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Abstract
FRE3 has been described as the average
number of high flow events (freshes or floods)
per year that exceed three times the median
flow. It has previously been used as an index
of flow-driven disturbance in ecological
studies of in-stream biota such as periphyton,
macrophytes, invertebrates and fish.
Although the above description is expedient,
clear instructions describing calculations are
required for methods to be fully replicable.
Instructions are provided for a replicable
method for calculating FRE3 that deals
with gaps in the record and optionally not
counting events that occur within a specified
time window of previous events. Annual
series of FRE3 were calculated for many sites
throughout New Zealand to assess the interannual variability and stationarity of FRE3.
Shapiro-Wilk tests of normality showed
that although the majority of inter-annual
distributions were normally distributed,
some could not be considered to be normal.
Significant partial autocorrelations were found
in several annual FRE3 series, suggesting the
presence of repeating patterns. Trends were
identified within annual FRE3 time-series
covering an arbitrary 30-year period (1980–
2009) using Mann-Kendall tests for trend
in non-parametric data. During this period,
flow time-series from the South Island of
New Zealand exhibited downward trends in

FRE3, whereas time-series from the North
Island exhibited both upward and downward
trends. This indicates that FRE3 cannot be
considered to be stationary, implying that
calculations of FRE3 should be applied over
as long a time-series as possible when aiming
to characterise FRE3 at a site. A random
forest regression model was fitted to predict
FRE3 across New Zealand from available
catchment characteristics.
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Introduction
Why use FRE3?

Natural river flow regimes have several major
ecologically relevant components which
characterise the magnitude, frequency,
duration, timing and rate of change of
flow (Poff et al., 1997). These components
vary both spatially due to differences in
climate, topography, geology or vegetation
(e.g., Carlise et al., 2010; Booker and
Snelder, 2012) and temporally due to
climatic differences between seasons and
years (e.g., Burn and Hag Elnur, 2002; Yue
et al., 2002). The components of flow regimes,
either separately or in combination, have
been shown to influence ecological status and
ecosystem processes in different ways. For
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example, low flows may influence ecological
status as a result of higher temperatures,
decreases in dissolved oxygen or reduced
habitat availability (Jowett and Biggs, 2006;
Dewson et al., 2007). Alternatively, channelforming floods can influence ecological
status by maintaining or altering the physical
structure of river channels (Beechie et al.,
2010). The frequency and magnitude of
flow events in the mid-range (also known
as freshes) can effect ecological conditions
because increased velocities and shear stress
cause physical disturbances (Biggs and
Thomsen, 1995; Peterson, 1996) and shifts
in physical habitat mosaics (Maddock,
2001). Physical disturbances may influence
individual organisms directly by redistributing
them (Palmer et al., 1996; Melo et al., 2003)
or harming them (Holomuzki and Biggs,
1999), or indirectly by disturbing their
physical habitat (Townsend, 1989) or food
web (Power et al., 2008).
Hydrological regimes can be characterised
using various hydrological indices, many of
which are known to be co-varying (Olden
and Poff, 2003). However, relatively few
hydrological indices are designed to quantify
the frequency of ecologically relevant flowdriven disturbances. In New Zealand, the
frequency of mid-range flow events has
been shown to influence a range of biota,
including periphyton (e.g., Biggs, 2000),
invertebrates (e.g., Boulton et al., 1992),
macrophytes (e.g., Riis and Biggs, 2001) and
fish (e.g., Crow et al., 2012). For example, the
New Zealand Ministry for the Environment
periphyton guidelines (Ministry for the
Environment, 2000) link periphyton biomass
with nutrient concentrations and a particular
hydrological index defined as the frequency of
events exceeding three times the median flow
(FRE3). Other studies have used different
multiples of the median flow to identify
the frequency of events exceeding different
ecologically relevant thresholds. For example,
Townsend et al. (1997) calculated FRE5 when
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comparing various metrics of disturbance to
macroinvertebrate species traits and species
richness. Application of the Ministry for the
Environment (2000) guidelines therefore
necessarily requires calculation of FRE3 and
studies that aim to link ecological status with
flow variability may require calculation of
FREm where m can take various values.
Definition of FRE3

In its simplest form FRE3 has been defined
as ‘the average number of events per year
that exceed three times the median flow’
(Clausen and Biggs, 1997; Biggs, 2000). In
this definition three times the median flow
defines a reference flow. FRE3 is the average
number of events per year that exceed this
reference flow. However, it has been suggested
that two or more events following each other
in quick succession have the same ecological
effect as one long event (e.g., Kilroy et al.,
2011). The influence of this phenomenon
on FRE3 can be incorporated by applying a
second definition that reads as follows: ‘the
average number of events per year that exceed
three times the long-term median flow, after
having discounted events that begin within
x days of the end of the previous event’,
where x can be adjusted depending on the
ecological parameter being investigated.
For example, Kilroy et al. (2011) suggested
that periphyton biomass would not be able
to accrue in short periods of time between
events and therefore used x = 5 days when
investigating the effects of flow variability on
periphyton biomass. This second definition
incorporates the concept of a filter window
that is applied following each event; events
that start within the filter window associated
with the previous event do not count toward
the FRE3 total. FRE3 has units of number
of events per year, or mean annual frequency,
for both definitions.
Neither of the above definitions specifies
the temporal sampling resolution of the flow
time-series used to calculate FRE3, although

