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Abstract.

Characteristics of the suspended sediment load in the Waipaoa River, New

Zealand, and in two of its tributaries (Mangatu and Te Arai Rivers) are examined for
evidence of different dominant erosion processes in the basins upstream. Different shapes
of the suspended sediment concentration-water discharge relations lead to differences in
long-term average yield, event-yield magnitude-frequency relations, and relative
importance of large flows and rare events. In the Mangatu River, frequent runoff events
are relatively more important to the long-term yield (11,540 t km~2 yr~ 1), half of the long-
term average load is transported by events with return periods less than ~1 year, and
there is little evidence of an erosion threshold limitation on sediment supply. This is
consistent with the predominance in the Mangatu basin of hillslope erosion processes that
involve scour by surface and channelized runoff, particularly gully erosion. This contrasts
with the Te Arai River where sediment concentration tends to be much lower at low and
moderate flows, frequent runoff events transport less of the long-term yield (4600 t km >
yr 1) than do rarer, large-magnitude flood events, event sediment yields are an order of
magnitude lower during events with subannual return periods, and half of the long-term
average load is transported during events with a return period of >2 years. Some of these
characteristics appear to result in part from two populations of runoff events in the Te
Arai basin; nonetheless, they are consistent with field evidence that most of the sediment
supplied to the Te Arai stream network is generated by shallow landslides which are

activated once a rainfall threshold is exceeded.

1. Introduction

At most points along a channel network, the discharge of
suspended sediment is a reflection of the quantity of material
delivered from a plethora of hillslope and channel sources in
the drainage basin upstream [Bowie and Mutchler, 1986].
Knowledge of these sources and the processes which deter-
mine their delivery rate to stream channels is required to
formulate sediment budgets [Reid and Dunne, 1996], to en-
hance the performance of simulation models [VanSickle and
Beschta, 1983], and to make informed management decisions
about the effectiveness of land use and pollution control strat-
egies [Novotny, 1980; Parker and Osterkamp, 1995].

However, establishing links between the erosion processes
and sediment sources in headwater basins and suspended sed-
iment loads measured at downstream points is rarely straight
forward. One approach is to correlate time series information
on sources and loads in an attempt to track the progression of
sediment “slugs.” While this approach has utility in smaller
basins, in larger basins it can be confounded by the intricate
system of sources, tributary links, and sinks, spatial and tem-
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poral variation in erosion processes, erosion thresholds, and
the effects of prior events [Meade, 1982; Campbell, 1992]. In
other words, the complexity of larger basins tends to obscure
relations between hillslope delivery processes to low-order
drainage systems and the dynamics of suspended sediment
transport in high-order channels.

An alternative approach is to identify signatures of the dom-
inant erosion processes in the relationship between sediment
concentration and water discharge, the load distribution by
flow interval, and the magnitude-frequency characteristics of
event sediment loads. It is reasonably well established that
streamflow events of moderate magnitude and frequency ap-
pear to be more important than large-magnitude, low-
frequency flood events in basins with relatively stable land use
patterns where surface wash contributes most of the sediment
to the stream channel [e.g., Wolman and Miller, 1960; Webb
and Walling, 1982, 1984; Hicks, 1994]. The reverse should be
true in areas where mass movements, such as landslides, are
the dominant erosion features because of the higher erosion
thresholds typically observed for these processes [cf. Hack and
Goodlett, 1960; O’Loughlin et al., 1978; Hovius et al., 1997).

In this paper, we examine characteristics of river sediment
loads in the Waipaoa River Basin of New Zealand’s East Cape
region for evidence of such an erosion threshold effect. Recent
work [Page et al., 1994; Trustrum et al., 1999; Reid and Page,
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Figure 1. Map of the Waipaoa River catchment, locating the gauging sites on the Waipaoa main stem and
on the Te Arai and Mangatu Rivers. Inset map locates the Waipaoa, Motu (M), and Waiapu (W) catchments
in the East Cape region of North Island, New Zealand.

2000] in this region has shown that a higher storm rainfall is
required to activate landslips than to initiate surface-wash type
processes such as gully erosion. Specifically, we test the hy-
pothesis that in tributary basins where shallow landsliding is
known to be the dominant erosion process, frequent smaller
runoff events should transport less of the long-term yield than
rarer, large-magnitude flood events, with the converse ex-
pected in tributary basins where gullies are the main sources of
sediment supplied to the stream network. To this end, we
analyze the suspended sediment loads at three gauging stations
in the Waipaoa River Basin, located at sites on the main stem
and two tributary streams, one draining a basin dominated by
shallow landsliding and the other dominated by gully erosion.

Our basic approach is to use suspended sediment rating
curves to estimate the long-term average sediment yield and
the frequency distribution of event sediment yields. Some cau-
tions attend this approach. First it is well known that as well as
being affected by sediment supply, sediment-yield magnitude-
frequency relations are also affected by the flow regime and by
in-stream transport competence [e.g., Wolman and Miller,
1960; Baker, 1977; Andrews, 1980; Nolan et al., 1987; Ashmore
and Day, 1988]. In this study, we check for flow regime differ-
ences among our study sites by comparing flow-duration and
flood-peak magnitude-frequency relations. We expect no sig-
nificant difference in suspended sediment load characteristics
that relate to competence effects because the basement mate-
rial in the study basins consists mainly of either fine sedimen-
tary rocks or well-crushed greywackes and argillites that yield
an abundance of fine, silt-clay grade material. As a conse-

quence, suspended load at the gauging sites far exceeds bed-
load. Second, event sequencing and landscape recovery after
extreme events can influence the amount of sediment trans-
ported by a flood event of given magnitude [Beven, 1981; Wall-
ing and Webb, 1987; Gomez et al., 1995]. We check for this
effect by examining the stationarity (i.e., steadiness in time) of
the sediment concentration versus discharge relationships after
extreme events.

