air remperature and relative
humidicty. However, the microclimate of the leaf is serongly influenced by the
behaviour of the plant community surrounding the leaf, so even though the
leaf has direct control over the values of g and g, it has less control over E
than might appear from equation (2.8).

The qualitative aspects of how leaves influence their own microclimarte is
casily explained. When the sun rises in the morning, the radiant energy load
on the leaf increases. This has two effects. T rises as the sun warms the leaves;
hence X rises and g, increases as stomarta open. Burt the increased evaporation
from the leaves causes X to rise as water vapour from the leaves is added to
the ambient air. Even changes of g, under constant radiant energy load causes
less change in E than might be expected from equation (2.8). When g
doubles E also doubles, but only temporarily. The increased E lowers T,
because of increased evaporative cooling, and the increased E from all the
leaves in a stand eventually increases X ; hence X, — X declines, causing a
decline in E. Consequently, equation (2.8} is not very useful in predicting che
value of E at the level of plant communities. Leaf-level behaviour can be
extrapolated to the community level if we take into account leaf-level solar
energy budgets using equartions that describe light absorption by leaves at all
wavelengchs and the conversion of this energy to temperature and hear fluxes.
Studies of solar energy budgets have been made ar both the leaf and stand
level (Slatyer, 1967; Chang, 1968).

Eco-hydrologists are primarily concerned with E expressed as kg or m” of
water per s per m” of ground. Fortunarely, most of the changes in E at the leaf
level can be explained in terms of net radiation absorbed at the stand level,
and net radiation absorption is relatively easy to measure. This relationship is
illustrated in Figure 2.4, where daily values of E at the leaf level (kg per m*
per day) are correlated with daily values of net radiation (M] per m® of ground
per day) measured with an Eppley-type net radiometer. Equations presented
elsewhere in this volume (Chapter 6) to describe stand-level E in terms of net
radiation and other factors are validared by relationships like that in Figure
2.4. The other factors most commonly included account for plant control over
E through leaf area index (leaf area per unit ground area), the effect of drought
on g, and ambient temperature (see ‘Factors controlling the rate of warer
uptake and movement’, p. 29).
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Figure 2.4 Correlation of daily water use of leaves (E*) and net radiation (NR).
Data are from potometer experiments with nine woody cloud forest species in
Panama. The number of days per species is given in parentheses. The regression
{with 95 percent confidence intervals) is for Bacharis pendunculata (Bp)
(E*=-0.20+1.29NR, f = 0.92). Even when the dara for all species are pooled,
NR proved to be a very good predicrer of daily water use (E* =-0.2 + 1.04NR,
r* = 0.72). Other species names are Croton draco (Cd), Ficus macbrides (Fm), Inga
punctata (1p), Pavathesis amplifolia (Pa), Blakea foliacea (Bf), Clusia stenopbylla (Cs)
and Demdrapanax avborens (Da). From Zotz & &/, (in press).

WATER ABSORPTION BY PLANT ROOTS

The primary factor affecting the pattern of water extraction by plants
from soils is the rooting depth. Rooting depths can be extremely variable,
depending on soil conditions and species of plant producing the roots
(Figure 2.5A). Many of the early studies of rooting depth and the branching
pattern of roots were performed in the 1920s and 1930s in deep, well-aerated
prairie soils, where roots penetrate to great depths. At the extreme, roots
have been traced to depths of 10 to 25 m, e.g. alfalfa (10 m), longleaf pine
(17 m) (Kramer, 1983), and drought-evading species in the California
chaparral (25 m) (Stephen Davis, personal communication). The situation is
very different for plants growing in heavy soils, where 90 percent of the roots
can be found in the upper 0.5 o 1.0 m.

In seasonally dry regions, e.g. central Panama, the majority of the roots
may be located in the upper 0.5 m, but it is far from clear if the majority of
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Figure 2.5 A: Differences in root morphology and depth of roor systems of various
species of prairie plant growing in a deep, well-aerared soil. Species shown are
Hieracinm scomleri {h), Loeleria eristata (k), Balraminag sgittata (b), Festura ovinag ingrata
(£), Geraninm viscorissimum (g), Poa sandbergii (p), Hoovebebia racemosa (ho) and
Potentilla blaschieana (po). B: A dicot root tip enlarged abour 50x. C: Cross-section
of monocot and dicot roots enlarged about 400, Adapted from Kramer (1983),
Steward (1964) and Bidwell (1979).

water absorption occurs in the upper 0.5 m during the dry season. Water use
by many evergreen trees is higher in the dry season than in the wet season,
even though the upper 1 m of the soils has much lower potential than the
leaves of the trees (W << W ) (personal observarion). Hence the role of
shallow versus deep roots of woody species deserves more study. In addition,
deeply rooted species may contribute to the water supply of shallow-rooted
species through a process called *hydraulic lift”. In one seudy, it was found chat
shallow-rooted species growing within 1 to 5 m of the base of maple trees
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were in a better water balance than che same species growing =5 m away
(Dawson, 1993). Each night, ¥ _ at a depth of 0.5 m increased underneath
maple trees bur did not increase at distances >5 m from the trees. This
indicated thar the deep maple roots were in conract with moist soil and were
capable of transporting water from deep roots to shallow roots overnighe.
Since the water potential of the shallow roots exceeded the water potential
of the adjacent soil, warer flow from the shallow roots to the adjacent
soil contributed to the overnight rehydration of shallow soils. For more on
hydraulic lift, see Richards and Caldwell (1987) and Chapter 6.

Roots absorb both water and mineral solures found in the soil, and the
flows of solutes and water interact with each other. The mechanism and
pathway of water absorption by roots is more complex than in the case of a
single cell (see above). Water must first cravel radially from the epidermis to
cortex, endodermis and pericycle before it finally reaches the xylem vessels,
from which point water flow is axial along the root (Figure 2.5B and C). The
radial parhway (typically 0.3 mm long in young roots) is usually much less
conductive than the axial pathway (>1 m in many cases); hence whole-root
conducrance is generally proportional to the root surface area. The radial
pathway can be viewed as a ‘composite membrane’ separating the soil solution
from the solution in the xylem fluid. The composite membrane consists of
serial and parallel pathways made up of plasmalemma membranes, cell wall
‘membranes’ and plasmodesmata (pores <0.5 Um diameter) thar connect
adjacent cells. The composite membrane is rather leaky to solures; hence
differences in osmotic potential between the soil (1) and the xylem (7 ) have
less influence on the movement of water. At any given point along the axis,
the water flux density across the root radius (/) will be given by

J. =L {(P,—P) + o(n - )] (2.9)

where L _is the radial root conductance to water and 0 is the solute reflection
coefficient. For an "ideal’ membrane, in which warer but not solutes may pass,
o = 1. But for the composite membrane of roots, @ is usually between 0.1 and
0.8. The system of equations that describes water transport in roots is quite
complex when, for example, axial and radial conducrances, the fact that each
solute has a different @, and the influence of solute loading rave (] ) on warer
flow are taken into account. Warter and solute flow in roots can be described
by a standing gradient osmotic flow model, and readers interested in the
details may consult Tyree ef o/, (1994b) and Steudle (1992).

Fortunately, the equations describing water flow become quite simple
when the rate of water flow is high. The concenrtration of solutes in the xylem
fluid is determined by the ratio of solute Aux to water flux (J (J ). Solute flux
tends to be more or less constant with time, but water flux increases with
increasing transpiration. When water flow is high, the concentration of solures
in the xylem fluid becomes quite small and approaches values comparable
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unit cross-section have larger K values than segments with small-diameter
vessels. Another useful measure is obrained by dividing K| by leaf area
dependent on the segment to get leaf specific conductivity, K, = K /A; K|
values give the hydraulic sufficiency of stems to supply water to leaves and
permit the quick computation of pressure gradients, since —dP /dx = EFK
(ignoring gravity). Values of K| and K are not uniform within la.rgc
values decline with declining du.mﬂer hecausc small branches tend to ha'-re
smaller-diameter vessels than large branches. There are also dramaric
differences in K| berween species.

Values of K| have been applied to complex ‘hydraulic maps’, where the
above-ground portion of trees were represented by hundreds to thousands of
conductance elements (Figure 2.6). Using known values of K| and E, it is
possible to calculate P_versus path length from the base of a tree to selected
branch tips. This has been done in Figure 2.7. Some species are so conductive
(large K| values) that the predicted drop in P_is little more than is needed to
lift water against gravity (see Schefflera). In other species, gradients in P
become very steep near branch tips (see Thuja).
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Figuwre 2.7 Pressure profiles in three large rrees, i.e. computed change in xylem
pressure (P ) versus path length. P_values were compured from the base of each
tree to a few randomly selected branch tips. The ‘drooping” nature of these plots
near the apices of the branches is caused by the decline of leaf specific conductivity
(K,) from base to apex of the trees. The pressure profiles in this figure do not
include pressure drops across roots or leaves. In some species, pressure drop across
leaves can be more than shown in this figure. The pressure drop across roots is
generally equal to thar across the shoots (including leaves). E = evaporative flux
density in kg 5" m™
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The major resistance (i.e. inverse conductance) to liquid water flow in
plants resides in the non-vascular pathways, i.e. the radial pathway for water
uptake in young roots and in the cells between leaf veins and the evaporating
surfaces of leaves. Non-vascular resistances can be 60 to 90 percent of the total
plant resistance to water flow, even though the total path length may be less
than 1 mm. Even though water flows though distances of 1 to 100 m in the
vascular pathways from root vessel to stems to leaf vessels, the hydraulic
resistance of this pathway rarely dominartes.

The biggest resistance to water flow (liquid and vapour) from the soil to the
armosphere resides in the vapour transport phase. The rate of flow from the
leaf to the atrmosphere is determined primarily by the scomarta, as discussed
above,

THE COHESION-TENSION (C-T) THEORY
AND XYLEM DYSFUNCTION

The C-T theory was proposed over 100 years ago by Dixon and Joly (1894),
and some aspects of the C=T theory were put on a quantitative basis by van
den Honert (1948) with the introduction of the Ohm’s law analogue of sap
How in the soil-plant-atmosphere continuum (see page 24).

According to the C-T theory, water ascends plants in a metastable state
under tension, i.e. with xylem pressure (P ) more negative than that of a
perfect vacuum. The driving force is generated by surface tension at the
evaporating surfaces of the leaf, and the tension is transmitted through a
continuous water column from the leaves to the root apices and throughout
all parts of the apoplast in every organ of the plant. Evaporation occurs
predominantly from the cell walls of the substomaral chambers due to the
much lower warter potential of the water vapour in air. The evaporation creates
a curvature in the water menisci of apoplastic water within the cellulosic
microfibril pores of cell walls. Surface tension forces consequently lower P_in
the liquid directly behind the menisci (the air-water interfaces). This creates
a lower water potential, ¥, in adjacent regions, including adjoining cell walls
and cell protoplasts.

The energy for the evaporation process comes ultimarely from the sun,
which provides the energy to overcome the latent heat of evaporation of the
water molecules, i.e. the energy to break hydrogen bonds at the menisci.

Water in xylem conduits is said to be in a metastable condition when
P_ is below the pressure of a perfect vacuum, because the continuity of
the water column, once broken, will not rejoin until P_rises to values above
that of a vacuum. Metastable conditions are maintained by the cohesion of
warter to water and by adhesion of water to walls of xylem conduits. Both
cohesion and adhesion of water are manifestations of hydrogen bonding. Even
though air—water interfaces can exist anywhere along the path of water
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movement, the small diameter of pores in cell walls and the capillary forces
produced by surface tension within such pores prevent the passage of air
into conduits under normal circumstances. However, when P becomes
sufficiently negative, air bubbles can be sucked into xylem conduits through
porous walls.

This tension (negacive P ) is ultimately transferred to the roots, where it
lowers ¥ of the roots below the W of the soil water. This causes water uptake
from the soil to the roots and from the roots to the leaves to replace warter
evaporated at the surface of the leaves. The Scholander—Hammel pressure
bomb (Scholander e @/., 1963) is one of the most frequently used tools for
estimating P, Typically, P_ can range down to —2 MPa (in crop plants) or to
—4 MPa (in arid zone species) and in some cases —10 MPa (in California
chaparral species). Readers interested in learning more abour the cohesion—
tension theory of sap ascent may refer to Tyree (in press).

In some plants, water movement can occur at night or during rain events,
when P_ is positive due to root pressure, i.e. osmotically driven flow from
roots. Warter flow under positive P_is often accompanied by guration, i.e. the
formation of water droplets at leaf margins. But water is normally under
negative pressure (tension) as it moves through the xylem towards the leaves
during sunny days. The water is thus in a metastable condition and vulnerable
to cavitation due to air entry into the water columns. Cavitation results in
embolism (air blockage), thus disrupting the flow of water (Tyree and Sperry,
1989). Caviration in plants can result from water stress, and each species has
a characreristic 'vulnerability curve’, which is a plot of the percentage loss
of K in stems versus the xylem pressure potential, P, required to induce
the loss. Vulnerability curves are typically measured by dehydrating large
excised branches to known P_. Stem segments are then cur under water
from the dehydrated branches and, for the most part, the air bubbles remain
inside the conduits. An initial conductivity measurement is made and
compared with the maximum K| after air bubbles have been dissolved. The
vulnerability curves of plants, in concert with their hydraulic architecture,
can give considerable insight into drought rolerance and water relations
‘straregies .

The vulnerability curves for a number of species are reproduced in Figure
2.8 (Tyree &t al. 1994a). These species represent the range of vulnerabilities
observed so far in over sixty species; 50 percent loss of K, occurs at P_ values
ranging from —0.7 to =11 MPa. Many plants growing in areas with seasonal
rainfall patterns (wet and dry periods) appear to be drought evaders, while
others are drought toleraters. The drought evaders avoid drought (low P_and
high percentage loss K|} by having deep roots and a highly conductive
hydraulic system. Alternacively, they evade drought by being deciduous. The
other species frequently reach very negative P_ for part or all of the year and
are shallow-rooted or grow in saline environments. These species survive by
having a vascular system highly resistant to cavitations.
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Figwre 2.8 Vulnerability curves for various species. y-axis is percentage loss of
hydraulic conductivity induced by the xylem pressure potential, P_, shown on the
x-axis. C = Ceanothus megacarpus, | = Juniperus virginiana, R = Rbizopbora mangle, A
= Acer saccharum, T = Thuja occidentalis, P = Populus deltoides.

Embolisms may be dissolved in plants if P_ in the xylem becomes positive
or close to positive for adequate rime periods (Tyree and Yang, 1992; Lewis
et al., 1994). Embolisms disappear by dissolution of air into the water
surrounding the air bubble. The solubility of air in water is proportional
to the pressure of air adjacent to cthe water (Henry's law). Warter in plants
tends to be saturated with air at a concentration determined by the average
atmospheric pressure of gas surrounding plants. Thus, for air to dissolve from
a bubble into water, the air in the bubble has to be at a pressure in excess of
atmospheric pressure. If the pressure of water (P ) surrounding a bubble is
equal to atmospheric pressure (P ), bubbles will naturally dissolve, because
surface tension (T) of water raises the pressure of air in the bubble (P,) above
P_. In general, P, = 2T/r + P_, where r is the radius of the bubble. According
to the cohesion theory of sap ascent, P_is drawn below P, during transpira-
tion. Since 2T of a dissolving bubble in a vessel is usually <0.03 MPa, and
since P_is in the range of 0.1 to —10 MPa during transpiration, P, is usually
=P, and hence bubbles, once formed in vessels, rarely completely dissolve.
Repair (i.e. dissolution) occurs only when P_ becomes large via root pressure.
One notable exception to this generality has recently been found in Lasrss
nobilis shrubs, which appear to be able to refill embolised vessels even while
P_is at —1 MPa (Salleo er &/., 1996). The mechanism involved has evaded
explanation.
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FACTORS CONTROLLING THE RATE OF
WATER UPTAKE AND MOVEMENT

Environmental conditions control the rate of water movement in plants.
The dominant environmental factor is net solar radiation, as mentioned
previously, Water movement can be explained by the solar energy budget of
plants. We will now take a more quantitative look at the solar energy budget
of plants at both the leaf and stand level.