Clausen and Biggs (1997), Biggs (2000)
and Kilroy et al. (2011) all used mean daily
flows. Neither definition gives guidance on
the length of record required to calculate
FRE3 or how to deal with missing data in the
flow record. Either definition can be applied
to calculate FRE3 from a time-series of any
length. The former definition of FRE3 does
not specify what time period the median
should be calculated from, however, the latter
definition states that this median should
represent the long-term median.
The time resolution of flow data may be
important when calculating FRE3 because,
whilst the median is likely to be similar,
time-series with finer temporal resolution are
likely to appear flashier than time-series with
coarser resolution. Length of record may also
be important because hydrological patterns
often vary between years due to interannual and inter-decadal climatic patterns
(e.g., McKerchar and Henderson, 2003).
Hydrological regimes may also be altered by
abstraction (McKerchar and Schmidt, 2008),
changes to land cover (Fahey and Jackson,
1997) or climate change (Parry et al., 2007).
In this context, hydrological time-series
are often described as being non-stationary
(Milly et al., 2008). Time-series data are
stationary if they have a constant probability
distribution through time (Hamilton, 1994).
This can be interpreted as meaning that the
time-series has the same properties wherever
in the sequence you start looking. By
definition, a stationary time-series will also
be homoscedastic (constant variance through
time) and untrended (constant central
tendency through time).
FRE3 has been used to compare
hydrological conditions with observations
of ecological status. To compare sites it
may be desirable to quantify the long-term
FRE3 at each site. This could be achieved
by assuming stationarity in hydrological
conditions and calculating FRE3 from as
long a flow time-series as is available for each

site. For comparisons between time periods
(e.g., particular years) within sites it may
be desirable to calculate FRE3 for discrete
periods that correspond with a sequence of
observations of ecological status. In this case
both time-series length and delineation of
the discrete periods may influence FRE3
values because neither the median flow nor
the number of events may be stationary,
therefore they may not have the same values
through time.
Aims and objectives

The aim of this paper is to provide guidance
for calculating FRE3 and to explore the
uncertainties associated with providing
estimates of this parameter. There are four
main objectives:
1) to provide a replicable method that allows
calculation of FRE3;
2) to quantify inter-annual variability in
FRE3;
3) to test for temporal autocorrelation and
trends of annual series of FRE3; and
4) to provide estimates of expected values
of FRE3 at ungauged sites across New
Zealand.
To fulfil these objectives the following null
hypotheses were tested:
1) FRE3 calculated with a 5-day filter period
(FRE35DayFilter) is independent of FRE3
calculated with no filter period;
2) there are no significant differences between
long-term FRE3 calculated using the longterm median and FRE3 for each year
calculated using the median of each year
(FRE3y);
3) there is more variance in FRE3 between
sites than between years within sites;
4) there are no more temporal autocorrelations
in annual series of FRE3 than would be
expected to occur by chance;
5) there are no more trends in annual series of
FRE3 than would be expected to occur by
chance; and
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6) variance in FRE3 across New Zealand is
not related to catchment characteristics.

Methods

Hydrological data

Available mean daily flow time-series from the
National Institute of Water and Atmospheric
Research’s (NIWA) national database were
collated alongside data supplied by particular
regional councils (Northland Regional
Council, Auckland Council, Waikato
Regional Council, Greater Wellington
Regional Council, and Environment
Canterbury). Water years with more than
30 days of missing data were removed from
the analysis, where each water year started
on the 1st of October. Only flow time-series
containing at least five water years were used
in analysis. The time-series database contained
only sites that were not affected by large
engineering projects such as dams, diversions
or substantial abstractions, according to
information given by each data provider. This
produced a database of 469 flow time-series.
Mean daily flow data were used in all analyses.
Issues relating to temporal resolution of flow
data were therefore not addressed.
To nullify the effect of differences in
record length and non-commonality of
years when calculating FRE3, a subset of
these time-series was identified. This subset
contained only years from 1980 to 2009 for
146 sites that had three or less missing years
for this arbitrary 30-year period. This subset
is referred to as the Common Period subset
in further analysis. A 30-year period was
chosen because it represented a reasonable
balance between length of common record
and number or records.
The location of each gauging station on
the New Zealand river network was identi
fied by finding the River Environment
Classification (Snelder and Biggs, 2002)
reach number in which each gauging station
was located. Information describing various
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characteristics of the catchment upstream
of each gauging station (e.g., catchment
area, geology, topography, and climate)
was extracted from the River Environment
Classification and the Freshwater
Environments New Zealand (Leathwick
et al., 2011) databases.
Definition and calculation of FRE3

FRE3 was calculated for each of n flow
time-series (FRE3 n). Figure 1 shows R
(R Development Core Team, 2012) code
used to calculate FRE3. This code removes
periods of missing data from the record
prior to calculation of FRE3. In effect this
assumes that no events over the reference
flow occurred during periods of missing data.
To demonstrate the effect of incorporating
a filter window, calculations were applied
to each of n time-series using: a) no filter
period (FRE3n); and b) a filter period of five
days (FRE3n5DayFilter). A linear regression
model with a quadratic term was fitted to
test for the relationship between FRE3n and
FRE3n5DayFilter
FRE3n5DayFilter = a FRE3n + b FRE3n 2

(1)

A term for the intercept was not included
in this regression since FRE3n5DayFilter must
take a value of zero when FRE3n is zero.
Inter-annual variation

Many statistical tests of trend and variance
assume normally distributed data. ShapiroWilk tests (Royston, 1982a; 1982b; 1995)
were applied to test for significant differences
between a normal distribution and the
distribution of FRE3 calculated for each water
year, y, of flow time-series from each site, n,
calculated using the median of all available
flow data for that site to set the reference
flow (FRE3ny). Distributions of FRE3ny
with p-values less than 0.05 were classified as
having distributions that were significantly
different to the normal distribution. To give
an indication of the influence of record length

