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This thesis describes a systematic study of hillslope runoff
processes and stream flow processes from two forms of land use
characteristic of the New Zealand steep land environment: indigenous
forest (podocarp-hardwood association) and pastoral agriculture.

In humid temperate environments, hillslope runoff is now recognised
to result from a variety of mechanisms, that are dynamic and spatially
variable. In these environments, surface and subsurface hillslope
runoff processes are dependent on the soil, topographic and vegetation
characteristics of individual catchments. The terms 'partial and
variable source area models' have been used to describe these concepts
and flow processes.

The new concepts of hillslope runoff generation have important
implications for the way in which land is managed to maintain desirable
stream flow characteristics and stream water quality. However, this
information has not been used widely as a basis for land management
procedures in areas where conflicts of land and water use occur. This
situation has occurred because most of the studies of source area
hydrology have been qualitative and have not provided information
suitable for use in applied management problems. Also, few comparative
land use studies have been established since the new concepts of source
area hydrology have been developed.

The main aim of this study was to clarify the processes of
hillslope runoff under indigenous forest and pastoral agriculture, and
to interpret the hydrologic implications of these two forms of land use
on the basis of the new concepts of hillslope runoff.

A comprehensive, integrated study of source area hydrology was
established in a steepland catchment supporting the two vegetation
types. Although the areas of forest and pasture vegetation were
contiguous areas within a single catchment, each vegetation type was

treated as a separate hydrologic'entity and referred to as an individual

catchment. Both 'process' scale experiments and some 'catchment' scale



experiments were established to understand fully the processes of
hillslope runoff and the relationships between hillslope flow processes
and stream flow processes in the two land use catchments.

An experimental design was developed for this study based on the
partial and variable concepts of source area hydrology. The
experimental catchments were subdivided into three geomorphically
distinct sub-catchment units (riparian, midslope and spur regions) on
the basis of a preliminary survey of the spatial distribution of soil
moisture.

Data were collected on rainfall, stream flow, surface and
subsurface runoff components and soil moisture, during weekly visits to
the catchments over a two year period, July 1979 < July 1981. Quanti<
tative estimates of the spatial variability of surface and subsurface
hillslope runoff components were made in the sub-catchment units of each
land use catchment. The processes of hillslope runoff were also
examined within each sub-catchment unit. Additional studies of forest
interception processes, soil permeability and other soil, topographic
and vegetation characteristics were completed during this period.

The results of this study show that the hillslope runoff regimes
are complex in both land use catchments. In each land use, hillslope
runoff processes vary spatially and seasonally. The results also show
that the differences in hillslope runoff processes are not consistent,
either between the sub-catchment units of each land use catchment, or
between similar sub=catchment units of both land use catchments.

Despite the complexity of the hillslope runoff processes, the integrated
stream flow responses from each land use catchment are less variable,
and show the differences expected for the two vegetation types.

For most storm events, the spatial distribution of hillslope runoff
conforms with the patterns described by the variable source area model

of hillslope runoff. However, the mechanisms of hillslope runoff and

the causes of the spatial distribution of these processes are not
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described well by this model.

Infiltration—-excess overland flow is generated above the mineral
soil in each land use catchment, despite the intermittent, low
intensity, rainfall. Infiltration-excess overland flow occurs because
the catchment soils are considerably less permeable than in other
catchments in similar environments. The spatial distribution of surface
runoff is dependent on the spatial variability of soil permeability in
each land use that is, in turn, determined by variations of soil
moisture in space and time.

Subsurface discharges are also less important in determining the
stream hydrograph from the two land use catchments studied, than
reported in other studies of similar forms of land use. The catchment
soils are so slowly permeable that large volumes of subsurface runoff do
not reach the stream channel in time to contribute to storm runoff.

An examination of stream flow processes and water balance data was
completed to provide an analysis of the integrated runoff response from
the two land use catchments. Compared with the forest, greater stream
discharges occur from the pasture land use for all flow regimes.
However, the time distribution of the storm runoff response is
independent of vegetation type or antecedent catchment conditions. The
principal differences in the water balance components from each land use
catchment are caused by differences in interception losses: similar
transpiration rates were observed for the two vegetation types.

Selective catchment management, of riparian areas in pasture
catchments in the Hapuakohe Range, is suggested as a method of improving
general stream flow characteristics from these areas, while the multiple
use of the land and water resources is maintained. Estimates of the
effectiveness of this management strategy are presented. However, the
degree to which riparian re-afforestation causes a satisfactory change

in stream flow characteristics, depends entirely on the objective of the

land management practices proposed for a given catchment.
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1.1 INTRODUCTION

This thesis describes a study of the physical processes of runoff
production from two characteristic vegetation types - pastoral
agriculture and indigenous forest - within a small steepland basin in
the Hapuakohe Range, North Island, New Zealand.

Since the advent of predictive hydrology in the 1930s, the
development of surface water hydrology has been dictated by the needs of
engineering hydrology, principally the data requirements for flood
prediction, reservoir design and other downstream channel works (Kirkby,
1978). These demands were satisfied by two simple, yet effective,

concepts:

i) Horton's (1933) infiltration-excess theory of surface runoff for
estimating the volumes of water appearing in the stream channels

after rain;

and ii) Sherman's (1932) unit hydrograph theory for determining the time

distribution of runoff following precipitation inputs.

This focus on down stream problems delayed considerably the
understanding of source area hydrology (Hewlett and Hibbert, 1967).
During the period from 1933 to the 1960s, continued research revealed
that the early concepts of source area hydrology described inadequately
the processes of runoff generation in upstream areas of many
environments. This realisation led to the establishment of several
comprehensive field experiments in upstream source areas (e.g. Dunne,
1969), where rainfall-runoff processes can be most easily determined
(Freeze, 1972b).

As a result of two decades of intensive research, the mechanisms of
runoff generation and their interaction with a wide range of
environmental controls are now well understood (Freeze, 1980). However,

recent research has not established a simple, universal, concept of
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runoff production to replace the early rainfall-runoff models. Instead,
a great variety of rainfall-runoff mechanisms have been demonstrated in
the many environments examined.

The Horton model of infiltration-excess overland flow is based
solely on interactions between the net rainfall input and the soil
infiltration capacity. These interactions result in storm runoff being
generated uniformly over large areas within a catchment. The Horton
model of infiltration-excess overland flow has been shown to be most
applicable to semi-arid areas with little vegetation cover, or to
catchments that have been modified by human activity (Emmett, 1970;
Dunne, 1978).

In contrast, the new rainfall-runoff models place a greater
emphasis on the spatial variability of the mechanisms governing storm
runoff production in catchments. The rainfall-runoff response described
by these models has been shown to be highly variable within and between
catchments, and is dependent primarily on features of topography, the
water storage and transmission characteristics of the soil, and
characteristics of land use. The new models have been shown to be most
applicable in vegetated catchments in humid temperate environments.

The new models of source area hydrology have been categorised into
two major groups (Freeze, 1972b; Dunne, 1978): subsurface flow models;
and the partial or variable source area models. In the subsurface flow
models, rainfall is transferred to the stream channel via a variety of
subsurface routes. The partial area models are characterised by
infiltration-excess overland flow, that is generated from restricted,
but relatively fixed areas within catchments (Betson, 1964). Runoff
responses, originating from restricted, but dynamically variable areas
within catchments, are described by the variable source area models
(Tennessee Valley Authority, 1965; Hewlett and Hibbert, 1967). 1In the

variable source area models, a combination of surface and subsurface

storm flow is generated, usually from near channel areas within
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catchments. The areas that contribute runoff expand and contract both
within and between storm events, and seasonally.

The partial and variable source area models of runoff generation
are applicable to many areas in New Zealand (Pearce and McKerchar,
1979). These models have fundamental implications for the way in which
land is managed to maintain the quantity and quality of water resources.
The great diversity of rainfall-runoff responses described by these new
concepts of source area hydrology, has meant that it has become
necessary to define carefully the environments in which the different
flow mechanisms dominate (Mosley, 1979).

Land use change has been a common feature of the New Zealand
environment, the present regimes having evolved comparatively rapidly
since European settlement. Exploitative land use, combined with little
perception of the environmental consequences of land development in
marginal areas, led quickly to conflicts in land use (McCaskill, 1973).
The deterioration of plant cover was associated with soil erosion and
flooding in many sensitive areas throughout the country.

As the environmental problems developed rapidly, hydrological data
were not available from local studies. Thus, early attempts to
ameliorate the problems were based on information derived from overseas.
These studies emphasised the soil-plant-erosion-runoff continuum and the
importance of the protective role of vegetation. Early New Zealand
studies supported the overseas findings (e.g. Taylor et al., 1939). The
retirement of sensitive hill country, the establishment of protection
and production forestry and the improvement of pasture management
regimes, have all alleviated the land use problems in areas where such
techniques have been applied.

The continuing demands of agriculture, and the expansion of
production forestry on unimproved steepland, have led again to a

widespread conflict between these two forms of land use (Molloy, 1980).

Coupled with this problem has been the question of multiple use of
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steepland areas, while adequate protection of land and water resources
is maintained.

Despite the significant advances in the understanding of source
area hydrology, the new concepts have not been applied widely to
practical land management problems. Several reasons for this are
apparent. In the past, studies of process hydrology and land use change
have been conducted on two distinct scales, being either 'catchment'
scale experiments (eg. replicated catchment studies) or 'process' scale
experiments (eg. interception or infiltration studies) (Courtney, 1980).
More recent studies in New Zealand and overseas have tended to combine
both approaches (e.g. Clarke and Newson, 1978; Mosley, 1979).

Most 'catchment' scale experiments have been undertaken to quantify
the influences of different vegetation covers on water yield, although
considerable emphasis has been placed on determining hydrological
processes from these data. 'Process' studies, however, have sought to
determine the soil-plant-runoff continuum and the hydrological effects
of land use change. Even so, most 'process' studies of source area
hydrology has been qualitative: there have been few systematic studies
of the spatial variability of hillslope runoff processes within
catchments (e.g. Yair et al., 1978). As these two research
methodologies have been conducted in relative isolation, the research
completed has not provided the information necessary to apply the
present knowledge of source area hydrology to field management problems.

Additional information is required on several critical aspects of
source area and land use hydrology to enable the development of rational
land management practices. Considerably more research is required to
evaluate the role of soil and water interactions as first order
modifiers of rainfall-runoff relationships (Watt, 1979). The
hydrologically active areas within catchments must be identified, along

with criteria that can be used to distinguish easily these areas (Dunne

et al., 1975). Information on the degree to which these areas differ
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from the remainder of the catchment is also required, as is an
assessment on the degree to which these subareas can be treated or
managed as homogeneous units.

Research on the interactions and behaviour of runoff processes
following the conversion of forest to pasture, or other forms of land
use, is also required to understand the hydrologic implications of the
developing land use conflicts in this country and to establish rational
land management programmes.

As water resource management decisions are based increasingly on
the new concepts of runoff generation, it is necessary to define
precisely the environments in which they are dominant. 1In this way the
developing land use conflicts between pastoral farming and forestry
production in the marginal and idle steepland areas can be ameliorated.
As in the 1930s - 1940s, little local information exists from which land
management decisions can be made on the developing land use conflicts.
In the absence of such data, watershed managers have again had to rely
on overseas research and on predictions based on model studies. To
avoid the mis—application of hydrologic principles, detailed information
is required on the mechanisms of hillslope runoff processes for
sensitive enviromments where land use conflict occurs.

It is clear that a contribution to the understanding of process
hydrology of different forms of land use can be made by developing a
comprehensive, systematic study of the rainfall-runoff processes of two
land use regimes characteristic of the New Zealand rural environment.

To date few studies of this type have been completed.



Page 8

1.2 THE RESEARCH PROGRAMME

1.2.1 STUDY OBJECTIVES

The principal aim of this research investigation is to clarify the
processes of runoff generation from two characteristic land use regimes
- pastoral agriculture and indigenous forest - in the Hapuakohe Range,
North Island, New Zealand. The Hapuakohe Range is a sensitive steepland
area where land use conflict occurs. Two specific areas of research
must be considered to achieve this goal.

Few quantitative, systematic studies on the variability of
hillslope runoff and the relations between hillslope runoff and stream
flow processes have been completed since the advent of partial and
variable source area models. The new concepts of hillslope runoff can
be extended and quantified, by using the available knowledge on source
area hydrology to develop an experimental design that can be used to
examine rigorously the components of hillslope runoff within catchments.
Process studies within the framework of this type of experimental design
are also necessary to quantify the hillslope runoff response from
hydrologic response units within catchments.

The complex interactions between hydrologically important soil
physical properties, hillslope runoff and land use are not well
understood. This deficiency has arisen because few recent comprehensive
studies of the processes of hillslope runoff have been completed for
contrasting land use regimes. Information of this type is necessary to
understand the processes governing the observed runoff response between
different forms of land use.

The general aim of this study is thus divided into four major

objectives:

i) to identify the mechanisms of runoff production in each

land use for selected sub-catchment units considered
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likely to have homogeneous runoff responses;

ii) to determine the factors (characteristics of soil, topography
and vegetation) governing the processes and contributions

of the components of the hillslope runoff regime;

iii) to relate the hillslope flow processes to the stream flow

characteristics and water balance of each form of land use;

and iv) to use the results to comment on land management practices

in the region studied.

An improved understanding of the hydrologic regimes of the two land
uses will permit the development of appropriate land management regimes
and enable a greater utilisation of the land and water resources of the

Hapuakohe Range.

1.2.2 SCOPE OF THE PROPOSED STUDY

The aim and objectives outlined above constrained the study methods
and the scale on which they could be achieved most effectively. This
study required information on both integrated catchment responses and on
detailed processes operating within the catchment boundary for two land
use regimes. Thus, the research had to be carried out on a catchment
scale, yet include process scale studies within this experimental unit.

The paired catchment technique (Hewlett, et al., 1969) is the most
suitable method for comparative land use studies. However, physical
constraints precluded the development and calibration of this type of
experimental unit. Instead, an observational study of two contiguous
land uses was established within a small catchment. Both forms of land
use within the catchment were considered as separate hydrological

entities. In this way it was still possible to link the individual

process studies to an integrated response observed in a stream channel.
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A review of pertinent aspects of source area hydrology and land use

hydrology is presented in this chapter.

2.1 SOURCE AREA HYDROLOGY

The response of a watershed to precipitation has been described as
one of the most important, yet least understood, relationships in the
science of hydrology (Corbett.gg_gl., 1975). The mechanisms by which
rainfall makes its way from hillslopes to the stream channel have been
the subject of intensive study, since the early 1930s. Yet, only during
the last decade has a clear understanding of these processes and their
environmental controls been achieved (Freeze, 1980). Reviews of the
literature on this subject are available from many sources, but the most

comprehensive to date is a collection of monographs edited by Kirkby

(1978).

2.1.1 PROCESSES OF HILLSLOPE RUNOFF

Streamflow is an integrated response to interactions between
surface rﬁnoff, saturated and unsaturated subsurface flow, direct
channel precipitatibn and ground water inputs. The pathways by which
precipitation may reach the stream channel are outlined by Dunne (1978).
Figure 2.1 shows the different types of runoff from hillslopes and the

sources and paths of the runoff water.