Leaf-level energy budgets

Objects deep in space far away from solar radiation tend to be rather cold
(about 5 K), whereas objects on Earth tend to be rather warm (270-310 K).
The reason for the elevated temperature on Earth is the warming effect of solar
radiation. The net radiation absorbed by a leaf (R, , W m™) can be arbitrarily
divided into short-wave and long-wave radiation, with the demarcation
wavelength being at 1 um. Most short-wave radiation comes from che Sun,
and most long-wave radiation comes from the Earth. As a leaf absorbs R,
the leaf temperature (T, ) rises, which increases the loss of energy from the leaf
by three different mechanisms — black body radiation (B), sensible hear flux
(H), and latent heat ufvarmrisatinﬂ of water (AE, where E is the evaporative
Aux density of water due to transpiration (mol of water s™' m~) and A is the
heat required to evaporate a mole of water (J mol™)). R, can also be
converted to chemical energy by the process of photosynchesis and to energy
storage, bur these rwo facrors are generally small for leaves and are ignored in

the equation below:
Ry, =B+H+ AE (2.13)

The B in equation (2.13) is the ‘black body’ radiation. All objects emit
radiation. Very hot objects like the Sun emit mostly short-wave radiation,
whereas cooler objects on Earth emit mostly long-wave radiation. The amount
of radiation emitted increases with the kelvin temperature according to the
Stefan—Boltzmann law: i.e. B = ¢0 TL“, where ¢ is the emissivity (20.95 for
leaves), and G is the Stefan—Boltzmann constant = 5.67 X 10 W m K,

H in equartion (2.13) is sensible heat flux density, i.e. the heat transfer by
heat diffusion between objects at different temperatures. For leaves, the heat
transfer is between the leaf and the surrounding air. The rate of heat transfer
is proportional to the difference in temperature berween the leaf and the air,
so H = &(T, — T ), where T_is the air cemperature and £ is the hear cransfer
coefficient. Heat cransfer is more rapid and hence £ is larger under windy
conditions than in still air. Buc the value of £ is also determined by leaf size,
shape and orientation with respect to the wind direction. Readers interested
in more detail should consult Slatyer (1967) or Nobel (1991).
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where K_ is the eddy transfer coefhcient, C_ is the heat capacity of air, P, is the
air dem:q.r, AT is the difference in air temperature measured at the two levels
in Figure 2.10 separated by a height difference of AZ, and A[H,0] is the
difference in water vapour concentration ar the two levels in Figu:e 2.10
separated by a height difference of AZ.

It is easy to measure AT and A{H,O} bur difficult to assign a value for K,
which changes dynamically with changes in wind velocity, so the usual
practice is to measure the ratio of H/AE = [, which is called the Bowen ratio
(see also Chaprter 6). From the equations above it can be seen that

g GP AT
A AH0]

(2.18)

Estimates of stand warter use are obtained by solving equations (2.15 and
2.18) for E:

R,-G
AP+ 1)

An example of the total energy budget measured over a pasture is reproduced
in Figure 2.11, the data in which show again that the main factor deter-
mining E is the amount of solar radiation, R, as in Figure 2.4. However, the
leaves in a stand of plants do have some control over the value of E. As soils
dry, and leaf warer potential falls, stomaral conductance falls. This causes a
reduction in E, an increase in leaf temperature and thus an increase in H.
Very intensive monitoring of climatic data is needed to obtain data for
a solution of equation (2.19). Temperature, R and relative humidity have
to be measured every second at several locations. Eco-hydrologists prefer to
estimate E with a less complete data set. Fortunately, the Penman—Monteith
formula (Monteith, 1964) permits a relatively accurate estimate of E under
some restricted circumstances. The Penman—Monteith formula is derived
from energy budget equations together with the assumption that some non-
linear functions can be approximated as linear relations. After many obtuse
steps in the derivation (Campbell, 1981), a formula of the following form

resulcs:

(2.19)

LR Q) PGk, (2.20)

e )

where ¢ is the rate of change of saturation vapour pressure with temperature
at the current air temperature, Vpd is the difference between the vapour
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Figure 2.11 Solar energy budget values measured in a meadow. R = net solar
radiation of the meadow, AE = larent hear flux, H = sensible hear Aux and
G = rave of heat storage in soil. Adapted from Slaryer (1967).

pressure of air at saturation and the current vapour pressure, Y is the
psychrometric constant, g is the aerodynamic conductance and g is the
canopy conductance of the stand. The problem with equation (2.20) is that
g and g are both difficult to estimarte and are not constant. The value of
g, depends on wind speed and roughness parameters that describe the
unevenness at the boundary berween the canopy and the bulk air. Surface
roughness affects air turbulence and hence the rate of energy transfer ar any
given wind speed. Surface roughness changes as stands grow and is difficult to
estimare in terrain with hills or mountains. The value of g_is under biological
control and difficult to estimate from climatic data. In one study on an oak
forest in France, E was estimated independently by Granier sap flow sensors in
individual oak trees. This permitred the calculation of g against season,
morphological state of the forest and climate (Granier and Bréda, 1996). The
value of g_ was found to be a function of global radiation, V " leaf area per unit
ground area, which changes with season, and relative excractable water, which
is a measure of soil dryness. Once all chese factors were taken into account,
equation (2.20) did provide a reasonable estimate of half-hourly estimates of
E over the entire summer.
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WILTING AND WATERLOGGING

Wilting

Wilring denotes the limp, Haccid or drooping stare of plants during drought.
Wilting is most evident in leaves that depend on cell turgor pressure to
maintain their shape and, therefore, occurs when rurgor pressure falls to zero.
Many plants maintain leaf shape through rigid leaf fibre cells. "Wilting” in
these species is considered to commence at the turgor loss point. Wilted
plants generally have low E because stomata are closed and g is very small
when leaf water potential, W, falls during drought. Continued dehydration
beyond the wilting point usually causes permanent loss of hydraulic
conductance due to cavitation in the xylem. Complete loss of hydraulic
conductance usually leads to plant death, but the water potential causing
loss of hydraulic conductance varies greatly between species (see Figure 2.8).
Some plants in arid environments avoid drought either by having short
reproductive cycles confined to brief wet periods or by having deep roots that
can access deep sources of soil warer (Kramer, 1983).

As plants approach the wilting point, there is a gradual loss in stomatal
conductance and, hence, a reducrion in E and photosynthetic rate (Schulze
and Hall, 1982). Some species are much more sensitive than others (Figure
2.12B). The short-term effeces of decreased W, on transpiration are less
dramartic than are long-term effects (Figure 2.12A). Long-term effects
of drought are mediated by hormone signals from roots, which cause a
medium-term decline in g and by changes in root morphology, e.g. loss
of fine roots, suberisation of root surfaces, and formation of corky layers
(Ginter-Whitehouse e a/., 1983). The morphological changes to roots cause
an decrease in whole plant hydraulic conductance (K ), so ¥, becomes more
negative at lower values of E because W, =y — E/ o Very severe drought
can further lower Kp due to cavitation uflxylem vessels,

Waterlogging

Waterlogging denotes an environmental condition of soil water saturation or
ponding of water, which can last for a just a few hours or for many months.
Plants absent from flood-prone sites are damaged easily by waterlogging. On
the other hand, plants that inhabit flood-prone sites include species that can
grow actively in flooded soils or species that survive flooding in a quiescent or
dormant state (see Chapter 5). Paradoxically, the commonest sign of tobacco
roots having an excess of water is the development of a warter deficit in the
leaves (Kramer, 1983; Kramer and Jackson, 1954); but flood-tolerant species
are not so easily affected.

Flooding often affects root morphology and physiology. The wilting and
defoliation thar is found on flooding can be traced to an increased resistance
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g, mmol m— s~

Figure 2,12 Effects of drought on transpiration, leaf warer potential and stomatal
conductance. A: Short-term and long-term effects of drought on leaf water
potenrial and transpiration. The short-term effects are dynamic changes in leaf
water potential that mighe occur in the course of one day. The long-term effects
are associated with slow drying of soil over many days. B: Short-term effects of leaf
water potential on stomaral conductance. Species represented: A = Acer saccharum,
C = Corylus avellana, E = Eucalyptus socialis, G = Glycine max, T = Triticum
aestivem. Adapred from Schulze and Hall (1982).

to water flux in the roots (Mees and Weatherley, 1957). In most flood-
tolerant species, flooding induces morphological changes in the roots. These
maodifications usually involve root thickening, with an increase in porosity.
The increase in porosity increases the rate of oxygen diffusion to root tips
and thus permits continued aerobic metabolism in the inundated roots. In
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flood-sensitive species, root and shoot growth are rapidly reduced on flooding,
and root tips may be damaged. Growth of roots can be renewed only from
regions proximal to the stem. The physiological responses and adaptations to
waterlogging are numerous and beyond the scope of this chapter, but
interested readers may get into the literature by consulting Crawford (1982).

CONCLUSION

Water flow through plants is purely passive. Water flow through most of the
plant is driven by differences in water pressure, AP. According to the
cohesion—tension theory of sap ascent, water movement is driven by surface
tension effects at the evaporating surface of the leaf. Surface tension lowers the
pressure of water at the site of evaporation, causing water to flow up from the
rOOLs.

In some cases, solutes can influence the rate of water movement. These cases
occur when solutes are constrained by permeability barriers, which make
warer movement easier than solute movement. Warer flow chrough plant
membranes into or out of cells is driven by differences in water potential, Ay,
berween the inside and outside of the cell. Differences in Ware determined by
differences in pressure and solute potential — AP and AT, respectively. Water
flow through roots is driven by AP and more weakly by A, because roots are
leaky to solutes. Water flow rates through roots are usually high enough to
make A much less than AP, so most of the time water flow through roots is
driven by the pressure difference between the water in the soil and the base of
the plant.

The rate of evaporation of water from plants is concrolled by both the plant
and the environment. The plant controls water movement via the stomaral
physiology. Stomara respond to changes in light, temperature, CO,, leaf water
potential and humidity by increasing or decreasing leaf conductance (g) to
water vapour diffusion. The most important environmental factor controlling
evaporation is then net radiation absorbed by plants.
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SCALES OF INTERACTION IN
ECO-HYDROLOGICAL
RELATIONS

Robert L. Wilby and David S. Schimel

INTRODUCTION

parameters and processes important at one scale are frequencly
not important or predictive ar another scale, and information
is often lost as spatial [or temporal] data are considered ar
coarser scales of resolution.

Turner, M.G. (1990)

This observation holds for all the geophysical and biological sciences,
including eco-hydrology. Indeed, ‘scale issues’ have become the legitimate
focus of a growing body of research in the environmental sciences and were
even identified as a research priority by the US Commirttee on Opporrunities
in the Hydrological Sciences (James, 1995). According to Bloschl and
Sivapalan (1995), the task of /imking and integrating hydrological ‘laws’ at
different scales has not yet been fully addressed, and doing so remains an
outstanding challenge in the field of surficial processes. Several factors have
contribured to the current awareness of scale issues in plant—warer relations.

First, recent population growth, technological developments and economic
activities have broadened the scale of human interference in hydrosystems.
Historically, the hydrological discipline evolved from the technical demands
of supplying societies with potable water for domestic and agricultural con-
sumption, disposing of liquid wastes, and protecting land from inundations
(Klemes, 1988; Wilby, 1997a). Such concerns were initially small-scale burt
have now artained global dimensions with respect to climate change impacts,
regional land-use changes, and the potential for transboundary pollution
incidents.

Second, most meteorological, hydrological and ecological processes are
strongly heterogeneous in both space and time. However, our ability to
observe and/or sample these processes is severely constrained by the available
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technology, human and financial resources, and a general lack of standardisa-
tion in measurement techniques (Rodda, 1995). At the same rime, modelling
often demands long-term, sparially consistent descriptions of heterogeneous
parameters such as albedo or soil hydraulic characteristics. As will be shown
below, the advent of remote sensing and new technologies for visualising and
handling spatial data have gone some way to addressing such needs.

Third, eco-hydrological theories and models are often highly scale-specific.
Models constructed at one scale are not always transferable to a higher or
lower temporal/spatial resolution, because the dominant processes may be
different between the scales or because there may be strong non-linearities in
the system behaviour. To date, the vast majority of eco-hydrological studies
have focused on point (or plot) to catchment (or sub-regional) scale processes,
Again, this is a reflection of the fact that small-scale studies are logistically
easier to conduct than large-scale experiments, and thar the perceived level of
the anthropic impact has traditionally been hill-slope or catchment scale
(Wilby, 1997b).

The following sections will elaborate upon these issues. Although the
emphasis of this chapter will be upon spatial scales of interaction in plant—
water relations, temporal scaling is implicit to all the following discussions
given that small length-scale processes tend to operate at small-scale time
intervals, and large length-scale processes at long time intervals. However, the
primary aim of the chapter is to evaluare different methods of representing
spatial hererogeneity in plant—water relations, and the extent to which these
relations are transferable between plant and patch, and from patch to regional
scales. Accordingly, key concepts such as characteristic process scales, hetero-
geneity, spatial organisation and scale interactions are introduced. These
rerms are discussed within the context of emerging ‘spatial’ technologies such
as remote sensing, geographical information systems (GIS) and digital terrain
models (DTMs). Three broad approaches to handling heterogeneity and
linking between scales are then reviewed. First, merhods of exrrapolating
plant-process models to patch and regional scales are considered with
reference to leaf-area models and holistic scaling approaches such as fraceals.
Second, techniques for obtaining sub-grid-scale heterogeneity through
empirical and/or statistical downscaling methods are described. Third, proce-
dures for distributing sub-grid-scale parameters using higher-resolution,
covariant properties such as topography are examined with reference to
distributed eco-hydrological modelling. The concluding section briefly
considers the significance of scale issues in research on regional deforestation,
and studies of the potential terrestrial impacts of greenhouse-gas forcing
(global warming).
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CHARACTERISTIC OBSERVATION SCALES

According to Dooge (1988), hydrology as a scientific discipline could theo-
retically span fifteen orders of magnitude (Table 3.1), ranging from the scale
of a cluster of water molecules (10® m) to the planetary scale of the global
hydrological cycle (10" m). In practice, hydrological studies have traditionally
favoured the catchment scale, or whar Dooge refers to as the mesoscale or the
lower end of the macroscale. Similarly, there has been a bias among ecologists
towards experimental studies of biotic interactions within ‘tennis-court-sized’
field plots (Root and Schneider, 1995). Both hydrological and ecological scales
of interest have, therefore, been in stark contrast to those of climatologists,
who typically employ grid squares of the order 500 % 500 km in their
models. For example, hydrological models are frequently concerned with
small, sub-catchment (even hill-slope) scale processes, occurring on spatial
scales much smaller than those resolved in general circulation models
(GCMs). Conversely, GCMs deal most proficiently with fluid dynamics at
the continental scale, yet incorporate regional and smaller-scale processes
(Figure 3.1). As Hostetler (1994) has observed, the greatest errors in the
parameterisation of borh GCMs and hydrological models occur on the scale(s)
at which climarte and terrestrial-impact models interface. These scale-related
sensitivities and mismatch problems are further exacerbared because they
usually involve the most uncertain components of climate models, namely
water vapour and cloud feedback effects (Rind er /., 1992). Furthermore,
mismatch problems have important implications for the credibility of impact
studies driven by the output of models of climate change, especially as research
into potential human-induced modifications to hydrological and ecological
cycles is assuming increasing significance (Ehleringer and Field, 1993).
Therefore, in order to bridge the scales between climate, hydrological and
ecological models, methods for both observing and representing sub-

Table 3.1 Spartial scales in hydrology.