GetLengthsBelowThreshold <- function(myVec, myThreshold) {
myCount <- 0
myLength <- 0
IsNA <- is.na(myVec)
if (all(IsNA) | (length(myVec[!IsNA]) < 2) ) {
myCount <- NA
myLength <- NA
} else {
myVec <- myVec[!IsNA]
if(myVec[1] < myThreshold) {
myCount <- myCount + 1
myLength[myCount] <- 1
}
for (n in 2:length(myVec)) {
if( (myVec[n] < myThreshold) & (myVec[n - 1] >= myThreshold) ) {
myCount <- myCount + 1
myLength[myCount] <- 0
}
if (myVec[n] < myThreshold) {
myLength[myCount] <- myLength[myCount] + 1
}
}
}
return(myLength)
}
# Daily is a vector of mean daily flows
# YYYY is a factor describing water years with the same length as Daily
# myWindow is the size of the filter window
# myMedianMultiple is the multiple of the median flow that defines the threshold
myWindow <- 0
myMedianMultiple <- 3
myMedianFlow <- median(Daily, na.rm=T)
DaysBetweenFRE3list <- tapply(Daily, YYYY, GetLengthsBelowThreshold,
myThreshold = myMedianMultiple * myMedianFlow)
DaysBetweenFRE3list <- lapply(DaysBetweenFRE3list, function(x) x[x>myWindow])
Count <- sapply(DaysBetweenFRE3list, function(x) ifelse(is.null(x),NA,length(x)))
StartOfYearFlow <- tapply(Daily, YYYY, function(x) x[1])
StartOfYearFlow[is.na(StartOfYearFlow)] <- 0
LowStarts <- StartOfYearFlow < myMedianMultiple * myMedianFlow
Count[LowStarts] <- Count[LowStarts] - 1
mean(Count)

Figure 1 – R code used to calculate FRE3.
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and commonality of years used, results were
reported separately for: a) all available years
at all available sites with five or more years of
data (n = 469 sites); and b) for the Common
Period subset (only years between 1980 and
2009 for sites that had three or less missing
years for this 30-year period; n = 146 sites).
For each site in the Common Period sub
set, FRE3 was also calculated for each water
year, y, of flow time-series from each site, n,
using: a) the median of the 1980–2009 flow
series to set the reference flow (FRE3ny); and
b) the median of each water year to set the
reference flow (FRE3nya). For each site the
mean of FRE3ny equals FRE3n when the
median of the entire flow series is used to set
the reference flow. The distribution of both
FRE3ny and FRE3nya were compared with
FRE3n by showing box and whisker plots of:
a) FRE3ny; and b) FRE3n minus FRE3nya.
Visualising the distribution of FRE3 ny
allowed assessment of inter-annual variation
in FRE3. Visualising the distribution of
FRE3n minus FRE3nya allowed an assessment
of the sensitivity of FRE3 to the estimate of
median flow for each site. This equates to
comparing the 30-year FRE3 with that which
would have been calculated for each year had
data for only that year been available.
A variance components analysis was
applied to quantify variance in FRE3 between
sites in comparison to variance between years
within sites. This analysis quantified variance
in FRE3ny using a mixed-effects approach
(Snijders and Bosker, 1999; Pinheiro and
Bates, 2000) with no fixed effects and year
within site as the random effects.
Temporal autocorrelation

Partial autocorrelations for all possible time
lags, t, were calculated for the time-series
of FRE3ny to test for serial dependence, or
periodicity, in time at each site (Venables and
Ripley, 2002). Partial autocorrelation, rather
than autocorrelation, was used to control for
the correlation between all of the successive
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lags between this year and year t (Crawley,
2002).
The presence of linear trends is known
to increase the likelihood of finding
autocorrelations. Therefore each timeseries was detrended prior to calculating
the autocorrelation by calculating and
then removing the Thiel-Sen slope (Theil,
1950a,b,c; Sen, 1968). This process assumed
that any trends were linear and operated
over the entire range of each time-series. The
significance of partial autocorrelations at
each station for each lag was assessed through
comparison with 95% confidence limits.
Also, for each station, the maximum lag that
fell outside the 95% confidence limits was
compared with the entire length of record for
that station.
The ability to detect significant partial
autocorrelations can be affected by length of
record. The lags at which significant partial
autocorrelations were found were compared
with the total time-series length.
Trends

The nonparametric Mann–Kendall
statistical test (Mann, 1945; Kendall, 1975)
can be used to identify monotonic trends
in hydrological data (Yue et al., 2002).
Temporal autocorrelation may increase
the probability that the Mann-Kendall
test detects a significant trend (von Storch,
1995). This leads to increased Type I errors,
because of a disproportionate rejection of the
null hypothesis of no trend when the null
hypothesis is actually true (Yue et al., 2002).
Yue et al. (2002) suggested a method for
removal of the lag 1 autocorrelation, AR(1),
prior to calculation of trend. If AR(1) is almost
equal to zero (< 0.05), then it is not necessary
to remove the AR(1), and a Mann-Kendall
non-parametric test is applied to the raw data.
Otherwise, AR(1) is removed from the timeseries and the Sen slope is then estimated with
the Thiel-Sen approach (Theil, 1950a,b,c;
Sen, 1968). The slope is assumed to be linear

and the data is detrended by the slope and
the AR(1) is computed for the detrended
series. This is referred to as a trend-free prewhitening procedure. Following completion
of the pre-whitening procedure the residuals
should be an independent series. The MannKendall test is then applied to assess the
significance of the trend. Both significance,
p, and values, τ, of Kendall’s rank correlation
coefficient were compared when calculated
using raw data and after having applied trendfree pre-whitening.
Significance of trends was assessed using
a permutation approach to estimate the test
distribution (Robson et al., 1998). Following
the method applied by Burn and Hag Elnur
(2002) statistical significance at the 0.05 alpha
level was calculated by comparing the original
Mann-Kendall statistic with the distribution

of Mann-Kendall statistics calculated for
1000 different random orderings of the same
time-series.
Generalisation