Finally, by relating in-basin variability in storm yield magni-
tude-frequency characteristics to erosion processes at the trib-
utary scale, our approach provides a bridge between event-
based studies of sediment delivery from specific erosion sites
and the space- and time-averaged sediment yield of large
drainage basins. This provides a useful context in which to
compare our sediment yield results with those reported previ-
ously for the Waipaoa River Basin [Jones and Howie, 1970;
Adams, 1979; Griffiths, 1982] and for other large basins in New
Zealand’s East Cape region.

2, Study Area

The 2205 km? Waipaoa River Basin drains into Poverty Bay
on the East Coast of New Zealand’s North Island (Figure 1). It
is underlain by thrusted Cretaceous and Paleocene mudstone
and argillite, Jurassic to early Cretaceous greywacke, and a
cover sequence of poorly consolidated Miocene-Pliocene sand-
stone, siltstone, and mudstone [Mazengarb et al., 1991). Sub-
duction has induced uplift rates as high as 10 mm yr~! in the
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Table 1. Characteristics of Basin, Flows, Suspended Sediment Gaugings, and Suspended Sediment Loads at the Three

Study Sites

River Waipaoa Mangatu Te Arai
Gauging station Kanakanaia Bridge Omapere Pykes Weir
Drainage area, km? 1580 183 83
Annual rainfall,* mm 1471 1900 1420

Period of flow record
Period of sediment measurements

Mean flow (Q pean), m> 571 34.7
Mean annual flood (Qpagp), m> 57! 1346
Highest flow on record, m* s™* 5286
Number of sediment measurements 301
Maximum measured concentration, mg L™! 36814
Maximum flow with sediment 1826
measurement, m> s~!
Suspended sediment yield, t a~* 10,670,000
95% CI factorial error 1.15
Bulk log-log bias correction factor 1.08
Most-effective flow, m® s! 360
Qs m>s71 500
Load at Q < Qean % 1.3
Load at @ < Quar % 84
Tsq, years 1.1

Jan. 1960 to Dec. 1996
Jan. 1962 to Nov. 1996

Aug. 1983 to Dec. 1996
May 1968 to Nov. 1996
7.16

Jan. 1984 to Dec. 1996
Sep. 1981 to Aug. 1996
2.03

361 145
1169 260t
172 48
34657 20746
124 110
2,112,000 380,000
124 2.69
1.22

9.1 72

69 106
4.3 <1

76 87

12 2.0

*Rainfall for Te Arai is 30-year normal (1951-1980) for raingauge upstream from the flow recording site [Hessell, 1980]. The Waipaoa and
Mangatu rainfalls are the average for the catchment upstream of the recording site, obtained by spatial integration over a surface of mean-annual

rainfall.
tEstimated.

Raukumara Ranges at the head of the basin, but slight subsi-
dence is experienced near the coast [Pillans, 1986].

The Waipaoa Basin has a maritime climate and is periodi-
cally disturbed by intense cyclonic and more localized storms
[Hessell, 1980]. Mean annual rainfall averages 1470 mm above
the main stem gauging station at Kanakanaia. Rainfall varia-
tion across the basin is primarily controlled by topography,
although it also varies with the source direction of individual
weather systems. Weather from the north and northeast tends
to produce greater rainfall in the headwaters and less near the
coast, winds from the south produce the reverse pattern, while
southeast winds tend to bring high rain to the whole basin. The
largest rainstorms are associated with slow-moving depressions
that generate winds from the easterly quarter. The largest
historical storm was Cyclone Bola, which generated between
300 and 900 mm of rain, depending on the locality, between
March 6 and 9, 1988.

Maori settlements in the Waipaoa River basin date from
~700 yr B.P. [Jones, 1988], but widespread clearing of the
indigenous forest did not commence until after the arrival of
European settlers in the late 1820s [Pullar, 1962]. By 1880,
most of the lower reaches of the basin had been cleared, while
the headwaters were cleared by 1920. Today, <3% of the basin
remains under primary indigenous forest. Reforestation of
headwater areas with exotic species, such as Pinus radiata,
began in 1960, and commercial timber harvesting commenced
in 1990.

The aforementioned physical and anthropogenic factors
have combined to generate severe hillslope erosion over the
past 170 years [O’Byme, 1967; Allsop, 1973; Gage and Black,
1979]. This is particularly so in the basin headwaters, where
amphitheater-like gully complexes up to 0.2 km? in area have
developed in the highly sheared rocks [Gage and Black, 1979].
In the lower reaches of the basin, the hills underlain by the
Miocene-Pliocene cover sequence are prone to shallow lands-
liding. Erosion thresholds in the East Cape region are lower

for gullying (and similar erosion processes involving scour by
runoff) than for landslides, which typically occur only when
storm rainfall exceeds ~120-200 mm [DeRose et al., 1998; Reid
and Page, 2000]. Thus, while established gullies are activated by
small, frequent rainstorms, the shallow landslides are activated
only during relatively infrequent, high-magnitude rainstorms.

Large amounts of fine sediment are delivered to stream
channels by the gullies and shallow landslides [DeRose et al.,
1998; Reid and Page, 2000], and the Waipaoa River has a mean
suspended sediment concentration of ~1700 mg L™, The an-
nual average suspended sediment yield to Poverty Bay of 15 Mt
(as determined here) ranks among the highest measured in
New Zealand for a basin of comparable size [cf. Griffiths and
Glasby, 1985; Hicks et al., 1996] and is also very high by global
standards [cf. Holeman, 1968; Milliman and Meade, 1983; Wall-
ing and Webb, 1996].

Of the two tributaries addressed in this paper, the Mangatu
River drains a head water basin where gully erosion predom-
inates, while the Te Arai River drains Miocene-Pliocene ter-
rain where shallow landsliding is the dominant erosion process.
Annual rainfall and runoff for these basins are compared in
Table 1. Mangatu Basin, higher in elevation, receives higher
rainfall.

