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[1] We present a simple approach for quantifying the local contributions of hillslope area
and riparian area along a stream network based on gridded digital elevation data. The
method enables one to compute catchment characteristics such as the distribution of
riparian and hillslope inputs to the stream network, the variation of riparian-area
percentage along the stream network, and subcatchment area distributions. We applied the
technique to the 280-ha Maimai research area in New Zealand. We found that 85% of
the catchment area contributed to streams with a local catchment area of <20 ha, whereas
only 28% of the riparian area was found along these small streams. The potential of
riparian zones to buffer hillslope runoff depends partially on the size of the riparian zone
relative to the adjacent hillslope or upland area. Our approach enables calculation of a
spatially distributed measure of riparian to hillslope area ratios. At the 280 ha Maimai
research area we found that the ratio between riparian and hillslope area was 0.14. When
we calculated this ‘‘buffer capacity’’ for each 20 m stream reach along the stream
network, the values were below 0.14 for 75% of the stream length and the median was
0.06. Using the catchment-wide ratio would thus significantly overestimate the
‘‘effective’’ riparian-to-hillslope-area ratio. INDEX TERMS: 1824 Hydrology: Geomorphology

(1625); 1848 Hydrology: Networks; 1860 Hydrology: Runoff and streamflow; KEYWORDS: riparian, hillslope,

topography, buffer, Maimai, landscape analysis, stream network
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1. Introduction

[2] The riparian zone encompasses the strip of land
between the stream channel and the hillslope and is some-
times referred to as a buffer zone [Lowrance et al., 1985],
floodplain [Bates et al., 2000], or near-stream zone [Cirmo
and McDonnell, 1997]. Riparian zones have been differ-
entiated from upslope zones by unique hydrology, vegeta-
tion, and soils [Hill, 1996]. Characteristics such as anoxic
zones [Megonigal et al., 1993], gleyed soils [Phillips et al.,
2001], color [Blavet et al., 2000], organic content [Mitsch
and Gosselink, 1993], breaks in slope [Merot et al., 1995],
and near-surface water tables [Brinson, 1993] often distin-
guish riparian zones from adjacent uplands. Because of their
location, riparian zones have significant potential to regulate
the movement of material in surface and subsurface runoff
that flows from upslope areas to the stream [Brinson et al.,
1981; Hill, 1996]. Subsurface solute inputs from adjacent
uplands are influenced by the magnitude of flow into
riparian zones [Devito, 1995].
[3] Hillslope inputs to riparian zones are spatially variable

along stream networks [Weyman, 1970]. Runoff is not

generated uniformly across hillslope cross-sections partially
due to topographical convergence and divergence [Freeze,
1972]. Accumulation of upslope area [Anderson and Burt,
1978; Beven, 1978] often determines variability of hillslope
inputs along stream networks. As a result, area entering the
stream network is variable from stream reach to stream reach.
[4] In shallow soil systems with poorly permeable bed-

rock, hillslope and riparian dynamics are predominantly
controlled by topography. Variability in, and controls of,
hillslope inputs to stream networks have not been exam-
ined in the context of riparian zone function and the
potential modulating capacity of riparian zones. While
the flushing of riparian zones by hillslope runoff is a
first-order control on potential chemical transformation
[Hill, 1990] and hillslope water expression in streamflow
[Hooper et al., 1997; McGlynn et al., 1999; Burns et al.,
2001; McGlynn and McDonnell, 2003], little is known
about the ratio of the upslope (hillslope) inputs to the local
riparian zone storage. Significant uncertainties exist about
the role riparian zones play in regulating water and
element movement from uplands to streams, despite much
work on individual hillslope and riparian cross sections
(transects). Furthermore, the spatial distribution of riparian
zones, especially relative to upland area accumulation, has
received little attention so far. This inhibits our ability to

Copyright 2003 by the American Geophysical Union.
0043-1397/03/2002WR001521$09.00