2.1.1.1 Ground water flow

Channel inflow may arise from ground water flow, derived from deep
percolation of infiltrated water that enters the permanent ground water

system. Ground water flow provides the low flow component of streams

and sustains flow between storm periods.  As flow paths tend to be long,



Figure 2.1 : A schematic landscape illustrating the different
types of runoff and the sources and paths of the
runoff water (after Selby, 1982)
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rates of ground water movement are slow and vary usually on a seasonal
basis. Most short term variations of stream flow, in response to
rainfall, are derived from overland flow or rapid subsurface flow.
However, Sklash and Farvolden (1979) describe the occurrence of rapid

ground water movement that can provide most of the storm runoff response

observed in the stream channel.

2.1.1.2 Subsurface flow

Subsurface flow may occur if infiltrated water encounters an
impeding layer within the soil profile, or the underlying parent
material. If this occurs the infiltrated water may be diverted
laterally through the more permeable upper soil horizons, or in
percolines and soil pipes. Greater hydraulic gradients and shorter flow
paths mean that subsurface flow may reach the stream channel more
rapidly than ground water flow, and in time to contribute to the storm
hydrograph. In environments where subsurface flow regimes dominate,
rapid rises in ground water levels may also cause significant
contributions to storm flow. Where this occurs, it is difficult to
distinguish between the two flow regimes.

Conditions for rapid subsurface flow are restrictive (Freeze,
1980). Highly permeable soil horizons and a rapid development of the
subsurface flow regime are necessary to deliver enough water in time to
contribute to the stream rise. These criteria are satisfied most

commonly in forest soils in humid, temperate climates.

2.1.1.3 Surface flow

Saturation of surface layers of the soil and surface ponding are
prerequisites for overland flow to develop at any point within a
catchment. Surface saturation and surface ponding are now recognised to

occur by two distinct mechanisms (Freeze, 1980).
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In the first, the soil profile is completely saturated from below.
Lateral inflows from upslope may cause the local water table to rise
above the soil surface causing an up-welling of previously infiltrated
precipitation. By this mechanism, 'return flow', originating as slower
subsurface flow, is able to contribute rapidly to the storm hydrograph.
Further rain falling on the saturated soil will fail to infiltrate and
may move rapidly down slope to the stream channel. This mechanism is
referred to as 'direct precipitation on saturated areas' (Dunne, 1969)
and occurs often in association with return flow (Musgrave and Holtan,
1964). Contributions from these two mechanisms are difficult to
separate and are together called saturation overland flow (Dunne, 1978).
Saturation overland flow may occu;-when rainfall intensities are lower
than the infiltration capacity of the surface soil horizons.

In the second case, surface saturation and surface ponding occur
when rainfall intensities exceed the infiltration capacity of the soil
surface. Ponding occurs on the soil surface by saturation from above,
thus initiating 'Hortonian' overland flow. This mechanism forms the
basis of the classical model of runoff generation outlined by Horton
(1933). Rubin (1966) has shown that two conditions are necessary for

the development of ponding by saturation from above. These are:

i) a rainfall rate greater than the infiltration capacity

of the surface soil;

and ii) a rainfall duration greater than the time required for

the soil to become saturated at the surface.

Freeze (1972b) has suggested that Rubin's first criterion is
satisfied only rarely, because rainfall intensities seldom exceed the
soil infiltration capacities of vegetated slopes. More recently, Freeze
(1980) suggested that Hortonian overland flow is more common in upslope

positions within catchments, and is generated from areas where soil

infiltration capacities are lowest. In contrast, saturation overland
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flow is generated where the water table is closest to the soil surface.
This occurs more commonly in lower slope positions near the stream
channel. Both mechanisms lead to the generation of overland flow from
variable source areas that expand and contract through wet and dry

periods, albeit for different reasons.

2.1.1.4 Models of hillslope runoff

Dunne (1978) has outlined the occurrence of hillslope runoff
processes and their environmental controls. The timing and contribution
of runoff vary in response to many characteristics, particularly
topography, soil properties, and rainfall characteristics, and less
directly with climate, vegetation and land use.

Hillslope runoff processes are described by models, whose
structures reflect, not only the influence of the environment and runoff
mechanisms, but also the historical development of the science of
process hydrology. These models are outlined by Freeze (1972b) and
Chorley (1978), who discuss the mechanisms of runoff generation in terms
of Hortonian overland flow mechanisms, subsurface flow mechanisms, and
partial and variable source area contributions of surface and subsurface
flow.

In its simplest form, the Hortonian overland flow model is most
applicable in regions of arid to sub-humid climates with soils that
support sparse vegetation. Hortonian overland flow also occurs in other
environments where the soils have been modified by the activities of
man. In regions of humid climates with dense vegetation, partial and
variable source area models are more appropriate. These models best
describe hillslope runoff processes on gentle, concave slopes with wide
valley bottoms, where soils are thin and have a moderate permeability.
Subsurface flow mechanisms predominate in similar environments, but

particularly where slopes are steep and convex with incised channels and

very permeable soils.
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It is well established that Hortonian overland flow and subsurface
flow models represent end members of a wide spectrum of rainfall-runoff
regimes (Dunne, 1978). Partial or variable source area models form the
basis of a range of models, that have become recognised as being
intermediate between the two extremes (Hewlett and Nutter, 1970).

Recent theoretical and field studies have demonstrated the great
diversity of response mechanisms that can operate within catchments from
similar environments (Walling, 1977). These studies show that
hydrographs result from a varying mix of Hortonian overland flow,
saturation overland flow and unsaturated/saturated subsurface flow
(Dunne and Black, 1970a).

As a result of the continued research, the traditional boundaries
between the models of hillslope runoff have become eroded and more
diffuse with time. For example, Yair et al. (1980) discuss the
expansion and contraction of areas of Hortonian overland flow generated
in steep talus slopes in the Negev desert. The apparent diversity and
observed complexity of rainfall-runoff processes have meant that
catchment behaviour is explained more accurately by the fundamental
concepts of runoff generation, instead of by the application of
simplified model structures.

The fundamental concepts associated with each of the main models of
process hydrology have been identified from the literature surveyed.
Table 2.1 shows the historical development of these concepts. 1In table
2.1, the concepts have been grouped to enhance the distinction of the
model structures. However, there is considerable overlap between
concepts that are accepted as 'diagnostic' criteria for the three models
of hillslope runoff. For example, the importance of seasonal moisture
variations on the runoff regime is recognised as a principal concept in
the variable source area model. However, Horton (1933) also identified

the importance of seasonal moisture variation in the infiltration—excess

model of hillslope runoff.
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Included in the table are a list of papers dealing with aspects of
hillslope hydrology. Adjacent to the authors names are a series of
columns identifying the 'diagnostic' concepts used to describe the
hillslope processes observed. Topics covered in the papers are noted in
the appropriate column by an '¥' for field studies and an 'o' for model
or experimental studies. Topics examined by a combination of research
methodologies (e.g. field and model studies) are denoted by a '"+'. The
list is not comprehensive, but includes those papers that describe a
significant contribution to the development of hillslope hydrology.

Table 2.1 shows that the development of process hydrology has been
through the improved understanding of the mechanisms of hillslope runoff
and the interactions between surface and subsurface flow regimes. The
following discussion considers the development of hillslope hydrology

outlined in table 2.1.

2.1.2 HISTORICAL DEVELOPMENT OF HILLSLOPE HYDROLOGY - an outline

2.1.2.1 The infiltration approach to hillslope hydrology

In 1931 Horton introduced his concepts on the relationships between
storm runoff, infiltration and rainfall. Two years later, he outlined
in full, a model of hillslope hydrology based on infiltration theory and
surface runoff. Horton (1933) implied that infiltration-excess overland
flow is common and widespread.

Central to Horton's model is an analysis of infiltration based on

the simple division of rainfall into two components.

'Infiltration divides [rainfall] into two parts ... . One
goes via overland flow and stream channels ... , the other
goes initially into the soil and thence through the ground
water flow to the stream.'

(Horton, 1933, p. 446)
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Two further assumptions were postulated.

i) In a prolonged storm of constant intensity, the infiltration
capacity decreases continuously until a constant low value
is reached. The decrease in infiltration was attributed to
an increase in surface moisture, rain drop packing of the
surface particles, air entrappment, the closing of drying
cracks, the swelling and break down of soil structure and the
clogging of pores by the in-washing of fine particles (Horton,

1933, 1937).

ii) For prolonged rainfall, overland flow is produced uniformly
over the slope at any time the infiltration capacity falls
below the rainfall intensity, but only provided the surface

detention storage capacity is full.

Steady-state conditions occur if these processes continue for a
sufficient duration. If the rain intensity falls below the infiltration
rate, the infiltration-excess diminishes progressively from the head of
the slope (Horton, 1937). Recovery of the infiltration capacity begins
following slope drainage. Depending on soil characteristics and soil
drying, this takes between a few hours and several days, but the
infiltration capacity is usually at a maximum before the next rain
(Horton, 1933).

Horton extended his theories to encompass many aspects of fluvial
geomorphology and finally to the development of drainage basins (Horton,
1933, 1935, 1937, 1945). During the development of this model, Horton
identified several of the factors now recognised to be important in
controlling infiltration. He suggested that infiltration capacities
were influenced by variations in soil physical properties, soil moisture
and land use or vegetation. In turn, variations in infiltration

capacities determined differences in runoff behaviour within and between

catchments, but did not cause changes in the mechanisms of runoff
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generation.

Horton (1933) identified the importance of seasonal variations of
infiltration on hillslope runoff regimes, but he failed to recognise the
importance of spatial variations of infiltration within catchments.

This factor was not appreciated widely until the early sixties, when its
recognition had major implications for hydrologists' interpretations of
process hydrology.

The experimental studies of infiltration by Baver (1937) verified
the decline of infiltration rates with time. He also noted the
importance of soil horizons of differing permeability in governing
final, steady-state infiltration rates. Bodman and Coleman (1943)
concluded that the decrease of infiltration rates is a result of
physical laws controlling the rate of water entry into soils. These
theories were examined further by Rubin (1966), who used simplified
assumptions of infiltration to remove the confusing effects of
hysteresis, so0il structural changes and field heterogeneity from his
analyses. The hydraulics of the wetting front were examined by Hansen
(1955) who showed the rate of water entry is greater for prewetted soils
than for dry soils. Phillip (1957, 1958) examined the development of
the wetting front and the processes of water transmission behind the
wetting front.

Early field verification of infiltration-excess overland flow was
provided by Musgrave (1935), who studied the relationships between
infiltration, rainfall and runoff on small plots. Numerous
infiltration-runoff-soil erosion studies were initiated during the 1940s
by the United States Department of Agriculture (U.S.D.A.). These
studies further strengthened Horton's suppositions on rainfall-runoff

relationships.
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However, several deficiencies in the infiltration approach were
outlined in a review by Cook (1946). The separation of surface runoff
from base flow had been difficult in catchments where infiltration
capacities were high, and where large volumes of the storm runoff
response were derived from ground water flow. In catchments with
delayed storm flow responses, overland flow travel times could not be
reconciled with observed stream responses without the use of correction
factors. A shortage of information on the fluctuations of infiltration
during intermittent rainfall was reported. The difficulties in
reconciling surface runoff volumes observed in the stream channel with
measured infiltration rates were also described. Schiff (1943) also
discussed the variations of infiltration-excess overland flow with
respect to rainfall patterns and rainfall distribution. He observed
that calculated infiltration curves varied markedly in response to
rainfall parameters, even when catchments were in similar antecedent

conditions.

2.1.2.2 The development of subsurface flow models

Most research on process hydrology during the 1930s - 1940s was
concentrated on the development and applications of the Horton model of
runoff generation. However, some studies had provided evidence to show
that Horton's model was not hniversally applicable.

Observations made in small forested catchments during this period
had shown that overland flow is rare. Instead, subsurface storm flow
along soil layers, and ground water movement near channels were proposed
to account for a major portion of the hydrograph peak. Lowdermilk
(1934) suggested that 'a dynamic form of subsurface storm flow, shallow
seepage or discharge from wet weather springs', was associated with
certain soil profiles. This process could not be considered true

overland flow nor true ground water discharge. Hursh (1936) proposed

the term 'subsurface storm flow' to describe 'storm water' that had
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infiltrated, but moved down slope through upper soil horizons much

faster than normal ground water seepage.

The importance of strongly differentiated soil horizons in
initiating lateral subsurface flow was discussed by Hursh and Brater
(1941). Hoover and Hursh (1943) concluded that, under certain
conditions, soil characteristics control basin runoff more than slope
form and basin morphometry. Hursh (1944) discussed the importance of
concentrated lateral flow through biological channels in upper soil
horizons. Significantly, he suggested that traditional flow theory
might not apply in these channels. Reeve and Kirkham (1951) discussed
the relationships between soil anisotropy and lateral subsurface flow.

Many of the concepts recognised now as being important determinants
of subsurface flow were discussed by the authors cited above. However,
the relationships between rapid stream rises and subsurface flow regimes
remained uncertain. Hursh (1944) proposed several hypotheses to account
for stream rises in the absence of overland flow. These included ground
water rise that discharged laterally through the permeable surface soil
horizons, and lateral flow initiated from the formation of a perched
water table that was independent of the position of the true water
table.

Barnes (1939, 1944) presented one of the first practical
applications of the concept of stream runoff derived from subsurface
sources. He developed a graphical method for separating components of
storm flow into subsurface flow, storm seepage and ground water.

During the next decade, research on overland flow and subsurface
flow mechanisms continued in parallel, although the Hortonian model was
still accepted and bolstered by the findings of geomorphological
research in semi-arid areas (Schumm, 1956a, 1956b) and the requirements

of engineering hydrology (Freeze, 1972b).
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2.1.2.3 The development of partial and variable source

area models

The two individual lines of research described above coalesced in
the early 1960s. This occurred for two main reasons. Firstly, further
measurements and inferences became available regarding the occurrence of
subsurface flow (Chorley, 1978). Unsaturated subsurface flow had been
shown experimentally to maintain base flow for up to 145 days without
rainfall (Hewlett and Hibbert, 1963). Whipkey (1965, 1967) simulated
high intensity rainfall on experimental plots and found that individual
soil layers produced hydrographs similar in shape to those observed in
stream channels. Impeding layers, close to the soil surface, were shown
to cause extensive saturation in the near surface horizons. Subsurface
flow could thus be expected to contribute significantly to storm runoff,
particularly in forested catchments.

However, Weyman (1970) demonstrated that the subsurface flow
response is delayed considerably when vertical percolation is
unobstructed. As overland flow was not observed in his study
catchments, he suggested that flow through structural fissures and
biogenic channels must provide the bulk of the storm runoff observed in
the stream channels.