We analyzed records for the Waipaoa mainstem gauging
station at Kanakanaia Bridge, the Mangatu River at Omapere,
and the Te Arai River at Pyke’s Weir (Figure 1, Table 1).
Water discharge and suspended sediment records for these
sites have been collected by the Gisborne District Council.
Depth-integrated suspended sediment samples are normally
obtained at multiple verticals with a US D-49 sampler, and
suspended sediment samples are typically collected in conjunc-
tion with discharge gaugings made for the purpose of main-
taining stage-discharge ratings. The number of sediment gaug-
ings and length of flow record vary among the three sites
(Table 1). The data set at Kanakanaia Bridge comprises just
over 300 gaugings collected since 1962. These are well distrib-
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uted by season, flow band, and rising and falling stage. There
are fewer sediment gaugings for the stations on the Mangatu
and Te Arai Rivers (Table 1), where records date from 1968
and 1981, respectively. The quality of all three flow records is
good, but we patched a day-long gap in the record for the Te
Arai River that occurred during the Cyclone Bola storm using
the flow record for the neighboring Wharekopae River scaled
by catchment area.

3. Suspended Sediment Concentration—-Water
Discharge Relationships

The observed suspended sediment concentration-water dis-
charge relations for the three study sites are plotted in Figure
2. Normalizing discharge with mean discharge permits a direct
comparison (Figure 3). The relations for the Mangatu and
Waipaoa Rivers are very similar and are curved in log-log
space, indicating that the rate of increase in suspended sedi-
ment concentration with discharge decreases at high dis-
charges. This is probably conditioned by the relative rates of
supply of water and sediment to the channel during large
storms, rather than any inherent limitation on sediment supply.
The similarity in the sediment rating relations for the Mangatu
and Waipaoa Rivers lends support to the view that the sedi-
ment load of the Waipaoa River is, in large part, also gener-
ated by the same erosion processes that prevail in the Mangatu
[cf. Trustrum et al., 1999]. The total amount of sediment gen-
erated by gully erosion in the headwaters of the Waipaoa River
Basin is unknown but, on the basis of area and elevation
differences derived from high-resolution digital elevation mod-
els constructed from aerial photographs, it is estimated that the
spectacular Mangatu gully complex, covering ~0.1% of the
Waipaoa Basin area, generates ~3% of the Waipaoa River’s
annual suspended sediment load [DeRose et al., 1998].

The Te Arai River shows a different relationship, with sub-
stantial data scatter at discharges less than the mean discharge,
concentrations several orders of magnitude lower for dis-
charges 1-10 times the mean, and no apparent curvature in the
log-log relationship at high discharges (Figure 3). The greater
scatter in the Te Arai River relationship (the standard error of
the estimate for the Te Arai curve equates to a factor of 11,
compared to a factor of 2 for the Mangatu and Waipaoa)
appears to reflect the nonstationary influence that shallow
landsliding has on the supply of sediment to the stream net-
work. In the period following heavy rainstorms, suspended
sediment concentrations, for a given water discharge, increase
dramatically. Indeed, all the points lying above the Te Arai
rating curve (Figure 2) were obtained <1.5 years after two
prolonged high-intensity storms that surpassed the rainfall
threshold (250 mm in 72 hours) which Page et al. [1994] con-
sider is required to induce widespread shallow landsliding, One
of these storms occurred in April 1982 and the other in Sep-
tember 1989. The Cyclone Bola storm also exceeded the rain-
fall threshold, but no sediment gaugings were made at the Te
Arai station until 18 months after this storm.

C versus Q rating curves were fitted to the log-transformed
sediment gauging data (Figure 2) using a modified version of
the locally weighted scatter smoothing (LOWESS) technique
[Cleveland, 1979]. LOWESS provides an objective, empirical
approach to curve fitting which requires no a priori assumption
as to the form of the relationship. It is superior to least squares
regression in cases, such as those we encountered, where the
log C — log Q relation exhibits curvature. To define the pro-
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Figure 2. Suspended sediment concentration versus water
discharge relationships for the Waipaoa, Mangatu, and Te
Arai Rivers. Rising and falling stage data points are distin-
guished where possible. Solid lines show the locally weighted
scatter smoothing (LOWESS)-derived rating curves. Q... in-
dicates the mean discharge. On the Waipaoa plot, broken lines
plot two alternative relationships for the high-discharge range.
On the Te Arai plot, clusters of points gauged <1.5 years after
major rainstorms are ringed with broken lines.

portion of the total number of data points included in the
weighted local regression, the conventional approach is to ap-
ply a constant “stiffness” factor (F) over the entire range of the
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Figure 3. Suspended sediment concentration versus water discharge normalized by mean discharge for the

Waipaoa, Mangatu, and Te Arai Rivers.

independent variable (F = 0.2, 0.2, and 0.5 for the Waipaoa,
Mangatu, and Te Arai Rivers, respectively). However, in the
case of the Waipaoa and Mangatu Rivers, we changed the
value of F to improve the fit of the curve because there are
fewer data points at the high-discharge tail of the rating rela-
tionship.

To ascertain if separate rating relationships were required
for rising and falling stages at all three sites, the residuals from
the log C — log Q rating curves were separated into rising or
falling stage groups, and the two-sample t test and Mann-
Whitney U test were used to assess if there was any significant
difference between the two groups (the nonparametric Mann-
Whitney test was used for the Te Arai because its residuals
were not normally distributed). There was no significant dif-
ference (at the 5% level) between rising and falling stage data
groups at any of the three stations.