TNN 2 - 1

WATER RESOURCES RESEARCH, VOL. 39, NO. 4, 1082, doi:10.1029/2002WR001521, 2003



move forward and assess the role of riparian zones in a
catchment context.
[5] Accumulated area maps can show us where hollows

and streams are located. Slope maps can show us where flat
valley bottom areas are distributed. Combined, as in the
TOPMODEL index [Beven and Kirkby, 1979], such calcu-
lations can indicate which parts of a catchment might be
more likely to be surface-saturated. None of these indices,
however, tell us much about the catchment function in the
context of the distribution and connection of dominant
landscape units. We present a new landscape assessment
technique for objective mapping and quantification of
dominant landscape units (i.e., hillslopes and riparian
zones), simple evaluation of riparian zones, and quantifica-
tion of hillslope-riparian area interactions. The approach
allows for characterization of the distribution of hillslope
and riparian area along the stream network based on DEM
analysis of upslope contributing area. It also enables appor-
tionment of landscapes into their riparian and hillslope
components, providing the framework for assessment of
the modulating (buffer) potential of riparian zones and
subsequent hillslope-riparian-stream-catchment connec-
tions. We illustrate this technique using the Maimai research
area in New Zealand as an example. Existing maps and
tools have shown us that flat valley bottom areas are
relatively large along the main axis of the Maimai catch-
ment and decrease toward the headwaters. Similar observa-
tions have been made for many other catchments [Gregory
and Walling, 1973]. However, techniques to quantify the
frequency and distribution of riparian areas have been
previously unavailable.

2. Physical Characteristics of the
Maimai Catchment

[6] The Maimai study area consists of more than 8
formerly or currently gauged catchments located to the east
of the Paparoa mountain range on the West Coast of the
South Island of New Zealand (42�050S, 171�480E). We
limited our analysis to the 280 ha Maimai research water-
shed named the Bedload catchment. The subcatchments
share similar topographic characteristics. Slopes are short
(<300 m) and steep (average 34�) with a local relief of 100–
150 m. Stream channels are incised and lower portions of
the slope profiles are convex. All the catchments are under-
lain by moderately weathered, firmly compacted lower
Pleistocene Old Man Gravels, which are effectively imper-
meable [Mosley, 1982]. Soils are classified as Blackball hill
soils and are shallow (�1 m deep), strongly podsolized
yellow-brown earths with a well-developed upper organic
humus mantle with a mean depth of 17cm [Mew et al.,
1975]. Hillslope slope angles in headwater catchments range
from 30�–45� and catchment side slopes are composed of
regular spurs and linear hollows. Historical research at the
Maimai catchments has focused on the development of a
highly detailed perceptual model of hillslope hydrology
(recently reviewed by McGlynn et al. [2002]).
[7] Maimai is a suitable site for development of new

techniques for topographic analyses because the landscape
is simple relative to many research catchments [Woods and
Sivapalan, 1997]. The geology is uniform, the topography
is steep and highly dissected, soil depths are relatively
uniform, and topography has been found to control the

shallow through flow. The topography is characterized by
few sinks (i.e., grid cells with no neighboring cell with
lower elevation than itself) and a clear distinction between
riparian zones and hillslopes.

3. Our New Method

[8] We computed the stream network for the Maimai
catchment using a digital elevation model and a creek-
threshold-area method. Upslope area can be computed from
DEMs in different ways [Quinn et al., 1995; Tarboton,
1997]. Multiple-flow-direction algorithms tend to provide
more realistic looking spatial patterns than single-direction
algorithms, where all area from one cell is routed into the
steepest of its eight neighboring cells. The latter tend to
result in too strong a concentration of flow, which is
avoided by distributing the flow among several downslope
neighboring cells. Another problem with single-flow-direc-
tion algorithms is that the steepest gradient actually might
fall between two of the eight cardinal and diagonal direc-
tions. Tarboton [1997] addressed this problem using trian-
gular facets, which remove the limitation of only eight
possible directions. Our method combines the advantages
of the multiflow-direction algorithm [Quinn et al., 1995]
with the use of triangular facets (J. Seibert, manuscript in
preparation, 2003).
[9] Once the accumulated area exceeded the threshold

value, this area was routed downslope as a ‘‘creek-area’’
and all cells along the downslope flow path were flagged
as ‘‘creek cells’’. For routing the creek-area we used a
single-direction algorithm. Using this simple approach, at
several instances parallel streams were computed in adja-
cent cells. To avoid an unrealistic stream network, we used
an iterative procedure. Any creek cell where we derived
more than one adjacent creek cell in a downslope direction
was, in the next iteration, forced to drain to the downslope
creek cell with the largest accumulated area. This proce-
dure was repeated until a stream network without ‘‘paral-
lel’’ streams was obtained (usually 2–5 iterations are
necessary).
[10] The creek initiation threshold area was estimated as

