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Abstract: Hydrologic indices can be used in macroecological models of fish species richness. I used fish distribu-
tions and river flow records from 89 river basins in the Pacific Northwest (USA) to identify robust associations
between aspects of flow and fish species richness. I calculated 148 hydrologic indices for each basin, created
single-predictor regression models for each hydrologic index, and tested for significant relationships between
native fish species richness and specific components of flow. I used multiple regression to test the significance
and fit of models that combined hydrologic indices that were not highly collinear indices. Significant linear
relationships (p ≤ 0.05) were detected for 85 indices. Coefficients of determination (r2) ranged from 0.04 to 0.33
(median = 0.19, coefficient of variation [CV] = 0.55). I identified 2 multiple-regression models, each including
3 hydrologic indices, as best based on information-theoretic model comparisons. One included median large
flood rise rate, CV of 1-d maximum flow, and CV of annual flow. The other included mean annual flow, median
high flow timing, and CV of small flood timing. Four major themes emerged from the analyses: 1) fish species
richness and a variety of indices of flow magnitude were positively related; 2) the strength of the positive
association between fish species richness and flow magnitude was inversely related to flow magnitude and the
strongest associations were observed during low-flow winter months; 3) flow variability, indicated by the CVs of
hydrologic indices, was negatively associated with fish species richness; 4) indicators of episodic high-flow events
(e.g., floods and annual maximum flows) were particularly well represented in the best multiple-regression
models of fish species richness. These results can provide a baseline for comparison with other rivers and can be
used to help formulate a general, flow-mediated theory of fish species richness in lotic ecosystems.
Key words: Pacific Northwest rivers, species–area relationship, hydrologic indices, flow magnitude, flow
variability, multiple regression, Akaike Information Criterion

The species–discharge relationship predicts species rich-
ness within lotic ecosystems as a function of a single,
aggregated measure of river flow (usually mean annual
discharge) in the same way that traditional species–
area relationships predict richness as a function of 2-
dimensional surface area. Early interest in the species–
discharge relationship stemmed from a couple of factors.
One was the intuitive concern that river basin surface area
will not always reflect the amount of water in a given
location (e.g., Matthews 1998). For example, water avail-
ability probably will differ between 2 river basins that are
of comparable surface area but occur in wet vs arid cli-
mates (Leopold et al. 1995). Another factor was the em-
pirical observation that river discharge tends to account
for more of the variation in aquatic species richness than
river basin area (e.g., Livingstone et al. 1982, Oberdorff
et al. 1995).

Concerns about the effects of altered hydrology on
aquatic biodiversity have created a practical application
for the species–discharge relationship (Olden et al. 2010).
Species–discharge relationships often are expressed as
formal regression models (e.g., Smith and Miller 1986,
Xenopoulos et al. 2005, McGarvey and Hughes 2008), so
they can be used to predict how species richness may
respond to decreased or increased discharge (Xenopoulos
and Lodge 2006). The rationale for using the species–
discharge relationship as a predictive tool stems directly
from efforts to predict changes in terrestrial biodiversity
from traditional species–area relationships (Rosenzweig
1999, Thomas et al. 2004). Thus, the predictive species–
discharge method has many of the same problems and
limitations as the predictive species–area method (see
Botkin et al. 2007, McGarvey and Ward 2008). Neverthe-
less, it is an important starting point in the effort to antici-
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pate changes in aquatic biodiversity in response to altered
hydrology (Olden et al. 2010).

One quality of the species–discharge relationship that
differs from traditional species–area relationships is that
discharge is a dynamic variable that can be linked to the
ecological requirements of many aquatic species in a di-
rect, mechanistic way. Any time-series of discharge data
(hereafter referred to as a ‘flow’) can be broken into 5
functional subcomponents: 1) flow magnitude (i.e., the
volume of water transported within a given time interval
or during a discrete event, such as a flood), 2) frequency of
recurrence of a given flow benchmark or event (e.g., num-
ber of large floods/y), 3) duration of a flow event, 4) tim-
ing (i.e., day of the year), and 5) rate of change (Richter
et al. 1996, Poff et al. 1997). Any one or more of these
subcomponents might determine the presence or abun-
dance of a given species (Poff and Allan 1995).