We corrected the log C — log Q ratings for log-log bias so
that the ratings indicated the conditional arithmetic mean con-
centration not the conditional geometric mean. The approach
varied among the three stations, depending on whether the
residuals (i.e., log C — log C) were normally distributed and
were independent of discharge. For the Mangatu the residuals
were normally distributed (Kolmorgorov-Smirnov test at 5%
significance level) and were constant over the range of gauged
discharge, thus the rating curve was adjusted using the factor
exp (5°/2) [cf. Ferguson, 1987], where s is the standard error of
the LOWESS curve in natural log units. In the case of the
Waipaoa River, although the residuals were normally distrib-
uted (<<5% significance level), they decreased as discharge
increased (Figure 4). Thus we employed the log-log bias cor-
rection factor exp (s¢p)/2) (o), Where (Q) signifies that both
the local standard error and bias correction factor are condi-
tional on the discharge and the s, function was defined as
the running standard error over 60 data points (which matches
the data window used by LOWESS for F = 0.2). The overall
bias correction factors (i.e., averaged over the discharge range)
for the Waipaoa and Mangatu Rivers were 1.08 and 1.22,
respectively. No log-log bias correction was applied to the
relation for the Te Arai River because the residuals were not
normally distributed (5% significance level). In cases where the

normality assumption is violated, the exp (s?/2) correction
factor may induce errors that are larger than the errors it is
designed to correct [Cohn et al., 1989].

To ascertain if the Cyclone Bola storm induced nonstation-
arity in the sediment rating curves (i.e., if the sediment dis-
charge relationships changed with time), we separated the re-
siduals from the log C — log Q rating curves into pre-Bola and
post-Bola groups (Figure 5). At the Mangatu and Waipaoa
sites, a two-sample t test of the residuals indicated that there
was a significant (at the 5% level) increase in conditional
concentration between gaugings made before the Cyclone Bola
storm and gaugings made in the 3 years following the storm.
On the basis of the difference in the mean residuals between
groups, the factor of increase was 1.4 for the Waipaoa River
and 2.2 for the Mangatu River. No influence of the Cyclone
Bola storm was apparent in the C-Q relationship at the Te
Arai River, although this probably reflects the lack of gaugings
there in the first 18 months after the storm. There was no
significant difference in the residuals for sediment gaugings
made prior to and >3 years after the Cyclone Bola storm at
any of the three sites, which suggests that the cyclone’s impact
on sediment loads was not long-lasting.

The fact that large rainstorms impart nonstationarity to the
log C — log Q sediment rating relationships for all three sites
raises some concern about how well the LOWESS-derived
sediment rating models represent the long-term conditional
mean concentration (used to determine the long-term average
yield) and the log C — log O relationship during specific events
(used to determine event yields). There is no explicit guarantee
that the real sequence of events was representatively sampled.
However, because the number of gaugings per year has been
reasonably consistent, bias attributed to the gauging schedule
has little effect on the estimates of the long-term average yields
for the Waipaoa and Mangatu stations (and would, in any
event, have been reflected in the weighting given to the data in
the LOWESS curve-fitting process). The long-term represen-
tativeness of the Te Arai rating, in terms of there being no bias
in the number of gaugings made shortly after landslip events, is
less certain since there are fewer gaugings and their spacing in
time is more irregular.
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Figure 4. Residuals from LOWESS-derived model of log C — log Q relationship for Waipaoa River. (a)
Frequency distribution of residuals. (b) A running standard error of the residuals as a function of water

discharge.

4, Sediment Yield and Its Distribution by Flow

Suspended sediment yields averaged over the period cov-
ered by the flow record at each site were determined by com-
bining the sediment ratings with flow duration tables that com-
pressed the flow records into ~140 flow bands. Using such a
large number of flow bands induces negligible error in the
sediment yield result. The flow-duration approach also pro-
‘vides the distribution of the sediment load by flow band, which
allows us to identify the most effective and Q, flows (the
center of the flow band transporting the greatest proportion of
the total suspended sediment load and the flow at which 50%
of the suspended sediment load is transported by smaller flows
and 50% by larger flows, respectively). The 95% confidence-
interval factorial error on the yield in each flow band was
estimated as exp (2s/VFN), where s was taken as the overall
standard error of the LOWESS fitted rating curve, N is the
total number of gaugings, and F the stiffness factor.

The long-term average sediment yields and their error esti-
mates are listed in Table 1. The mean specific yields of the
Waipaoa, Mangatu, and Te Arai Rivers are 6750 t km 2 yr/,
11,540 t km ™2 yr ™', and 4600 t km 2 yr !, respectively. For the
Waipaoa and Mangatu Rivers, the error is of the order of
X/+1.2 (equivalent to +20%; note that we use factorial errors
in this paper, because the standard errors of the sediment
ratings are determined in log units). The uncertainty in the Te
Arai yield is larger (X/+2.7) because there are fewer data
points and greater scatter in the concentration—~discharge re-
lation (Figure 3). As well as reflecting sediment supply factors,
the significantly higher yield from the Mangatu Basin is likely
also influenced by the higher rainfall that this headwater basin
receives (Table 1).

The distributions by flow of the long-term average sus-
pended sediment yields of the three study rivers are given in
Figure 6a. Statistics from these distributions are included in
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Table 1. In the Waipaoa River, the moderate flow range is the
most important from the perspective of suspended sediment
transport, with 50% of the load transported by flows <14.4
times the mean flow (34.7 m® s~') and 83% by flows between
the mean flow and the mean annual flood (1346 m® s~ !). The
most effective discharge (360 m® s™!) is 0.27 times the mean
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[1999].
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annual flood discharge. Flows that are larger than the maxi-
mum gauged flow accompanied by a sediment gauging appar-
ently transport 10% of the suspended sediment load. Thus, in
the Waipaoa case, even if the sediment rating is extrapolated
to the highest flows, the added uncertainty in this flow range
has a comparatively small effect on the long-term average
yield. For the Mangatu River, most of the load is transported
in the medium-moderate flow range, with the Q 5, equal to 9.6
times the mean flow and the most effective discharge <0.1
times the mean annual flood. This is consistent with the field
evidence of a ready supply of sediment from erosion site to
watercourses, even under normal flow conditions. For the Te
Arai River, the higher flow range is more important, with the
Q5o equal to 52 times the mean flow and the most effective
discharge equal to 0.5 times the mean annual flood flow. The
greater importance of the larger flows in the Te Arai is con-
sistent with the effect that the rainfall threshold has on the
supply of sediment generated by shallow landslides. All three
sites, but more so the Mangatu and Te Arai, show a secondary
mode in the load distribution at very high flows. This reflects
the occurrence of the Cyclone Bola storm on the flow distri-
bution, it is more apparent on the Mangatu and Te Arai plots
because of the shorter flow records for these sites.