0.5 ha based on field surveys of channel initiation points in
30% of the Bedload headwater catchments. It should be
noted that a creek threshold area of 0.5 ha is probably the
lower boundary of accumulated area for channel initiation.
Often channels are initiated at the confluence of more than
one convergent hillslope zone each having accumulated
area below the 0.5 ha threshold, but resulting in initial
creek accumulated area >0.5 ha. We based field measured
channel initiation points on morphological indicators as set
forth by Dietrich and Dunne [1993]. This provided con-
firmation even in the absence of flow, such as indications of
ephemeral channels including a scoured streambed, defin-
able channel banks, and an incision into the ground surface,
since the channel head was not always synonymous with the
stream head. The stream head simply indicates the upstream
extent of concentrated surface runoff at a particular time
[Dietrich and Dunne, 1993] and may migrate up and down
the channel depending on catchment moisture and runoff
rates [Hewlett and Hibbert, 1967; Dunne, 1978].
[11] We surveyed riparian widths at intervals as small as

10 m, perpendicular to the stream channel from the Bedload
weir to the point of channel initiation in multiple head-
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water catchments. Riparian-hillslope boundaries were deter-
mined in the field based on breaks in slope (i.e., valley
bottoms between the stream and the abrupt break in slope
at the hillslope boundary), soil characteristics (i.e., gleying,
organic accumulation, color, and texture), and terrain char-
acteristics. We measured the width of the riparian zone, the
width of the stream channel, and soil depths across each
transect. We then computed the corresponding accumulated
catchment area for each transect-stream channel intersection
and tried to correlate the two variables. At Maimai, the
variations of the width of the riparian zone could be explained
to 99.2% by the accumulated catchment area using simple
linear regression (Figure 1). This simple method for estima-
tion of riparian width is not generally transferable to other
catchments. When the riparian width is not determined by an
accumulated catchment area relationship, riparian width
might be estimated by morphometric rules (e.g., a threshold
elevation above the stream channel along flow paths to the
stream), remote sensing, or field mapping. If an alternative
riparian area estimation technique is used, the steps outlined
in the flowchart (Figure 2) are still applicable. Development
of the riparian width catchment area relationship step would
be bypassed in this case. Our approach simply requires a
riparian area or width association with each stream cell in the
channel network.
[12] Based on the computed linear regression between

catchment area and field surveyed riparian widths, we
calculated the riparian area for each stream cell. By multi-
plying the length of the cell by the estimated width of the
riparian zone we estimated the local riparian zone area for
each stream cell. Integrating riparian area associated with
each stream cell in an upstream direction gives the total
riparian area for the catchment defined by the downstream
stream cell. The area entering the stream network at each
stream cell, i.e., the local area inputs to the channel network,
are the incremental increases in catchment area for each
stream cell. Incremental increases in catchment area along
the stream network are a combination of hillslope and
riparian areas. Since we calculated the riparian area for each
stream cell, the difference between total incremental area
increase for each stream cell (not including downstream
inputs) and local riparian area associated with each stream
cell is equal to hillslope area inputs for that stream cell.
[13] Following the steps outlined above, we generated 5

different coverages (see flowchart in Figure 2): (1) total
local inflow to each stream cell, (2) local riparian area along
the stream network (Figures 3b and 4b), (3) local hillslope
area entering the stream network (Figures 3c and 4c), (4)
accumulated riparian area as a fraction of catchment area,
and (5) riparian to hillslope area ratios along the stream
network (Figures 3d and 4d). These analyses allow for
distributed evaluation of local riparian to hillslope area
ratios (R/H) at each point along the stream network, a ratio
suggested as a first-order control on hillslope water expres-
sion in catchment runoff [Hooper et al., 1997; McGlynn et
al., 1999; Burns et al., 2001]. In order to translate these
distributed ‘‘area’’ values to flow, one has to assume that
specific discharge is constant over the catchment (although
this assumption easily can be relaxed if there is information
available about the spatial distribution of specific dis-
charge). This assumption is seldom correct, but for the case
of Maimai it is an appropriate approximation because

specific runoff is almost constant across catchment scale
as determined by records of runoff from weirs at >8 catch-
ment scales [Mosley, 1979; Pearce et al., 1986; McGlynn et
al., 2002].