Although the occurrence of subsurface flow had been established,
Freeze (1972b) doubted that this process could deliver sufficient
volumes of water in time to cause the hydrograph peak. Published
examples of subsurface flow hydrographs have been mostly for artificial
storms, with intensities that seldom occur in natural rainfall (Dunne,
1978). 1In all, but the most permeable soils, Freeze (1972b) considered
the main role of subsurface flow should be restricted to generating
areas of surface saturation from which saturation overland flow could

develop.
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Secondly, it became recognised that the entire catchment may not
contribute to storm runoff. The acceptance that soil properties are
more spatially variable than Horton had assumed was coincident with this
concept. Studies by van't Woudt (1955), Stoeckeler and Curtis (1960)
and Hewlett (1961), showed that upslope soils tend to be drier than
those nearer the stream channel. Results from studies by Helvey and
Hewlett (1962) supported these findings. They found that spatial and
seasonal soil moisture variations are correlated positively with
increasing distance from the stream channel.

The importance of spatially variable runoff processes was
recognised more or less simultaneously by several researchers. Almost
identical models of storm runoff were developed by the United States
Forest Service (U.S.F.S.) (1961) and the Tennessee Valley Authority
(T.V.A.) (1964). Both models incorporated a 'dynamic' concept of
catchment runoff behaviour.

Variations of streamflow in small upland watersheds were explained
by the formation of saturated areas marginal to streams and in concave
hollows. These saturated areas develop when subsurface flow from
upslope exhausts the moisture storage capacity of near channel soils.
By these mechanisms, the saturated areas expand and contract depending
on rainfall, soil and topographic characteristics (Hewlett and Hibbert,
1967). 1In prolonged rain storms, previously infiltrated water may come
to the soil surface and travel rapidly to the stream channel, and so
contribute to the observed storm runoff response. Hewlett and Nutter
(1970) considered the development of saturation overland flow by this
mechanism as an effective increase in channel length.

Earlier, the concept of spatial variability of infiltration
capacities was used to improve predictions of the volumes of storm
runoff from small drainage basins (Betson, 1964). A scaling factor was

incorporated in his catchment model to reconcile predicted and observed

runoff volumes. The scaling factor was interpreted as the proportion of
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the catchment area producing overland flow during a storm. Betson
(1964) introduced the term 'partial area concept' to describe this
mechanism of runoff generation.

The distinction between infiltration-excess overland flow and
saturation overland flow was coincident with the recognition of the
spatial variability of surface and subsurface flow regimes. Kirkby and
Chorley (1967) identified areas within catchments that might be expected
to produce overland flow at rainfall intensities much lower than
required to produce infiltration-excess overland flow. Included were
zones marginal to stream channels, topographic hollows, and areas of
thin soils. These areas produce overland flow preferentially, for
reasons of higher antecedent moisture, convergence of subsurface flow
lines, and lower initial available soil moisture storage.

The development of the models of hillslope runoff suggested a need
for field investigation of the mechanisms by which water reaches the
stream channel (Dunne, 1978). It has been toward these goals that the

more recent research on source area hydrology has been directed.

2.1.2.4 Recent developments in source area hydrology

2.1.2.4.1 Continued field experimentation

Numerous recent field studies have highlighted the wide diversity
of runoff responses from a range of environments (Dunne, 1978). Dunne
(1969) describes a 'benchmark' field study of hillslope runoff processes
following the acceptance of the partial and variable source area models.
He investigated the hydrologic response of three adjacent grassed slope
units, with contours that were respectively convex, concave and straight
(Dunne, 1978). The straight and divergent plots rarely contributed
hillslope runoff in any form. Instead, the storm runoff response was
derived from direct precipitation into stream channels, and from
saturation overland flow. Saturation overland flow was generated from

areas adjacent to the stream channel and from the convergent slope units
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(Dunne, 1969). Subsurface contributions to storm flow were small for
all three plots, although they increased significantly in the autumn and
winter months.

The contributing areas were mapped and observed to vary with season
and during storms (Dunne, 1969). The differences in contributing areas
observed between the three slope units emphasised the importance of
topography iﬁ determining the areas of runoff generation. However, the
simple effects of this variable were complicated by variations in soil
physical properties (Dunne et al., 1975).

The role of topography in controlling the spatial pattern of
subsurface saturation has been examined further by Anderson and Burt
(1977a, 1977b, 1978a, 1978b). Variations of the soil moisture regime
were monitored in single hillslope hollows and adjacent spurs. The
maximum extension of subsurface saturation was shown to coincide with
the stream 'throughflow' discharge peak. The areas of soil saturation
were observed to expand and contract in response to precipitation
inputs, but subsurface flow convergence was evident at all times.
Anderson and Burt (1978a) introduced a 'sub-catchment' model to
characterise the spatial variation of soil moisture and hillslope runoff
in catchments. They defined 'sub-catchment units' as those areas of
contour convergence bordered by regions of contour divergence.

Anderson and Kneale (1980, 1982) applied the sub-catchment model to
an area of more subdued relief. Compared with steeper environments,
they found that the saturated zone at the hillslope base persisted for
much longer periods after rainfall ceased. The focus of flow
convergence migrated significantly in response to precipitation inputs.
However, the focus tended toward the hillslope spur on the downstream
side of the sub-catchment unit, because of streamline moisture

gradients.
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Weyman (1973) also discussed the role of topography in determining
the spatial variation of subsurface flow, as have Kirkby et al. (1976)
and Beven (1978), who considered the importance of contour convergence-
divergence with respect to the stream hydrograph.

The most prominent result of recent field experiments is the large
variations in hillslope runoff processes that have been observed within
and between catchments. These results suggest that extremely delicate
relationships occur between rainfall characteristics, features of
topography, soil physical properties and the hillslope runoff regime.
Similar results have been demonstrated in theoretical model studies by
Freeze (1972b, 1975, 1978, 1980) and Murray (1981). The delicate
relationships, between soil physical properties and the integrated
catchment runoff response, have stimulated research on the spatial
variability of hydrologically important soil physical properties (Sharma

and Luxmoore, 1979).
2.1.2.4.2 Spatial variability of soil physical properties

Several recent field studies of soil heterogeneity show that the
range of variability is far greater than has been generally acknowledged
(e.g. Nielsen et al., 1973; Sharma and Luxmoore, 1979; Sharma et al.,
1980). However, most field descriptions of the variability of
hydrologically important soil physical properties have been qualitative.
The relationships between the spatial variability of soil hydraulic
properties and subsurface flow are discussed by Whipkey and Kirkby
(1978). 1In fine textured soils, structural fissures, the presence of
biogenic channels and shrinkage cracks are cited often as important in
determining soil permeability and its variation (Weyman, 1970; Knapp,
1974; Arnett, 1976). Bouma et al. (1977), Bouma and Dekker (1978),
Bouma and de Laat (1981) describe the geometry and spatial distribution

of large structural fissures in the soil and have estimated the

hydraulic conductivity from this information.
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The need for more information on the importance of macro-pores in
hydrology is reviewed by Beven and Germann (1982). They conducted
experiments to show the importance of the macro-pore system on water
flow through field soils. When micro-pores approach saturation, or when
vertical flow exceeds the infiltration capacity of the micro-pores,
there may be an immediate and dramatic increase in soil permeability.
This increase is caused by the initiation of rapid flow in the soil
macro-pores. In these situations the assumptions of Darcy's law may not
be applicable, and alternative models may be required (Germann and
Beven, 1981a, 1981b). Mosley (1982) suggests that rapid flow through
macro-pores can contribute large volumes of subsurface flow to stream
flow. However, the flow rates observed in his study were highly
variable.

Pipe flow may also be initiated in lower permeability soils if
large structural voids connect. The formation, extent, and hydrological
significance of soil pipes and pipe flow are reviewed by Gilman and
Newson (1980).

Investigations of the spatial and seasonal variability of
infiltration rates within a small catchment have been reported by
Tricker (1981). His analyses show that soil horizon dimensions exert
the greatest control on the spatial variability of infiltration. 1In
contrast, changes in soil moisture regimes account for most of the
seasonal variation of infiltration.

Murray et al. (1975) investigated the spatial variability of soil
moisture contents on a hillslope. Soil moisture gradients were observed
on the hillslope, but the results were inadequate to support or refute
the partial or variable source area hypotheses of hillslope runoff.

More recently, Dunin and Aston (1981) reported statistically significant
differences in the water balance for three distinct slope units within a

small catchment. They concluded that it is possible to delineate

hydrologic zones, within which soil moisture behaviour can be regarded
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as uniform.

The spatially variability of hydrologically important soil physical
properties has implications for land management in areas where the
partial and variable source area mechanisms of hillslope runoff are
known to operate. Model studies have also revealed the complexities of
evaluating the influence of soil variability on the processes of runoff
generation. However, the consequences of this variability are not well
understood at present (Sharma and Luxmoore, 1979).

The field studies mentioned above suggest that the processes of
hillslope runoff may be unique in each drainage basin. Nevertheless,
these studies also show that the various models of storm runoff are
complementary, rather than contradictory (Dunne, 1978). The different
emphasis shown in individual studies often reflects the dominant
environmental characteristics of the region in which the experiments
were completed.

Further research on source area hydrology must determine which
hillslope parameters control the observed mechanisms of downslope water
movement, and what ranges of these values will generate the various
runoff mechanisms (Freeze, 197T4). The implications of the spatial
variability of these parameters must also be considered, but to date
this aspect has not been studied extensively in the field. Tricker
(1981) suggests there is a need for studies of spatial inter-
relationships on a 'plot' scale to be combined with 'catchment' scale
experiments. In this way, the processes of hillslope runoff can be

understood and linked to an integrated catchment response.
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2.2 HILLSLOPE HYDROLOGY AND LAND USE

2.2.1 THE LAND USE PROBLEM

New Zealand is a developing country in the sense that land use
changes have been in the past, and still are, a common feature of the
environment. 1In overseas countries, land use regimes have evolved over
many thousands of years, but in New Zealand this evolution has been
compressed into about 100 years. Substantial land use changes,
involving large areas, have occurred since the beginning of European
settlement. These have included swamp drainage and the conversion of
indigenous covers, native forest, scrub and tussock, to pasture,
cultivated land and exotic forest. Calamitous impacts on the quality
and yield of water resources are associated with the history of land
development in New Zealand. These have been recorded by many authors
(e.g. McCaskill, 1973; Molloy, 1980).

Hayward (1978) provides a succinct review of the early conflicts
between water resources and different forms of land use in this country.
Although public concern over the land use problems had been increasing
for nearly 10 years, the Soil Conservation and Rivers Control Act was
not passed until 1941. The main aims of the Act were ;o promote soil
conservation, to prevent and mitigate soil erosion, to prevent damage
from flooding and to utilise land in a way that would promote these
aims.

At that time, there was little information from New Zealand studies
on the plant-soil-sediment continuum and its relationship to
hydrological processes. Consequently, early attempts at ameliorating
land use conflicts relied heavily on overseas research, particularly
from the United States of America. Remedial measures used in New
Zealand were based, therefore, on the premise that 'erosion control and

Stream stabilisation could be controlled by improved infiltration,

through the establishment of an improved vegetation cover' (Horton,
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1937, p. 1026). Also, the urgency of the situation dictated a need for
remedial measures, rather than research into the land use problems
peculiar to the New Zealand environment (Hayward, 1978).

As part of the International Hydrological Decade (I.H.D.), a
network of experimental basins was established in New Zealand to examine
the hydrological effects of land use change. The specific objectives of
this research programme are outlined by Toebes (1970). The requirement
for practically orientated research is apparent: the general objectives
emphasise research to ameliorate the conflicts of land use and water
resources. A lower priority was given to research to determine changes
in the hydrologic regime that had occurred as a result of land
development.

Unfortunately, in setting up the most comprehensive research
programme ever undertaken in this country, the 'fundamental truth' of
the hypothesis derived from overseas was not questioned. The Hortonian
concepts of runoff generation and the importance of vegetative cover
thus pervaded practical land management decisions in this country for
the next two decades.

The theoretical and empirical advances in understanding hillslope
runoff production described in section 2.1, have been made since the
I.H.D. experimental network was established in New Zealand. Partial and
variable source runoff concepts have fundamental implications for
management of land and water resources. The new concepts of runoff
.generation have been used overseas in catchment modelling and land
management studies for sometime (e.g. Engman and Rogowski, 1974; Dunne
et al., 1975; Dunin and Aston, 1981), but they have not been recognised
fully in New Zealand (Pearce and McKerchar, 1979). Consequently, many
land management procedures in this country are still based on the

assumption of spatially uniform runoff production generated by Hortonian

overland flow.
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However, catchment rainfall-runoff processes have been interpreted
based on the new concepts of source area hydrology, in several recent
studies of single forms of land use (e.g. Hayward, 1976, 1978; Pearce
and McKerchar, 1979; Cooke and Dons, 1982; Dell, 1982). Many of these
studies have used the proportion of net rainfall appearing as quick flow
as an indication of catchment contributing area. Some studies have
extended this relationship, to show the relative importance of different
runoff producing mechanisms operating in each catchment.

However, the notion, that the proportion of rainfall yielded as
quick flow is an indicator of catchment contributing area, has been
substantiated only rarely. Mosley (1979) has shown this technique to be
a poor indicator of contributing area in a steepland forested
environment in New Zealand. Cooke and Dons (1982) found reasonable
agreement for small storms, but an increasing under<prediction for
progressively larger storms. Thus, there is a need for comprehensive
studies of source area hydrology for many areas of New Zealand, to avoid
the mis«~application of hypotheses derived from inadequate data.

Considerable data on water yield changes have become available in
many areas of New Zealand, for various forest management practices and
for the re-afforestation of pasture with exotic forest species (Rowe,
1979; Dons, 1980; Duncan, 1980; Pearce, 1980; Waugh, 1980). However,
little research has been directed toward describing the source area
hydrology of indigenous forest types in New Zealand, or to determining
the hydrologic consequences following conversion of indigenous forests
to pasture. Consequently, the changes in hillslope runoff mechanisms
following this type of land use change are poorly understood.

In the absence of these data, estimates of the hydrological
consequence of various forms of land use have, again, had to be based on

overseas data or on predictions from theoretical models.
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2.2.2 WATER RESOURCE BEHAVIOUR AND LAND USE CHANGE

The relationships between water resources and land use change are
reviewed by Watt (1969). They fall into two distinct categories: those
associated with changes in vegetation characteristics; and those
associated with changes in soil characteristics. Research into land use
change has tended to be directed to one or other of these groups,

although they cannot be considered in isolation.

2.2.2.1 Vegetation characteristics and land use change

Most catchment studies, established to determine the influence of
land use change, have used treatment-control comparisons as a basis of
study. However, Ward (1971) has reported some studies that have
examined two different forms of land use within a single catchment, as a
means of evaluating land use change.

Most of the early research on land management and the hydrologic
implications of land use was directed towards determining the influence
of forests and agricultural land use on floods and sediment yield.
Leopold (1972) has reviewed the results of this early work and presented

the following general conclusions.

i) Forests reduce the size of all, but the largest floods,
through interception losses and through higher infiltration
rates in forest soils. In the largest floods, it was
observed that forests did not prevent floods, but reduced

erosion and channel bank collapse.

ii) Forests tend to reduce (not increase as was a popular

misconception at that time) stream flow during dry weather.

iii) Forests prevent erosion because the presence of litter
reduces raindrop impact, reduces overland flow, and reduces

the surface sealing of pores.