Class System Typical length (m)
Macro Planetary 107
Continental 10°
Large carchment 10*
Meso Small carchment 104
Sub-cacchment 107
Catchment module 107
Micro Elementary volume 102
Continuum point 10-3
Molecular clusters 107*

Sowrce: Dooge (1988),
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Climate Model
Gnd Scale
GCM

Figure 3.1 Conceprualisation of down-scaling and aggregation between
atmospheric and hydrological models (Hostetler, 1994). Reproduced with
permission of Kluwer Academic Publishing.

grid-scale heterogeneity, as well as linking parameter/state variables across
disparate scales, are required. However, as Beven (1995: p. 268) observes:
‘Hydrological science is constrained by the measurement techniques thar are
available ar the present time. Hydrological cheory refleces the scale at which
measurements are relatively easy to make.’

In other words, a distincrion should be made between the characteristic
‘observation scale’ and the 'process scale’. Prior to the 1970s, most envi-
ronmental monitoring was focused on local-scale point processes and
measurements (e.g. rainfall, pan evaporarion, infiltration, groundwater levels,
river flows). This favoured observation scale reflects the applied tradicion
of hydrology, the relative ease with which such data can be collected and
the available technology for dara storage and interrogation (see Boucher,
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1997, for an overview). With a growing appreciation of che global dimension
to environmental change, there have been moves to rationalise existing
monitoring networks (Rodda, 1995) and to undertake coordinated,
international experiments such as the Global Energy and Water Cycle
Experiment, GEWEX (Anon., 1993). At cthe same time, the compilation of
proxy and/or palacoenvironmental dara sets has enabled the reconstruction
of hydrometeorological and palaececological time series, and has involved a
greater range of scientific disciplines in eco-hydrological research (Barker and
Higgitt, 1997). Similarly, archival and documentary evidence is increasingly
employed to augment instcrumental records and to construce homogeneous
data sets for key hydrological variables such as rainfall (Jones and Conway,
1997) and temperature (Parker ef al., 1992).

Despite these contriburions, there is still a paucity of near-surface dara
for the oceans and many remote or mountainous regions of the world.
However, remotely sensed (satellite and radar) informarion has provided
hydrologists and ecologists with new opportunities to observe non-point
processes at resolutions of a few metres to the global scale. Remote sensing
now routinely provides data for hydrological model parameter estimation,
COMpULations of soil moisture and flow regimes, and for real-time flood
forecasting (Schultz, 1988). Indeed, remote sensing is capable of quantifying
all the key hydrological fluxes and storages of the water balance equation
(i.e. precipitation, evapotranspiration, snow cover, runoff and soil moisture)
to resolutions of 10-30 m (Engman and Gurney, 1991). This capability
has facilitated what Shuttleworth (1988) terms ‘macrohydrology”: the study
of global atmosphere—hydrosphere—biosphere relations and feedbacks. For
example, Oki & &/ (1995) used atmospheric vapour flux convergence in
conjunction with atmospheric water balance calculations ro estimare monthly
discharge for nearly seventy large rivers and to produce global freshwater
runoff volumes.

By calculating ratios of the upwelling land surface reflectance in the red and
infrared portions of the electromagnetic spectrum, satellite sensors such as the
Advanced Very High Resolution Radiometer (AVHRR) can also be used to
derive areal averages of photosynthetically active biomass, albedo, canopy
resistance, leaf area index and fractional vegetation cover (Xinmei et al., 1995).
For example, the normalised difference vegetation index (NDVI) (Tucker and
Sellers, 1986) has been used to study vegeration phenology (Justice e af.,
1986) and rto monitor vegetation changes over whole continents in relation to
shifts in precipitation (Tucker e a/., 1991) or El Nifio-related droughts
(Anyamba and Eastman, 1996). NDVI data are also used to monitor crops,
and as a major biophysical indicator in drought and famine early warning
systems such as the Global Early Warning System (GEWS) of the Food and
Agriculeural Organisation (FAQO) (Henricksen, 1986; Hutchinson, 1991).

Two technological developments have afforded wisualisation and quan-
citacive modelling of eco-hydrological problems, namely geographical
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which homogeneous records seldom exceed chirry years, Although individual
weather radar measurements provide superior spacial coverage (typically
100 km in the mid-latitudes), the networks are currently limited to che
industrialised nations with records extending over even shorter periods (see
Collier, 1991). Similarly, satellite dara may potentially yield global coverage
but are constrained by facrors such as cost, standardisation, ground-truching
and interpretation.

According to Bloschl and Sivapalan (1995}, heterogeneity and variabilicy
may be described using three atrributes: (1) discontinuiry — the existence of
discrete zones (e.g. geological or biotic) in which the properties are uniform
and predictable, yet berween which there is marked disparity; (2) periodicity
— the existence of a predictable cycle (e.g. annual runoff regime); (3)
randomness — which is predictable only in terms of statistical properties such
as the probability density function. To this list a fourth category mighe
legitimarely be added: (4) chaoric — the existence of apparently random
patterns thar are in fact deterministically generated. Spatial properties may be
described from sample measurements using geostatistics. Kriging is perhaps
one of the most popular techniques (Isaaks and Srivastava, 1989). This
method involves the estimation of a parameter for an unknown point given
neighbouring points within a field of values. Variability within the field is
determined on the basis of direction and distance and, potentially, covariates
(in co-kriging). The approach works because points close together tend o
show more similarity (i.e. are more correlated) than points further apart, and
points along certain bearings will show less vanability than equidistant
points along a different bearing (Baird, 1997). Thus, kriging models not only
assist in the description of physical variables in space but can also be used o
speculate on the underlying causes of spatial ‘structure’ in environmental
variables.

To illustrate this point, Figure 3.3 shows exponential decay functions
ficced to individual correlation values obtained from pairs of neighbouring
daily rainfall records (Osborn and Hulme, 1997). The correlation between all
stations in Europe is plotted against the separation distance for winter and
summer. The overall decay lengths for the region were found to be greater
in winter (300 km) than in summer (204 km), indicating that the charac-
teristic scale of precipitation-causing weather is greater in winter than
summer. This is due to the fact that a higher proportion of winter rainfall is
of frontal origin, whereas the dominant mechanism in summer is convective
rainfall. Given the dependence of the decay lengths on the relative impor-
tance of frontal versus convective rainfall, the correlation distances were also
found to vary spatially as well as seasonally. Such techniques have important
applications in the validation of GCM grid-box area-average precipitation
frequencies and amounts, as well as for scaling of contrasting precipitation
mechanisms.

Thus, the distance at which the spatial structuring or correlation in a
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Figwre 3.3 Correlation decay curves obrained for winter (DJF) and summer (JJA)
daily rainfall between neighbouring stations across Europe. Adapred from Osborn
and Hulme (1997).

variable breaks down can indicate that a new set of physical laws is required
to describe the phenomenon at this length scale. This notion underlies the
concepts of the representative elementary volume (REV) (Hubbert, 1940;
Bear, 1972) (see Chapter 9) and, more recently, that of the representative
elementary area (REA) (Wood er a/., 1988; 1990; Beven ef /., 1988), namely,
that there exists a soil volume or spatial scale at which simple descriptions of
governing processes may suffice (see also Chaprer 9). Since measurements of
streamflow are inherencly sparial averages (Woods er a/., 1995), increasing the
length scale (area or volume) effectively increases the sampling of hydrological
forcings (rainfall and evaporation), hill slopes, soil properties and vegetation,
which leads to a decrease in the difference berween equivalent sub-catchment
area responses (Figure 3.4). The REA is the domain scale at which the
variance between hydrological responses for catchments of the same scale
attains a minimum, and thus a fundamental building block for distribured
hydrological modelling. At the scale of the REA, it is possible to neglect
differences in spatial patterns of cacchment properties (such as soil hydraulic
conductivity), but it is still necessary to take spatial variakility into account in
terms of distribution functions (Beven et 2/., 1988). However, as Wood (1995:

p. 92) points out:
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Figwre 3.4 Dehnition of the representative elementary area (REA). In this case, the
REA is A,. Modified from Baird (1997).

this transition in scale, where pattern no longer becomes important
but only its statistical representarion, may occur ar different spatial
scales for different processes, may vary temporally for the same
parameter (except during wet or dry periods) and may vary with che
scale of the ‘macroscale’ model. Much of the research to date may
indicate that the REA for catchment modelling is . . . {in the region

of1 0.1 to 25 km?,

Theoretically, an REA may be derived for any spatially averaged environmen-
tal paramerer, bur its precise value will be process-, region- and time-specific.
For example, Blischl e af. (1993) showed that the REA size is strongly
governed by the correlation length of precipitation fields and by the storm
duration.

The characrerisation of sparial heterogeneities in land surface—atmosphere
interactions at all lengch scales also remains a grear challenge to hydro-
meteorologists, because the characteristics of the atmosphere above dry and
wer (vegetated) surfaces are significantly different due to the contrasting
processes of energy redistribution at the ground surface. Avissar (1993)
identified five land-surface characteristics that need to be specified accurately
in atmospheric models, namely, stomatal conductance, soil surface wetness,
surface roughness, leaf area index and albedo. Under stable weather
conditions, spatial-variability of any of these characteristics of the order of
100 km was found to induce mesoscale circulations in models of the transport
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of heat and moisture in the planetary boundary layer. Such circulations were
observable for length scales as low as 10 km and were sufficient to promote
non-linear feedbacks arising from cloud formarion and precipitation. In
a similar analysis, Shuttleworth (1988) made a distinction berween disorg-
anised and organised variability, also for length scales of 10 km (Figure 3.5).
Under conditions of disorganised variability at length scales of 10 km or less,
Auid flow and mixing processes narurally integrate the land-armosphere
feedbacks, but under conditions of organised variability at length scales
greater than 10 km, there may be an organised (convective) response in
the atmosphere thatc alters the effective value of surface properties at GCM
sub-grid scales.

Both studies suggest that spatial variability in land-surface parameters over
length scales of the order 10 km is sufficient to induce non-linear feedbacks,

A

Sensible heat
(Wm™#)
8
|

“m
3
]
L

{m?s™2)
B
|

Location along flight path

Figure 3.5A: Aircraft measurements of sensible heat, latent hear and eddy kinetic
energy made at a height of 100 m, these being the median values for three flights
berween 11:45 and 15:00 GMT on 16 June 1986. The flight path was over a
disorganised mixture of agricultural crops apart from the (organised) change to
pine forest for the porrion indicated by the broken line.
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B
Type 'A' land surface cover

Exhibits disorganised variability at length scales of 10 km or less:
Gives no apparent organised response in atmospheric boundary layer
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Type 'B' land surface cover

Exhibits variability which is organised at length scales of greater than 10 km:
may give an organised response in the atmosphere such as to alter the
effective value of surface properties
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Figure 3.5B: A proposed classification of different types of land surface based on
organisational variability of surface cover. Source: Shurtleworth (1988).
Reproduced wich permission of Elsevier Science.

principally through modified spatial patterns of rainfall and surface energy
redistribution. However, many state-of-the-art atmospheric models have
adopted parameterisations of land-surface processes at smaller scales ac which
spatial homogeneity is assumed. Even statistical descriptions of heterogeneity
fail to caprure lateral interactions between contrasting vegetation surfaces,
suggesting that mesoscale circulations must be considered explicitly (Avissar,
1995). Changed energy fluxes and wind regimes have also been associated
with changes from tall evergreen vegetation ro the alternating short annual
vegetation and bare soils associated with agriculture. For example, Hobbs
(1994) has described profound changes in nutrient, energy and water Huxes
as a result of the fragmentation of native perennial vegetation in Western
Australia by the introduction of predominantly annual crops and pastures.
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geological or climarological controls to spatial variations in the vegetation
cover evident at the regional scale (Figure 3.6A) could be inferred from the
observable information at the field scale (Figure 3.6C).

Nonetheless, the most straightforward up-scaling approach is to assume
that the parameters at the meso and sub-mesoscale are the same as those at
larger scales. The scaling problem then becomes a matter of multiplying by
the new length scale or carchment area. For example, Kuczera (1985)
maodelled observed reductions in river catchment runoff following bushfires in
the eucalyprus foreses of the Melbourne warter supply disterict, Australia, as a
function of stand age:

Y =L K(t—20"2  ifr>2elseY, =0 (3.1)

where ¥ is the average yield reduction (mm) relative to mature mountain
ash forests ¢ years after che bushfire, L is the maximum yield reduction
(mm) and 1/K is the time to maximum vyield reduction (years). Regional
relationships were then established between the two parameters L and K
using forest descriptors such as the percentage of the catchment area covered
by regrowth eucalyprus forest. The model was subsequently adapted by
Wilby and Gell (1994) ro simulare che effect of piecemeal forest harvesting on
downstream runoff yields entering a sensitive wetland site (Figure 3.7). In
both cases, the simple dependence of yield reductions following eicher fire or
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Figwre 3.7 Simulated yield reduction curves for selecred L values following

rwenty years of eucalypt forest harvesting upstream of Tea-tree Swamp,

Errinundra Plateau, Vicroria, Australia. Source: Wilby and Gell (1994).