The presence of systematic differences in
FRE3 in relation to upstream catchment
characteristics extracted from the River
Environment Classification was investigated
by applying Analysis of Variance (Chambers,
1992), in which upstream catchment
characteristics were divided into categories
describing: island, climate, topography linked
to source of hydrological flow, and land cover
(Table 1). This allowed the significance of
the differences in FRE3 between stations
with different characteristics to be tested
separately.

Table 1 – Codes, categories, descriptions and numbers of sites used in the analysis. See Snelder
and Biggs (2002) and Snelder and Hughey (2005) for full descriptions.
Code
Island
N
S
Climate
WD
WW
WX
CD
CW
CX
Topographic source of flow
GM
H
L
Lk
M
Land cover
B
EF
IF
P
S
T
U

Description

Number of sites
total

Number of sites
(1980-2009)

North Island
South Island

281
188

91
55

Warm-dry
Warm-wet
Warm-extremely wet
Cool-dry
Cool-wet
Cool-extremely wet

16
148
   3
70
151
81

2
34
1
14
61
34

Glacial mountain
Hill
Low elevation
Lake
Mountain

10
161
232
19
47

7
60
58
5
16

Bare
Exotic-Forest
Indigenous-Forest
Pastoral
Scrub
Tussock
Urban

16
22
105
237
16
60
13

6
3
48
74
3
11
1
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A regression technique called Random
Forests was used to apply a regression of
FRE3n as a function of available catchment
characteristics. This method uses machinelearning to combine many regression trees to
produce more accurate regressions (Breiman,
2001; Cutler et al., 2007). Random forests
were used to model FRE3n as a function
of several explanatory variables (Table 2).
Random forest models fitted using these
types of variables have previously been shown
to be able to explain variation in hydrological
patterns such as flow duration curves (Booker
and Snelder, 2012).
A random forest model comprises an
ensemble of regression trees (a forest) from
which a final prediction is based on the
predictions averaged over all trees (Breiman,
2001; Cutler et al., 2007). A random forest
model is created by drawing several bootstrap
samples (Efron, 1982) from the original
training data and fitting a single classification
tree to each sample. Independent predictions
(i.e., independent of the model-fitting
procedure) are made for each tree from the
observations that were excluded from the
bootstrap sample. These excluded samples
are known as the out-of-bag samples. These
predictions are aggregated over all trees
(the out-of-bag predictions) and provide an

estimate of the predictive performance of the
model for new cases (Breiman, 2001). Byproducts of the random forest calculations
include measures of variable importance,
which are evaluated by randomly permuting
each predictor variable in turn and predicting
the response for the out-of-bag observations.
The decrease in prediction performance is
the measure of importance of the original
variable. Importance represents the con
tribution to accuracy of independent
predictions for each explanatory variable
and is equivalent to the error resulting from
dropping a term from a linear model. Each
random forest was developed by growing 500
trees. As the number of trees (k) increases the
generalisation error always converges and it
was assumed that 500 was sufficiently high to
ensure convergence.
The predictions from random forest
models were tested using a leave-oneout cross validation procedure referred to
here as jackknifing (Efron, 1982; Booker
and Snelder, 2012). This cross-validation
procedure was applied by leaving out all data
associated with each of the 469 sites and
then estimating FREn for the left-out site
from all remaining sites. The results from
this procedure produced estimates of FREn
as if each site were ungauged (Ganora et al.,

Table 2 – Codes, descriptions and importance values (mean decrease in accuracy) of independent
variables used to fit regression models of FRE3. See Leathwick et al. (2011) for full descriptions.
Variable name
Runoff_mm_yr
usRainDays10_Q
usDaysRainGT25
segAveElev
usAnRainVar_Q
usCatElev
usArea
usParticleSize_Q
usAveSlope_Q
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Description
Runoff at the site (mm/year)
Catchment rain days, greater than 10 mm/month (days/year)
Annual catchment rain days greater than 25 (days/year)
Elevation of the site (m)
Coefficient of variation of annual catchment rainfall (m)
Average elevation in the upstream catchment (m)
Catchment area (m2)
Catchment average of particle size (ordinal scale)
Catchment average of slope (m/m)

Importance
3937
3702
3091
2466
2324
2257
2207
2057
1657

2009). Comparison between observed and
jackknifed values allowed an assessment of
both the robustness and reliability for FRE
estimation at ungauged sites (Castellarin et
al., 2004). Root-mean-square-deviance of the
jackknifed predictions was calculated using
the procedure of Booker and Snelder (2012).

degree of confidence. For example, locations
with a FRE3n value of 15 had, on average, a
FRE3n5DayFilter value of 9.4.
Inter-annual variation