Mechanistic connections between river flow and indi-
vidual species are fundamental to research on environmen-
tal flows in which investigators are working to document
and predict the effects of flow alterations on particular
species, functional groups, or life-history strategies (Bunn
and Arthington 2002, Poff et al. 2010). For instance,
Hakala and Hartman (2004) found that drought signifi-
cantly diminished macroinvertebrate abundances in Appa-
lachian streams, which in turn depressed Brook Trout
(Salvelinus fontinalis) abundance and individual body con-
dition. Tonkin et al. (2008) noted that recruitment of juve-
nile Southern Pygmy Perch (Nannoperca australis) signifi-
cantly increased during extended periods of floodplain
inundation, and Donaldson et al. (2013) documented pre-
cise, species-level associations between multiple gobioid
fish species (Gobiidae) and specific flow velocities.

However, researchers working on environmental flows
have not yet produced a general theory of aquatic species
richness (but see Rolls et al. 2012 for an attempt to build a
theory of low-flow events.) Instead, changes in richness
tend to be understood as relative responses to altered
flows (e.g., de Mérona et al. 2005, Roy et al. 2005), often as
a way to establish explicit flow regulations (Arthington
et al. 2006). The ability to predict relative changes in
aquatic species richness is certainly important from a con-
servation and management perspective, but it may not
elucidate the factors that underlie patterns in absolute
richness. For example, in the study by Donaldson et al.
(2013), flow velocity was essential for predicting which
gobioid fishes would be present at a given locality, but
flow velocity could not explain why a particular number
of co-occurring species have adapted to a given velocity.
Absolute richness is an emergent property of ecosystems
that might not be understandable via reductionist, species-
by-species methods (Brown et al. 2001).

Our basic understanding of species richness within lo-
tic ecosystems might be advanced by combining the mech-

anistic logic of the environmental-flows approach with a
more general, macroecological search for robust species–
flow patterns (sensu Brown 1995). More than 200 flow
subcomponents, or hydrologic indices, have been de-
scribed and applied in environmental-flows research (e.g.,
Richter et al. 1996, Olden and Poff 2003, Konrad 2011),
and these hydrologic indices can be used as predictor
variables in models of aquatic species richness. If consis-
tent, thematic patterns (e.g., correlations between species
richness and the frequency or intensity of flood events)
emerge from multiple empirical studies, they could reveal
common constraints on aquatic biodiversity.

Iwasaki et al. (2012) took a first step in this process by
using hydrologic indices as predictor variables to model
species richness of riverine fishes in a global sample of
72 large rivers. As expected, mean annual flow was a
significant predictor of fish richness. However, 3 hydro-
logic indices—maximum annual proportion of flood-free
days (no. days/365), CV of low flow frequency, and CV
of the Julian date of annual minimum flow—that had not
been associated previously with large-scale gradients in
fish species richness also were significant predictors. By
identifying flow subcomponents that are strongly associ-
ated with fish richness at the global scale, Iwasaki et al.
(2012) may have set the stage to develop a general (i.e.,
not specific to a particular river or fish assemblage), flow-
mediated theory of fish species richness.

I built on the work of Iwasaki et al. (2012) by taking a
critical look at a smaller, more tractable system: native
freshwater fishes in the major rivers of the Pacific North-
west (USA). This focus at this regional scale ensured a
meaningful level of variability in flow subcomponents in
the data (e.g., humid basins west of the Cascades vs arid
interior basins) but eliminated the need to account for
major, categorical disparities (e.g., tropical vs temperate
rivers) that have more to do with historical biogeography
than with contemporary hydrology. Furthermore, a strong
species–discharge relationship, in which mean summer
discharge was the sole predictor variable, was reported for
fishes in 3 Pacific Northwest rivers (John Day, Umpqua,
and Willamette Rivers; McGarvey and Hughes 2008).
Therefore, I expected some associations between flow
subcomponents and fish species richness to emerge from
my analysis.