The question arises as to how sensitive the Waipaoa sedi-
ment yield is to the C-Q relationship at high discharges (Q >
1000 m® s™"). Our “best fit” (Figure 2a), obtained with the
LOWESS procedure, indicates only a modest increase in con-
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Table 2. Sensitivity of Sediment Yield, Peak Concentration,
and Flow Effectiveness Statistics to the Form of the C-Q
Relationship for High Discharges, Waipaoa River at
Kanakanaia

LOWESS Alternative Alternative
Model Model 1 Model 2
Qspy m>s7! 500 740 572
Sediment yield, t a~! 1,070,000 1,470,000 1,190,000
Concentration at Q = 31,500 145,000 58,000
5300 m®*s™!, mg L™!
Tsq, year 1.1 3.6 1.7

The LOWESS, first alternative, and second alternative models are
plotted in Figure 2a.

centration over this discharge range. To evaluate this we re-
computed the yield using two alternative power law models for
this range, as plotted in Figure 2a. The first alternative model
continues the general trend of the data set in log-log space; the
second lies part way between the first and our LOWESS
model. The results (Table 2) show a maximum concentration
of 145,000 mg L™ (at the peak of the Cyclone Bola flood) for
the first alternative model, which is grossly higher than any
measured concentrations in New Zealand rivers. Thus we con-
sider this alternative highly unlikely. The second alternative
model provides a more realistic peak concentration (58,000 mg
L~1); with this model the Waipaoa yield would be 10% higher
than indicated by the LOWESS model (which is within the
bounds of our error estimate for the latter), and the Q5, flow
would increase by 14%. Thus, within reason, our C-Q model
for the Waipaoa River does not overly affect our comparison
of flow effectiveness among the study sites.

A further question concerns whether the different load dis-
tributions (Figure 6a) reflect differences in flow regime, sedi-
ment rating relationship, or both. Certainly, compared with the
Mangatu, the Te Arai flow distribution is skewed toward
higher flows (Figure 6b), notably in the flow range where most
of the sediment load is transported. However, the rate of rise
in concentration with discharge is also much higher in the Te
Arai for this flow range (Figure 3). Thus both effects appear to
be contributing, with the signature of erosion processes ap-
pearing through the sediment rating relationship. The relative
importance was assessed by combining the flow distribution of
the Mangatu River (normalized by the mean flow) with the
sediment rating of the Te Arai River (again, with flow normal-
ized by the mean flow), which effectively models the hypothet-
ical response of the Te Arai Basin if it experienced the same
runoff distribution as the Mangatu. The Q, flow equated to
87 times the mean flow with this combination (compared with
the value of 52 times the mean when the actual Te Arai runoff
distribution was used), suggesting that if the Te Arai had the
same runoff distribution as the Mangatu, then its high flow
range would be even more important at transporting sediment.
Thus we conclude that the sediment ratings strongly influence
the load distributions shown by the Mangatu and Te Arai
Rivers.

In some rivers the most effective discharge has been equated
with the bankfull discharge [e.g., Andrews, 1980], but in the
Waipaoa River the bankfull discharge (~2550 m® s~ at Ka-
nakanaia Bridge) (D. H. Peacock, personal communication,
1998) is about 7 times greater than the most effective dis-
charge. Nolan et al. [1987] suggested that this was a character-
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istic of fluvial systems in which overbank deposition dominates
over lateral channel migration as a mode of floodplain forma-
tion. This is certainly the case in the Waipaoa River Basin
[Gomez et al., 1999].

5. Magnitude-Frequency Characteristics of Event
Sediment Loads

We used the sediment rating curves combined with the dis-
charge time series records to compute yields during discrete
runoff events in order to compile magnitude-frequency distri-
butions of event yields. Events were defined by separate quick
flows exceeding 0.5 mm of runoff. Appropriate quick flow
separation slopes were determined by hydrograph inspection
(0.03 mL s~2 km ™ for the Waipaoa and Mangatu rivers, and
0.015 mL s~ 2 km 2 for the Te Arai River). Event yields for the
13-year period (1984-1996) when the records for the three
sites overlapped were ranked and assigned return periods (as-
suming T = n/m, where T is the return period of an event, m
is the event rank, and # is the number of years of record).

The distributions of event specific yields (i.e., event yield
normalized by basin area) for the three stations were plotted as
functions of return period (Figure 7a) and the Extreme Value
reduced variate yT = —In (—In (1 — 1/T"), where ' = 12T
is the return period on a monthly basis (Figure 7b). A linear
trend in the latter plots is indicative of an Extreme Value Type
II distribution (i.e., the logarithms of event yields are linearly
related to yT). The Cyclone Bola storm generated the largest
event specific yields (16,430, 30,370, and 15,900 t km™2 in the
case of the Waipaoa, Mangatu, and Te Arai rivers, respective-
ly). With these Cyclone Bola points plotted at a return period
of 13 years, they are clearly anomalous, lying above the trends
of smaller events. In all likelihood, their true return periods
may be closer to 100 years (a return period of 100 years for the
peak discharge at Kanakanaia Bridge during Cyclone Bola was
estimated from the historical flood record (B. G. Walpole,
personal communication, 1998).