Reproduced with permission of International Association of Hydrological Sciences
Press.
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harvesting (equation (3.1)) reflects empirical variarions in sapwood area and
throughfall losses with the age of forest regrowth. Field measurements of
cranspiration flows indicate that stand water use is strongly related to the
amount of sapwood area per unit area of forest. Similarly, canopy conductance
is proportional to the product of the average leaf conductance and the leaf area
index (LAI, a ratio of leaf area to ground area, which is in turn a function
of the stand basal area) (Rogers and Hinckley, 1979). Thus, Haydon er al,
(1996) found that the sapwood area of eucalpyt overstorey in the central
highlands of Victoria, Australia, reached a peak of 10.5 m” ha™ at age 15
years and declined gradually to 2.5 m* ha™' at age 200 years, whereas the peak
interception loss of 25 percent occurred at age 30 years, declining to 17
percent at age 200 years,

Hatton and Wu (1995) present an alternative scaling theory, which
predicts the nature of the water vapour flux/leaf area relationship by
combining elements of ecological field theory, the hydrological equilibrium
theory and a standard treatrment of che soil-plant—atmosphere continuum in
the form:

Q =alA + by A (3.2)

where () is the vapour flux (m*), [ is radiation intercepted by the canopy (M]
m™), W is the soil water potential (MPa) (see Chapter 9), A is the leaf area
(m?), f is a scaling exponent, and & and b are lumped parameter coefhcients.
However, the use of equarion (3.2) to extrapolate individual tree water
consumption to stand water consumption entails several assumprions: (1) a
strong relationship is assumed to exist between the leaf area of individual
trees/stands and the site water balance; (2) each tree tends towards an
equilibrium between its size (leaf area) and its local environment such thar
at no time do resources in local abundance remain uncapped; (3) che site is
assumed to be homogeneous with regard to soils and climate; (4) the site
is fully occupied and tending towards hydrological equilibrium between
available moisture and available energy; (5) individual plants react in parallel
with all others in the stand; (6) the simple demand funcrion based on
irradiance ignores advective contributions to evaporative demand. The
principal advantage of the technique is that it does not assume a single fixed
relationship between leaf area and water flux; instead, tree water use
extrapolated on the basis of leaf area is affected by temporally variable, non-
linear stress responses (Figure 3.8). The sampling variability of parameters @
and & was found to depend on plor homogeneity, alchough there is a degree of
generality of # berween species. Therefore, making use of the equartion to scale
across heterogeneous landscapes requires spatial distributions of soil water
potential and irradiance, and local leaf area distributions. As will be shown
below, spatial patterns of soil and energy environments may be obtained from
topographic indices.
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Vapour flux (m?)

curve 3, ¥<0, f=1

Leaf area {m2)

Figure 3.8 Forms of the theorerical scaling relationship between tree leaf area and
warer flux. Wich unlimited soil water, the relationship is linear and the slope is
limited only by irradiance (curve 1). As the soil dries, the retention of leaves
creates a quasi-equilibrium in which the leaf efficiency of the larger trees declines
(curve 2). If a droughe is of sufficient extent and duration, the trees will drop
leaves such that the relationship is in a new, lower hydrological equilibrium, and
the curve may once again be linear (curve 3). Source: Hatron and Wu (1995).
Reproduced with permission of John Wiley & Sons Led.

Despite their limitations, small-scale (r. 0.1 hectares) field studies of
plant—water relations remain appealing because this is the scale at which
species interactions are most readily observable and at which data have
been traditionally collected by ecologists (and hydrologists tool). Forest
‘gap’ models seek rto inregrate dynamic plant responses to environmental
constraints defined at che level of the individual plant (Shugart and Smith,
1996). Key processes in gap models include (1) species-specific growth rates,
which depend upon the net photosynchetic rate of the tree per unit area of
leaves; (2) spatial positioning and competition for light between individual
trees; a range of environmental constraints such as soil moisture and fercility;
(3) disturbances due to fire or flooding, and light availabilicy; (4) mortalicy,
which is often age- or stress-related and modelled stochastically; and (5)
establishment, which again is represented stochastically and may be a
function of environmental constraints. Such forest patch models have been
used extensively in studies of global climate change (see, for example,
Lauenroth, 1996; Post and Pastor, 1996; Bugmann ¢ a/., 1996).

Scaling up parch models via staristical sampling procedures assumes thart a
generalised parch model is able to simulate the dynamics of entire ecosystems
as well as individual species. However, there i1s a discontinuicy berween
patch- and ecosystem-scale models (Shugart and Smich, 1996). At the patch
scale, individual plant recruitment, growth and mortality are in a state of
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quasi-cyclical disequilibrium, whereas at the scale of the ecosystem the same
processes are represented using mass balance approaches, which assume an
equilibrium starus for whole plant communities. Furthermore, at the patch
scale there are feedbacks between the canopy composition and recruitment.
Representation of processes such as dispersal, hre and insect outbreaks
requires a spatial framework for /inking patches. Such considerations suggest
that for continental-scale applications it is desirable to replace the individual
species in patch models with plant functional types that are based on life
forms, physiology and rooting distributions with depth (Bugmann and
Fischlin, 1996; Cofhin and Lauenroth, 1996).

Jarvis and McNaughton (1986) and Schimel e @/. (1991) have suggested
that extrapolation techniques are also limited by the fact thar plants do not
respond uniformly to external environmental stresses, thar there are feedback
processes external to the leaf scale that operate at the ecosystem scale, and that
there are major difficulties in forecasting the behaviour of (non-ideal) complex
systems. For example, increasing concentrations of armospheric CO, are
assumed to have the dual effect of enhancing photosynthetic activity and
improving the efficiency of plants’ water use (Sellers er a/., 1996). This may be
valid at the scale of individual plants, but CO, fertilisation confers advantages
selectively within ecosystems, depending on species. At the forest scale,
spatial and temporal variations in the microclimare (in particular the relative
humidity) of the canopy will have a negative feedback on evapotranspiration
rates of individual plants. This selectivity will also modify internal nutrient
and warter Auxes.

An alternative extrapolation philosophy is to derive scale-independent
‘laws of nature’ by employing dimensional analysis or self-similaricy
techniques (Bloschl and Sivapalan, 1995). Fractals provide a mathemarical
framework for the treatment of apparently complex shapes that display
similar patterns over a range of space/time scales. According to Mandelbrot
(1983) many atcributes of nature exhibit a property known as sratistical
self-similarity, whereby subcomponents of an object, pattern or process are
statistically indistinguishable from the whole, Fractals have found widespread
application in hydrology, geomorphology and climarology (see, for example,
the Jowrnal of Hydrology, Volume 187, Issues 1-2, Gao and Xia, 1996; or
Goodchild and Mark, 1987). It has even been suggested that fracrals are
indicative of underlying processes of organisation, as in the case of the
geometry of drainage nerworks, which reflect minimum energy expenditure
(Rinaldo er al., 1992), and the hierarchical structuring of mid-lacitude
mesoscale armospheric convective systems (Perica and Foufoula-Georgiou,
1996). However, simple fractal properties are seldom applicable across all
temporal and/or spatial scales and it 1s unclear as to how mulrtifractals should
be interpreted relative to observable hydrological processes (Wilby, 1996).
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to furure climate conditions. Richardson’s (1981) weather generator (WGEN)
model is the most commonly used for climate impact studies: this was
originally designed to simulate daily time series of precipitation amount,
maximum and minimum temperature, and solar radiation for the present
climate, Racher than being conditioned by circulation patterns, all variables
in the Richardson model are simulated conditionally according to previous
precipitation occurrence. At the heart of all such models are first- or mulciple-
order Markov renewal processes in which, for each successive day, the
precipitation occurrence (and possibly amount) is governed by outcomes on
previous days. Models such as WGEN have been adapted for a number of
climate change impact studies (e.g. Wilks, 1992; Mearns et af., 1996). There
is also the possibilicy of spatially distributing WGEN parameters across land-
scapes, even in complex terrain, by combining interpolation technigues and
[DTMs (see VEMAP study below). However, the principal issue involving the
application of WGEN or other stochastic weather generators to future climates
has been the method of adjusting the parameters in a physically realistic and
internally consistent way. For example, Katz (1996) demonstrated, using
daily observations at Denver, Colorado, that when the WGEN parameters
are varied, certain unanticipated effects can be produced. Modifying the
probability of daily precipitation occurrence changed not only the mean daily
temperature bur also its variance and autocorrelation in possibly unrealistic
ways.

Given the limitations of GCM grid-point predictions for regional climate
change impact studies, the final downscaling option is to embed a higher-
resolution limited-area climate model within the GCM, using the GCM
to define the (time-varying) boundary conditions (Giorgi, 1990; Mearns ef
al., 1995). Although limited area models (LAMs) can produce climares
for 20=50 km horizontal grid spacing and 1001000 m vertical resolution
there are several acknowledged limitations of the approach. LAMs still
require considerable computing resources and are as expensive to run as a
global GCM. Furthermore, they are somewhat inflexible in the sense that the
computational demands apply each time that the model is transferred to a
different region. Above all, the LAM is completely dependent upon the
veracity of the GCM grid-point data that are used to drive the boundary
conditions of the region — a problem that also applies to circulation-driven
downscaling methods.

As Table 3.2 indicates, the confident application of statistical downscaling
technigques to the study of plant—warer relations is constrained by several as
vet unresolved 1ssues. Perhaps the most serious limatation 15 the way in which
downscaling compels the use of ‘passive’ armosphere—vegerartion models;
current methodologies do not incorporate feedbacks between the land surface
and climarte, or permit scale interacrions. Furchermore, the majority of down-
scaling tools relate point or areal averages ro regional scale phenomena
according to the level of data available. However, what is often required for
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Table 3.2 Ourstanding challenges to the confident application of statistical

downscaling techniques.

The whole ideology of downscaling presupposes that, as a result of human-
induced global warming, there will be significant (and predictable) changes in
the downscaling predictor variables (such as the frequencies of daily weather
patterns).

To date, most downscaling studies have been conducted for daily or monchly
precipitation in temperate, mid-latitude regions of the Northern Hemisphere;
relatively few have tackled semi-arid or tropical locations. There has also been
a topographic bias towards low-altitude sices.

There is a need for more general weather classification systems used in down-
scaling. Most weather classification schemes are inherently parochial because of
the important controlling influences of regional- and local-scale facrors such as
topography or ocean/land distributions.

The majority of downscaling approaches generate time series of data for only a
tew hydrologically relevant parameters, most commonly precipitation. There is
a need for techniques that downscale internally consistent muleivariate dara
which preserve covariance among parameters and auto-correlation within time
SETies.

Current downscaling approaches seldom capture climate variabilicy ac all
temporal or sparial scales. For example, even within a single circulation pattern,
the precipitation statistics may vary considerably from year to year.

This type of non-stationarity can be accounted for by developing more complex
statistical models (within the constraines of model reliability imposed by
data availability). This, however, puts greater pressure on the driving GCMs o
provide reliable predictions for a greater range of variables,

Downscaling is a uni-directional modelling technique. Local- and regional-
scale hydrological or ecological responses are forced by mesoscale predicror
variables. Current techniques have no means of incorporating terrestrial feed-
backs into the driving climare models.

Sowrce: Adapred from Wilby and Wigley (1997).

impact assessment is a means of interpolating between data-rich regions to

data-poor sites. The remaining two sections will address these important scale
issues.

DISTRIBUTING TECHNIQUES

Some commentators have suggested that a general theory of hydrological
scaling 1s unlikely to exist and that sub-grid-scale heterogeneiry should be
treated statistically (Beven, 1995: p. 278);
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the hydrological system is greacly influenced by external historical
and geological forcings. This greatly limits the potential for scale-
invariant behaviour and it is suggested that it may be better to
recognise explicitly that scale-dependent models are required in
which the characterisation of the heterogeneity of responses is posed
as a problem of sub-grid scale parameterisation.

As was noted earlier, hydrological and ecological measurements rend to have
a coarser spatial than temporal resolution, prompting the widespread use of
interpolation techniques for the space domain. Perhaps the most thoroughly
discussed interpolation problem in hydrology is the spatial estimation of
rainfall from point rain-gauge measurements (see, for example, Shaw, 1994;
Reed and Stewart, 1994). The problem arises because the measurements on
which the interpolation techniques are based are too widely spaced relative to
the natural variability of rainfall. For example, the average spacing of hourly
rain-gauges in the relatively dense monitoring necwork of the British Isles is
between 15 and 30 km (Faulkner and Reynard, personal communication),
whereas the length scales of individual storm cells are of che order of 10 km
(see Figure 3.2). Although the UK Meteorological Office’s MORECS
predictions of potential and actual evapotranspiration have a grid spacing of
40 km, rainfall radar typically has a resolution of 2 km, and remotely sensed
AVHRR satellite imagery pixels of 1 km, the widespread use of these data
sources 15 constrained by their high cost and short record lengths relative to
surface networks (e.g. AVHRR provides about fifeeen years of data).

Given the constraints of both remorte and surface monitoring systems, and
the nartural heterogeneity of surface processes, one solution is to correlate the
variable of interest to an auxillary variable whose sparial distriburtion is more
readily obrained. The spacial discribution of the dependent variable is then
inferred from the sparial discribution of the covariare (Bloschl and Sivapalan,
1993). To date, one of the most widely used covariates in eco-hydrology has
been topography, for which data with a resolution of 50 m are often available
in digital form. The availability of digital elevarions and other environmental
variables such as soils and geology, coupled with GIS and DTM software for
manipulating data, has favoured the development of predictive mapping
technigues in the last twenty years. As Table 3.3 indicates, topography can be
used to infer the spatial distribution of a wide variety of secondary variables.
For example, the precipitation—elevation regressions on independent slopes
model (PRISM) (Daly er /., 1994) simulates precipitation at 10 km grid
scales by, first, dividing the terrain into topographical facets of similar aspect;
second, regressing point precipitation data against elevation for each facet
by region; and third, employing these regression equarions spacially to
extrapolate station precipitation to cells chat have similar facets.

Beven's (1987) solution to the problem of sub-grid-scale hydrological
parameterisation was the use of sparial distribution funcrions to represent
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Table 3.3 Examples of topographically derived hydromereorological variables.

#  Elevation: daily and seasonal precipitation totals; snow charactenistics including
snow water equivalent; wind speeds; air temperarure; soil depth; air and sol
water chemistry.

o Slope: incident solar radiation; soil properties and preferential flow pathways;
lateral subsurface flow rate; soil moisture; transpiration races; soil warer
chemistry,

*  Aspec: incident solar radiation; precipitation totals; snow accomulation and
melting; wind speeds; air temperature; soil moisture, transpiration rates,
atmospheric wet and dry deposition.

o Upslope catchment avea: precipitation and runoff volume; soil moisture; soil
surface properties; stream nerwork order and main channel lengrh.

»  Slope curvature: snow accumulation; subsurface warer flow; soil moisture; soil
litter accumulation; soil erosion/deposition races; rill initiation; soil depth and
rexture; water-holding capacity; nutrient availabilicy.

local-scale processes governing runoff production. For example, TOP-
MODEL (Beven and Kirkby, 1979) simulates the scale-dependent dynamics
of the storm hydrograph using the distribution function of an index of
hydrological similarity, In(aT tanff), where @ is the area draining through
a point, tanf is the local slope angle ar that point and T, is che local down-
slope transmissivity at soil saturation. These properties, as well as che sparial
discribution functions for incoming rainfall intensities, vegetation processes
such as throughfall, soil properties and downslope water velocities, may
all be inferred from DTM of the catchment topography. Quinn er &/, (1995)
and Beven (1995) have extended TOPMODEL to represent interacrions
between downslope subsurface lows and warer availability for transpiration.
Figure 3.10 shows the key elements of their simple patch model, which
represents areas of the landscape with broadly similar responses in terms of
evapotranspiration. The model differs from conventional one-dimensional
surface vegetation—atmosphere models in one respect: subsurface water fluxes
are able to enter and leave the patch via upslope and downslope drainage,
respectively. The variability in runoff production, soil moisture and evapo-
transpiration is then calculated from a linear combination of patches of
varying topographical, meteorological, soil, geological and wvegetation
characteristics. Although this allows for more realistic modelling of the patch
in the context of the landscape, the spatial discribution of many of the
vegetation and soil properties listed in Figure 3.10 must still be specified
from the results of micrometeorological experiments and available field dara.
Furthermore, it must be recognised that there may be many permutations
of patches that give similar hydrological responses in terms of observed
evapotranspiration or runoff. This equifinality in model behaviour (see
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Processes in the patch model

1. Evaporation from the intercaplion store (canopy resistance = 0)

2. Evapolranspiration from the rool zone store (RSMIN<canopy resisiance<RSMAX)
3. Evapotranspiration from the water table when in root zone

4. Evapotranspiration supplied by capillary rise from the water table

Paramaters of the palch modal

RA [s'm) Asrodynamic resistance

RSMIN (s/m) Minimum dry canopy resistance

ASMAX (s/m) Maximum dry canopy resistance at willing point

MAXINT (m) Interceplion storage capacity

FA Fractional upsiope araa

REFLEV (m) PRaeference level for soil transmissivity

Tptan§ (m-2) Product of saturated transmissivity at reference level and effective
downslope hydraulic gradient

m (m) Transmissivity profile (and recession curve) parameter

TD (hfm) Effective wave speed per unit of deficit for recharge

S0iL Soll type for capllary rise calculations

Figwre 3.10 Schematic representation of a simple patch model including
definitions of all model parameters. Source: Beven (1995). Reproduced with

permission of John Wiley & Sons Ltd. (Please note: the model equations are not

explained here and interested readers should consulr the original paper.)