My specific objectives were to: 1) test the fit of a species–
discharge model with mean annual flow as the sole pre-
dictor of native fish species richness, 2) assess whether
other hydrologic indices perform as well as or better than
mean annual flow in single-predictor models, 3) build
multipredictor (multiple-regression) models of fish species
richness after accounting for multicollinearity among hy-
drologic indices (which is commonly observed in large
sets of hydrologic indices; Olden and Poff 2003), and
4) search for common themes (e.g., magnitude of high-

Volume 33 March 2014 | 19



Figure 1. Histograms of skew for 148 hydrologic indices with-
out (A) and with log10(x)-transformation (B) of index values.

flow events or periodicity of low-flow events) among those
hydrologic indices that stand out as effective predictors of
fish species richness.

METHODS
Data collection

I used 8-digit hydrologic units (HUC-8) from the Na-
tional Watershed Boundary Dataset (USGS 2012) as sam-
pling units. HUC-8s are digital representations of drain-
age basins nested within successively larger basins (e.g.,
the McKenzie River basin, Oregon, is nested within the
Willamette River basin, which is nested within the Colum-
bia River basin) and are readily available in a standardized
format from the US Geological Survey (USGS) (http://
water.usgs.gov/GIS/huc.html). I selected all HUC-8s in the
Pacific Northwest region, including the Columbia River
basin and the coastal rivers of Washington and Oregon.

I characterized flows within HUC-8s with USGS
stream-gauge monitoring data. In each HUC-8, I identi-
fied gauges that were downstream of all major tributaries
within the HUC-8 and were in the immediate proximity
(∼5 stream km upstream or downstream) of the HUC-8
terminus or pour point (where water flows out of the
HUC-8) from a combination of digital stream-gauge, stream-
network, and HUC-8 maps in a Geographic Information
System (GIS). I screened gauges for continuous discharge
records though the end of the most recent water year (Sep-
tember 2012). This process resulted in a set of 89 HUC-8s
with USGS flow data. (See Fig. S1, Table S1 for locations
and descriptive information for each HUC-8.) I down-
loaded daily flow records for each of the selected gauges
through the USGS National Water Information System
(http://waterdata.usgs.gov/nwis/). The median period of
record for continuous flow data at gauges used in my
study was 73 y (maximum = 113 y; minimum = 13 y).

Next, I exported flow data to Indicators of Hydrologic
Alteration software (version 7.1; Richter et al. 1996) to
calculate 148 hydrologic indices. This software was cre-
ated to facilitate ecologically relevant analyses of time-
series of raw flow data (e.g., average daily flows collected
at USGS river gauges). All hydrologic indices are de-
scribed in the Indicators of Hydrologic Alteration User’s
Manual (TNC 2009). I used default software settings, in-
cluding nonparametric statistics (median averages and
percentile-based high- and low-flow thresholds) and an Oc-
tober to September water year in all hydrologic index cal-
culations. Most of the hydrologic indices were strongly
right-skewed in tests of normality (Fig. 1A), so all indices
were log10(x)-transformed to remove the skew and nor-
malize the data (Fig. 1B).

I estimated richness of native fish species in each
HUC-8 with the aid of the NatureServe (2010) native fish
database. This database comprises an extensive collec-
tion of published literature and records from state-level

natural-heritage programs and catalogs all native fish
species (nonnative species are not included) known to
occur in each HUC-8 in the contiguous USA. Numbers
of native species occurring in each HUC-8 were summed
to estimate native fish richness. For HUC-8s downstream
of ≥1 tributary HUC-8, I compiled a single, aggregate
fish species list that included all species in an upstream
HUC-8 (Fig. S2). Thus, I did not double-count species
that occurred in >1 upstream HUC-8 in estimates of spe-
cies richness for downstream HUC-8s. Native fish spe-
cies richness estimates were also strongly right-skewed,
and therefore, log10(x)-transformed prior to analyses.