Shapiro-Wilk tests were applied to determine
whether inter-annual distributions were
normally distributed. For 18.1% of all
available sites (n = 469) there was significant
Results
(p < 0.05) evidence to reject the null hypoth	
Hydrological data
esis that there was no difference between
Time-series were derived from gauging the inter-annual distribution and normal
stations distributed throughout the country distributions. This proportion was 20.0% for
(Fig. 2), but did not all cover the same time the Common Period subset of sites (three or
period. The gauges represented a broad less missing years between 1980 and 2009;
spread of different geographic locations n = 146). Figure 4 shows histograms of FRE3
ny
and landscape positions found throughout for six randomly selected sites that were not
New Zealand as described by the River significantly different to normal distributions
Environment Classification (Table 1).
and six randomly selected sites that were
significantly different. Figure 4 indicates
Definition and calculation of FRE3
FRE3 was calculated for flow time-series that sites could have non-normal interfor each of the 469 sites, n. FRE3n ranged annual distributions because they either had
from 0 to 47.6 events per year with a mean low values of FRE3 and therefore truncated
of 13.3. FRE3n5DayFilter ranged from 0 to distributions, or because their distributions
17.0 with a mean of 7.9. This indicates that were particularly platykurtic (wide peak
FRE3n took systematically different values distributions). The presence of non-normal
when a 5-day filter period was included in inter-annual distributions of FRE3 indicates
the calculation, but these differences were that ideally non-parametric methods should
highly consistent (Fig. 3). A linear regression be deployed to assess stationarity.
The distribution of FRE3ny values for
of Equation 1 showed that FRE3n5DayFilter
the
Common Period subset were calculated
was strongly related to FRE3n (n = 469,
from
30-year long-term medians (Fig. 5a).
r2 = 0.992, f = 30804 on 2 and 467 d.f,
p < 0.001; Table 3). This is strong evidence The grey dot in Figure 5a represents FRE3n
to reject Hypothesis 1 which states that (the long-term FRE3 for each site). There
FRE3n5DayFilter is independent of FRE3n. were considerable differences between FRE3n
FRE3n5DayFilter is strongly related to FRE3n and FRE3 ny for some years. Many sites
and can be predicted from FRE3n with a high (91.1%) had FRE3ny values that were at
least 5 events per year different to
FRE3n. FRE3ny took values that
Table 3 – Model summary for FRE35DayFilter as a function of were at least 10 events per year
FRE3 (n = 469, r2 = 0.992, f = 30804 on 2 and 467 d.f, p different to FRE3n at 32.9% of
< 0.001).
sites. The distribution of FRE3n
minus FRE3nya was also calculated
Parameter
Estimate Std. Error t value
P-value
for comparison (Fig. 5b). When
FRE3
0.7602
0.0060
126.83
<0.001
averaged over years, FRE3 nya
FRE32
-0.0087
0.0003
-33.69
<0.001
was similar to FRE3n, but many
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Figure 2 – Map showing locations of 469 gauging stations used in the analysis.
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Figure 3 – FRE3 calculated
with no filter period against
FRE3 calculated using a
5-day filter period. Black
line represents regression
of FRE3 as a function of
FRE35DayFilter (Table 3).

sites (74.7%) had FRE3nya values that were
at least five events per year different to
FRE3n. FRE3nya took values that were at
least 10 events per year different to FRE3n
at 9.6% of sites. This is evidence to reject
Hypothesis 2 which states that there are no
significant differences between FRE3n and
FRE3ny. Figure 5 also demonstrates the degree
to which any individual value of FRE3nya is
likely to represent FRE3n.
Within each site there was a smaller spread
in the FRE3nya distribution in comparison
to the FRE3ny distribution. This indicates
less inter-annual variation when the annual
median is used to set the reference flow in
comparison to using the long-term median
for the reference flow. This is because low
flow years have lower median flows but also
tend to have fewer events. Conversely, years
with higher flows have higher median flows
but also tend to have more events. When
calculating FRE3nya the magnitude of the
reference flow therefore tends to compensate
for the number of events.
Variance components analysis was used to
compare variance in FRE3 between sites with
variance in FRE3 between years after having
removed variance attributed to differences

between sites. Variance between the 146 sites
over the 30-year common period was 50.8,
whereas the variance between years within
sites was 13.3. This is evidence to support
Hypothesis 3, which states that there is more
variance in FRE3 between sites than between
years within sites. The variance components
analysis also showed that the overall mean
FRE3 was 13.4. This indicates that, although
there was considerably more variance in FRE3
between sites than between years within sites,
variance between years within sites was similar
to the overall mean.
Temporal autocorrelation

Partial autocorrelations were calculated using
detrended annual time-series of FRE3ny for
all sites over the entire period of record. The
majority of the FRE3 time-series showed
no strong evidence of serial dependence,
with 86.6% of sites having neither positive
nor negative partial autocorrelations which
fell beyond the 95% confidence intervals.
However, there was evidence of temporal
autocorrelation in FRE3 for some sites. This
occurs when a value in one year is correlated,
to a high degree of confidence, with the
value in previous years. These correlations
25

Figure 4 – Distribution of FRE3 for water years 1980–2009 for six randomly selected sites whose
distributions: a) did not significantly differ from the normal distribution; and b) did significantly
differ from the normal distribution.
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Figure 5 – For 146 sites with at least 27 years of data for water years 1980 to 2009, box and whisker
plots of: a) distribution of annual FRE3 values when calculated from the 30-year long-term median;
and b) distribution of FRE3 calculated using the long-term median minus annual FRE3 calculated
from each annual median. Grey square indicates mean.
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can be either positive or negative. The time
period at which the correlation occurs is
known as the lag. Both positive and negative
autocorrelations were found which fell beyond
the 95% confidence intervals, many of which
were negative autocorrelations with lags of
less than five years (e.g., Fig. 6). However,
evidence of negative serial dependence was
found at certain sites at lags as great as 10
years and beyond. Autocorrelations that

fell beyond the 95% confidence intervals at
greater lags were only found in records of
greater length (Fig. 6). Similar results were
found when the same analysis was applied
to just the Common Period subset, with
10.3% of sites showing strong evidence of
temporal autocorrelation. The presence of
temporal autocorrelations within some FRE3
time-series is evidence to suggest that not all
FRE3 time-series are stationary and to reject
Hypothesis 4, which states that there
are no more temporal autocorrelations
in annual series of FRE3 than would be
expected to occur by chance.
Trends