Page 40

It was recognised that the differences in runoff and erosion regimes
between forested and non-forested lands were numerous and complicated
(Leopold, 1972). Many basin studies were initiated during the following
years. Continued experimentation was justified because it was necessary
to extend the results from earlier studies, and to describe the
hydrologic effects of a variety of forms of land use for a wide range of
environments (Rodda, 1976).

The results of 39 catchment experiments completed by 1967 are

reviewed by Hibbert (1967). The following generalisations were made.

i) A reduction of forest cover increases water yield.

ii) The establishment of forest cover on sparsely vegetated

land decreases water yield.

iii) The response of catchments is highly variable and, for

the most part, unpredictable.

These results have been largely unchanged by the addition of results
from a further 55 studies (Bosch and Hewlett, 1982). Results from New
Zealand basin studies (e.g. Luckman and Duncan, 1978; Herald, 1979;
Pearce and Rowe, 1979; Dons, 1980; Duncan, 1980; McKerchar, 1980b;

Waugh, 1980) support the general observations made by Hibbert (1967).
Nevertheless, these results are considered useful for general
predictions of water yield changes following land use change (Bosch and
Hewlett, 1982). The predicted changes in water yield vary considerably
with land use and the prevailing climatic regime. They range from, a 40
mm change in annual yield per 10 % change in forest cover for coniferous
and eucalyptus types, to a 10 mm change in annual yield per 10 % change

in scrub or grassland. No inferences were made about the causes of
these changes, although yield increases are related positively to the

mean annual precipitation (Bosch and Hewlett, 1982).
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Only a few land use studies have involved forest-grass comparisons.
Most results show that the conversion of forest vegetation to grassland
is followed by an increase in streamflow (Rich.gg'gl., 1961; Hill and
Rice, 1963; Lewis, 1968; Gupta, 1980). However, in one study, water
yields from grassland were about the same or lower than those predicted
for the original forest vegetation (Hibbert, 1969). The implications of
these results were not appreciated at the time.

Recent theoretical and experimental studies have clarified many of
the factors that determine water use by forest and pasture vegetation,
particularly the relative importance of interception and transpiration
losses for each vegetation type (McMillan and Burgy, 1960; Rutter, 1963;
McIlroy and Angus, 1964; Calder, 1978; Stewart, 1977; Singh and Szeicz,
1979; Pearce et al., 1980b, 1980c). The detailed interactions between
transpiration, evaporation and interception from forest and pasture
vegetation are discussed by Pearce and Rowe (1979).

Differences in water yield behaviour, between forest and pasture
under similar meteorological conditions, are ascribed to differences in
evaporative loss from the two vegetation covers (Pearce and Rowe, 1979).
In this context, evaporative losses comprise three major components;
interception, transpiration and evaporation from the ground surface. On
vegetated slopes, evaporation from the ground surface is generally small
compared with the other two components. The differences in evaporation
(interception and transpiration) between vegetation types can be
explained by interactions between two micro-meteorological
characteristics of the vegetative covers; the bulk surface resistance
(Montieth, 1965), and the aerodynamic resistance.

A detailed theoretical evaluation of these characteristics is
presented by Pearce and Rowe (1979). Briefly; when the plant canopy is
dry, evaporation losses (transpiration) are determined by the bulk

surface resistance of the vegetation surfaces. The surface resistance

is generally lower (by a factor of 1.5 - 3.0) for pasture than for
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forest vegetation. Evaporation rates from a dry forest can therefore be
lower than for pasture, provided soil moisture is not limiting.

However, when the canopy surfaces are wet, the evaporation rates for the
two vegetation types are determined by the aerodynamic resistance, that
is a functiom of the roughness of the vegetation surface. The
aerodynamic rmesistance of forest vegetation is about 10 times less than
that for pastuvire.

Consequently, interception losses are considerably greater for wet
forests, compared with wet pasture. Thus, the frequency and duration of
canopy wetnes.s are major determinants of the relative importance of
interception and transpiration losses between contrasting vegetation
types, and tetween similar forest covers in different climatic regimes.
Interceptior losses from different vegetation types can also be expected
to vary greetly, in response to local rainfall regimes.

Water talznce data from overseas and local basin studies have
verified the findings from the theoretical studies cited above, subject
to variations in annual rainfall totals, frequency of rain periods, mean
annual temperatures and the degree of seasonal soil moisture deficit
(Swank and Miner, 1968; Hibbert, 1969; Jackson, 1972, 1973; Swank and

Douglass, 1974; Rowe, 1979; Pearce, 1980; Waugh, 1980).

2.2.2.2 Soil properties and land use change

Except for infiltration studies, little research has been reported
on the relati.oiships between soil physical properties, soil moisture
regimes and land use change. This has arisen because few
'comprehensive' land use studies have been established since the
acceptance of the partial and variable source area models of runoff

generation (Ward, 1971).
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In the Hortonian concept of runoff generation, changes in soil
properties following land use change are important only in the way they
influence surface detention, moisture holding capacities and
infiltration rates (Horton, 1937; Kitteridge, 1948; Watt, 1969).
Differences in the yield and time distribution of storm runoff
production following land use change can be explained simply by the
magnitude and frequency of overland flow (see Kitteridge, 1948, p. 254),
instead of by changes in the processes of runoff generation.

However, other factors are important in determining the differences
in hillslope runoff from different forms of land use, in areas where the
partial and variable source area concepts are applicable. For example;
differences in the water storage and transmission characteristics of a
catchment's soil and differences in the distribution and degree of
saturation within a catchment may have a profound influence on the
processes of hillslope runoff under forest and pasture vegetation.

This aspect of land use hydrology has been not been studied in
detail, although Birrell (1962), Campbell (1962) and Gradwell and
Jackson (1970) discuss briefly specific relationships between soil
properties and hydrology. Selby (1967a), Gray (1970) and Pain (1971)
have summarised the hypotheses regarding changes in the hydrologic
properties of soils following the conversion of forest to pasture, but
only as they determine the occurrence of mass movement features under
the two different forms of land use.

Infiltration has been the soil property studied most commonly in
land use-hydrology studies. The overseas literature on infiltration and
land use is reviewed by Dunne (1978), who presents data from many
studies for a variety of land use environments. Infiltration data are
published for only a few New Zealand soils and the data relate to
specific areas (Watt, 1979). Usually infiltration rates under forest

soils are greater than under grassed agricultural soils (e.g. Selby,

1971; Lynch, 1975; Parker, 1978).
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Many factors influence the infiltration process: they include
rainfall and soil characteristics, and vegetation and land use.

However, the exact relationships are complex and often difficult to
determine. The importance of these factors in determining infiltration
have been discussed in several New Zealand studies (Campbell, 1956;
Gillingham, 1964; Selby, 1971; Lynch, 1975). All agree that the
differences attributable to soil and vegetation characteristics (forest-
pasture) are effectively masked by pasture management regimes.

A series of papers by Gradwell (1960, 1965, 1968) show that stock
trampling and compaction by machinery are important factors that reduce
infiltration capacities within pasture environments. Jackson (1973)
suggests similar factors cause large differences in infiltration
capacities between forest and pasture sites in yellow-brown pumice
soils. However, the complex inter-relationships between soil,
vegetation and land use characteristics make it virtually impossible to
predict infiltration rates (Lynch, 1975). Consequently, it is unwise to
compare directly infiltration data derived from different soil-
vegetation-land use regimes.

The only major study of the forest floor in New Zealand has been
reported by Webster (1977). Estimates of the saturated hydraulic
conductivity of the organic litter horizon in a beech-podocarp-hardwood
forest are about 6100 mm h~!, while estimates of the saturated hydraulic
conductivity for the surface mineral soil horizon are about 250 mm h ™.
Both the presence of the forest litter layer and the incorporation of
organic material into the surface mineral horizons of forest soils have
been cited as factors responsible for different infiltration rates
between forest and agricultural soils (Storey et al., 1964). Rapid
infiltration, at the base of tree stems and along roots, and the
concentration of flow through biological voids and root channels also

cause high infiltration capacities in forest soils (Hursh and Hoover,

1941; Holtan, 1961; Reynolds, 1966; Aubertin, 1971; Aldridge and
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Jackson, 1973; Arnett, 1976; Bonell et al., 1981).

McDonald (1961) describes a comparison of soil properties from
native and pasture sites for eleven steepland soils derived from
greywacke parent material. No important differences in soil texture,
bulk density, aggregation, available moisture, total porosity and
macro-porosity were observed between the forest and pasture sites.
However, Parker (1978) found large differences in percolation rates
between forested and pasture sites in a similar type of soil. Mean
percolation rates (n = 30) for the surface mineral horizons were 494 mm
h? for forest soils and 351 mm h? for pasture soils. These differ-
ences were attributed to a greater macro-porosity and more abundant
biogenic channels in the forest sites. Significant differences between
macro-porosities (p = 0.01) were also found for the 0 - 50 mm depth, but
not for the 100 - 150 mm depth. This result confirms Jackson's (1973)
finding that soil structural changes, following land use change, tend to
be restricted to the surface horizons. These observations are supported
by the findings of overseas studies, but the degree of structural change
is variable and dependent on the intensity of land use change (Wood,
1977).

In some soils, dessication cracks tend to form more readily in
pasture soils, than in forest soils. Their presence causes important
differences in the hydrologic properties of soils in these two forms of
land use (Selby, 1967a; Parker, 1978). The degree to which these
structural features persist, or develop, following conversion of forest
to grassland, may have important influences on the mechanisms of runoff
generation.

The role of soil moisture in controlling the processes, frequency
and yields of hillslope runoff have been well documented for single
forms of land use (Dunne, 1969, 1978). However, in most comparative

land use studies, interest in soil moisture is restricted to its role as

a residual in the annual water balance (e.g. Jackson, 1973; Stewart,
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1977; Calder, 1978; Pearce, 1980).

The direct measurement of soil moisture profiles have been reported
for a variety of single vegetation types (Rowe and Reinman, 1961; Rutter
and Fourt, 1965; Shachori et al., 1967; Holmes and Colville, 1968;
McColl, 1977). These studies show that seasonal moisture regimes vary
considerably for different forms of land use. These differences are
governed by complex interactions between soil characteristics, plant
rooting habit, rainfall regimes and the local water and energy balances.
Consequently, only a few generalisations can be made from the data
available. However, the processes and seasonal distribution of runoff
depends on the degree to which soil characteristics and the underlying
material interact with the water balance, by determining the rate of
storage and release of soil moisture (Jackson, 1973).

The relationships between catchment water yields from exotic forest
and pasture vegetation are generally well defined for many areas in New
Zealand. However, the preceding review shows that little detailed
information is available on the processes of hillslope runoff under
forest and pasture vegetation. This type of information is required so
that more sophisticated land management strategies can be developed.
These strategies must provide adequate protection of land and water
resources in sensitive steepland environments, while allowing these

resources to be used efficiently.



CHAPTER THREE

THE PHYSICAL ENVIRONMENT OF THE STUDY AREA
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3.1 CHOICE OF THE STUDY AREA

An experimental catchment was established in the headwaters of the
Mangawhara River in the Hapuakohe Range, some 60 km north east of the

University of Waikato, Hamilton. The Mangawhara Valley was chosen for

several reasons:

i) a conflict of land use between indigenous forestry and pastoral

agriculture was evident;

ii) the conversion of forest to pasture was associated with

problems of excess runoff and widespread erosion;

iii) the Mangawhara Valley represents a large area of
steepland where land use conflicts have occurred and are

likely to intensify;

and iv) several geomorphic and hydrologic studies allied to the pro-
posed research have been completed in the area. The results
of this study will add to the information already derived

from the area.

3.2 LOCATION

The experimental catchments are contiguous areas in a 32 ha
elongated basin, situated in the headwaters of the Paiaka Stream
(370 28' 30" S, 175° 25' 30" E) (plate 3.1). The basin has a
north easterly aspect and drains from a high point of 310 metres to 140

metres at its outfall (plate 3.2).
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Plate 3.1 : A Landsat image of the Waikato district showing the location
of the Upper Mangawhara Valley and the experimental
catchments (photo credit N.A.S.A.)
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The upper 24 ha are in the Hapuakohe State Forest, the remaining 8
ha support pastoral agriculture. The two vegetation types are in the
same drainage basin, but in this study they are considered as two
distinct hydrologic units and are referred to as distinct catchments.
Research described in this thesis was completed entirely within the
experimental catchments, but the following description characterizes the
general physiographic condition of the catchments and the Hapuakohe
Range.

The Paiaka Stream is a tributary of the Mangawhara River that
drains the Upper Mangawhara Catchment, an area of about 3050 ha of steep
hill country in the Southern Hapuakohe Range (figure 3.1 and plate 3.3).
Discharging from the upper catchment at Hoe-o-Tainui the river flows
westward, initially between the southern margin of the Hapuakohe Range
and the Hoe-o-Tainui peat bog. Then, constrained by extensive flood
protection works the river flows across the late Pleistocene alluvial,
lacustrine and peat deposits of the North Waikato Basin to join the

Waikato River at Taupiri (plate 3.4).

3.3 GEOLOGY

The geology and associated structural features of the Hapuakohe
Range have been well documented: detailed descriptions are presented by
Kear (1967), Schofield (1967) and Kear and Schofield (1978). The
Hapuakohe Range is part of an uplifted greywacke horst block (Schofield,
1967) that comprises indurated Mesozoic sediments of the Manaia Hill
Group mantled with a thin layer of volcanic ash. The most common
lithologies of the Manaia Hill Group are massive, medium greywacke
sandstones, 'chipwackes' (greywacke with dark siltstone chips), and dark
or black argillites. Bedding is difficult to determine as the greywacke

is finely shattered, folded and faulted.
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However, Blong (1971) has interpreted the shorter, steeper slopes
on the western and southern valley sides as indicating tilting toward
the south west. Unweathered bed rock is exposed rarely in the upper
catchment, except occasionally in third and forth order channels.

Throughout the ranges the depth of weathered regolith is variable,
but sections to depths of twenty-five metres have been reported (Selby,
1967a; Blong, 1971). Weathering extends along numerous joints and
structural discontinuities to form a yellowish-brown clay-rich
(halloysite) material. Dark brown deposits of manganese dioxide are
also found in these weathering sites. On stable upper slopes the
greywacke has been red weathered to a depth of up to twenty metres.
Remnants of late Pleistocene and Holocene tephras persist still on the
broad interfluves and gentle slopes.

Structural control of the drainage network is considered unlikely
because of the deeply weathered regolith and shattered nature of the
greywacke. Usually, channels are infilled by colluvium and alluvium
derived from episodic mass-wasting (Selby, 1967b). However, where this
is eroded away, the shattered in situ yellow-brown greywacke regolith is
exposed.