The magnitude-frequency distributions of event specific
yields for the Mangatu and Waipaoa rivers are very similar
(Figure 7). However, in keeping with the difference in their
long-term average event yields, in the Mangatu River, event
yields for all frequencies are consistently higher by a factor of
~2. Both data sets exhibit only a slight departure from the
linear trend of the Extreme Value Type II distribution at the
subannual event scale, which suggests that even in the short
term (for example, on a weekly or monthly basis) the supply of
sediment is plentiful. By contrast, specific yields in the Te Arai
River decline appreciably during events with return periods of
<1 year (Figure 7a), suggesting that this may be a signature of
the rainfall threshold effect on sediment supply. For events
with large return periods, sediment specific yields from the Te
Arai basin are a factor of 2-3 times less than those from the
Mangatu basin. Considering the uncertainty in the Te Arai
yield estimates (95% confidence interval X/+2.7), this differ-
ence is not statistically significant, although it may reflect fac-
tors such as the lower annual rainfall experienced by the Te
Arai (Table 1) and possibly also the spatial density of erosion
features, which might in turn reflect factors such as slope,
lithology, and landuse.

The ranked event yields were also used to determine the
contribution that events with different return periods make to
the long-term average sediment yield (Figure 8) and to define
the parameter T'5, (the return period at which half the sus-
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pended load was transported by smaller, more frequent events
and the other half by larger, rarer events). Values of T's, for
the Te Arai, Mangatu, and Waipaoa Rivers are 2, 1.2, and 1.1
years, respectively. In short, in the Te Arai River, a greater
proportion of the long-term average event yield appears to be
generated by extreme events. This is consistent with the notion
that rainstorms of a minimum intensity and duration are re-
quired to activate the shallow landslides that supply the bulk of
the sediment to the Te Arai River.

As with our assessment of flow effectiveness on sediment
yield, we evaluated the sensitivity of the T's, statistic for the
Waipaoa River to the C-Q relationship modeled for the high-
discharge range. A substantial change in T'5, is induced only by
the extreme alternative model (Table 2), which we have al-
ready considered unlikely.

Again, the question arises as to whether the load distribu-
tions by event frequency (Figures 7a, 7b, and 8) faithfully
reflect differences in the erosion processes that control sedi-
ment supply or are confounded by differences in the flow
regime. To check this, the magnitude-frequency distributions
of flood peak flows for the study sites were plotted over the
same 13 year period (Figure 7c). The peak flows were normal-
ized by the factor A%-®!, where 4 is basin area, after the
regional analysis of New Zealand floods by McKerchar and
Pearson [1989] which showed that mean annual flood flow,
Q map> varied spatially as Q. ~ A%®!. Unlike the Mangatu
and Waipaoa mainstem, there is a kink in the Te Arai flood
peak distribution at Extreme Value Reduced Variate = 2
(Figure 7c), indicative of two populations of runoff events. This
is consistent with rainfall patterns over the region: the Te Arai,
lower and closer to the coast, receives less rain from weather
systems sourced from the north and northeast compared with
the headwater basins; however, larger easterly events tend to
produce more uniform rainfall over the whole Waipaoa Basin.

Since the kink at the same return period on the Te Arai
event yield distribution (Figure 7b) is evidently a consequence
of this hydrological factor, the question becomes to what extent
are hydrological differences affecting the event yield distribu-
tions and the interpretations drawn there from regarding sed-
iment supply effects? This can be answered by first comparing
the relationships between event sediment yield and scaled
event peak flow for the three sites (Figure 9). The Mangatu
and Waipaoa have very similar relationships. In contrast, the
Te Arai event yields are much lower for smaller events but
increase more rapidly as peak flow increases. As with the
sediment concentration—discharge relationships, this pattern is
expected if erosion threshold effects are limiting sediment sup-
plies to the Te Arai River. The steepness of these event yield
“ratings” (Figure 9) is reflected in the steepness of the event
yield distributions (Figures 7a and 7b). The relative impor-
tance to the event yield frequency distributions of the differ-
ences in event yield “ratings” compared with the hydrological
differences was assessed by predicting event yields using the
Mangatu flow record and the Te Arai sediment rating (nor-
malized as previously). The results of this exercise (Figures 7b
and 8) indicated that if the Te Arai had the same flood regime
as the Mangatu (or the Waipaoa mainstem), then extreme
events would be even more important at transporting Te Arai
sediment than they actually are, with the Te Arai Ts, rising
from its actual value of 2 years to over 6 years. Thus, while
there are indeed hydrological differences between the Te Arai
Basin and the upper Waipaoa Basin (including the Mangatu
Basin), the effect of these is to partly mask the importance of
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Figure 7. Magnitude-frequency relationships for event sus-
pended sediment yield and peak discharge in Waipaoa, Man-
gatu, and Te Arai Rivers: (a) relates event yield to event return
period, (b) scales return period in terms of extreme value
reduced variate (definition in text), gcs) relates event peak dis-
charge (normalized by (basin area)’*') to extreme value re-
duced variate. The largest events at each site were associated
with Cyclone Bola, March 1988. The distribution of hypothet-
ical event sediment yields predicted from the Mangatu flow
record and the Te Arai suspended sediment rating relationship
(normalized by mean discharge) is included in Figure 7b.

erosion processes to stream sediment supply and of rare events
to the long-term sediment yield.

A final consideration in our event-yield analysis is that we
may have underestimated the sediment yields associated with
Cyclone Bola because of the conspicuous effect nonstationarity
has on discrete event-yield estimates for large magnitude
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yields are generated from the Mangatu flow record and the Te Arai suspended sediment rating relationship

(normalized by mean discharge).

events. In the case of the Waipaoa River, the increase in
concentration (at given discharge) after Bola (Figure 5) sug-
gests that the yield during Bola (and for events during the next
1-2 years) may have been underestimated by a factor of 1.2 (by
comparing the post Bola rating with the overall rating relation-
ship). Similarly, the yield during Bola from the Mangatu River
may have been underestimated by a factor of ~1.5. For the Te
Arai the underestimate may be larger still. The problem is
confounded by uncertainties associated with the definition of
the return period of these large events. Nonetheless, the above
numbers suggest little impact on the general conclusions re-

garding the relationship between event frequency and sedi-
ment load.