Data analysis
My study was exploratory, rather than confirmatory

(see Burnham and Anderson 2002), so I initially took a
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simple one-at-a-time iterative approach to search for re-
lationships between hydrologic indices and native fish
species richness. First, I used least-squares regression to
model species richness as an individual function of each
of the 148 hydrologic indices, where log10(richness) = a +
blog10(hydrologic index). Next, residuals from each sig-
nificant (p ≤ 0.05), single-predictor model (primary var-
iables) were compared with all remaining hydrologic indi-
ces (secondary variables). This approach was an intuitive
and tractable way to search for additional links between
hydrology and fish species richness and to begin to gauge
the combined effects of multiple hydrologic indices. How-
ever, I limited formal tests of multipredictor models to
multiple-regression models (see below) because regres-
sions of secondary predictor variables on the residuals of a
primary variable are prone to bias (Freckleton 2002).

I used multiple regression to test the overall fit of each
multipredictor model and the significance of individual
hydrologic indices within them. Hydrologic indices that
did not contribute significant information (i.e., indices
for which p > 0.05) to a given multiple-regression model
were removed. Last, I used an information-theoretic ap-
proach to compare multiple-regression models and assess
which model(s) provided the best approximation of native
fish species richness (Burnham and Anderson 2002). I cal-
culated Akaike Information Criterion (AICc) values ad-
justed for small sample sizes for each candidate multiple-
regression model as

AICc ¼ nlogðRSS=nÞ þ 2K þ 2KðK þ 1Þ
n − K � 1

where n is the sample size, RSS is the residual sum of
squares from a regression model with normally distrib-
uted error and constant variance, and K is the number of
parameters in the model (including the intercept and er-
ror term). I used Akaike weights (wi) to rank the candi-
date models, with the largest wi indicating the most likely
model. wis were calculated as

wi ¼ ðexp½−0:5Δi�Þ
∑R
r¼1expð−0:5ΔrÞ

where Δi is the difference between the ith AICc value (AICc,i)
and the smallest AICc value (AICc,min) in the candidate set
(i.e., Δi = AICc,i − AICc,min), and the denominator of wi is
the sum of the relative likelihoods (exp[–0.5Δi]) for the
complete set of Rmodels.

RESULTS
Eighty-five of the 148 hydrologic indices had a signifi-

cant linear relationship (log10[x]-transformed data) with

fish species richness (Table 1). Of these, 51 were posi-
tively and 34 were negatively associated with fish rich-
ness. Coefficients of determination (r2) for significant
models ranged from 0.04 to 0.33, with a median of 0.19
and a coefficient of variation (CV) of 0.55. A sample
scatterplot of mean annual flow vs native fish richness
(i.e., a basic species–discharge relationship with log10[x]-
transformed data) is shown in Fig. 2A. This relationship
was typical of most of the significant, positive re-
lationships in Table 1. Mean annual flow accounted for a
moderate percentage of the variance in fish species rich-
ness (r2 = 0.30), the linear relationship was highly signifi-
cant (p < 0.01), and the model residuals were randomly
distributed (Fig. 2B).

Results of the residual analyses from the single-
predictor models, where the residuals for native fish rich-
ness were modeled as a function of each of the remaining
hydrologic indices, were mixed. Most of the remaining
hydrologic indices did not provide useful information
when compared with the residuals from single-predictor
models. For example, the median r2 value among all re-
maining hydrologic indices, calculated for the residuals in
native fish richness from each of the significant single-
predictor models (i.e., each median r2 value reflects the
entire population of 146 remaining hydrologic indices for
a given single-predictor model), ranged from <0.01 to
0.12 (Table 1). However, for each single-predictor model,
the best remaining hydrologic index accounted for 8 to
38% of the residual variance in native fish richness, and
in >½ of these instances, it accounted for >20% of the
residual variance (Table 1).