Little information on the hydraulic properties of the greywacke
basement has been reported. Schofield (1956) and Kear (1967) suggest
the underlying greywacke has a low porosity and is only slowly
permeable, but the degree of shattering, the processes of weathering,
and the presence of deep weathering profiles, are all evidence that the
experimental catchments are not impervious. Estimates of the annual
losses to ground water are about 3 - 30 mm, assuming a permeability of
between 1 x 10°° to 1 x 10°'° m s for the 'C' horizon of the catchment
soils (Pender, 1971; Rogers, 1978). The hydraulic properties of the
basement are considered spatially uniform within the experimental

catchments.
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3.4 PHYSIOGRAPHY

Detailed surveys by Selby (1966, 1967a, 1976), Pain (1969), Blong
(1971), Parker (1978) and Rogers (1978) have determined the general
slope morphology and the active geomorphic processes operating within
the Hapuakohe Ranges and South Auckland region.

The land surface of the Hapuakohe Range is finely dissected with
drainage densities ranging from 3.6 - 15.4 (Pain, 1969) to 15.78 (Selby,
1967a) km of channel per square km (plate 3.5). In the Hapuakohe Range,
the fine textured relief and the drainage basin initiation and extension
are dependent on the dominant land forming processes of mass wasting and
not surface water flow (Selby, 1967b).

Hillslopes in both forested and pasture areas are generally steep,
ranging from 18 - 34 degrees. South facing slopes in the catchments are
noticeably steeper and shorter than north facing slopes (plate 3.6).
Slope forms of incised first, second and third order channels are
generally rectilinear, with narrow or broad upper convexities and almost
no basal concavity. Concave foot slopes are rare, being mainly
restricted to fourth and fifth order channels where they have developed
from the deposition of colluvium and alluvium derived from mass wasting.

The incised perennial channel of the study catchments has a mean
width of about 1.5 metres. The average channel gradient is 0.19 % in
the forest and 0.08 % in the pasture. The longitudinal channel profile
is characterised by a series of irregularly spaced, boulder or cobble,
riffle and pool systems (plate 3.7). In the forest, occasional debris
dams also occur. Following widespread mass wasting, large quantities of
colluvial and alluvial material may be stored behind the debris dams and
in individual pools (Bridson, 1981). This material is released
periodically as the debris dams collapse and the channel returns to
state of equilibrium. Similar channel morphologies occur elsewhere

within the South Auckland region (Pain, 1969).
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Plate 3.6 : View of the experimental catchments from the north-east

Plate 3.7 : Riffle and pool systems in the forest catchment
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3.5 ACTIVE GEOMORPHIC PROCESSES

The dominant geomorphic processes operating within the Hapuakohe
Range are episodic (Selby, 1976). The rainfall of the Hapuakohe Range
is characterised by periodic, large, high intensity, rainfall events.
Most recently these have occurred in 1966, 1967, 1973, 1979. These
storm events have caused widespread denudation by mass wasting and have
been associated with the initiation of general geomorphic instability in
the Upper Mangawhara Valley. A new period of long term channel
instability has been initiated by the increased stream discharges and
sediment supplied to stream channels following these storms (Bennett,
1975).

Between the large storm events, 'restorative' (Wolman and Gerson,
1978) processes return the land form to a quasi-equilibrium. Restora-
tive processes appear to operate within the catchments on two distinct
time scales (Bridson, 1981). 1In the short term, elements of the
landscape left in an artificially unstable condition are removed, eg.
channel bank collapse. In the long term, hillslope and channel form are
restored to a condition largely determined by the period between large
storm events.

Increased susceptibility to shallow translational landsliding has
been associated with the conversion of indigenous forest to grass
pasture in the Hapuakohe Ranges. The density of mass movement forms is
far less beneath forest than beneath adjacent pasture, in spite of the
steeper slopes in the forested areas (Selby, 1967a, 1967b; Pain, 1969).
In Varnes' (1958) classification the landslides fall into the general
category of debris avalanches (Selby, 1976). Under forest vegetation,
landslides show less evidence of sliding and more flow features than

those in the pasture areas.
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Parker (1978) and Bridson (1981) have estimated that tree roots
increase soil shear strength by 3.9 - 5.1 kPa to 6.0 - 11.0 kPa.
However, Bridson (1981) stresses that this increase in strength operates
only at the periphery of the landslide and the real contribution of
roots to soil strength is considerably less (0.4 - 0.7 kPa). He
concludes that the soil hydraulic regime or some other factors may be
responsible for increased mass wasting in non-forested areas.

Bennett and Selby (1977) describe details of the channel changes in
the Mangawhara River that have been caused by land use change. An
increase in bedload has been associated with the storms known to have
produced widespread landsliding within the Upper Mangawhara Valley.
Combined with an increase in storm runoff, this factor has caused
significant changes in the channel geometry. Channel width, width-depth
ratios and channel gradient have increased since 1942, while sinuosity
has decreased during the same period.

The principal effects of these changes have been an increase in the
frequency and magnitude of flooding and aggradation in the Lower
Mangawhara Catchment. These problems are now serious and have prompted
the Waikato Valley Authority to propose retirement and afforestation of
1722 ha of farm land in the Upper Mangawhara Catchment (Waikato Valley

Authority, 1977).

3.6 SOILS

The complex pattern of soils in the Upper Mangawhara Valley and
experimental catchments is dominated by the influence of parent
material. Continuing mass movement, a discontinuous mantle of ash, and
the changing intensity of soil forming factors during the Pleistocene

have caused a mosaic of soil types. The soils of the Upper Mangawhara

Valley include the following major soil groups; yellow brown loams
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(alvic soils), brown granular loams (prospadic soils), yellow brown
earth (fulviec and surfulvic soils) and gleyed recent soils
(mandenti-luvie) (Wilson, 1980).

Yellow-brown earth, (gleyed yellow-brown earth), pre-weathered
yellow-brown earth, gleyed recent and brown granular loam soil groups
occur in the experimental catchments. Brown granular loams tend to
occur only in hydrologically passive areas (upper slope convexities) in
the two catchments and are not present at any of the sites chosen for
detailed hydrological monitoring. Soils on the steep rectilinear slope
units and on the concave footslopes show a great range of profile
morphologies and horizon development, in a pattern that can be explained
by Campbell's (1974) model of steepland soil variants. Yellow-brown
earths form in pre-weathered greywacke in the more stable sites, but
where erosion has removed most of the regolith, young, shallow
yellow-brown earths are found. In lower slope positions, poorly drained
yellow-brown soils form in colluvium, but where mass wasting is common,
recent soils with shallow 'A' horizons and undeveloped 'B' horizons pre-
dominate.

The soil profiles that represent the dominant soil groups in the
catchments are described in detail below (figure 3.2 - 3.5).

Analysis of clay mineralogy was not completed for this study,
although the amount and type of clay may influence hydrologically
important soil physical properties of the catchment soils. However,
mineralogies for the catchment soils have been described by Parker
(1978) and Wilson (1980). Generally, the yellow-brown earth subsoils
consist of a weak to moderately swelling vermiculite-halloysite-illite
mineral assemblage. Yellow-brown earths on pre-weathered greywacke have
high clay contents, with halloysite-vermiculite assemblages that give a
sticky plastic consistency and a moderate tendency for expansion and
contraction. Gleyed recent soils have variable mineralogies, depending

on the soil parent material composition.



Location:
Topography:
Vegetation:

Land use:
Drainage:

Soil type:
Classification:

AB 5- 12 cm

B, 12- 45 cm

50— C1 65 + cm

Site MUP - Paiaka Stream Headwaters N.Z.M.S. 1 N 52 898.860

Rectilinear 30 degree slope unit, aspect north-west

Pasture grasses; ryegrass, browntop, clover Weeds; plantain, cats ear
Pastoral agriculture

Imperfectly drained

Weathered greywacke

Tauhei hill soil
Central yellow-brown earth

Brownish black (10YR 3/2) silt loam; moderately developed fine and medium nut
structure; friable; many fine roots:

brownish black (10YR 3/2) and greyish yellow brown (10YR 4/2) heavy silt loam;
friable; weak to moderately developed fine and medium blocky structure; many fine
roots; abundant earth worm casts; wavy distinct boundary:

bright yellowish brown (10YR 6/6) clay loam; firm in place and in hand; a moderately
developed coarse and very coarse blocky structure breaking to a more strongly
developed fine and medium blocky structure; very weakly developed coarse prismatic
structure; many fine roots with 50 percent in fissures; slight dull yellowish brown
(10YR 5/4) organic staining on ped faces:

bright yellowish brown (10YR 6/8) clay loam with many large, bright reddish brown
(5YR 5/8) mottles; friable; weakly developed medium blocky structure; few fissures
with some dull yellow orange (10YR 7/2) stains on ped surfaces; very few roots;
smooth distinct boundary:

orange (T.5YR 6/8) and dull yellow orange (10YR 7/2) fine sandy loam; non-sticky
and non-plastic; light grey (5Y 7/2) mottles in a matrix of strongly weathered
greywacke.

Figure 3.2 : Soil profile; Central yellow-brown earth



Figure 3.3 :

Location:

Topography:
Vegetation:
Land use:
Drainage:

' Parent material:

Soil type:

Ch  T7-100+ cm

Soil profile;

Site R4P - Paiaka Stream Headwaters N.Z.M.S. 1 N 52 898,860

Concave 25 degree colluvial slope unit, aspect north-west
Pasture grasses; ryegrass, clover Weeds; plantain, rushes
Pastoral agriculture

Imperfectly drained

Weathered greywacke
Tahuna hill soil
Gleyed central yellow-brown earth

Dull yellowish brown (10YR 4/3) silt loam; slightly hard; weak to moderately developed
medium nut structure; many fine roots, but few extending below 5 cm; few small sub-
angular stones and a few fine charcoal fragments; many fine reddish brown (5YR 4/8) and
yellowish brown (10YR 5/8) concretions; distinet wavy boundary:

bright yellowish brown (10YR 6/8) clay loam with dull yellowish brown (10YR 5/3) ped
surfaces; friable to firm; strongly developed coarse blocky structure breaking to a
medium and coarse blocky structure; a few large continuous vertical fisures in the
profile; some fine roots and large stones; many fine, distinct, dark reddish brown
(2.5YR 3/U4) mottles; indistinet smooth boundary:

light yellow (2.5Y 7/4) clay loam; friable to firm; massive, breaking to a weakly
developed medium blocky structure; few fine roots; few large stones; many distinct,
medium, bright yellowish brown (10YR 6/8) mottles; indistinct smooth boundary:

light yellow (2.5Y 7/3) stony silt loam; friable to firm; massive; many prominent
medium to coarse bright brown (7.5YR 5/8) and yellowish brown (10YR 5/8) mottles.

Gleyed central yellow-brown earth



Location: Site MF - Paiaka Stream Headwaters N.Z.M.S. 1 N 52 898.860

Topography: Rectilinear 32 degree midslope unit, aspect south-west
Vegetation: Indigenous forest, Podocarp-hardwood association
Land use: State Forest
Drainage: Well drained
44| Parent material: Red weathered greywacke
L Soil type: Kaawa hill soil
Classification: Yellow-brown earth from pre-weathered greywacke
02F 9- 0 cm Brownish black (7.5YR 2/2) matrix of partly decomposed organic material; friable;

weakly developed granular structure; many recognisable plant fragments and fibrous
roots; sharp wavy boundary:

A, 0- 10 cm bright yellowish brown (10YR 6/8) clay loam; firm in place and in hand; weak to
i moderately developed medium and very coarse nutty structure breaking to very fine
and very blocky structure; abundant dull yellow orange (10YR 7/3) fine granular
material in fissures and root channels; many fine, medium and coarse roots;
indistinct wavy boundary:

By 10- 46 cm bright brown (7.5YR 5/8) clay loam; friable in place, but peds firm in hand; weakly
developed medium and coarse nutty structure, breaking to very fine and fine blocks
and many fine and very fine granules; abundant fine granules in fissures and root
channels; many fine and medium roots; indistinct wavy boundary:

B, U46- 66 cm bright brown (2.5YR 5/6) clay loam; friable in place, but firm in hand; moderately
developed medium and coarse prismatic structure, breaking to moderately developed
fine and medium blocks; abundant very fine and fine granules in fissures and root
channels; some organic staining on ped faces; indistinct smooth boundary:

By 66-150 cm bright brown (2.5YR 5/8) clay loam; massive, breaking to a weakly developed fine
and very fine nutty structure; no roots and no large fissures; few small strongly
weathered gravels increasing to many at the horizon base; colour becomes paler
towards the horizon base:

Cy 150 + yellowish brown (10YR 5/8) gravelly loam.

Figure 3.4 : Soil profile; Yellow-brown earth from pre-weathered greywacke



Location:

Topography:
Vegetation:
Land use:
Drainage:

Parent material:
Soil type:
Classification:

0,F 5- 0 cm

'y ' AC  0- 25 cm

Figure 3.3 :

IIBg 25- 60 cm

Cg 60+ cm

Site R3F - Paiaka Stream Headwaters N.Z.M.S. 1 N 52 898,860

Concave 25 degree colluvial slope unit, aspect north-west
Indigenous forest, Podocarp-hardwood association

State Forest

Poorly drained

Colluvium and alluvium from weathered greywacke
Unnamed soil
Gleyed recent soil

Dark brown (10YR 3/U4) matrix of partly decomposed organic material; friable;
weakly developed granular structure; many fibrous roots; sharp wavy boundary:

reddish brown (2.5YR 4/8) and brown (7.5YR U4/4) gravelly sandy clay; non-sticky,
non-plastic; weakly developed coarse prismatic structure, breaking to weakly
developed fine and medium blocks; many fine and medium weakly weathered grey-
wacke gravels; many fine and medium roots; few fine and indistinct light yellow
(5Y 7/3) mottles; some small manganese nodules; indistinct wavy boundary:

dull yellowish brown (10YR 5/3) and greyish olive (5Y 6/2) clay loam; slightly
sticky, slightly plastic; moderately developed coarse blocky structure grading to
massive at the horizon base; some organic staining on ped faces; many fine and
medium roots in the upper part, grading to few towards the horizon base; many
indistinct, medium, pale yellow (5Y 8/3) mottles; some fine manganese nodules;
indistinct wavy boundary:

Gravelly sandy silt; water saturated.

Soil Profile; Gleyed recent soil
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3.7 VEGETATION

Bennett and Selby (1977) have outlined the vegetation and land use
change in the Upper Mangawhara Valley during this century. Before 1925,
the slopes at the head of the valley were covered with vegetation
similar to that still remaining in the Hapuakohe State Forest Park. In
contrast, the flats had been planted to pasture before the 1920s.

During the period 1925 - 1930 a soldier settlement was established in
the upper reaches of the valley. Since that time, land has been

progressively developed and development continues to the present day.

3.7.1 PASTURE VEGETATION

The pasture vegetation found within the experimental catchment is
typified by low and medium fertility grasses, legumes and weeds. In
areas of poorly drained soils the pasture swath includes many species
adapted to damp conditions. Table 3.1 lists the pasture species present
within the areas delineated for detailed hydrological monitoring.
Isolated remnants of native vegetation occur on some lower slopes, but
these are considered unlikely to alter the general runoff regime from

the pasture catchment.