Both significance, p, and values, τ, of
Kendall’s rank correlation coefficient were
compared when calculated using raw data
and after having applied trend-free prewhitening. A linear regression showed that
values of τ calculated from the raw data
were strongly related to those calculated
after having applied the pre-whitening
procedure (intercept = 0.035, slope =
0.941, r2 = 0.877, f-statistic = 1018 on 1
and 142 d.f., p < 0.001). This indicated
that there were only minimal differences
in τ calculated from the raw data in
comparison with those calculated after
having applied trend-free pre-whitening.
The same was not true for the p-values
associated with the Mann-Kendall tests.
Results showed that the total number
of sites with significant trends remained
similar when calculated from the raw data
(6.8% with significant (p < 0.05) trends)
in comparison with those calculated after
having applied trend-free pre-whitening

Figure 6 – Partial autocorrelations of annual
FRE3 series with 95% confidence or more by
record length. Sites with no autocorrelations
beyond the 95% confidence level not shown.
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(8.3% with significant (p < 0.05) trends).
However, there were considerable changes
in which sites were found to have significant
trends; 8.3% of sites were found to have
significant trends when calculated from
the raw data in comparison to having no
significant trends after having applied trendfree pre-whitening or vice versa.
Although these results indicated that trendfree pre-whitening did cause changes, the
analysis was continued using the raw timeseries. This was because the pre-whitening
procedure only allowed for removal of AR(1),
and our results indicated the presence of both
positive and negative autocorrelations at a
variety of lags (e.g., Fig. 6).

Of the sites in the Common Period subset,
the majority (92.7%) located in the South
Island had positive trends and the majority
(59.3%) of sites in the North Island had
negative trends (Fig. 7). However, many of
these trends were not statistically significant
at the 0.05 level when permutation was used
to test for significance. All except one of the
17 statistically significant negative trends
were for sites located in the South Island.
No statistically significant positive trends
were found for the South Island sites. For
sites in the North Island with statistically
significant trends, four were positive and
one was negative. In total 14.4% of sites
showed significant trends over the 1980

Figure 7 – Direction and statistical significance (alpha = 0.05) of trends in FRE3 compiled from
146 sites with no more than three missing water years for the period 1980 to 2009.
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to 2009 period. This is evidence to reject
Hypothesis 5, which states that there are no
more trends in annual series of FRE3 than
would be expected to occur by chance.
Generalisation

Analysis of Variance (ANOVA) was used
to investigate the presence of systematic
differences in FRE3n in relation to upstream
catchment characteristics. When applied
separately Analysis of Variance showed
significant differences in FRE3n between
classes describing island (f-statistic = 4.443
on 1 and 467 d.f., p = 0.036), climate
(f-statistic = 8.491 on 4 and 463 d.f.,
p < 0.001), topography linked to source of
hydrological flow (f-statistic = 8.491 on 4
and 464 d.f., p < 0.001), geology (f-statistic
= 6.949 on 6 and 462 d.f., p < 0.001)
and land cover (f-statistic = 16.2 on 6 and
462 d.f., p < 0.001). This is evidence to reject
Hypothesis 6, which states that FRE3 is not
related to catchment characteristics.
Random forest regression models explained
62.5% of variance in the out-of-bag samples.
This indicates that the models would
be expected to be able to explain a large
proportion of variation in FRE3n at ungauged
locations. Importance values, as defined by
the mean decrease in accuracy attributable
to each predictor, indicated that FRE3n was
most strongly linked to runoff and rainfall
characteristics, with other characteristics
such as elevation of both the site and the
upstream catchment also of importance
(Table 2). Partial plots can be used to show
the relationships between FRE3 and each
predictor whilst all other predictors are held at
their mean. Partial plots indicated that there
were strong relationships between FRE3 and
the predictors (Fig. 8). Relationships between
FRE3 and each predictor were near to being
monotonic.
Jackknifed predictions of FRE3 compared
well with observed values. The strength of
this comparison was demonstrated by a linear
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regression between jackknifed estimates of
FRE3 and observed values (intercept = -1.843,
slope = 1.139, f-statistic = 825.2 on 1 and
467 d.f., p < 0.001, r2 = 0.64). Root-meansquare-deviance of jackknife-predicted FRE3
was 4.39. This value provides an estimate of
the average error expected for predictions
of FRE3 at ungauged sites. The root-meansquare-deviance was low compared to the
overall mean FRE3, and to both between-site
and within-site variance. Further inspection
showed that the three sites with the largest
differences between observations and
jackknifed predictions were all from locations
that were highly influenced by lakes. This
indicates that the random forest model, which
did not have lake influence as an explanatory
variable, would not be expected to perform
well for lake-influenced locations.
The random forest model allows estimation
of FRE3 across New Zealand, since estimates
of all the required inputs are available for all
reaches of the New Zealand river network.
When plotted onto the network there were
coherent spatial patterns in these estimates
(Fig. 9). FRE3 was estimated to be highest
on the west coast of the South Island, but
was also estimated to be high for parts of the
west coast of the North Island, Gisborne and
Greater Wellington. FRE3 was estimated to
be lowest for smaller rivers in the Canterbury
plains and Hawke’s Bay, as well as for larger
rivers in the central North Island. Overall
analysis of the random forest models provided
further evidence to reject Hypothesis 6, which
states that FRE3 is not related to catchment
characteristics.