Several hydrologic indices consistently stood out in re-
sidual analyses; e.g., median high pulse count, median
high flow timing, median high flow frequency, median
large flood duration, median large flood rise rate, CV of
high flow frequency, CV of high flow duration, and CV of
small flood timing. Each of these indices tended to ac-
count for ≥10% of the residual variance in single-predictor
models. However, some of these hydrologic indices were
highly collinear and, therefore, could not be combined in
multiple-regression models. In general, correlations among
hydrologic indices that were themselves significant pre-
dictors of native fish species richness (in single-predictor
models) were high: 42% of all pairwise correlation coeffi-
cients (Pearson r) among significant predictors were ≥0.50
(Fig. 3; the complete r matrix for significant predictors is
shown in Table S2). Nevertheless, a useful selection of sig-
nificant, uncorrelated (r < 0.50) hydrologic indices remained
for use in multiple-regression models.

The screening procedure described above (i.e., select-
ing significant individual predictors that were not highly
collinear) resulted in a candidate set of 46 multiple-
regression models. This candidate set of models did not
include all possible combinations of the remaining hydro-
logic indices, nor did it include a global model that incor-
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Table 1. Least-squares regression and residual analysis results for all hydrologic indices that were significant predictors (p ≤ 0.05) of
native fish species richness in single-predictor models. Correlation coefficients (r, absolute values) are shown for all hydrologic indices
that were highly correlated with mean annual flow (MAF) or drainage area at the 0.50 to 0.74 level or the ≥ 0.75 level. The direction
of association between each significant hydrologic index and fish species richness is shown with the linear model coefficient of
determination (r 2) and p-value. Maximum and median r2 values are shown for regressions between the residuals of each significant
hydrologic index (i.e., single-predictor model) and all remaining hydrologic indices (e.g., the maximum and minimum r2 values listed
for MAF reflect r2 values for every other hydrologic index listed when modeled against the residuals from the MAF model). Listing
order is the default ordering of the Indicators of Hydrologic Alteration software. The hydrologic index non-normalized mean annual
flow was redundant with mean annual flow and was not reported.

Correlations with Single-predictor models Residual r2

Hydrologic index MAF Drainage area Direction r2 p Maximum Median

Mean annual flow (MAF) + 0.30 <0.01 0.16 0.01

CV of annual flow |r| = 0.50–0.74 – 0.09 <0.01 0.37 0.05

Flow predictability + 0.05 0.04 0.33 0.06

% of floods in 60-d period – 0.09 <0.01 0.29 0.10

Median October flow |r| ≥ 0.75 + 0.21 <0.01 0.19 0.02

Median November flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.26 <0.01 0.13 0.01

Median December flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.31 <0.01 0.09 0.01

Median January flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.33 <0.01 0.08 0.01

Median February flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.32 <0.01 0.08 0.01

Median March flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.31 <0.01 0.09 0.01

Median April flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.29 <0.01 0.16 0.01

Median May flow |r| ≥ 0.75 + 0.19 <0.01 0.22 0.02

Median June flow |r| ≥ 0.75 + 0.14 <0.01 0.22 0.04

Median July flow |r| ≥ 0.75 + 0.16 <0.01 0.22 0.03

Median August flow |r| ≥ 0.75 + 0.17 <0.01 0.22 0.04

Median September flow |r| ≥ 0.75 + 0.19 <0.01 0.22 0.03

CV of April flow – 0.06 0.03 0.28 0.06

CV of May flow – 0.12 <0.01 0.25 0.05

CV of June flow – 0.14 <0.01 0.25 0.05

CV of July flow – 0.13 <0.01 0.26 0.04

CV of August flow – 0.05 0.03 0.30 0.07

CV of September flow – 0.06 0.02 0.29 0.06

Median 1-d minimum flow |r| ≥ 0.75 + 0.21 <0.01 0.18 0.02

Median 3-d minimum flow |r| ≥ 0.75 + 0.21 <0.01 0.18 0.02

Median 7-d minimum flow |r| ≥ 0.75 + 0.20 <0.01 0.19 0.02

Median 30-d minimum flow |r| ≥ 0.75 + 0.20 <0.01 0.19 0.03

Median 90-d minimum flow |r| ≥ 0.75 + 0.21 <0.01 0.18 0.02

Median 1-d maximum flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.30 <0.01 0.19 0.01