Chapter 9) is further exacerbated by the number and weighting of patches

selecred.

These parameterisation issues might be resolved by calibrating semi-
distributed hydrological models such as TOPMODEL using the products
of predictive vegetarion mapping. Indeed, predictive vegetation mapping
already embraces many of the principles inherent in ropographic hydrological
models (e.g. Palmer and Van Staden, 1992). Founded in ecological niche
theory and gradient analysis, the approach predicts vegetation composition
across a landscape given interpolated environmental vanables that are related
to physiological tolerances and are derived from digital soil or elevation data
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SCALES AND SCALE 'MISMATCH' BETWEEN
ECOLOGICAL AND HYDROLOGICAL
FROCESSES

A major theme of research for the past decade has been to understand the
consequences of climate variabilicy and potential climate change on eco-
hydrological systems. In any assessment of climate impacts on ecosystems,
processes mediated through the hydrological cycle must come to the fore:
droughts, floods and changes to moisture stress on vegeration. However,
most of our knowledge of the armosphere's spatial characteristics is of low
spatial resolution (Giorgi and Marinucci, 1996). This is a classic issue in
linking atmospheric GCMs to the land surface, where typical GCM grid
cells represent many cthousands of square kilometres, and most ecological and
hydrological processes are best understood on length scales of metres to small
river catchments (a few tens of square kilometres). Resolution is also an issue
in analysing observations. A recent project, the Vegetation and Ecosystem
Modelling and Analysis Project (VEMAP, 1995), produced a ser of down-
scaled climarologies for the USA as input into eco-hydrological models. The
analysis was conducted on an 0.5° latitude X longitude grid, quite coarse for
ecosystem studies, yet resulting in over 3000 grid cells. Even in the USA,
where observations are relarively dense, mereorological station densities
average no more than two per grid cell. While there exist a few areas in the
USA and Europe where patterns of mean climate and interannual variabilicy
may be observed directly with a resolution of a few kilometres, in most
regions precipitation and surface temperatures may only be estimated from
observations with length resolutions of 50-100 km. Thus, large-scale studies
(e.g. biome or drainage basin scale) must rely on downscaling ro account
for catchment-scale influences of topography on temperature, precipitation,
radiation and other terrain-dependent aspects of climate (see above). Down-
scaling procedures intrinsically produce a reasonable portrayal of mean
conditions, which are strongly constrained by effects of elevation and
orography on precipitation processes and temperature. They do a much worse
job with precipitation rates, which depend upon the dynamics of atmospheric
processes that intrinsically occur on scales smaller than the resolution
of typical observing systems: processes on the scale of convective and
precipitating cloud systems. Thus, capruring even the statistics of storm
intensity at a regional scale can be challenging.

There are thus two ‘scale mismatches’ berween climare and hydrology:
first, between large-scale atmospheric features and small-scale land-
surface arcribuces, in effect, becween the resolution of climare models and
observations, and the scale of topographic features. This means that terrain-
dependent features of climate — adiabaric effects, inversions and precipitation
— must be inferred indirectly from models and observarions. Second, there
iIs a mismatch berween small-scale atmospheric features (convective and

67



ECO-HYDROLOGY

precipitating clouds) and regional land systems, which makes capruring the
occurrence and statistics of extreme events over large areas difficult.

In considering eco-hydrological systems, there are also key scale ‘martches’.
The river catchment or landscape has long been a scale at which both
ecologists and hydrologists could work. Hill slopes provide ordered sequences
of soil variability, moisture availability and vegetation that have been
exploited by hydrologists, ecologists and soil sciencists (Schimel ef af., 1985;
Burke e a/., 1989). River catchments are a key unit in understanding hydro-
logical processes such as evapotranspiration, runoff generation and baseflow:
they are also an integrated unit for ecosystem studies, contributing to the
understanding of nutrient budgets and transformations, water use, primary
production and disturbance effects (Borman and Likens, 1979). Catchment
studies provide both a scale at which variability within landscapes in
ecological and hydrological processes may be studied (Moldan and Cerny,
1994), and through hydrological and hydrochemical gauging, an integrated
scale where the aggregarte interactions of climate, hydrology and ecology may
be observed and modelled. For example, regional to global nitrogen studies
have just begun, and it is evident that gains and losses of N are highly coupled
to water budgets (via leaching) and to soil moisture variations, the key control
over trace gas losses (Mosier &f @/., 1997; Parton & al., 1996; Figure 3.12).
Given the crucial importance of carbon and nitrogen budgets in contem-
porary ecology and limnology (Schimel e &l., in press; Hornberger er al.,
1994), the carchment scale must be a cencral focus of research as the scale
where phenomena such as leaching and soil moisture storage may be linked to
the biogeochemistry of C and N.

While much of the material reported in this chapter has dealt with
interpreting armospheric informartion in terms of scales of hydrological and
ecological processes, land-surface processes also affect climate, There is now an
extensive literature documenting the effects of large-scale modification by
the land surface of climate (e.g. Melillo e @/., 1996). Studies have indicared
that deforestation may affect climate via changes to evapotranspiration
and the Bowen ratio, via albedo and roughness changes, and via changes to
land-surface patch structure, causing mesoscale effects (Dickinson, 1992;
Pielke & al., 1991; Henderson-Sellers and McGufhe, 1995). Ocher studies
have looked at global-scale effects of the changing land surface on climarte via
sensitivity studies examining an artificial percurbation to surface conductance
(Thompson and Pollard, 1993), simulared effects of doubled armospheric CO,
concentrations (Sellers ez a/., 1996), and by a comparison of global ‘potential
natural’ to actual vegetation (Chase ef a/., 1996). Clearly, feedbacks from land-
surface hydrology, especially via evapotranspiration, can have substantial
effects on climate. Studies of global hydroclimatological feedbacks using
models require that the surface processes be correctly forced, meaning that
changes to the fluxes at the land—atmosphere interface be correct with regard
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Figure 3.12 Schematic illustration of the coupling of water, nitrogen cycling and
carbon in ecosystems. Principal fearures of these coupled controls are that (a) water
controls the inputs and outpurs of nitrogen (N), (b) increasing net primary
productivity (NPP) allows more of the N flux through the system to be captured
into organic macter, (c) increasing organic N stocks allows for more N
mineralisation, supporting more NPP, and (d) increasing precipitation allows for
both more NPP and more N cycling, thus water and nutrient limitation of NPP
tend to become correlated. Note that che circles indicate key water/energy-driven
processes involved in che nicrogen cycle. Source: Schimel e 2/, (in press).

to the narural scale of the land surface. They also require thac land-surface
fluxes be correctly aggregared back to the scale of the atmospheric processes
simulated, taking into account any processes that arise at sub-grid scales
(Zeng and Pielke, 1995). Simulating the coupled effects of land surface and
climate change will be a “grand challenge’ for interdisciplinary earch science
in the twency-first century.

REFERENCES

Anon. (1993) The Global Energy and Warer Cycle Experiment (GEWEX), WMO
Bulletin 42: 20-27.

Anyamba, A. and Eastman, J.R. (1996) Interannual variabilicy of NDVI over Africa
and its relation to El Nifio/Southern Oscillation, Imtermational Jowrnal of Remorte
Sensing 17: 2533-2548.

Avissar, K. (1995) Scaling of land—atmosphere interactions: an atmospheric

=0



ECO-HYDROLOGY

modelling perspective, in Kalma, J.D. and Sivapalan, M. (eds) Scale Irswes in
Hydrological Modelling, Chichester: Wiley, pp. 435-452.

Baird, A.J. (1997) Continuity in hydrological systems, in Wilby, R.L. (ed.)
Contemporary Hydrology, Chichester: Wiley, pp. 25-38.

Bardossy, A. and Plate, E.J. (1992) Space—time model for daily rainfall using atmos-
pheric circulation pacterns, Water Resowrcer Research 28: 1247-1259.

Barker, P.A. and Higgite, D. (1997) Palaeohydrology and environmental change
in drylands, in Wilby, R.L. (ed.) Comtemporary Hydrology, Chichester: Wiley
pp. 273-316.

Bass, B. (1996) Interim report on the Weather Generator Project, Focus 4 of IGBP
Biospheric Aspects of the Hydrological Cycle (BAHC). Environmental Adaption
Research Group, Atmospheric Environment Service, Ontario, Canada.

Bear, J. (1972) Dynamics of Fluids in Porons Media, New York: Elsevier, 764 pp.

Berndtsson, R. and Niemczynowicz, J. (1988) Spatial and temporal scales in rainfall
analysis — some aspects and future perspectives, Jowrnal of Hydrology 100: 293-313.

Beven, K.J. (1987) Towards a new paradigm in hydrology, TAHS Publication
No. 164, 393403,

Beven, K.J. (1995) Linking parameters across scales: subgrid parameterizations and
scale dependent hydrological models, in Kalma, J.D. and Sivapalan, M. (eds) Scale
Issues im Hydrological Modelling, Chichester: Wiley, pp. 263-282,

Beven, K.]. and Kirkby, M.]. (1979) A physically-based variable contributing area
model of basin hydrology, Hydrological Sciences Bulletin 24: 43-69.

Beven, K.J., Wood, E.F. and Sivapalan, M. (1988) On hydrological heterogeneity
— catchment morphology and catcchment response, Jowrnal of Hydralogy 100:
353-375.

Bléschl, G. and Sivapalan, M. (1995) Scale issues in hydrological modelling: a
review, in Kalma, J.D. and Sivapalan, M. (eds) Scale Irswes in Hydrological
Modelling, Chichester: Wiley, pp. 9—48.

Blischl, G., Grayson, R.B. and Sivapalan, M. (1995) On the representative elemen-
tary area (REA) concept and its urtility for distributed rainfall-runoff modelling,
in Kalma, J.D. and Sivapalan, M. (eds) Scale loswes in Hydrological Modelling,
Chichester: Wiley, pp. 71-88.

Bormann, F.H., and Likens, G.E. (1979) Pattern and Process in a Forested Ecosystem:
Disturbance, Development and the Steady State Based on the Hubbard Brook Ecosystem
Study, New York: Springer-Verlag, 253 pp.

Boucher, K. (1997) Hydrological monitoring and measurement methods, in %Wilby,
R.L. (ed.) Contemparary Hydrology, Chichescer: Wiley, pp. 107-149,

Bugmann, H.K.M. and Fischlin, A. (1996) Simularing forest dynamics in a complex
topography using gridded climatic data, Climatic Change 34: 201-211.

Bugmann, HK. M., Yan, X_, Sykes, M.T., Martin, P., Lindner, M., Desanker, P.V.
and Cumming, 5.G. (1996) A comparison of forest gap models: model structure
and behaviour, Climatic Change 34 289-313,

Burke, 1.C., Reiners, W.A., and Schimel, D.5. (1989) Organic matrer turnover in a

sagebrush steppe landscape, Biogeochemistry 7: 11-31.

70



SCALES OF INTERACTION

Chase, T.N., Pielke, R.A., Kittel, T.G.F., Nemani, R. and Running, 5.W. (1996)
Sensitivity of a general circulation model to change in leaf area index, Jowrnal of
Geophysical Research 101 (D3): 7393-7408.

Coffin, D.P. and Lavenroch, W.K. (1996) Transient responses of Norch American
grassland to changes in climate, Climatic Change 34: 269-278.

Collier, C.G. (1991) Weather radar networking in Europe — The Commission of the
European Communities’ COST-73 project, WMO Bulletsn 40: 303-307.

Conway, D., Wilby, R.L. and Jones, P.D. (1996) Precipitation and air flow indices
over the British Isles, special issue of Climate Research 7: 169-183.

Daly, C., Neilson, R.P. and Phillips, D.L. (1994) A statistical-topographic model for
mapping climatological precipitarion over mountainous terrain, Jowrnal of Applied
Mereoralagy 33: 140-158.

Dawson, T.E. and Chapin, F.5. (1993), in Ehleringer, J.R. and Field, C.B. (eds)
Scaling Physiological Processes: Leaf 1o Globe, New York: Academic Press.

Dickinson, R.E. (ed.) (1992) The Geopbysiology of Amazonia: Vegetation and Climare
Interactions, New York: Wiley.

Dietrich, W E., Reiss, R., Hsu, M.L. and Montgomery, D.R. (1993) A process-based
model for colluvial soil depth and shallow landsliding using digital elevation
data, in Kalma, J.D. and Sivapalan, M. (eds) Scale Isswes in Hydrological Modelling,
Chichester: Wiley, pp. 141-158.

Dooge, ]J.C.I. (1988) Hydrology in perspective, Hydrological Sciences Jouwrmal 33:
61-85.

Ehleringer, ].R. and Field, C.B. (eds) (1993) Scaling Physiological Processes: Leaf to
Globe, New York: Academic Press.

Engman, E.-T. and Gurney, B.J. (1991) Recent advances and future implications of
remote sensing for hydrologic modelling, in Bowles, D.5. and O'Connell, P.E.
(eds) Recent Advances in the Modelling of Hydrologic Systems, Netherlands: Kluwer
Academic Publishers, pp. 471-495.

Fligel, W. (1995) Delineating hydrological response units by Geographical Infor-
mation System analyses for regional hydrological modelling using PRMS/MMS in
the drainage basin of the River Briil, Germany, in Kalma, ].D. and Sivapalan, M.
(eds) Scale Issues in Hydrological Modelling, Chichester: Wiley, pp. 181-194.

Franklin, J. (1995) Predictive vegetation mapping: geographic modelling of bio-
spatial patterns in relation to environmental gradients, Progress in Physical
Geagraphy 19: 474-499.

Gao, J. and Xia, Z. (1996) Fractals in physical geography, Progress in Physical
Geography 20: 178-191.

Giorgi, E. (1990) Simulation of regional climate using a Limited Area Model nested
in a General Circulation Model, Jowrnal of Climate 3: 941-963.

Giorgi, F. and Marinucci, M.R. (1996) Improvements in the simulation of surface
climatology over the European region with a nested modeling system, Geophrysical
Research Letters 23 (3): 273-276.