Discussion
There may be many reasons to calculate FRE3
or similar hydrological indices that describe
hydrological variability (Olden and Poff,
2003). Although it is relatively easy to provide
a written description, clear instructions
describing calculation algorithms are required

Figure 8 – Partial plots showing the relationship between each predictor variable and FRE3 whilst all
other variables are held at their mean.

for a method to be fully replicable. This is
particularly important where the intention is
to produce a model that can be employed to
predict environmental changes occurring due
to flow changes, such as those resulting from
increased water resource use due to dams,
diversions or abstractions. Results showed that
differences in approach, such as incorporating
a filter period or using the median of each

year rather than the long-term median to set
the reference flow, can cause potentially large
differences to calculated values, although the
effect of these differences can be predictable
in some cases, such as the inclusion of a 5-day
filter period.
Visual inspection of between-site and
within-site distributions of FRE3, as well as
results from the variance components analysis,
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Figure 9 – Maps of predicted FRE3 for rivers across New Zealand. Strahler stream orders 2 to 5 shown
in each panel.

showed greater between-site variance than
within-site variance. However, within-site
variance was relatively high compared to the
overall mean. Previous studies have advanced
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understanding of flow-ecology relationships
by fitting regressions of observed ecological
status against FRE3 or FRE5 across sites. For
example, Townsend et al. (1997) compared

FRE5 with observations of invertebrate
traits and richness and Biggs (2000)
compared days of accrual (365/FRE3) with
observations of periphyton biomass. In the
study of Townsend et al. (1997), ecological
observations from a single point in time
during either 1990 or 1994 were taken at
each site. These observations were paired
with FRE5 calculated using a flow timeseries covering July 1993 to June 1994. In the
study of Biggs (2000), ecological observations
were taken over approximately one year.
The annual average and annual maximum
periphyton biomass observed at each site were
then paired with the annual mean days of
accrual for each stream. In both these studies,
paired ecology-hydrology observations from
each site were used to represent independent
data points in regressions.
Relatively high inter-annual variability
suggests that an observation of FRE3
calculated from a flow time-series covering
one year is not sufficient to adequately
characterise the long-term central tendency
of FRE3 at that site. Results shown here
suggest that careful consideration is required
regarding synchronisation of hydrological
and ecological information. It is unclear
whether inter-annual variability in FRE3
is matched by inter-annual variability in
ecological status. If there is less inter-annual
variability in ecological status than in flow
variability, these studies may have compared
between-site differences in ecology without
taking into account within-site differences
in flow variability. This suggests that future
studies which compare flow variability with
ecological status should recognise the nested
nature of these observations (i.e., multiple
observations within multiple years within
multiple sites). Ideally, replicate years within
sites are required as well as replicate sites,
rather than assuming that each set of yearsite observations represents a replicate.
However, characterising flow-driven dis
turbance over different time periods may be