6. Local and Regional Comparison of Sediment
Yields

Estimates of the suspended sediment yield of the Waipaoa
River at Kanakanaia have been previously derived [e.g., Jones
and Howie, 1970; Adams, 1979; Griffiths, 1982). These esti-
mates were based on different sediment gaugings and flow
records of different length and used different approaches to fit
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Figure 9. Relationships between event suspended sediment yield and event peak discharge (normalized by
(basin area)®®') for Wapaoa, Mangatu, and Te Arai Rivers. Trend lines were fitted by least squares regression

of log data.
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Table 3. Suspended Sediment Yield Estimates and Sediment Rating Models for Waipaoa at Kanakanaia Compared

C (mgL™) Sediment
Flow Number of versus Yield Over Concentration at  Sediment Yield

Record Sediment Q0 (m®s71) Record Period, Bola Peak Flow, 1960-1996,

Study Site Period Gaugings Model tkm 2 yr! mgL™! tkm 2yr!
Jones and Howie [1970]  Bridge* 1960-1965 12% C = 23.90!% 8,370 178,000 7,770
Adams [1979] Cablewayt 1972-1977 95% C = 1.480Q"'7 14,100 3,160,000 60,000
Griffiths [1982] Cableway  1972-1980 1274  C = 13.2Q"® 5,840 459,000 15,100
This study Bridge 1960-1996 301 LOWESS 6,750 31,000 6,750

*Site number 19701.
1Site number 19716.

FNumber of sediment gaugings used in referenced study was estimated based on date of study.

the sediment rating relationship. However, it is useful to com-
pare these relations because the contrasting yield estimates
highlight the sensitivity of the rating technique to extreme
events in the flow record and the problems inherent in extrap-
olating the rating curve to discharges that lie beyond the range
covered by sediment gaugings.

Jones and Howie [1970] derived a power law function
(though it is unclear whether it was a best-fit-by-eye or regres-
sion relation) to characterize the relation between the sus-
pended sediment load and water discharge at Kanakanaia
Bridge, then integrated this over the discharge record. Adams
[1979] used a C = aQ® power law to model the C-Q relation
using data collected by the Ministry of Works at Kanakanaia
cableway (1 km downstream of the Kanakanaia Bridge). The
exponent b was assigned a value considered typical for basins
underlain by soft Tertiary sediments, and (assuming the ma-
jority of the suspended sediment load is moved at flows of
~5Q, where Q is the mean flow) @ was determined by fitting
a straight line to a plot of log C — log O midway through the
cloud of data points in the region Q = 50. The long-term
average suspended sediment yield was computed by combining
the C—Q relation with an exponential model of the flow dis-
tribution. Griffiths [1982] also used the cableway data, but he
employed least squares regression to derive his power law
model, which was then integrated directly with the flow record.

The different sediment ratings and yield estimates, including

those derived in the present study, are compared in Table 3
and Figure 10. To provide a fairer comparison, sediment yields
computed by each rating using the same 1960-1996 flow
record are also given in Table 3, along with the concentration
predicted by each rating at the peak of the Bola flood (5286 m®
s~1), which is the highest flow on record. Both Jones and
Howie’s [1970] and Griffiths’ [1982] original sediment yield
estimates are similar to our own, but Adams’ [1979] estimate is
larger by a factor of 2. However, when the ratings of these
previous authors are applied to the 1960-1996 flow record, all
three generate sediment yields higher than our result.

The sediment ratings of Jones and Howie [1970] and Griffiths
[1982] are very similar to that derived in this study, except at
very low (<5 m® s™!) and very high flows (>1000 m® s™1). As
far as the overall sediment yield is concerned, differences in
this very low flow band are insignificant (compare Figure 6).
However, in the high flow band, Jones and Howie’s and Grif-
fiths’ ratings overestimate concentrations and loads, as exem-
plified by the very high concentrations predicted by these rat-
ings at the peak of the Bola flood (180,000-460,000 mg L™,
Table 3). Such concentrations have never been measured in
New Zealand rivers (the largest on record, from over 10,000
gaugings, is 77,000 mg L™"). The net effect is to inflate the
mean annual sediment yield for the period 1960-1996. Adams’
[1979] rating is a poor fit to the data and predicts concentra-
tions of 300,000 mg L™! at the mean annual flood flow (1320
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Figure 10. Suspended sediment rating models for the Waipaoa River at Kanakanaia determined in this
study and in previous studies, overlaid on the data used in this study.
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Table 4. Basin Characteristics and Sediments Yields for the Waipaoa, Waiapu, and Motu Rivers

Area at Mean

Gauging Mean Annual Average Sediment

Site, Flow, Flood, Rainfall, Yield, Predominant Predominant
Basin km? m*s™! m?s! mmyr! tkm Zyr! Lithologies Vegetation
Waipaoa 1580 347 1320 1471 6750 Tertiary marine sediments and  grassland, pasture, with minor exotic
Mesozoic metasediments forest

Waiapu 1378 86 1750 2400 20520 Tertiary marine sediments grassland, pasture, and exotic forest
Motu 1393 91 1620 2278 2530 Mesozoic metasediments native forest

m> s~') and over 3 X 10° mg L™! at the Bola peak, which is
impossible. In hindsight, the choice of a regional exponent of
1.7 for the power law model was inappropriate. A comparison
we effected between the suspended sediment yield of the
Waipaoa River and two other similarly sized rivers in the East
Cape region throws light on this issue (Table 4).