3.7.2 FOREST VEGETATION

An ecological survey of the Hapuakohe State Forest, including the
area within the experimental catchment, was completed in 1968 by staff
of the Forest Research Institute. A brief summary by tiers follows
(table 3.2).

Most of the species listed are present in the forest catchment.
The general condition of the forest is healthy, there being extensive
regrowth of hardwood and sub-canopy species. However, minor damage to

under-storey vegetation, caused by stock grazing, is evident near the

forest-pasture boundary. Also, a small (15 %) area of mature secondary
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regrowth is present in the north eastern sector of the forest catchment.

Grasses

cocksfoot
perennial ryegrass
browntop
danthonia

ratstail

sweet vernal
Yorkshire fog
timothy

(Dactylis glomerata)
(Lolium perenne)
(Agrostis tenuis)
(Danthonia spp.)
(Sporobolus capensis)
(Anthoxanthum odoratum)
(Holcus lanatus)
(Phleum pratense)

Legumes

white clover
suckling clover
strawberry clover
lotus major

(Trifolium repens)
(T. dubium)

(T. fragiferum)
(Lotus pedunculatus)

plantains

hawk weed

cats ear
pennyroyal

rushes

California thistle
blackberry

(Plantago spp.)
(Crepis capillaris)
(Hypochaeris radicata)
(Mentha puleguium)
(Juncus spp.)

(Cirsium arvense)
(Rubus fruticosus)

Table 3.1

Pasture species list for the pasture experimental catchment

Aerial photographs taken in 1960 show a similar area in juvenile

regrowth and scrub.

Uncontrolled fires used for land clearing during

the early part of the century may have destroyed the original

vegetation.

This region was excluded from the area chosen for intensive

hydrological study, although 1s‘is assumed that the different species

composition does not influence the integrated hydrologic response from

the catchment.
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Tier Height (m) Dominant species
Emergents 20 - 30 matai (Podocarpus spicatus)

miro (Podocarpus ferrugineus)
Northern rata (Metrosideros robusta)
rimu (Dacrydium cupressinum)

tier 1 15 - 20 hard beech (Nothofagus truncata)
hinau (Elaedocarpus dentatus)
kohekohe (Dysoxylum spectabile)
rewarewa (Knightia excelsa)
pukatea (Laurelia novae-zelandiae)
tawa (Beilschmiedia tawa)

tier 2 8 - 15 hinau
kohekohe
mahoe (Melicytus ramiflorus)
mangeao (Litsea calicaris)
miro
rewarewa
tawa

tier 3 1 -8 kanono (Coprosma australis)
manuk a (Leptospermum scoparium)
map ou (Myrsine australis)
nikau palm (Rhopalostylis sapida)
ponga (Alsophila tricolor)
pukatea
various Olearia spp.

tier U 0.1 -1 hardwood seedlings
kiekie (Freycinetia bankskii)
Lycopodium spp.
manuka
parataniwha (Elatostema rugosum)
ponga
supplejack (Ripogonum scandens)

ground and filmy ferns

Small areas of tanekaha (Phyllocladus trichomanoides) and kauri (Agathis
australis) exist in all tiers.

Table 3.2 : Indigenous forest types in the Hapuakohe State Forest Park
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3.8 CLIMATE

Only general features of the climate of the Hapuakohe Range are
described in this section. More detailed analyses of rainfall and water
balance components are presented in chapter 5 (rainfall) and chapter 8
(water balance data).

The weather of the Hapuakohe Range is determined by a succession of
anticyclones, fronts and by cyclonic developments in low pressure
troughs. Rainfall is associated usually with the passage of fronts, but
the heaviest rainfalls are produced by depressions originating in the
South west Pacific, which reach New Zealand during the summer and autumn
months (de Lisle, 1967). Although rainfall is spread evenly throughout
the year, the greatest variability of monthly rainfall is associated
with the passage of the autumnal equinox.

Statisties for annual rainfall in the experimental catchments are
estimated from a 26 year record, collected from a N.Z.M.S. site (B
75441) (see figure 3.1). The mean annual rainfall is 1575 mm with a
standard deviation of 177 mm. The mean number of rain days per year is
189 with a standard deviation of 17 days. Annual rainfall totals for
the study period were 1725 mm (1979), 1405 mm (1980) and 1604 (1981).

The most intense rainfalls in the Hapuakohe Range are associated
with convective thunderstorms, or with the passage of vigorous frontal
systems during late summer or autumn. Intense rainfall from these
sources occurred during 1966, 1967, 1973, and 1979. The storm of March
22, 1979 was centered near the experimental catchments. It caused
considerable devastation, triggering numerous landslides and destroying
many instrument sites in the experimental catchments. However, the
rainfall record was undamaged, and for the first time a continuous
recording of such an event was obtained (see chapter 5). Table 3.3

shows brief details of the rain that fell from 0900 March 22, 1979 to

0900 March 23, 1979.
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Total rainfall 151.2 mm

Maximum 1 hour intensity 63.0 mm h !
Maximum 30 minute intensity 75.4 mm h?
Maximum 5 minute intensity >120.0 mm h !

Table 3.3 : Details of the extreme rainfall event,
March 22, 1979

The mean annual temperature of the Hapuakohe Range is about 14
degrees C. (reduced to sea level), and the average duration of bright
sunshine hours is about 1800 per year. The frost season (the number of
days between the first and last screen frost each year) is on average
100 days.

Water balance data (Cox, 1968) show that annual precipitation
exceeds annual evapo-transpiration. However, during the summer months

evapo-transpiration exceeds rainfall.

3.9 REPRESENTATIVENESS OF THE EXPERIMENTAL CATCHMENTS

The physical environment of the Hapuakohe Range has been considered
representative of the South Auckland greywacke ranges (Selby, 1967a;
Blong, 1971). The experimental catchments are representative of the
general physiographic condition of the Hapuakohe Range, based on the
criteria mentioned in preceding sections of this chapter. It is thus
realistic to interpret observations made in this thesis on a wider

regional basis.



CHAPTER FOUR

EXPERIMENTAL DESIGN AND CATCHMENT INSTRUMENTATION
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4.1 INTRODUCTION

A process oriented field measurement programme, within a catchment
framework, was considered essential to achieve the study objectives
presented in section 1.2.1. The principles, objectives, and problems
encountered with data collection network design, have been discussed for
a variety of hydro-meteorological objectives (e.g. W.M.0. 1965, 1972;
Boughton, 1967; Hayward, 1967; Rodriguez-Iturbe and Mejier, 1974; Moss
et al., 1978).

However, little attention has been given to the development of
experimental designs for research on hydrologic processes in small
catchments (Hayward, 1967). 1In a critical review of 50 runoff and soil
loss experiments, Hayward (1967) cited 46 studies that did not have an
adequate experimental design. He suggested that the results from these
studies were of little value.

The need for further research on the design of hydrologic data
collection programmes is discussed in detail by Moss et al. (1978).
They imply, that it may never be possible to determine a set of explicit
rules with which to design a data collection network!, as the most
appropriate design will always depend on the particular objective being
pursued.

Guide lines for data collection network design are described in
detail by the authors cited above. Two important factors must be

considered to specify the data collection network accurately.

i) A clear definition of the data requirements must be presented.
The several specific factors necessary to define the data

requirements are presented by Moss et al. (1978).

ii) An objective assessment, of the data requirements necessary to

——— e — —————— - —— — — — ———— - - — " —— -~~~ —— ————

INetwork is used to mean synonymously; a group of instruments used

to measure a single variable in space or time, or a group of instruments
measuring different components of a process in space or time.
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achieve the study objectives, must be made from existing data
sources using standard statistical procedures. Preliminary

field surveys may be necessary where such data are unavailable.

The likelihood of designing an appropriate data collection network is
enhanced by evaluating these factors carefully.

Data collection methods and techniques must be determined once the
type and quantity of data to be collected are established. Usually the
appropriate measurement technique is apparent immediately from the
network design criteria. However, physical constraints often preclude
the development of an ideal network design.

The following discussion describes the data requirements, the
development of the experimental design, and the data collection network
and instrumentation necessary to provide a data base suitable to achieve
the aims and objectives of this research programme. The data collection
scheme was, of necessity, a compromise between research goals, and
restrictions imposed by material constraints. However, an attempt was

made to design a collection network that would provide an optimal data

base for analysis.

4.2 DATA REQUIREMENTS TO ACHIEVE THE STUDY OBJECTIVES

Figure 4.1 shows the major components of hillslope runoff and their
interactions, that are of importance in this research programme. An
evaluation of the information presented in figure 4.1, shows that data
are required on hydrologic processes on a 'catchment' scale and on a

'plot' scale.
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Each of these requirements place different demands on the data
collection network. Consequently, a comprehensive, integrated
instrumentation network was necessary to monitor these variables in the
experimental catchments, and provide data suitable for the 'catchment'

scale and 'process' scale experiments.

4.2.1 DATA REQUIREMENTS FOR THE CATCHMENT SCALE STUDIES

Hydrologic data, estimated on a 'catchment' scale, were required

for two main purposes. These were:

i) to provide data on water balance components for general
comparisons of the hydrologic behaviour of the two land use

catchments;

and ii) to provide a hydrologic framework within which to conduct

the process studies of hillslope runoff.

The principal hydrologic input, rainfall, and output, stream flow,
were measured to provide this information. Estimates of evapo-trans-
piration losses were made for each land use catchment from an analysis
of the water balance. The errors in the estimate of evapo-transpiration
using this technique are probably small, because losses to ground water
are small. However, estimates of potential evaporation losses were also
made. In addition, an estimate of interception processes was made in
the forest catchment to confirm the role of vegetation type on the
general hydrologic regime of the two land use catchments, and to provide
information on the anticipated differences in hillslope runoff
processes.

Rainfall and stream flow were recorded continuously, to provide

detailed data to integrate with the process studies.
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4.2.2 DATA REQUIREMENTS FOR THE PROCESS STUDIES OF HILLSLOPE RUNOFF

Several specific types of data were required to achieve the

objectives of the hillslope runoff studies. These are described below.

4.2.2.1 Rainfall

Estimates, of the spatial variability of rainfall, were necessary
to provide data suitable for a systematic study of the spatial
variability of hillslope runoff processes. Recent studies have provided
evidence to show that rainfall patterns may vary in a systematic way
over small areas, in response to interactions between the local
topography and the wind regime (Sharon, 1970, 1980; Yair et al., 1978,
1980). Sharon (1970) suggests that areal patterns of rainfall should be
accredited a greater importance in analyses of rainfall-runoff regimes,
particularly since the recent advances in the understanding of runoff

production in small catchments.

4,2.2.2 Hillslope flow processes

Detailed estimates of hillslope runoff processes were necessary to
quantify the surface and subsurface flow regimes within the experimental
catchments, and to provide an estimate of the systematic variability of
these flow processes.

Techniques for measuring surface and subsurface hillslope runoff
components are well established and are described by many authors (e.g.
Hayward, 1967; Anderson and Burt, 1978b; Atkinson, 1978). However, the
literature outlined in chapter 2 suggests that a variety of surface and
subsurface flow mechanisms may occur within the experimental catchments.
The experimental design and data collection network must therefore be
capable of distinguishing these processes. These aspects are considered

in section 4.3.
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4.2.2.3 Environmental variables

Detailed measurements of rainfall, soil, topographic and vegetation
properties, are necessary to determine hydrologically important
environmental controls of hillslope runoff processes within catchments.
Care must be taken when choosing an appropriate suite of site variables
with which to explain the contributions of surface and subsurface
runoff.

Difficulties arise because many of the process-response mechanisms
that determine hillslope runoff can occur within single catchments
(Whipkey and Kirkby, 1978). Also, difficulties are often encountered in
determining precise relationships between non-linear rainfall-runoff
processes, and the many inter-dependent and auto-correlated variables
known to control hillslope runoff processes (Burton, 1966).

Thus in this study, it was felt better to concentrate on a few
major variables known to be important in determining hillslope runoff in
similar land use environments, instead of attempting a wide ranging
assessment of many variables. It was aﬁpreciated that this strategy
increased the risk of excluding other important variables.

After a critical evaluation of the literature outlined in section
2.1, ten variables were selected to describe the soil, topographic and
vegetation characteristics of each land use catchment and to explain the
runoff regime measured at individual sites. The variables chosen were
considered to be the most likely factors influencing the runoff regime
in the experimental catchments. However, the correct selection of the
environmental variables presuppose a considerable knowledge of the
processes of runoff likely to occur within the experimental catchments,
and the likely relationships between the environmental variables and
hillslope runoff processes. The rationale for selecting these variables

is presented below.
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4.2.2.3.1 Soil physical properties

Estimates of the variability of soil moisture and water
transmission characteristics of the catchment soils were necessary to
explain the mechanisms of the hillslope runoff regime. 1In the past,
interactions, between rainfall characteristics and the soil infiltration
capacity, have been considered the major controls of hillslope runoff.
The recent research described in chapter 2 has shown that these
interactions are seldom applicable in vegetated slopes in humid
temperate environments. However, these processes may still be important
in these environments, during infrequent, large, rain events.

In smaller, less intense rainfall events, the recent field studies
of source area hydrology show that the hillslope runoff regime is highly
variable and depends mainly on the spatial distribution of soil
moisture., The spatial distribution of soil moisture is, in turn,
governed by the water storage and transmission characteristics of the
surface and subsurface soil (e.g. Hewlett and Hibbert, 1967; Dunne and
Black, 1970a, 1970b; Harr, 1977), and by topographic controls (Dunne,
1969; Anderson and Burt, 1977a, 1977b, 1978a, 1978b).

A measure of soil particle sizes was also included as a variable
important in determining hillslope runoff processes in the experimental
catchments. This variable was chosen because interactions, between the
seasonal moisture regime and the amount of clay present in the catchment
soils, are important in determining seasonal variations of soil

hydrologic properties (Parker, 1978; Rogers, 1978).
4,2.2.3.2 Topographic variables

The main influence of topography was incorporated in this study as
a grouping variable, that describes the degree of contour convergence-
divergence at sites within the two catchments. This variable also forms
the basis of the spatial sampling programme and the experimental design,

that are described in greater detail in section 4.3. A measure of
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contour convergence-divergence was chosen because several recent field
studies have shown the importance of contour convergence-divergence and
elevation potential in determining the processes and spatial variability
of hillslope runoff (e.g. Dunne, 1969; Anderson and Burt, 197Ta, 1977b,
1978a, 1978b; Anderson and Kneale, 1980, 1982).

Unfortunately, many of these field experiments have been
complicated by interactions between topographic factors and other
factors that determine hillslope runoff. Consequently, it has been
difficult to define and separate the influence of soil properties,
hillslope shape and form, and antecedent conditions on the hillslope
runoff response (Beven et al., 1977). In this study, it was hoped that
some of these problems would be reduced, by incorporating contour
convergence-divergence as the major grouping variable and by examining
the effects of other important variables within the catchment sub-areas
identified.