Goodchild, M.F. and Mark, D.M. (1987) The fractal nature of geographic phenom-
ena, Annals of the Association of American Geographers 77: 265-278,

71



ECO-HYDROLOGY

Moldan, B. and Cerny, J. (1994) Biogeochemisiry of Small Catchments, A Tool for
Environmental Research, SCOPE 51, New York: Wiley, 419 pp.

Moore, L.D., Grayson, R.B. and Ladson, A.R. (1991) Digital terrain modelling: a
review of hydrological, geomorphological and biological applications, Hydro-
logical Processes 5: 3=30.

Mosier, A.R., Parton, W.]J., Valentine, D.W., Ojima, D.5., Schimel, D.5. and
Heinemeyer, O. (1997) CH, and N O fluxes in che Colorado shortgrass steppe 2.
Long-term impact of land use change, Global Biogeschemical Cycles 11: 29-42.

Oki, T., Musiake, K., Marsuyama, H. and Masuda, K. (1995) Global armospheric
water balance and runoff from large river basins, in Kalma, ].DD. and Sivapalan,
M. (eds) Scale Lisnes in Hydrological Modelling, Chichester: Wiley, pp. 411434,

Osborn, T.J. and Hulme, M. (1997) Development of a relationship berween station
and grid-box rainday frequencies for climate model validation, Imtermational
Jowrnal of Climatology, in press.

Palmer, A.R. and Van Staden, ] M. (1992} Predicting the distribution of plant
communities using annual rainfall and elevation: an example from southern
Africa, Jowrnal of Vegetation Science 3: 261-266.

Parker, D.E., Legg, T.P. and Folland, C.K. (1992) A new daily central England
temperature series, 1772-1991, International Jowrnal of Climatology 12: 317-342.

Parton, W.J., Mosier, A.R., Ojima, D.5., Valentine, D.W., Schimel, D.5., Weier,
K. and Kulmala, A.E. (1996) Generalized model for N, and N O production
from nitrification and denitrification, Global Biogeochemical Cycles 10: 401—412.

Perica, 5. and Foufoula-Georgiou, E. (1996) Linkage of scaling and thermodynamic
parameters of rainfall: resules from midlaricude mesoscale convective systems,
Journal of Geoplrysical Research 101 (D3): T431-7448.

Pielke, R.A., Dalu, G.A., Snock, ].5., Lee, T.]. and Kiteel, T.G.E. (1991) Nonlinear
influence of mesoscale land use on weather and climave, Jowrnal of Climate 4:
10531069,

Post, W.M. and Pastor, J. (1996) LINKAGES - an individual-based forest ecosystem
model, Climatic Change 34: 253-261.

Quinn, P.F., Beven, K.J. and Culf, A. (1995) The introduction of macroscale hydro-
logical complexity into land surface—armosphere cransfer funcrion models and che
effect on planetary boundary layer development, Jowrnal of Hydrology 166:
421-445.

Reed, D.W. and Stewart, E.J. (1994) Inter-site and inter-duration dependence of
rainfall extremes, in Barnett, V. and Turkman, K.F. (eds) Statistics for the
Environment 2, Chichester: Wiley, pp. 125-146.

Richardson, C.W. (1981) Stochastic simulation of daily precipitation, temperature
and solar radiation, Water Resowrcer Research 17: 182=190.

Rinaldo, A., Rodriguez-lturbe, 1., Rigon, R., Bras, R.L., Ijjasz-Vasquez, E. and
Marani, A. (1992) Minimum energy and fracral structures of drainage nerworks,
Water Resowrcer Research 28: 2183-2195.

Rind, D., Rosenzweig, C. and Goldberg, R. (1992) Modelling the hydrological cycle
in assessments of climate change, Navwre 358: 119-122,

74



SCALES OF INTERACTION

Rodda, J.C. (1995) Guessing or assessing the world’s water resources, fowrnal of the
Institute of Water and Environmental Managers 9. 360-368,

Rogers, R. and Hinckley, T.M. (1979) Foliar mass and area related to current
sapwood area in oak, Forer Sciemce 25: 298,

Root, T.L. and Schneider, S.H. (1995) Ecology and climate: research strategies and
implications, Sciemce 269: 334-341.

Saunders, LR. and Bailey, W.G. (1994) Radiation and energy budgers of alpine
tundra environments of North America, Progress in Physical Geography 18:
317-538.

Schimel, D.5., Braswell, BH. and Parton, W.]. (in press) Equilibration of the
terrestrial water, nitrogen and carbon cycles, Proceedings of the National Academy of
Science USA.

Schimel, D.S., Kitrel, T.G.F. and Parton, W.J. (1991) Terrestrial biogeochemical
cycles: global interactions with armosphere and hydrology, Tellesr 43AB:
188-203.

Schimel, D.S., Stillwell, M.A. and Woodmansee, R.G. (1983) Biogeochemistry of
C, N, and P in a soil catena of the shortgrass steppe, Ecology 66: 276-282.

Schultz, G.A. (1988) Remote sensing in hydrology, Jowrmal of Hydrelogy 100:
239-265.

Segal, M., Alperr, P., Stein, U., Mandel, M. and Mirchell, M.]. (1994) Some
assessments of 2 % CO, climatic effects on water balance components of the
eastern Mediterranean, Climatic Change 27: 351-371.

Sellers, P.J., Bounoua, L., Collatz, G.J., Randall, D.A., Dazlich, D.A., Los, $.0.,
Berry, J.A., Fung, 1., Tucker, CJ., Field, C.B. and Jensen, T.G. (1996)
Comparison of radiative and physiological effects of doubled atmospheric CO, on
climate, Sciemee 271: 1402-1406.

Shaw, E.M. (1994) Hydrology in Practice (third edition), London: Chapman & Hall.

Shugart, H.H. and Smith, T.M. (1996) A review of forest patch models and their
application to global change research, Climaric Change 34: 131-153.

Shuttleworth, W.J. (1988) Macrohydrology — the new challenge for process
hydrology, Journal of Hydrology 100: 31-56.

Sivapalan, M. and Kalma, J.D. (1995) Scale problems in hydrology: contributions of
the Robertson Workshop, in Kalma, J.ID. and Sivapalan, M., (eds) Saale Liswes in
Hydralogical Modelling, Chichester: Wiley, pp. 1-8.

Thompson, S.L. and Pollard, D. (1995) A global climare model (GENESIS) with a
land-surface transfer scheme (LSX). Part 2: CO, sensitivity, Jowrnal of Climate B:
1104-1121.

Tucker, C.J. and Sellers, P.]. (1986) Satellite remote sensing of primary production,
International Journal of Remore Sensing 7: 1133-1135.

Tucker, C.J., Dregne, HW. and Newcomb, W.W. (1991) Expansion and contrac-
tion of the Sahara desert from 1980 to 1990, Scemce 253: 299-301.

Turner, M.G. (1990) Spatial and remporal analysis of landscape patterns, Landicape
Ecology 4: 21-30. '

Veen, AW L., Klaassen, W., Kruije, B, and Hutjes, R.W.A. (1996) Forest edges

75



ECO-HYDROLOGY

and the soil-vegetation—atmosphere interaction at the landscape scale: the state
of affairs, Progress in Physical Gesgraphy 20: 292-310.

VEMAP members (1995) Vegeration/ecosystem modeling and analysis project:
comparing biogeography and biogeochemistry models in a continental-scale
study of terrestrial ecosystem responses to climate change and CO, doubling,
Global Biogeochemical Cycles 9. 407—437.

von Storch, H., Zorita, E. and Cubasch, U. (1993) Downscaling of global climate
change estimates to regional scales: an application to Iberian rainfall in winter-
time, fournal of Climate 6: 1161-1171,

Wigley, T.M.L., Jones, P.D., Briffa, K.R. and Smith, G. (1990) Obtaining sub-grid
scale informartion from coarse resolution general circularion model output, Jasrnal
of Geophysical Research 95: 1943-1953.

Wilby, R.L. (1994) Stochastic weather type simulation for regional climate change
impact assessment, Warer Resowrces Research 30: 3395-3403.

Wilby, R.L. (1996) The fractal nature of river channel networks: applications
to flood forecasting in the River Scar, Leicestershire, Easr Midlands Geographer
19: 59-72.

Wilby, R.L. (1997a) The changing roles of hydrology, in Wilby, R.L. {(ed.)
Contemporary Hydrology, Chichester: Wiley, pp. 1-24.

Wilby, R.L. (1997b) Beyond the river catchment, in Wilby, E.L. (ed.) Contemporary
Hydralogy, Chichester: Wiley, pp. 317-346.

Wilby, R.L. and Gell, P.A. (1994) The impact of forest harvesting on water yield:
maodelling hydrological changes detected by pollen analysis, Hydralagical Sciences
Journal 39: 471-486.

Wilby, R.L. and Wigley, T.M.L. (1997) Downscaling General Circulation Model
output: a review of methods and limitations, Pregress in Physical Geography, in
press.

Wilby, R.L., Barnsley, N. and O'Hare, G. (1995) Rainfall variability associated with
Lamb weather types: the case for incorporating weather frones, Imtermavional
Journal of Climarology 15: 1241-1252.

Wilks, D.S. (1992) Adapting stochastic weather generation algorithms for climate
change studies, Climarte Change 22: 67-84.

Wood, E.F. (1995) Scaling behaviour of hydrological fluxes and variables: empirical
studies using a hydrological model and remote sensing dara, in Kalma, J.D. and
Sivapalan, M. (eds) Scale liswes in Hydrological Modeliing, Chichester: Wiley, pp.
89-104.

Wood, E.F., Sivapalan, M. and Beven, K_]J. (1990) Similarity and scale in carchment
storm response, Reviews of Geophysics and Space Science 28: 1-18.

Wood, E.F., Sivapalan, M., Beven, K.J. and Band, L. (1988) Effects of spatial
variability and scale with implications to hydrologic modelling, Jowrnal of
Hydrology 102: 29-47.

Woods, R.A., Sivapalan, M. and Duncan, M. (1995) Investigating the representative
elementary area concept: an approach based on field data, in Kalma, ].D. and

76



SCALES OF INTERACTION

Sivapalan, M. (eds) Scale luswes in Hydrological Modelling, Chichester: Wiley,
pp. 49-70.

Xinmei, H., Lyons, T.J. and Smith, R.C.G. (1993) Meteorological impact of
replacing native perennial vegetation with annual agriculoural species, in Kalma,
J.D. and Sivapalan, M. (eds) Scale lswes in Hydrological Modelling, Chichescer:
Wiley, pp. 401-410.

Yarnal, B. (1993) Symopric Climatology in Environmental Analysis: A Primer, London:
Belhaven Press.

Zeng, X. and Pielke, R.A. (1993) Landscape-induced atmospheric flow and its
parameterization in large-scale numerical models, Jowrnal of Climate 8:
1156-1177.

T



4

PLANTS AND WATER IN
DRYLANDS

Jobn Waimuright, Mark Mulligan and Jobn Thornes

INTRODUCTION

It could be argued that the understanding of eco-hydrological processes is
critical in drylands for two reasons. First, in most cases the aridity of the
drylands means that the supply of water is the dominant control on the
growth and maintenance of plants. Second, most drylands are characterised by
extreme variability in water availability. Plants must adapt to use this variable
source. In addition, large amounts of soil erosion during storm events can
remove the uppermost, relacively ferrile and moisrure-retaining parts of the
soil profile and thus enhance the importance of moisture availability as
the dominant control on dryland vegetation. In this chapeer, we will explore
these interrelationships and feedback mechanisms at a number of spatial and
temporal scales. In doing so, we have divided the marerial into three major
SECLIOns.

First, we consider a number of basic eco-hydrological processes in drylands.
At the largest spatial scale, we consider soil-vegetation—atmosphere transfers
in drylands. This is followed by a more detailed consideration of the relation-
ships between plants and scil water in relation to climartic controls and the
processes that concrol the movement of warter into and our of the soil. The
structures and patterns of dryland vegetation that develop from these
interactions are then discussed. Finally, we look at the plant controls on runoft
and sediment production, which reinforce many of the patterns and processes
considered earlier.

Second, the means of modelling eco-hydrology in drylands are considered.
The use of models to develop and test our understanding of processes and
their interactions is considered by us a fundamental part of our methodology.
We consider general progress in modelling such interactions, and note some
important factors that must be accounted for in developing models of dryland
eco-hydrology.
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static and spatially complex lichosphere. It is ar the land surface that the
differences between these two systems are resolved. The characteristics of
the land surface determine the energy (Dirmeyer and Shukla, 1994), moisture
{(Walker and Rowntree, 1987; Shukla and Mintz, 1982) and momentum
exchange (Sud er @/., 1985; Smith e al., 1994) between the two systems.
These exchanges can affect, and in turn are affected by, climatic and eco-
hydrological processes. Since the surface is the interface between climaric
forcing and eco-hydrological response, the characteristics of the surface also
determine the narure and intensity of surface and subsurface hydrological
processes as well as the dynamics of the vegetation cover.

The low cover of wvegetation means that soil-vegetation—armosphere
transfers (SVATs) in drylands are particularly complex (Shutcleworth and
Wallace, 1985; Noilhan e /., 1997; Pelgrum and Bastiaanssen, 1996).
SVATs in drylands are complicated in two main ways. Firse, the low and
discontinuous vegetation cover presents the atmosphere with a very complex
surface when compared with a continuous forest cover or grassland characrer-
istic of more humid environments. Second, the boundary layer behaviour of
dryland soils and dryland vegertation 1s quite distince, and our understanding
of hydrological and micrometeorological feedback berween the two remains
elementary (see Sene, 1996).

A number of crude general circulation model (GCM) sensitivity
experiments in various ecosystems have suggested that the characteristics of
the surface have an important influence on the medium- and long-term
dynamics of the climate system (Wilson & /., 1987; Meehl and Washingron,
1988; Koster and Suarez, 1994; Marengo e a/., 1994; Eltahir and Bras, 1994,
Polcher and Laval, 1994: Stockdale er 2f., 1994). Most of these experiments
have been carried out within the context of large-scale field experiments in the
same ecosystem (Bolle e /., 1993; Gouturbe e a/., 1994). Most of the early
experiments of this type dealt with simple surfaces such as continuous forest
cover (Blyth e al., 1994; Shuttleworth er &/, 1991) and grassland (Betts e /.,
1992; Hall and Sellers, 1995). Some of the later experiments considered more
complex surfaces such as North African crops and tiger-bush (HAPEX -Sahel:
Goutorbe e /., 1994), Mediterranean shrublands and rain-fed and irrigaced
agriculture (Echival Field Experiment in a Desertification-Threatened Area —
EFEDA I and II: Bolle & a/., 1993). The early experiments looked at the

impact of large-scale changes in surface cover associated with deforestation
and afforestation on boundary layer strucrure and SVAT fluxes of warer,

energy and momentum. They were mainly deforestarion experiments (O Brien,
1996; Sud e af., 1996; Lean and Rowntree, 1997). It was clear, numerically
and empirically, that these gross changes had a significant impact on local,
regional and, potentially, global climares.