The suspended sediment yields of the Motu and Waiapu
Rivers (Figure 1) were computed using the techniques we
applied to rivers in the Waipaoa River Basin. The Motu River
lies north of the Waipaoa, draining the northwestern flanks of
the Raukumara Range. It is one of the few large rivers in the
North Island that were not extensively disturbed in the period
following the arrival of European settlers. The rocks in the
headwaters are more indurated than those in the Waipaoa
River Basin, and 70% of the native forest cover remains intact.
Thus, in spite of a higher mean annual rainfall, the specific
sediment yield of the Motu River is about one third that of the
Waipaoa River. The Waiapu River basin also has a higher
mean annual rainfall, but its headwaters are underlain by
poorly consolidated marine sediments, and most of the native
forest cover has been cleared and replaced by pasture. This
combination of environmental factors gives rise to a specific
sediment yield that is 3 times larger than that of the Waipaoa
River and ranks among the highest recorded anywhere in the
world [Walling and Webb, 1996]. Thus despite their apparent
regional affinity, there is a wide variation in the sediment yields
of these three basins. This spatial variability is attributable to
the combined influences of basin lithology, land use, and rain-
fall [Adams, 1979; Hicks et al., 1996].

7. Summary and Conclusion

In this study we have sought evidence of hillslope erosion
threshold effects on downstream sediment load characteristics
by examining sediment load information from the Waipaoa
River and two of its tributaries whose basins are known to have
different dominant erosion processes. The fundamental differ-
ences appear (after appropriate normalization to adjust for
basin size) in the suspended sediment-water discharge rela-
tions (Figures 2 and 3), and these are carried through into
differences in the sediment-transporting effectiveness of flows
and events of given frequencies of occurrence (Figures 6-8).

Compared with the Waipaoa main stem and the Mangatu
River, the Te Arai River shows a pronounced (extending over
several orders of magnitude) variation in concentration for a
given water discharge and overall lower concentrations, par-
ticularly in the low to moderate flow range, which is consistent
with field evidence for a sediment supply regime in the Te Arai
Basin that is dominated by periodic influxes of sediment from
shallow landslides that are activated during relatively infre-
quent, high-magnitude rainstorms [Reid and Page, 2000]. Land-

slide scars/tails apparently generate sediment for a 1-2 year
period following such storms. Thereafter, the sediment supply
wanes as the scars and tails stabilize and are revegetated. By
contrast, much of the sediment supplied to the Mangatu River
is generated by gully erosion. This supply of sediment is more
persistent because established gullies are activated by small,
frequent rainstorms, and thus, for a given water discharge,
suspended sediment concentrations in the Mangatu River are
both higher and less variable. Extreme events, such as the
Cyclone Bola storm, intensify the erosion processes that are
responsible for delivering sediment to the Mangatu River;
established gullies are enlarged and landslides and earthflows
generate additional sediment. The net effect is to increase
sediment availability, thus suspended sediment loads are en-
hanced for a period of ~3 years after such storms, which
induces nonstationarity in the concentration-discharge rela-
tions of both the Mangatu and Waipaoa Rivers (Figure 5). The
similarity in the sediment rating relations for the Mangatu and
Waipaoa Rivers suggests to us that the sediment load of the
Waipaoa River is also, in large part, conditioned by gully erosion.

The different sediment concentration—water discharge rela-
tions are the main reason why larger flows carry a greater
proportion of the long-term sediment yield in the Te Arai
River. While this difference in “flow effectiveness” is also in-
fluenced by differences in the runoff regime between the Te
Arai and Mangatu Basins, the link between an erosion thresh-
old effect on sediment supply and flow effectiveness is con-
firmed when a normalized version of the Te Arai sediment
rating relationship is combined with the Mangatu runoff
record.

The Te Arai River also shows differences in its magnitude-
frequency relation for event sediment yields. For events with a
>1 year return period, the distribution of specific event sedi-
ment yields for both the Te Arai and Mangatu Rivers approx-
imates an Extreme Value Type II distribution. In the case of
the Mangatu River, there is only a slight departure from this
trend for subannual events, suggesting that the supply of sed-
iment to the river is maintained even during low-magnitude,
high-frequency storms. For the Te Arai River, events with
subannual frequencies produce substantially lower sediment
yields than in the Mangatu River, and in the long-term the
amount of sediment exported from the catchment is strongly
influenced by low-frequency, high-magnitude events. Inter-
preting these differences in terms of contrasting upstream ero-
sion thresholds is confounded by different flood peak flow
distributions for the Mangatu and Te Arai Basins, with the
latter showing evidence of two populations of runoff events.
However, we have shown that by regenerating the Te Arai
event sediment yields using the normalized Te Arai sediment
rating with the Mangatu runoff, the “normalized” Te Arai
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yields are much lower than the Mangatu yields for equivalent
small events, but the Te Arai yields increase more rapidly
during larger events. This confirms the expectation that the
erosion threshold effect should cause the rarer, extreme events
to transport the bulk of the sediment yield from the landslide-
dominated Te Arai Basin.

Two previous estimates of the average annual suspended
sediment load of the Waipaoa River are in reasonable agree-
ment with our own [e.g., Jones and Howie, 1970; Griffiths,
1982]. We calculate that the specific suspended sediment yield
of the Waipaoa River is one third that of the Waiapu River and
3 times that of the Motu River, which are neighboring rivers of
similar size in the East Cape Region.

In conclusion, differences in the dominant erosion processes
across the Waipaoa basin can be recognized in features of the
suspended sediment load at sites downstream, particularly with
appropriate normalization to reduce the effects of basin size
and local differences in runoff regime. In particular, erosion
thresholds observed to be associated with landsliding appear to
lead to steeper relationships between sediment concentration
and water discharge and to greater importance of higher flows
and extreme events to the long-term sediment yield.
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