Several other variables, that describe the topographic character-
istics at sites within the catchments, were incorporated in this study.
Aspect was included, because hydrologically important relationships have
been shown between aspect and soil moisture variation in other steepland
environments (Gillingham and Bell, 1977; Crozier et al., 1980). Slope
angle was included for its obvious importance in determining both
surface and subsurface hillslope runoff processes. The effect of
different surface detention characteristics on hillslope runoff
processes have been reported for contrasting vegetation types in several
areas in New Zealand (Selby, 1971; Yates, 1973). Thus, a measure of
surface detention was considered important in the two land use
catchments used in this study. Surface roughness was used as a measure
of surface detention characteristics at individual sites in the two land

use catchments.
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4,2.2.3.3 Vegetation characteristics

Several variables that describe characteristics of the vegetation
in the two catchments were included to explain the anticipated spatial
variability of hillslope runoff processes. In forest environments,
canopy density has been cited as an important factor in determining the
spatial variability of interception processes (Jackson (I.J.), 1970,
1975). The presence or absence of an organic litter horizon has also
been cited as being important in determining the runoff response in
forest environments (Webster, 1977; Bonell et al., 1981).

The importance of pasture dry matter production on hillslope runoff
processes has also been suggested by Selby (1971) and Yates (1973). For
this reason, pasture dry matter vegetation was considered likely to be
an important determinant of surface runoff within the pasture land use

catchment.
4.2.2.3.4 Summary of the environmental variables

Table 4.1 shows the complete suite of site variables measured

during this study.

e e him i m m i m fm m im m m im Bim i i i s i i, s i b i i i i . o i G . i b b b b i s b i b s b i b, b e, i b o b bt e o o i B i b o B e b o o s b

Soil characteristics soil moisture, surface and subsurface soil
permeability, and particle sizes

Topographic the degree of contour convergence-

characteristics divergence (sub~catchment unit), slope angle,
the aspect of the site with respect to
geographic north, and the surface roughness
of the observation site

Vegetation parameters dry matter production (pasture only),
canopy cover (forest only), and litter layer
depth (forest only)

e o i e b s o i B, e B, K i i, e i o bom £ e o i m o i o e PRPIpN o e e o b s i i i b b s b b o i i s o i, i, B, im

Table 4.1 : Variables measured to explain the processes of hillslope
runoff at individual observation sites in the experimental
catchments
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It was thought likely that a detailed description of the source
area hydrology in the two land use catchments would be achieved, by
measuring the various components of the hillslope runoff regime and the
site variables presented above, and by relating these process studies to
observations made of the general hydrologic characteristics of the
experimental catchments. However, the complete research programme had
to be completed within a pretested experimental design, so that the
applicability of the current models of source area hydrology could be

tested rigorously in the two catchments studied.

4.3 EXPERIMENTAL DESIGN

Several factors must be considered when developing an experimental
design as a basis of a systematic study of hillslope runoff production.
Not only must the hydrologically active areas be recognised and
delineated within catchments, but an indication of the degree to which
these areas differ from other contiguous sub-catchment units must be
achieved (Moore et al., 1976).

The recent field studies have emphasised the importance of
topographic characteristics in determining the hydrologically active
areas within catchments. However, the hydrologic response of a
catchment is also determined by the spatial variability of soil physical
properties (Sharma and Luxmoore, 1979; Luxmoore and Sharma, 1980; Russo
and Bresler, 1981). Thus, the experimental design developed for this

study had to include an assessment of:

i) the spatial variability of surface and subsurface hillslope

runoff processes;

ii) the spatial variability of hydrologically important soil

physical properties;
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and iii) the changes in hydrologically important soil physical

properties with soil depth.

The development of a systematic study of the spatial variability of
hillslope runoff processes therefore creates important problems of
methodology, as an investigation of this type is fundamentally a
sampling project (Boughton, 1967). Such studies require careful
experimental design, with due regard to adequate replication, in order
to assess the variance within the experimental units and to improve the
precision of the experiment; and adequate randomisation to assure an
unbiased estimate of the treatment means, and variances, within and

between experimental units (Steele and Torrie, 1960).

4.3.1 IDENTIFICATION OF HYDROLOGIC RESPONSE UNITS IN THE TWO LAND USE

CATCHMENTS

The process of identifying hydrologically active areas within
catchments is not simple. In some environments, the source areas of
hillslope runoff are defined clearly and vary in a predictable way.
Usually this occurs in catchments with steep slopes and well drained
soils (Dunne, 1969). However, in other areas of more subdued relief or
less permeable soils, the distribution of hillslope runoff may be highly
variable, with source areas developing in a less predictable way (Beven,
1978; Anderson and Kneale, 1982).

Evidence, from the studies cited above, suggested that the
development of the experimental design for this study could not be based
directly on information presented in the literature. Instead, a careful
examination of the soil, topographic and vegetation characteristics was
required to identify the hydrologically important response units within
the two land use catchments. Moore et al. (1976) have identified a

number of simple observations that may show hydrologically active areas

within catchments. They suggest that repeated field mapping, features
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of topography, soil gley morphology, and plant species distribution, are
all viable indicators of runoff producing areas.

A combination of these methods were used to delineate
hydrologically active areas in the experimental catchments. Field
observations, of soil gley morphology and the distribution of vegetation
species (principally Juncus spp.), provided evidence that suggested the
hydrologically active areas in the two experimental catchments were
related closely to the degree of topographic convergence and divergence.

However, observations of soil profile morphology also showed that
the catchment soils were only moderately permeable. Thus, the simple
relationships between topography and hillslope runoff processes were
likely to be modified considerably (Murray, 1981). The possibility that
they might be sufficiently impermeable to cause widespread infiltration-
excess overland flow could not be discounted. Therefore, the
possibility of both partial and variable source area contributions of
saturation overland flow and infiltration-excess overland flow had to be

considered in the development of the experimental design.

4.3.2 DEVELOPMENT OF THE EXPERIMENTAL DESIGN

Sub-catchment units, considered to have similar mechanisms of
runoff production, were identified within the experimental catchments.
Areas of concavity were distinguished from rectilinear and convex slope
units. The convergence and divergence of slope form and plan, implied
subsurface flow lines, and inferred soil moisture distribution, were the
principal criteria used to distinguish these areas. Figure 4,2 shows a
schematic representation of the sub-catchment units. The individual
subdivisions are referred to, respectively, as riparian and re-entrant,

midslope, and spur sub-catchment units.
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spurs and ridges D
midslopes

riparian and re-entrant -

Figure 4.2 : A schematic representation of the relationships between the
sub-catchment units

Although the sub-catchment units were distinguished primarily on
topographic features, they are not necessarily continuous regions
parallel to the stream channel (see figure 4.2). Areas of convex and
rectilinear slope units near to the stream channel, were instead
included in the riparian and re-entrant areas, on the basis of soil
moisture status.

The extension of the experimental design to include an assessment
of soil physical properties is also not simple. Criteria, on which to
distinguish hydrologically important, yet homogeneous soil horizons, are
defined poorly in the literature surveyed. Diagnostic criteria used in
pedological classifications do not necessarily coincide with those that
determine the hydrologic behaviour of the soil profile. This was
particularly apparent in the highly variable soils of the experimental

catchments. Ultimately, soil horizons of hydrological importance were

distinguished by a visual assessment of the profile macro-structure,
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following the method used by Bouma and Dekker (1978).

Three hydrologically important horizons were distinguished in the
catchment soils and incorporated in the experimental design. The upper
hydrologically important soil horizon corresponds to the 'A' and 'AB'
pedological soil horizons in the pasture catchment, and to the 'O
horizon in the forest catchment. The second hydrologically important
soil horizon corresponds to the 'B,' and 'B,' soil horizons in both
catchments, while the third hydrologically important soil horizon
corresponds to the 'B,' pedological horizon in both land use catchments.

Figure 4.3 shows the full experimental design. The major
components of the experimental design, groupings by vegetation,
topography and soil horizon, are shown clearly. This design, enables an
assessment of the variability of hillslope runoff for the two land use
regimes. It also enables an understanding of the changes in the
hillslope runoff regime and hydrologically important soil physical

properties, following land use conversion.

4.3.3 PRELIMINARY FIELD SURVEY

A preliminary soil moisture survey was completed in the pasture
experimental catchment during a 126 mm storm in September 1978, to test
the viability of the experimental design presented in figure §,3. 1If
hydrologically important differences in soil moisture could be shown
between some, or all the sub-catchment units, then the experimental
design would be validated. The initial survey was completed in the
pasture catchment; soil moisture was assumed to be similarly
distributed in the forest catchment.

Table 4.2a shows the descriptive statistics of the soil moisture
survey. Results from a one way analysis of variance test (table 4.2b),
show that the subdivision of the catchments into sub-catchment units

results in a reduction (p = 0.05) in the standard errors of the

estimated catchment mean soil moisture content.
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degrees of sum of mean square F
freedom squares
sub~catchment 2 3974 1987 15.42 *
unit
error 96 12370 129
total 98 16344

¥ ~ significant at p = 0.05

b) Analysis of variance

sub—catchment riparian midslope spur
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e m om o m e o e e 9.8 21.5 24 .5

c) Duncan's multiple range test

Table 4.2 : Descriptive statistics and results of an analysis
of variance and Duncan's multiple range test of
the initial soil moisture survey (units 0.01 bars
moisture tension)
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Similarly, a Duncan's multiple range test (table 4.2c) shows the
riparian and re-entrant areas are more moist (p = 0.05) than either the
midslope, or spur sub-catchment units. The mean moisture content in the
spur areas is less than in midslope regions, but the difference is not
statistically significant (p = 0.05).

The preliminary survey illustrates some of the difficulties of
applying the partial and variable source area models to practical land
management decisions. There are obvious difficulties in identifying the
hydrologically sensitive areas, and in assessing the degree to which
these areas may be considered homogeneous. The riparian and re-entrant
areas were considered likely to be the most hydrologically active
regions in the experimental catchments as they are more moist than
either of the other two sub-catchment units. However, the role of the
other sub-catchment units was unclear. Thus, it was necessary to treat
the remaining upslope sub-catchments units as separate entities, instead
of combining them and treating the experimental catchments as having

only two, hydrologically distinct, sub—areas.

4.4 NETWORK DENSITIES AND SAMPLING ERROR

Data sampling errors and network densities must be determined once
the types of data, and the experimental design have been established.
In the past, many catchment experiments have suffered from inadequate
data, to an extent that their results are of little value (Ward, 1971).

In this study, it was necessary to consider carefully the sampling
error associated with estimating hydrological variables at individual
sites within the catchménts, and to estimate the sampling density
required for variables where spatial variability was of hydrologic

importance. A priori estimates were made of the precision with which
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the sample means of these variables could be determined with the
resources available. The procedure and notation used in these estimates
follow that described by Steele and Torrie (1960, p. 86).

Precision is defined as half the width of the confidence interval
described by Steele and Torrie (1960). The sample variances necessary
to make these estimates were obtained from studies already completed in
the Hapuakohe Range, or where this information was not available
locally, from reports of similar field studies. However, in this study,
material constraints usually determined the sampling density of the
variables to be estimated. Thus, the available resources were allocated

so that hydrologically important? differences could be detected between

the different sub-catchment units for as many variables as possible.

4.4.1 DATA ACCURACY AND ESTIMATION OF NETWORK AND SAMPLING DENSITIES

4.4,1.1 Precipitation

Precipitation data were required to serve two main purposes (see
section 4.2). Estimates of weekly mean catchment rainfall were required
for the catchment scale experiments. Estimates of the spatial
variability of rainfall were also required to explain the spatial
variability of hillslope runoff (Sharon, 1970, 1980). In addition to
these requirements, it was anticipated that some analyses would require
rainfall data on time intervals as short as 15 minutes. However, there
were insufficient resources available to establish a raingauge network
capable of estimating mean catchment rainfall within an acceptable
precision, for time intervals shorter than one week.

2j hydrologically important difference is equivalent to the minimum
acceptable precision for an estimate of the mean of a variable. This
value depends on the objectives of a particular study and may be
different for each variable considered.
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Data from Taita experimental basin were used to estimate an
appropriate network density for the Mangawhara experimental catchments
(Jackson and Aldridge, 1972). The physiography and aspect of the Taita
and Mangawhara catchments are similar: the network density data from
Taita are thus considered applicable to the Mangawhara.

Table 4.3 shows the network density required to estimate the mean
weekly catchment rainfall, with a precision of +/~ 10 % at the 95 %
significance level, for several storm size classes. Also shown in table
4.3 are the percentage errors for estimating the mean catchment rainfall
for each storm size class with only 2 raingauges.

The percentage of rain falling in the experimental catchments for
each storm size class is also presented, to show the relationship
between network errors and the typical rainfall input. These rainfall
data were estimated from the daily manual gauge, N.Z.M.S. B 75441,
located 2 km east of the experimental catchments. The data relate to
the 1977 year. On the basis of this information, two raingauges were
adequate to provide an estimate of mean basin rainfall to
within +/~ 10 % precision at the 95 % significance level, for all but
a few of the smallest storms. A realistic assessment could not be made

for rainfall estimation errors for shorter sampling intervals.
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Rainfall Network density Estimated error Percentage weekly
depth class (precision = +/~ of the mean with | rainfall in each
(mm) 10% € p=20.05) 2 gauges depth class (1977)
0.0 - 7.5 5.98 (6) +/— 17.30 ) 1.96
7.6 - 15.1 2.72 (3) +/- 11.68 % 6.22
15.2 ~ 22.8 1.70 (2) +/- 9.22 % 4,97
22.9 ~ 43.2 1.49  (2) +/- 8.63 % 26.79
> u3.2 0.70 (1) +/- 5.94 % 59 .86

Table 4.3 : Estimated raingauge network densities for selected weekly
rainfall depths.
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Four additional gauge sites, including one in the forest catchment,
were established to determine the spatial pattern of rainfall in the
catchments. Individual gauge errors at the Mangawhara were considered
to be similar to those observed at Taita. These were typically less
than 5 %, for about 90 % of rainfall depths greater than 25 mm.

Slightly larger errors were associated with smaller storm events
(Jackson and Aldridge, 1972). In this study, systematic rainfall
variations smaller than these errors were considered to be

hydrologically unimportant.
4.4,1.2 Throughfall

Throughfall could be estimated at only one site in the forest
catchment with the equipment available. Hogg et al. (1975) have
estimated the sampling errors for a measurement system similar to the
one used in this study. Their estimates are considered applicable to
this study. They suggest that the sampling errors of the throughfall
measurement system should be less than 10 % for storms greater than
about 20 mm. More precise estimates are suggested for smaller storms.
It was not possible to confirm these estimates during this study,
because the throughfall collected from individual troughs was bulked

into a single recording device.

y.4y,2 HILLSLOPE RUNOFF REGIME
4.4.2.1 General

In this study, a sampling procedure was necessary at individual
sites within the sub~catchment units to determine hillslope runoff
processes and to estimate the variability of these processes within the
two land use catchments. This restricted the observation techniques

that could be used, to an evaluation of individual sites or plots within

each experimental cell (figure 4.3).
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TWo aspects of the data collection were considered.

i) For each variable, the appropriate area or volume that had to
be sampled was identified. The appropriate sample volume or
area had to take account of variability on a scale appropriate

to the objectives being pursued.

ii) The number of samples required to estimate the experimental
cell means, with an appropriate precision and at the required

significance level (p = 0.05), was determined for each

variable.