4. Results and Discussion

[14] While computed stream networks derived from dig-
ital elevation data might not always agree with the real
network exactly [e.g., Zhang and Montgomery, 1994], we
found a good agreement for the Maimai landscape due to its
distinct topography (Figure 3a). For other landscapes with
more muted topography and lower drainage densities,
techniques that use the real network to ‘‘correct’’ the
elevation data might be appropriate.
[15] Local hillslope area inputs to the stream network

varied between 0 and 1.1 ha (values larger than the creek-
initiation threshold of 0.5 ha are due to multiple sub-0.5 ha
hollows converging at one channel cell) (Figure 3c) and
were mainly distributed nearly uniformly between 0 and
0.65 ha (Figure 4c). In general hillslope area accumulation
was greatest at the channel heads (Figure 4c). The channel
heads are typically high hillslope accumulated areas due to
bowl shaped convergent headwaters in many of the Maimai
streams.
[16] We computed the accumulated catchment area (Fig-

ure 5) along the channel network and found that 35% of the
Bedload catchment (280 ha) area originates in subcatch-
ments smaller than 1 ha, 60% in <4 ha subcatchments, and
85% in <20 ha subcatchments. The break-in-slope of the
total accumulated area versus originating catchment scale
plot (Figure 5, inset) differentiates the area accumulated in
headwater catchments from the area accumulated along the
main stem of the river. This information is also presented in
histogram form (Figure 4a). The shape of this curve means
that most area is accumulated in the smallest headwater

Figure 1. Riparian width versus local catchment area.
Data are based on 42 surveyed transects in multiple
headwater catchments and at different locations along the
main valley axis. The inset plot shows the same data but
with log-scale for the catchment area.
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catchments and enters the main stem of the river via defined
tributary junctions. Relatively little area enters the stream
network through wider valley bottom riparian zones along
the main stem (�15%), similar to the hypothetical third- and
fourth-order basins described by Leopold et al. [1992] who
suggested that �20% enters the main stem directly and 80%
enters via first- and second-order tributaries. Similarly,
Wondzell [1994] found that the proportion of catchment
area draining directly into first- through fifth-order channels
in the 62 km2 ha Lookout Creek catchment at HJ Andrews
Experimental Forest in Oregon was: 66% of area drains into
first-order channels, 16% into second-order channels, 10%
into third-order channels, 4% into fourth-order channels,
and 4% into fifth-order channels.

[17] We found that the median local catchment size of all
stream cells was 3.2 ha, while the mean was 24 ha,
indicating a significant skew in the frequency distribution
toward headwater catchments (Figure 4a). Catchment area
originates mostly from the headwater subcatchments of the
greater Bedload catchment.
[18] We also evaluated the relative distributions of hill-

slope and riparian areas (local riparian to hillslope area
ratios). Headwater catchments often have smaller riparian
zone percentages than larger catchments due to the relation-
ship between riparian width and catchment scale (Figure 3b).
Despite this seemingly intuitive and simple finding, channel
network structure can then exert an influence on riparian-
zone percentage. For example, a 3 ha catchment can be

Figure 2. Flowchart of the proposed approach for landscape analysis and riparian assessment technique.
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Figure 3. (a) Digital elevation model of the 280 ha Maimai catchment with the computed channel
network. (b) Riparian width for each 20 m stream cell throughout the channel network. Local riparian
area is equal to the riparian width times the cell length (20 m) (for histogram, see Figure 4b). (c) Hillslope
area entering the channel network at each 20 m stream cell (see Figure 4c). (d) Local riparian to hillslope
area ratios for each 20 m reach along the channel network (see Figure 4d).

Figure 4. Histograms of calculated variables. (a) Accumulated catchment area (sum of the hillslope and
riparian CDFs in Figure 5) (b) Local riparian area along the stream network for all 20 m cell stream
reaches (for spatial representation see Figure 3b). (c) Local hillslope area entering the stream network for
all 20 m cell stream reaches (see Figure 3c). (d) Ratio of local riparian area to local hillslope area for each
20 m cell stream reach along the channel network (see Figure 3d).
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comprised of two 1.5 ha catchments that merge just prior to
the 3 ha outlet and have no channel cells with accumulated
area between 1.5 and 2.96 ha. This would result in a lower
riparian zone percentage of catchment area than a catchment
characterized by the diffuse and more linear accumulation of
catchment area along one primary channel with no significant
tributaries. Therefore network structure can exert an influ-
ence on riparian-zone percentage and thus riparian areal
fraction relative to the lateral hillslope area. The histogram
of local riparian area size along each stream cell (Figure 4b)
shows the skewed frequency distribution of riparian areas
toward narrow headwater riparian zones.
[19] We found a clear dissimilarity between where most