The later experiments looked at much more subtle surface changes
associated with the progressive reduction of the biological potential of the
land in response to climaric aridification and agriculrural intensification.
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These desertification experiments (Goururbe e @/, 1994; Bolle ef a/., 1993; Xue
and Shukla, 1996) produced evidence to support the hypothesised feedback
between aridification and degradation of the land surface. Reduced vegetation
cover, higher albedo, lower latent heat loss and higher sensible heat loss resule
from aridification and lead to less turbulence and cloud formation, in turn
causing furcher aridification of the climate (Figure 4.1). The most significant
characteristics of the vegetation cover in this process are plant albedo
(vegetation type, cover, leaf area index), the degree of atmospheric coupling
of the stomata (i.e. the degree to which stomatal opening is controlled by
atmospheric variables as opposed to soil moisture availability; see Chaprer 2)
and the seasonal phenology of the vegetation cover. Anthropic land-use
change in drylands has accelerated in recent decades and can thus have a direct
impact on climate because of this climate — land-surface properties — climate
feedback loop (Henderson Sellers, 1994; Dale, 1997).

Plant—soil-water relationships in drylands

The water budget of any part of a dryland hill slope can be expressed as
the difference berween water inputs at a point (precipitation, run-on and
seepage) and warer outpurs at the same point (evapotranspiration, runoff and
drainage). The most important components of the budget for most drylands
are precipitation and evapotranspiration, and so the balance between the two,
expressed as the ratio of precipitation to potential evapotranspiration, is a

good measure of aridity.

Rainfall

Precipitation in drylands is low in volume, irregular and low in frequency,
and often high in intensity. The irregulanty of precipitation can be as
important in controlling plant—soil-water relationships as the long-term
mean total precipitation, since plants require a constant supply of warer for
the maintenance of biological activity, and most species have no way of
storing water surpluses. The irregularity of precipitation in drylands can be
expressed as the coefficient of variation of annual total precipitation, and this
is commonly of the order of 30 percent for semi-arid Spain (Mulligan, 1996a),
25 percent for Mediterranean France, and around 35 percent in New Mexico
(Wainwright, in press, a). In more arid areas, these values are commonly
exceeded. Rumney (1968) gives values in excess of 40 percent for much of the
Sudano—Sahelian belt, parts of Mongolia, the southwest coast of Africa and
parts of Peru, Bolivia and Argenrina.

The characteristics of precipitation in drylands determine to a large extent
the hydrological fare of the same precipitation. These characteristics include
(1) rthe timing of rainfall both seasonally and with respect to previous evenrs;
(2) the intensity of rainfall relative to the rate of surface infiltration of water;
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Figure 4.1 The aridification=desertification feedback loop.
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and (3) the size and duration of storms along with the pattern of intensity
change through them. From an analysis of rainfall data collected using an
automatic weather station (AWS) at Belmonte, central Spain, Mulligan
(1996a) found that most events are of low intensity, with few of high
intensity. The low-intensity evenrs efficiently replenish soil water reserves,
while high-intensity events provide more water for rapid overland flow.
Mulligan (sbid.) also found that the great majority of storms are low in
volume. Similar patterns were observed in semi-arid New Mexico by
Wainwright (in press, a).

Of more importance to the plant—soil-water relationships are the temporal
variations in rainfall receipt. Ecologically, the most significant of these are
seasonality and the length of summer drought. Though rainfall seasonality is
strong in drylands, it is most pronounced in mediterranean environments
characterised by a cool, wet winter and a hot, dry summer. The strength of
seasonality varies from year to year (Figure 4.2). Total annual rainfall itself
varies inter-annually, decadally and in the longer term (Figure 4.3), and eco-
hydrological processes reflect this variation.

Reynolds e a/. (in press) demonstrated the importance of low-intensicy
events and seasonal variability of rainfall in a series of rainfall-exclosure
experiments on creosote bush (Lerrea tridentata) and mesquite (Prosopis
glandulosa) at the Jornada Long-Term Ecological Research site in the
Chihuahuan Desert, New Mexico. Both species demonstrated an ability to
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Figure 4.2 Changing seasonality of rainfall for Belmonte, central Spain,

1940-1991. Data courtesy of the Spanish National Meteorological Otfice.

son = September, October, November; djf = December, Januvary, February;

mam = March, April, May; jja = June, July, August.
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Figure 4.3 Rainfall variability for Belmonte, central Spain (1940-1991). Data
courtesy of the Spanish National Meteorological Ofhce.

compensate for summer drought by using moisture from (low-intensity)
winter rainfall and for winter drought by exploiting summer rainfall. This
may be one means by which shrub species are able to out-compete annuals in
this environment.

Throughfall, infiltration and runaff

The relationship between rainfall, soil moisture and runoff production can
be considered in relation to a series of experiments carried out on semi-
arid shrubland and grassland in Arizona and New Mexico. Martinez-Mesa
and Whitford (1996) looked at processes of throughfall, stemflow and root
channelisation of warter in three shrub communities ar Jornada. Throughfall
in creosote bush averaged 56 percent of rainfall throughour the year with a
range of values from 22 to 83 percent. The average for tar bush (Flowrensia
cernua) was 53 percent in summer and 58 percent in winter, with a range from
9 to 73 percent. Mesquite had less seasonal variability, with 64 percent of
rainfall occurring as throughfall in summer and 62 percent in winter, with
values ranging berween 36 and 89 percent. These values seem comparable
with measurements on shrub vegetation from elsewhere in the world.
Martinez-Mesa and Whitford were also able to demonstrate that the
percentage throughfall in all of chese species increases rapidly for low rainfall
rates and reaches the mean value asymproucally beyond event torals of
between 2.5 and 3 mm. Their stemflow measurements show a similar
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vegetation is restricted to wadis, where it can take advantage of accumulations
of water at depth. At the wetter end of the spectrum, steppe (semi-desert)
merges into grassland and shrubland, savannah and woodland. In all of these
communities, vegetation cover and plant size are positively correlated with
rainfall (Shmida, 1972; Beatley, 1974, 1976). Species diversity is also relared
to rainfall, with maximum species richness occurring in the semi-desert
zone between desert and forest ecosystems. However, edaphic variability and
ecological stability are also important — ecologically stable areas are thought
to have fewer species, though chis is highly contentious (Tilman, 1994;
Whitford, 1997).

Evenari (1985b) describes the adaptations of plants to the desert
environment. He distinguishes the poikilohydrous plants (lichens and algae)
and the homoiohydrous plants. Poikilohydrous plants have a number of

physiological adaprations to extreme aridity, which are outlined in Table 4.2.
Lichens can be a very significant component of dryland vegetation. However,
most desert plants fall into the broad class of homoiohydrous but can be
further classified as arido-passive perennials, arido-passive pluviotherophytes,
arido-active perennials and biseasonal annuals. These types possess a number
of adaprations to aridity, which are fully described elsewhere (76id.).

Plant structures and patterns

Spatial structure

Perhaps the most striking characteristic of dryland vegetation is its low
cover. As one moves along a continuum of aridity from P/E - down to
PIE _ < 0.3, the potential vegetation cover breaks up from total cover through
a series of broken canopies to a situation in which vegetation cover is very
patchy. The patches are characterised by a high density of stems in a small area
and a consequent build-up of sediment - typically derived from rain splash or
aeolian activity — and organic material beneath the vegetation (Parsons e af.,
1992; Sdnchez and Puigdefibregas, 1994; Puigdefibregas and Sdnchez, 1996;

Table 4.2 Fearures of poikilohydrous plants (after Evenari, 1985b).

1. The capacity to take up water from rain, dew or water vapour in the air (ac
>70% humidicy).

2. The capacity to equilibrate with the hydration level of their environment and
to survive extreme and prolonged desiccation without damage.

3. The capacity to enter an anabiotic state (with extreme cold and heat resistance)
and become metabolically inactive after desiccation without injury,

4. Rapid switching on and off of metabolic activity according to water availability.

5. Relatively high rate of photosynthesis at low temperatures and low lighc
intensities.
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Wainwright ef a/., 1995; in press). The resulting increase in surface elevation
may prevent erosion either by diverting overland flow and/or by obstructing
the flow and reducing the local slope, leading to an increase in the amounts of
infiltration of water and deposition of sediment generated on bare patches
upslope of the plants (Cerdi, 1997). This process enhances the soil moisture
storage and the soil moisture storage capacity of the patches at the expense
of upslope bare areas. This kind of environmental ‘manipulation’ has been
identified in drylands from Israel (Valentine and Nagorcka, 1979) through
the Mediterranean to North Africa (Lefever and Lejeune, 1997) and sub-
Saharan Africa (MacFadyen, 1950; Grove, 1957; Worral, 1960), as well as in
the American southwest (Schlesinger ef a/., 1990), Patagonia (Rostagno and
del Valle, 1988) and Australia (Mabbutt and Fanning, 1987) and can lead to
the development of hill-slope-scale, and even regional, patterned structures
on sloping terrain. Dunkerley (1997) has suggested on the basis of model
simulations and evidence from eastern Australia that such pacterns are
relatively stable under, and may even be enhanced by, drought and/or grazing
pressure. Davis and Burrows (1994) have also proposed that the repeated
occurrence of fires can be an important factor in the development of
vegetation parchiness in drylands.

Patch development

While a number of plant-scale advantages of clumping can be recognised,
the ecological mechanism for the phenomenon remains poorly understood,
although recent cheoretical (van der Maarel, 1988) and modelling (Sinchez
and Puigdefibregas, 1994; Puigdefibregas and Sinchez, 1996; Jeltsch e al.,
1996) studies have helped in understanding the processes involved. In
addition to increasing che available soil moisture and soil moisture capacity
through overland flow trapping, clumping can have a number of other eco-
hydrological impacts, some of which are presented in Table 4.3.

Plant controls on runoff and sediment movement

General considerations

There is a complex and often non-linear interaction between vegetation, hill-
slope hydrological processes and erosion. Despite this, many forest engineers
in drylands still promote the long-held, and somewhar simplistic, idea that
degradation and soil erosion can be reduced and hydrological processes
adjusted by encouraging the growth of forests.

The core of the forest protection approach is based on more than 100 years
of paired catchment experiments in the USA and the UK and the repeated
empirical observation that sediment yields are less from ftorested carchments
and well-vegetated plots. A critical review of the confused signals coming
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Table 4.3 The eco-hydrological consequences of vegetation clumping.

I.  Reduction of soil evaporation loss through shading of the root zone soil.

2. Enhancement of root zone moisture supply through the concentration of stem-
flow.

3. Increase of the infiltration of direct rainfall and reduction of overland flow loss.

4. Provision of a low air temperature and high-humidity environment around che
majority of leaves, which may reduce transpirational loss.

5. Concentration of nutrient reserves in the surface soil from (drought deciduous)
leaf loss, thereby reducing nutrient losses.

6. Reduction of grazing pressure by excluding access to all but the edge of the
patch.

7. Provision of a shaded environment for small animals, enhancing their contri-
bution to the nutrient budger of the plant and also increasing the potential soil
moisture storage by their burrowing.

8.  Reduction of the expenditure on below-ground biomass by bringing resources
to the roots rather than growing roots to the resources.

from this research reveals thac cthe main causes of ambiguity have been
the failure to obtain truly comparable paired catchments, the difficuley
engendered by comparing different serial rainfall inputs to the catchments
and the differences in both treatment and responses of the catchments. In
this larter instance, Obando (1996) has shown in a modelling study of sites

in southern Spain that changes in the location of matorral removal and
re-establishment can have quite significant impacts on the pattern of water
and sediment yield (Figure 4.4). The arguments for forest protection are
well known. It is suggested thar the forest canopy reduces the drop size and
the energy of falling rain, both of which are correlated with erosion amounts
and rates. However, Brandt (1986, 1989) was able to show, for both UK
deciduous forests and Amazonian forest, that drop sizes and, in some cases,
total kinetic energy ar the surface can be substantially increased under forest.
These results suggest that it is the protection afforded to the soil by the root
matter and leaf licter layer rather than the canopy itself that reduces soil
erosion. With lower-level canopies, however, Brandt demonstrated that the
throughfall energy was significantly reduced when compared with rainfall
energy, although certain events did still produce enhanced throughfall
energies. Although throughfall in semi-arid shrubs in New Mexico was
measured as being between 9 and 89 percent of the rainfall (Martinez-Mesa
and Whitford, 1996: see above), the resulting energy produced was not
measured. However, the results of Parsons ef @/, (1992) on differential splash
rates between and under shrubs wich a similar size and scructure in Arizona
suggest that there is a significant energy reduction in this setting. Thus the
eftectiveness of vegetation protection against erosion is a function of canopy
size, height and spatial pattern, although more work 1s required to define the
exact relationships.
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Figure 4.4 The effect of different spatial distributions of vegetarion cover on
predicted erosion rate in the study of Obando (1996). Both cases have a 48 percent

vegetation cover of marorral, concentrated in either the upslope or downslope area.

It has been observed that lower plane life forms (algae and lichens) can
have a dramartic effect on erosion rates by increasing the surface stabilicy
(Alexander and Calvo, 1990). As discussed above, such forms are an important
component of many dryland ecosystems; thus this effect may be widespread.
Surface stability can be quickly lost by grazing and negligent soil manage-
ment. However, the debate about the impact of grazing has to be treated with
caution, not least because animals are highly selective in their choice of food,
and also because most of the enhanced runoft can be acrribured to compaction
by hooves. In addition, grazing may induce better fertilisation of soil, so thar
in the Sahel vegeration may be better established closer to water points than
further away (Warren and Khogali, 1992). Moreover, there are some species
for which grazing smprover the cover characteristics with respect to erosion by
increasing leaf density and encouraging ourward growth of bushy species such
as Quercus coccifera (Barbero et al., 1990).

Regional scale

At regional scales it is argued that, with zero rainfall, chere must be zero
runoff and therefore no erosion, bur that as the rainfall and runoff increase, the
sediment yield musr also increase to a peak ar ¢. 300-500 mm of effective
rainfall (i.e. semi-arid environments) (Langbein and Schumm, 1958; Figure
4.5A). Further rainfall increases the vegetation cover, causing a steep slump in
sediment yield (Figure 4.5A). Douglas (1967) argued that roral denudarcion
might well follow the same curve, but that in tropical climates the high
solution rares and throughput of soil water would produce much higher
denudation, despite the increased vegetation cover. Walling and Webb (1983)
also qualified the Langbein and Schumm (1958) curve on the basis of a much
greater and more carefully filtered sample size (Figure 4.6).
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Figure 4.5 Relationships between precipitation and sediment yield. A:
Relationship berween effective annual precipitation and sediment yield proposed
by Langbein and Schumm (1958). B: Relationship berween annual precipitation
and sediment yield as measured on 76 Mediterranean sites under shrubland
vegetation by Kosmas & a/. (1997).

A relationship similar to that of Langbein and Schumm has recently been
confirmed empirically for Mediterranean-type climates in both the Old and
the New Worlds (Inbar, 1992) and for the Mediterranean by the experimental
sites in the MEDALUS project (Kosmas et af., 1997) (Figure 4.5B). Inbar
(1992) demonstrated that the peak of the curve occurred at around 300 mm
of annual precipitation for catchments in coastal Israel and Spain, with
corresponding erosion rates of 310 t km™ year™!. The subsequent decrease
in sediment yield with increasing annual precipitation is of the order of
50 t km™ year™ for each 100 mm of additional precipitation, Peak rates in
the mediterranean climates of California and Chile are of the order of 500 to
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reduction of vegetation produces increases in sediment yield, however, is well
documented from a number of carefully carried out investigations of human
clearance. Examples of clearances include those in mid-Holocene Europe
(Starkel, 1983; 1987), when the Aulehm deposits were created in river
valleys, and those in the Mediterranean (e.g. Laval e @/., 1991; van Andel e
al., 1986; see also below). One of the problems in providing unequivocal
statements aboutr past changes comes from the rimescales of observarion. As
noted above, many major erosional events in a Mediterranean context occur as
a resule of plant die-back following drought on an annual to decadal cycle, or
as a result of intense storms following a period of seasonal drought (Kirkby
and Neale, 1987). However, the resolution available chroughout most of the
Holocene in terms of the palacobotanical record for the region is generally of
the order of centuries.