These two problems are related, because the observed variation within an
area increases usually with the size of area sampled (Beckett and
Webster, 1971).

In this study a compromise was made, between sample areas that were
so small as to introduce unwanted variation, and those so large, that

systematic variability was masked by averaging in time and space.

4.4,2.2 Surface runoff

Estimates of surface runoff?® were required to provide information
on the relationships between runoff, and rainfall, soil, vegetation and
topographic characteristics. Estimates of surface runoff were also
required for quantitative estimates of the size of the runoff response
from the sub-catchment units. Plots were used for the study of surface
runoff, as they are an effective method of sampling the surface runoff
phenomenon, provided the data are carefully interpreted (Hayward, 1968).
The plots were installed and maintained carefully: the sampling errors
are considered to be negligible. Many of the sampling errors discussed
by Hayward (1968) are not applicable in the more moderate climatic

3surface runoff is defined in this thesis as being any flow over the

mineral soil. It thus includes rapid flow over and through the
discontinuous organic layer in the forest land use catchment.
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conditions of the Hapuakohe Range.

The major defects of runoff plots relate to their use for sediment
and runoff collection, and the extrapolation of these data to whole
catchments (Hayward, 1967, 1968). Plots tend to under—estimate runoff,
as they isolate only part of the surface runoff continuum. However, in
this study, the main use of the information derived from the runoff
plots was to distinguish the chief factors influencing surface runoff.
The problems of under-estimation were not important, as no attempt was

made to extend quantitatively the plot information to a larger areas.

Plots of 5 m? were considered suitable to encompass a sampling area
that represented the surface runoff processes operating in the land use
catchments. The plots are larger than those used commonly in other
studies (e.g. Hayward, 1968; Soons and Rainer, 1968; Selby, 1971).
However, this size was chosen because unwanted variation was spatially
averaged.

Few data were available from which to make a valid, a priori
estimate of the sampling densities required to estimate surface runoff
in this study. Data from the few replicated plot studies reported in
the literature were rejected because they related to specific soil types
and land use environments (e.g. Hayward, 1968; Selby, 1971). Consequen-
tly, the network density was determined by the availability of equipment
and labour.

Both Hayward and Selby consider 20 plots is the maximum number that
can be tended by an operator in one day; this number was accepted and
plots were distributed among the sub-catchment units (figure U.4).

The distribution of the plots among' the sub-catchment units was
considered carefully on the basis of several criteria. At least two
sites were required to estimate the variation within individual cells.
The preliminary study of soil moisture had suggested the riparian cells
as being hydrologically active regions and, as hydrologic responses are

commonly heteroscedastic, a minimum of four sites was considered
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o Storage plots

® Continuously recorded plots

Figure 4.4 : The distribution of surface runoff plots among the sub-catchment units

necessary in these areas. For similar reasons, the remaining four sites
were distributed among the midslope and spur units in the pasture
catchment, instead of in the forest. The proposed distribution of

experimental sites was considered the best possible with the number of

plots available.

4. 4.,2.3 Subsurface flow

The problem of determining subsurface flow was approached in two

ways.

i) Measurements of permeability and soil moisture were used as
surrogates for determining qualitatively, the likelihood for
subsurface runoff within each sub-catchment unit. Measurements
of soil permeability were made during both the winter and
summer months, to ascertain any changes in permeability

resulting from seasonal moisture variation.

ii) The magnitude and spatial variability of the subsurface flow

response was measured by instrumenting a first order basin in
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each experimental catchment with transects of piezometers.
Piezometers were used because more sophisticated recording

equipment was unavailable.

The use of piezometers was considered a satisfactory alternative, in
view of the continuity and time scale of response implied from the
research of Anderson and Burt (1977a, 1977b, 1978a, 1978b). Discharge
from the first order basins was also measured to determine any
relationships between saturated soil conditions and base flow. The
subsurface flow regime was not measured directly in the experimental
catchments because of the deficiencies associated with this type of

measurement system (Atkinson, 1978).
4.4,2.3.1 Permeability and soil moisture

Data gathered on soil moisture and hydraulic conductivity were

needed for several purposes. These were:

i) to provide quantitative information for the analysis of the

surface and subsurface flow regimes;

ii) to characterize the water storage and transmission

characteristics of the sub-catchment units;

and iii) as surrogate variables for an examination of the spatial

variability of the subsurface flow regime.

Each of these data uses required different sampling densities. However,
sites for soil moisture and permeability measurements were established
immediately adjacent to the surface runoff sites, to maintain continuity
between the surface and subsurface sampling programmes. Thus, the
location and number of observation sites for permeability and soil

moisture were fixed.
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Permeability

Estimates of sampling densities were required for observations of
permeability made at individual sites in each land use catchment and for
permeability observations averaged over sub-catchment units. However
these estimates are complicated by two factors.

Soil properties that are highly variable (e.g. soil permeability)
are often described better by a log normal distribution (or other skewed
distributions) (Nielsen et al., 1973; Sharma and Luxmoore, 1979;
Luxmoore and Sharma, 1980; Russo and Bresler, 1980). It is important to
identify the correct probability density function, to avoid incorrect
estimates of the required sampling density for soil properties that are
not described well by the normal distribution (Sharma and Luxmoore,
1979). These problems are compounded by spatial correlation: obser~
vations of soil physical properties made close together are seldom
independent (Sharma and Luxmoore, 1979; Luxmoore and Sharma, 1980; Russo
and Bresler, 1981). Furthermore, soil properties that are better
described by skewed distributions are often heteroscedastic (Warrick and
Nielsen, 1980).

For these reasons, a logarithmic transformation of permeability was

considered more suitable as the primary permeability variable. In this

thesis, estimates of the sampling density and most other analyses of
soil permeability are based on the transformed permeability variable.

No data were available from which to make estimates of the sampling
density necessary to estimate soil permeability at individual sites. It
was assumed that by measuring large sample volumes, an adequate
representation of soil permeability would be made. This assumption
appears justified, in view of the recent developments on the spatial
variability of soil properties, and the high degree of correlation found

commonly between adjacent sample sites. Three observations of soil
permeability at each observation site were the maximum number that could

be incorporated into the sampling programme.
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® Observation site
Note: at each site the following
numbers of permeability
and soil moisture observations
were made

@ 3 permeability samples per site

@ 1 soil moisture sample per site

Figure 4.5 : The distribution of permeability and soil moisture observation sites within the experimental catchments
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The spatial sampling programme of soil permeability was thus fixed.

Figure 4.5 shows the number of samples and the distribution of the
permeability measurements completed in the experimental catchments.
Permeability measurements were made in each of the three hydrologic soil
horizons identified at the twenty surface runoff sites. A field method
developed by Talsma and Hallam (1980) was used to estimate soil
permeability. This method is based on final, steady-state, infiltration
rates into cylindrical holes and is particularly suited for rapid field
tests.

The precision of the proposed sampling network for estimating the

mean sub-catchment unit soil permeability was estimated from

permeability data presented by Parker (1978). These data were observed
in an adjacent valley in the Hapuakohe Range, but were restricted to the
surface soil horizons. Table 4.lda shows the descriptive statistics of
the untransformed data and transformed data obtained by Parker (1978).
The coefficient of variation, for the untransformed data obtained by
Parker, is generally less than the range of 100 - 200 % given by Warrick
and Nielsen (1980) for soil permeability. This may reflect the large
soil samples (0.038 m3) used by Parker.

Table 4.U4b shows the the number of samples required to estimate the

transformed mean sub—catchment unit soil permeability for selected

levels of sampling precision, at the 95 % significance level. Using the
network proposed, the estimate of the sub-catchment mean surface
permeability was likely to be made with a precision of 15 - 25 % (see
figure 4.5 and table 4.4). This estimate is based on only 4
independent observations of permeability in each sub-catchment unit.

The three observations made immediately adjacent to each other at each
site were likely to be correlated significantly, and therefore could not
be considered as independent observations of permeability for the

sub-catchment units (see figure 4.5).
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Pasture Forest
saturated dry saturated | dry
Untransformed B o o
mean 292.15 307.32 392.58 411.30
s.d. 167.29 271.77 392.70 559.08
C.V. 57.26 88.43 100.03 135.93
Transformed - ‘ | | l
mean 5.517 5.392 5.512 5.662
s.d. 0.631 0.891 0.984 0.774
units untransformed data - mm h'{ o |
transformed data - log mm h !
s.d. standard deviation (e)
a) Descriptive statistics
Pasture Forest
Precision | saturated dry saturated | | dry
+/- 5% 27 (26.78) 56 (55.84) 66 (65.26) 39 (38.22)
+/- 10 % 7 ( 6.49) 14 (13.96) 17 (16.31) 10 ( 9.88)
+/~ 20 % 2 ( 1.67) 4 ( 3.49) 5 (4.07) 3 ( 2.38)
+/- 25 % 1 ( 1.07) 3 ( 2.23) 3 ( 2.60) 2 (1.52)
b) Sample numbers required to estimate the sub—catchment unit

mean soil permeability within the stated precision at the
95 % significance level

Table 4.4 : Descriptive statistics of the permeability data
obtained by Parker (1978) and estimates of sampling
densities for selected levels of precision (p = 0.05)

No data were available that could be used to estimate the precision

of the proposed network for estimating soil permeability in the lower

soil horizons.

Rogers (1978) estimated the mean permeability of the B,

horizon to be 5 orders of magnitude less, than those observed by Parker

(1978) for the surface horizons.

Given the heteroscedastic nature of

soil permeability, it is probable that the lower soil horizons will be

estimated to a greater degree of precision than shown in table y.y,

It

must be appreciated that the precision of the estimate of the mean will

vary if seasonal changes of permeability occur.
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No estimate of the size of a hydrologically important difference of
soil permeability was found in the literature surveyed. In this study,
the size of a hydrologically important difference of soil permeability
must be considered in terms of a hydrologic response from the individual
sub-catchment units, and from the individual observation sites. An
estimate of the mean transformed permeability data, within +/« 15 =~
20%, is equivalent to approximately +/= half an order of magnitude of
the median of the untransformed permeability data (Aitchison and Brown,
1957).

Studies by Harr (1977) and Murray (1981) show that an abrupt change
of permeability of one order of magnitude, is enough to cause the
development of saturated conditions and lateral subsurface flow. For
soils with permeabilities similar to those observed by Parker (1978),
Freeze (1972b) suggests that a change of an order of magnitude in soil
permeability causes minor changes in the total storm hydrograph, but
considerable changes in the proportion of surface and subsurface flow
(Freeze, 1972b, p. 1281, figure 11). These observations suggested that
errors of about +/~ 20 % were acceptable for estimating the

transformed mean sub<catchment unit soil permeability.

An investigation of soil permeabilities with the proposed
experimental network (figure 4.5) was considered warranted, given the
general lack of information on the spatial relationships between soil
physical properties and hillslope runoff processes reported in the
literature. The errors estimated for the planned sampling programme of
soil permeability were considered conservative because the soil
permeability estimates made in this study were based on larger soil

volumes than those used by Parker (1978).
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Soil moisture

A non-destructive soil moisture sampling technique was necessary,
to measure repeatedly soil moisture at depths within the soil profile,
at the twenty sites in the experimental catchments. Moisture
determinations by neutron moderation was considered the most appropriate
method because of this sampling requirement. Figure 4.5 shows the
distribution of soil moisture sampling sites.

As with all indirect methods of determining soil moisture, a
calibration of the neutron probe was required. The sampling errors
associated with neutron moderation methods of soil moisture
determination are dominated usually by the adequacy of the calibration
(Toebes and Ouryvaev, 1970). The calibration procedure used in this
study followed that outlined by Eeles (1969). The calibration curves
are presented in appendix A. Standard errors of the estimate for the
mean volumetric moisture content for individual sites vary from 1 = 7 %
of the mean, but are generally greatest for the surface horizons.
Insufficient resources precluded the installation of more than one
access tube per site, thus individual measurements had to be considered
to represent the site.

The precision with which the network was capable of estimating the
sub~catchment unit mean moisture content varied continually, because
soil moisture varied through time. Thus, realistic estimates of the
precision of the soil moisture sampling network were not possible
because the data required for these estimates were not available for the
soil types in the Mangawhara Valley.

The data obtained from the initial soil moisture survey were not
used as a reliable estimate of the variance of the sub<catchment unit
soil moisture likely to be encountered when determining soil moisture by

neutron moderation. The reasons for this decision are presented below.

i) The soil moisture tension data were determined from a very
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small sample; the surface of the ceramic tip of the
tensiometer is 7.85 x 10~ m? in area, whereas the neutron
probe could be expected to determine the moisture content
of a volume between 4.2 x 102 and 1.4 x 10 "2 m?®, depending

on the moisture content at the time of measurement.

ii) The initial moisture survey was condycted during a rain event.
Thus, the apparent spatial variation in soil moisture was
likely to be exaggerated, because of moisture gradients

between the surface and the interior of soil peds.

The importance of the inter-relationships between the spatial
variability of soil moisture and soil hydraulic properties, meant that
some estimate of soil moisture was necessary within the experimental
catchments. The proposed data collection network was used, despite
being uncertain of the precision with which soil moisture content could

be determined.

4.4.3 EVAPO-TRANSPIRATION

Estimates of potential evapo-transpiration were made from weekly
observations of open water evaporation, reduced by a correction factor
of 0.69 (Finkelstein, 1961). The sampling errors of a U.S. class 'A'
evaporation pan have been estimated to be +/~ 1.0 mm, for weekly
estimates of evapo~transpiration (Pelton and Korven, 1969). Few similar
estimates, or comparisons between other methods and pan evaporation
measureaents, have been made in New Zealand (Heine, 1976). Estimates of
potential evapo-transpiration were used only for comparative purposes in
the analysis of the water balance components of the two land use
catchments (see chapter 8): further discussions of instrument and

sampling errors are therefore not warranted.
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4.5 INSTRUMENTATION

Plate 4.1 shows the location of the instrumentation within the
experimental catchments. Plates 4.2 to 4.7 show various components of
the network.

All instruments and equipment used in this research programme were
of standard hydrological design and were installed to meet or exceed the
standard design criteria. They were all operated in accordance to
standard hydrological procedures (Toebes and Ouryvaev, 1970), except for
open water evaporation measurements. Open water evaporation was
measured on a weekly, instead of a daily interval: thus the measurement
errors are likely to be greater than normally expected.

A description of the catchment instrumentation and operating
procedures is presented in tabular form in table 4.5, to avoid a
repetition of information that is available in many hydrological texts.
Included in the table are a list of the variables measured, the
measurement techniques, the estimated sampling and instrument errors,
and a list of references that describe the equipment, and pertinent
operating procedures. Additional comments follow the table to clarify
various aspects of the information presented. A summary of the
remaining site variables (see table U4.1) and the techniques used in

determining them are presented in appendix B.
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Plate 4.2 : The weir site at the outfall of the forest catchment showing
the 'V' notch and rectangular addition
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