upland area is accumulated and where most riparian area is
accumulated. Most hillslope area is focused through narrow
riparian zones, as shown in Figure 5, where near the origin
of the figure, hillslope area is accumulated rapidly in sub-
2.5 ha headwaters where riparian area is minimal. Riparian
area is concentrated toward lower reaches of larger catch-
ment scales, where the catchment valley bottom widens
(Figure 5). 50% of the total riparian area is concentrated
along the main stem of the stream network at catchment
scales >140 ha. 75% of the total hillslope area is located in
sub-13 ha catchments in comparison to the opposite dis-
tribution of riparian area where 75% is located in catch-
ments >14 ha. In other words, 75% of the hillslope area is
associated with 25% of the riparian zone area and 25% of
the hillslope area is associated with 75% of the riparian zone
area (Figure 5). This is an important observation since the
capacity of the riparian zone to modulate (buffer) hillslope
inputs depends on the connection of hillslopes to riparian
zones [Devito et al., 1996] and the inherent biogeochemical
function of the riparian zone is influenced by the riparian
zone position in the landscape [Hill, 2000].
[20] The majority (60%) of the Bedload catchment area is

comprised of sub-5 ha catchments where riparian to hill-

slope area ratios are small (typically 0.01 to 0.12) (Figures 3
and 5). When the Bedload catchment total riparian area is
divided by total hillslope area, the ratio is larger (0.14).
However, this number is misleading because the local
setting controls riparian area function [Winter, 1992; Devito
et al., 1996; Hill, 1996, 2000]. The distributed riparian to
hillslope ratio (Figures 3d and 4d) has a median of 0.057
and is strongly skewed toward small riparian to hillslope
ratios found predominantly in <5 ha subcatchments. The
distributed map of riparian to hillslope area ratios (R/H)
(Figure 3d), the associated histogram (Figure 4d), and the
CDFs of riparian and hillslope area accumulation (Figure 5)
each describe the dominant riparian zone setting at Maimai.
Hillslope area is funneled largely through narrow headwater
riparian zones and large valley bottom floodplain riparian
zones are disconnected from the majority of upland areas.
[21] The ratio between riparian and hillslope area can be

interpreted as a buffer capacity index. However, it is
important to consider additional variables such as event
magnitude, duration, and frequency, as well as antecedent
conditions, when examining riparian zone function during
storm events. Furthermore, variations in soil depth might be
of importance [Devito et al., 1996] as the volume of the
riparian zone relative to the volume of the hillslope zone
could be more important than area in catchments with
greater soil depth variability.

5. Concluding Remarks

[22] The technique outlined in this paper reveals infor-
mation from digital elevation models not exposed previ-
ously. The pieces that form each step in this analysis are
simple. Combined, stream reach to stream reach riparian
assessment is possible using the information contained in a
DEM (using a simple program available from the authors).
We found that headwater riparian areas were narrower, but
more tightly connected to hillslope inputs. The obvious
implication is that overall catchment riparian buffering
capacity is determined in headwater riparian zones. Larger
catchment scale valley bottoms were disconnected from
where the bulk of hillslope inputs originate. The implication
is that wider valley bottom floodplains have low potential to
buffer hillslope runoff. Combined, the maps and distribu-
tions of hillslope and riparian area inputs to the stream
network provide a distributed riparian to hillslope area
measure and a distributed estimation of potential riparian
buffer capacities. Each of the different coverages provides
information on the hydrological conditions within a catch-
ment. The topographical analyses described in this paper
might also useful for geomorphologic analysis, especially
since the importance of stream network organization is
increasingly recognized [Brown and Quine, 1999; Richards,
1999]. The ratio between local riparian and hillslope areas,
for instance, might distinguish areas of predominant erosion
or deposition. The distributions of the different indices
might also be useful for comparison of different catchments
or landscapes and as a tool to increase efficiency of
management scenarios.
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Figure 5. Cumulative percent of hillslope and riparian
area versus originating catchment scale. Total catchment
area is 280 ha, total hillslope area is 245 ha, and total
riparian area is 35 ha. The inset plot represents total
accumulated area versus originating catchment scale.
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