appropriate for studies of different trophic
levels because of differences in length
of life-cycle, as well as the time-scales of
ecological processes such as re-colonisation,
competition, and growth-loss.
Significant autocorrelations were
found in several annual FRE3 series, and
trends in FRE3 were identified within
annual series covering a 30-year period
(1980-2009). Furthermore, the trends
followed a coherent spatial pattern. The aim
of applying these approaches was to test for
stationarity rather than to prove that FRE3
has been influenced by particular factors such
as long-term climate change or water resource
use. Interdecadal climatic patterns are known
to have influenced hydrological parameters
in certain locations in New Zealand
(McKerchar and Henderson, 2003), the USA
(Barton and Ramírez, 2004) and Australia
(Verdon et al., 2004). A variety of related
interdecadal climatic teleconnections have
been defined in the literature. These include
the North Pacific Decadal Oscillation (PDO)
(Mantua et al., 1997); the El Niño Southern
Oscillation (ENSO) (Allan, 2000); and
the Interdecadal Pacific Oscillation (IPO)
(Salinger et al., 2001; Folland et al., 2002).
The precise amplitudes, patterns and driving
mechanisms of these types of teleconnections
are unclear (Mantua and Hare, 2002). The
IPO appears to oscillate with a 40 to 50
year wavelength (Salinger et al., 2001). If
hydrological parameters are influenced by
teleconnections, quantifying the central
tendency and spread of a FRE time-series
using data exclusively spanning either a
positive IPO (e.g., 1978-1998) period or a
negative IPO period (1946-1977) may not
adequately characterise the central tendency
and long-term variability. In this case records
should include at least one full IPO cycle
(e.g., 1946-1998) in order to correctly
characterise FRE3. However, records
covering this full period are not abundant for
New Zealand. Furthermore, anthropological
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effects may be superimposed upon these
‘natural’ long-term climate-driven patterns,
providing further uncertainty concerning
stationarity. Although population density in
New Zealand is relatively low, recent history
has seen great land-cover change occur
in certain regions (MacLeod and Moller,
2006) and increased water allocation for
irrigation (Rajanayaka et al., 2010). There
are specific examples of catchments where
land-cover changes are known to have altered
hydrology (e.g., Fahey and Jackson, 1997),
but identifying hydrological alterations
driven by land-cover change at broader scales
is hampered by a lack of data describing
the nature and timing of the changes in
land cover.
Global climate change adds a further layer of
complication when attempting to characterise
the flow regime of a river. Although there are
considerable uncertainties, shifts in hydrology
may be occurring due to global climate change
(Parry et al., 2007). However, due to the
cyclical nature of teleconnections, combined
with a lack of detailed data on land-cover
change and management, it may be very
difficult to identify, or quantify, the effects of
anthropogenic climate change on hydrology
at the national scale. This in turn means that
it is difficult to quantify what aspects of the
temporal patterns in a hydrological record
(exhibited in either temporal autocorrelations
or trends) are due to anthropogenic causes,
i.e., caused by either land-cover change or
anthropogenic climate change. In any case,
non-stationarity, together with relatively high
inter-annual variability, reinforces the need
for long-term hydrological records.
Random forest regression is a purely
empirical approach that does not include
any attempt to include physical processes.
However, many of the patterns that were
found were physically meaningful. Partial
plots indicated that, not only were there
strong relationships between FRE3 and
the predictors, but that these relationships
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matched with expected patterns. For
example, on average FRE3 was higher for
catchments that had higher and more variable
runoff, more rain days of high intensity and
smaller catchment areas. This is consistent
with previous broad-scale descriptions of
hydrology across New Zealand (e.g., Toebes
and Palmer, 1969; Duncan and Woods,
2004; Woods et al., 2006). Patterns in flood
flows (Pearson and McKerchar, 1989) and
flow variability (Jowett and Duncan, 1990)
across New Zealand have been previously
linked to precipitation, potential evaporation
and catchment area, with more variable flow
regimes present in higher elevation, wetter
and smaller catchments (Booker and Snelder,
2012). These findings provide further
confidence in the robustness of the predicted
patterns in FRE3 across New Zealand.
Records with missing data are common
in hydrological records; this often occurs as
a result of equipment failure. In this analysis
the impact of missing data on calculation
of FRE3 was reduced by removing water
years with more than 30 days of missing
data. For the calculations given here, any
remaining periods of missing data were
removed prior to calculation of FRE3. This
method assumes that no events exceeding
three times the median occurred during the
periods with missing data. The method was
implemented because it is transparent and
easy to implement. There may be alternative
methods for dealing with missing data when
calculating FRE3. One alternative would be
to assume that there is an equal likelihood
of an event exceeding the reference flow
occurring through the time-series and
adjust FRE3 by the likelihood that an event
had occurred during the missing period.
This method has the disadvantage of being
less transparent and harder to implement,
since assumptions about the likelihood of
missing events must be made, possibly taking
account of the seasonality of missing data.
Temporal resolution of the flow data may

also be important, but this issue was not
addressed here.
Flow time-series obtained from NIWA’s
national monitoring network and some, but
not all, regional councils were used. All flow
time-series that have been collected across
New Zealand were therefore not used. One
reason for this was because it was desirable to
use flow records that, to the best of available
knowledge, were not influenced by large
engineering projects such as dams, diversions
or substantial abstractions. Only flow data
that were accompanied by information
on the characteristics of the upstream
catchments were therefore used. Results may
have changed had more or different data
been available.
All 469 available estimates of FRE3
were included in the random forest model
to predict FRE3 for ungauged sites across
New Zealand. Some of these estimates were
calculated from as few as 5 years of data,
although many time-series were longer.
This approach essentially assumed that 5
years of data is sufficient to characterise the
long-term FRE3 at all sites, despite earlier
findings regarding non-stationarity. This
assumption may have contributed to the
jackknifed root-mean-square-deviance but
is unlikely to invalidate the approach, since
the variance components analysis showed far
greater between-site variance than withinsite variance.

Conclusions
FRE3 has been described as the average
number of events per year that exceed three
times the median flow. In this paper R code
is provided which describes a suggested
method for calculating FRE3 either with or
without a filter period if specified, depending
on user requirements. It was demonstrated
that applying a 5-day filter period caused
a systematic but predictable difference to
calculated FRE3 values.

No recommendations about which
method is most appropriate for any
particular application were given because
no ecological data were examined, but the
findings demonstrate that clear instructions
describing calculation of FRE3 are required
for methods to be replicable. This is especially
the case for publication of ecology-hydrology
relationships that may be subsequently
applied in water management decisions.
Annual series of FRE3 were calculated for
many sites located throughout New Zealand
to assess stationarity in FRE3. Shapiro-Wilk
tests of normality showed that although the
majority of inter-annual distributions were
normally distributed, some could not be
considered to be normal. Significant partial
autocorrelations were found in several annual
FRE3 series, suggesting the presence of
repeating patterns. Mann-Kendall tests for
trends in non-parametric data were applied
to the annual FRE3 series. Trends in FRE3
were identified within flow time-series
covering an arbitrary 30-year period (19802009). During this period, flow time-series
from the South Island of New Zealand
exhibited downward trends in FRE3 whereas
the North Island exhibited both upward and
downward trends. Together these results
indicate that FRE3 cannot be considered to
be stationary, implying that calculations of
FRE3 should be applied over as long a timeseries as possible when aiming to characterise
FRE3 regime at a site. However, more careful
consideration of the time period over which
FRE3 is calculated is required for paired
ecology-hydrology studies, depending on the
ecological response under investigation.
Finally, a random forest regression model
was fitted to predict FRE3 across New Zealand
from available catchment characteristics. This
method can be used to estimate patterns in
long-term FRE3 across New Zealand.
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