A fturther significant problem here 1s that, while the spatial character
of growth under increased precipitation and its impact on vegeration can
be successfully modelled (Thornes 1990), the spatial patterning of die-off is
rather inadequately modelled because of the difficulty that death is often
partial in plants (twigs, leaves), so that the spatial occurrence of bare patches
is sporcy rather than systemaric in development. Thus in desertificarion
studies, the concept of the ‘rolling forward’ of the Sahel as plant death occurs
under stress or human management cannot be justified. More sophisticared
modelling inevitably leads to more complex conclusions abour the effects
of climatic change on degradation. For example, Woodward (1994) has
maodelled the impacts of future scenarios of Mediterranean climare change on
vegetation cover in the Iberian Peninsula using physically based ecophysio-
logical models of photosynchesis, respiration, growch, allocation and death
of plants on the basis of their functional type. The work produced a plant
growth model that was coupled to hydrological and geomorphological
models at the hill-slope scale (Kirkby e /., 1996). The resules indicarce
that the hypothesised doubling of CO, and 15 percent reducrion in winter
rainfall would act differentially on bushes and grasses, and that the most
marginal climatic situations would experience the greatest effects (i.e. those
areas having an average dry season of seven months withour rain). The resulrs
indicate losses in biomass of up to 50 percent, which would be expecred to
produce a dramartic change in sediment yield.

Slope or plot scale

At smaller scales, variability in the controls of erosion such as vegetartion leads
to much greater spatial and temporal variability in rates. For this reason,
local-scale estimares of erosion must be based on a thorough understanding
of the processes. The erosion process can be divided into three interacting
elements. Erosion by splash occurs due to the impact of raindrops on the
surface, which can entrain particles in droplets that rebound from the surface.
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Once overland flow is generated, it can rransport sediment either in a rather
diffuse manner in the undissected inter-rill zone or in a more concentrated
way once incision leads to the formarion of rills and, ultimacely, gullies.

Erosion by splash

The splash mechanism is effective for soil particles less than about 12 mm
in maximum dimension (Wainwright, 1992; Wainwright & a/., 1995).
Transport distances are typically less than a metre and decline exponentially
in all directions from the source although with a net downslope movement
(Savar and Poesen, 1981). Parsons e a/. (1994) demonstrated using rainfall
simulations that splash rates increased and then decreased during a first
rainfall event on a semi-arid grassland plot at Walnur Gulch, wich peak rates
of 9.0 % 107 g m™ 57", During a second event carried out three days later, che
rates continued to decline. This pattern was interpreted as relating initially to
the increased wetting of the soils, facilitating their movement by reducing
cohesion, followed by a subsequent decrease in available soil for transport.
Thus, the importance of splash might be expected to decrease, ceteris paribus,
during the period of a rainy season at a particular site. As noted below, there
is an important interaction between splash and sparse vegetation canopies
in drylands. Soil and litter can commonly be splashed underneath a shrub
canopy, but the splash process is considerably reduced beneath the canopy
because of the relacively small proportion of throughfall (see above), and thus
lictle material is splashed back our into the inter-shrub areas. Through rime,
this build-up of soil and litter contributes significantly to the formation of
mounds (Parsons ef a/., 1992, Wainwrighr e 2/., 1995; in press). The rapidity
with which this occurs is partly a function of splash rates in the inter-shrub
areas, which can be an order of magnirude higher than those in the grassland
areas (7.2 X 107 g m™ s™'; Parsons ¢ a/., 1991).

Erosion by inter-rill overland flow

Overland flow in the inter-rill zone is able to move larger particles —
Abrahams ¢ @/. (1988) observed movement of particles as large as 53 mm on
steep slopes — typically for much greater distances than the splash process.
Tracer experiments on the Walnut Gulch grassland suggested that although
a large proportion of material is redeposited within 25 cm of its origin,
travel distances of almost 3 m were recorded in a single event, again with
an exponential decline in the amount of material transported with distance
(Parsons et al., 1993). These experiments suggest that the transport is
intermittent and that it would take a number of events for soil particles to
travel the length of the slope and enter the channel system. Abrahams ef a/.
(1991) demonstrated that inter-rill erosion is determined by sediment
detachment by raindrops, as the flows themselves have insufficient energy to
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detach soils. The capacity to transport such detached material is then defined
by the flow depth, which is itself highly variable due to the significant surface
irregularities on typical dryland slopes (Abrahams and Parsons, 1991; Parsons
et al., 1994; 1996a). Raindrop detachment is itself a negative exponential
function of flow depth (Torri & a/., 1981), leading to the development of
spatial pacterns of erosion. On both the grassland and shrubland slopes ar
Walnut Gulch, the erosion first increases from the slope divide as flow
transport capacity increases, and then decreases as the raindrop detachment
decreases, because of the general downslope increase of flow depth (Abrahams
et al., 1991; Parsons ef af., 1996a). In both cases, there are feedbacks berween
the vegetation, flow dynamics and erosion. On the shrubland, the high surface
runoff from the inter-shrub areas increases the erosion in these areas, which
accentuates the relief of the shrub-topped mounds and equally reduces the
likelihood of recolonisation of the inter-shrub areas, because of the removal
of water and nutrient resources (Parsons ef @l., 1996b; Schlesinger & /., in
press). The grassland is characterised more by a negative feedback wherein
the more diffuse discribucion of grass clumps causes overland flow to be
slower and less concentrated. Sediment is thus deposited behind the clumps,
often forming a series of microtopographic steps, which in turn enhance the
diffusion of the overland flow (Parsons er a/., 1996a). Thus, despite the lower
vegeration cover on the grassland (33 percent compared with 44 percent on
the shrubland), erosion rates are lower, with peak rates of 0.23 gm= s
compared with 0.53 g m™ s™' on the shrubland. It can be seen that inter-rill
overland flow is several orders of magnitude more effective at transporting
sediment than splash (see also Wainwright, 1996b and ¢ for Mediterranean
examples).

Erasion by concentrated overland flow

Erosion in concentrated overland flow occurs when the flow gains sufficient
energy to detach sediment itself, thus causing incision into the soil surface,
forming rills and ultimately gullies. In this case, the detachment of soil by
raindrops is no longer a limiring facror. Rilling occurs on the shrubland ac
Walnut Gulch and is apparently controlled by the occurrence of greater
extremes of flow depth in the downslope direction (Parsons e /., 1996a). This
is probably a further consequence of the feedback described above, where flow
is increasingly constrained into the inter-shrub areas as it travels downslope.
Unpublished work at the Jornada site suggests that shrub spacing is a
dominant control on this process (Charleon, personal communication).

The example discussed in detail above suggests that simple models char
show a negative exponential relationship berween vegetation cover and
erosion — as, for example, demonstrated by Elwell and Stocking (1976) for
simple crops — cannot be said to hold in all cases in drylands. Rogers
and Schumm (1991) have also shown experimentally that the negative
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exponential relationship breaks down at vegeration covers of 15 percent or
less. Morgan (1996) has discussed differences in the form of the relationship
and its parameters in relation to canopy structure as part of the European
Soil-Erosion Model (EUROSEM) project. It would appear char furcher
work on this problem is required that takes account of the canopy structure
of dryland plants and cheir spatial discribution on a slope. Given that many
drylands have plant covers of less than 30 percent, as noted above, this point
15 of critical importance.

As with runoff production, the consequences of fire are an important
consideration in relation to erosion, principally because of the increase
in runoff described above, the decrease in protection of the soil surface by the
vegeration canopy, and changes in the soil structure. Vega and Diaz Fiernos
(1987) showed a difference of erosion rates, with only 1.5 t ha™' year
produced on a moderately burnt Pimar pinaster woodland, compared with
22 t ha™! year™' on an intensely burnt area in norchwest Spain. On Quercus ilex
plots in Catalonia, Soler and Sala (1992) measured erosion rates of 0.017 ¢ ha™'
year”' on unburnt and 0.162 t ha™' year™' on burnt plots, compared with
0.024 ¢t ha ' year™' where the plots had simply been cleared. Fire can also lead
to a loss of nutrients from the system by a number of mechanisms (Christensen,
1994), which, combined with soil loss, has important consequences for
vegetation regrowth (Soler and Sala, 1992; Kutiel and Inbar, 1993),

MODELLING ECO-HYDROLOGICAL
PROCESSES IN DRYLANDS

Models for understanding dryland eco-hydrology

MNumerical models (see Chaprer 9) are increasingly being used as an aid
to field experimentation and theoretical analysis for understanding the
eco-hydrological dynamics of drylands. Models are applied at scales from the
GCM grid cell, such as the land-surface sensitivity experiments discussed
above and in Chapter 3, through to the individual plant scale. Models are
applied for time periods from a few hours for process studies and event
simulation through to hundreds of years for climate change experiments. A
number of hydrological (for example, Braud er /., 1995, Kirkby and Neale,
1987, Kirkby, 1990), ecological (for example, MARIOLA, Uso-Domenech
et al., 1995) and coupled eco-hydrological models (for example, PATTERN,
Mulligan, 1996a and b; MEDALUS, Kirkby et &/, 1996; FOREST-BGC,
Kremer ef al., 1996; Thornes, 1990) have been developed for dryland environ-
ments,

The particular characteristics of dryland climares, surfaces and plant

communities require a parcicular set of modelling strategies appropriate to
these conditions.
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Model timesteps

Drylands are characterised by long periods of hydrological inactivity with
short, intensive events in which a grear deal of change occurs. In modelling
terms, this requires the specification of a high-resolution timestep (perhaps
a minute or less) in order to represent accurately rapid rate processes
(particularly Hortonian overland flow) during an extreme event bur also low-
resolution timesteps for integration of fluxes ourside chese periods of activiry.
In this way, a variable timestep rather than a fixed one is most appropriate to
dryland eco-hydrological modelling. The timestep should respond to che rate
of the most rapid acting flux or process so that it is inversely proportional to
this rate. A variable timestep is computationally efficient and hydrologically
precise.

Where ecological processes are coupled with hydrological ones, and
particularly where processes of the energy budger are included, an additional,
concurrent, timestep is required. The timestep should reflect the slower
biological processes and is commonly of the order of hours or days. Hourly
timesteps have the advantage of increased precision but require hourly data,
which are often not available. Daily timesteps, on the other hand, are easier to
parameterise but can lead to significant error because they do not take into
account the significant differences berween daytime processes and nighe-time
processes. These can be particularly important in drylands, where dew inpurs
can be high during the night and where water stress changes significantly
between day and night. The analysis in Table 4.4 is the result of an
application of the Penman—Monteith equation (Monteith, 1973) to the same
dara set, which is integrared first on an hourly basis, second on a daily basis,
and third on a day—night basis with one timestep from sunrise to sunset and
the next timestep from sunset to the following sunrise. Clearly, there are
significant differences in the calculated evapotranspiration berween these
situacions. If we rake the hourly results as those that most closely represent
reality, it is clear thar a day—night timestep significantly improves the
accuracy of estimation of evapotranspiration when compared to a daily
timestep. The accuracy of using the day—night timestep also varies through
the year, as indicated by the June figures compared with those for January.

Specific characteristics of drylands

A number of specific physical characteristics of drylands must also be
accounted for within eco-hydrological models. First, drylands tend to have an
open canopy with a complex pattern of vegetated and bare patches. This
makes the use of standard evapotranspiration equations developed for closed
canopies difficult, and more appropriate models are those developed for sparse
crops (Shuttleworth and Wallace, 1985) and patchy vegetation (Wallace and
Holwill, 1997; Wood, 1997).
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later Quercas with a dominance of steppe species in sites in the south of the
country from about 3.5 Ma, suggesting the onset of environmental gradients
similar to those of the present day (Levin and Horowitz, 1987). Before
3.2 Ma, the northwestern part of the Mediterranean had been characterised
by tropical vegetation species such as Taxodium, Myrica, Symplocos and Nyssa
in the lowlands, suggesting high moisture conditions, and lower moisture
conditions in the uplands, as demonstrated by species such as Engelbardia,
Carya, R.Eriqmdm. Hammamelis and Embolantbera (Suc, 1984). Similar associ-
ations are found from before the Messinian salinity crisis, suggesting a great
stability in this partern (Suc and Bessais, 1990). Mediterranean evergreen
and pine species are present in the early Pliocene in southern ltaly berween
4.5 and 3.2 Ma, and few tropical species were found (Bertoldi er a/., 1989).
However, the period from 2.6 to 2.2 Ma is marked by cyclic changes in
vegetation groupings, with deciduous forest, tropical humid forest, coniferous
forest and steppe vegetation all present (Combourieu-Nebour, 1993). Rare
Taxodiaceae and subtropical species are still present in the Villafranchian type
area of northern [raly berween 2.9 and 2.2 Ma (Carraro ef &/., 1996). The latter
part of this sequence and those of southern France from 2.3 Ma show an
increase of steppe species (Suc and Zagwijn, 1983). From 2.1 to 1.7 Ma, che
hrst fully Mediterranean-type vegetation zonation 15 found in southern
France. This is made up of Oles and Ceatonia with Pistacia, Phillyrea and
Myrtus at the lowest alvitudes; Phillyrea and Quercus tlex with Olea, Carpinus
arientalts and Rhbamnus at middle alvicudes; deciduous cak and Carpinus with
Carya, Ulmus and Zelkova at higher altitudes; and finally Cedras, Pinus, Abies,
Picea and Tiwga making up a mountain forest (Suc, 1984). In southern Iraly
and Sicily, the same period sees the final disappearance of the subtropical
Taxodiaceae (Baggioni er af., 1981; Bertoldi er a/., 1989), although they are
still presenc in Calabria (Combourieu-Nebout, 1993) and as late as 1.5 Ma
in central Iraly (Rosa Artolini e @/., 1988), albeir most probably as relice
populations in local refugia.

Thus, the major lines of the modern vegetation show a complex develop-
ment over a period of two million years. The development seems to occur
earlier in the east and south than in the west and north. On the general trend
are superimposed a number of cycles of vegetation change. The period of time
over which these changes occurred is marked by important climate changes
within the region that also reflect broader global changes. Oxygen isotope
data for the western Mediterranean suggest that temperatures were up to
3 °C higher than present until 3.2 Ma (Thunell, 1979) or 3.1 Ma (Vergnaud-
Grazzini ef al., 1990), when there was a relatively sudden drop in winter sea
surface temperatures of 1.2 °C (Keigwin and Thunell, 1979). This change
represents the global onset of cooling and sea level fall as seen in the Pacific
(Shackleton and Opdyke, 1977) and Atlantic (Clemens and Tiedemann,
1997). A second phase of cooling occurred around 2.5 Ma, with oscillations
until around 2.1 or 2.0 Ma, after which there was a general downward trend
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