Median 3-d maximum flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.30 <0.01 0.15 <0.01

Median 7-d maximum flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.29 <0.01 0.17 0.01

Median 30-d maximum flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.28 <0.01 0.19 0.01

Median 90-d maximum flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.29 <0.01 0.18 0.01

CV of 1-d minimum flow – 0.09 0.01 0.23 0.06

CV of 3-d minimum flow – 0.08 0.01 0.24 0.06

CV of 7-d minimum flow – 0.07 0.02 0.25 0.06

CV of 30-d minimum flow – 0.05 0.03 0.27 0.07

CV of 90-d minimum flow – 0.07 0.01 0.27 0.06

CV of 1-d maximum flow – 0.12 <0.01 0.36 0.06

CV of 3-d maximum flow – 0.11 <0.01 0.34 0.06
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Correlations with Single-predictor models Residual r2

Hydrologic index MAF Drainage area Direction r2 p Maximum Median

CV of 7-d maximum flow – 0.14 <0.01 0.31 0.05

CV of 30-d maximum flow – 0.13 <0.01 0.28 0.05

CV of 90-d maximum flow – 0.09 0.01 0.29 0.05

Julian date, 1-d maximum flow – 0.05 0.04 0.34 0.12

Median high pulse count + 0.17 <0.01 0.30 0.07

Median high pulse duration – 0.09 <0.01 0.32 0.07

Median high pulse threshold |r| ≥ 0.75 |r| = 0.50–0.74 + 0.31 <0.01 0.16 0.01

Median rise rate |r| ≥ 0.75 + 0.31 <0.01 0.12 0.01

Median number hydrologic reversals + 0.04 0.05 0.30 0.09

Median October low flow |r| ≥ 0.75 + 0.21 <0.01 0.18 0.02

Median November low flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.25 <0.01 0.14 0.01

Median December low flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.29 <0.01 0.11 0.01

Median January low flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.30 <0.01 0.10 0.01

Median February low flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.31 <0.01 0.09 0.01

Median March low flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.31 <0.01 0.10 0.01

Median April low flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.32 <0.01 0.14 0.01

Median May low flow |r| ≥ 0.75 + 0.28 <0.01 0.18 0.01

Median June low flow |r| ≥ 0.75 + 0.22 <0.01 0.20 0.02

Median July low flow |r| ≥ 0.75 + 0.18 <0.01 0.22 0.03

Median August low flow |r| ≥ 0.75 + 0.18 <0.01 0.22 0.03

Median September low flow |r| ≥ 0.75 + 0.21 <0.01 0.21 0.02

CV of February low flow – 0.05 0.04 0.31 0.07

CV of March low flow – 0.06 0.02 0.32 0.07

CV of May low flow – 0.06 0.02 0.32 0.06

CV of July low flow |r| = 0.50–0.74 – 0.11 <0.01 0.30 0.05

CV of August low flow |r| = 0.50–0.74 – 0.12 <0.01 0.26 0.05

CV of September low flow – 0.05 0.04 0.28 0.07

Median Julian date, extreme low flow + 0.05 0.05 0.35 0.11

Median high flow peak |r| ≥ 0.75 + 0.32 <0.01 0.14 0.01

Median high flow duration – 0.04 0.05 0.29 0.08

Median high flow timing – 0.09 <0.01 0.36 0.10

Median high flow frequency + 0.15 <0.01 0.29 0.06

Median high flow rise rate |r| ≥ 0.75 |r| = 0.50–0.74 + 0.33 <0.01 0.08 0.01

Median small flood peak |r| ≥ 0.75 |r| = 0.50–0.74 + 0.29 <0.01 0.14 0.01

Median small flood duration – 0.06 0.02 0.33 0.08

Median small flood rise rate |r| = 0.50–0.74 + 0.28 <0.01 0.17 0.03

Median large flood peak |r| ≥ 0.75 |r| = 0.50–0.74 + 0.30 <0.01 0.12 0.01

Median large flood rise rate |r| = 0.50–0.74 + 0.32 <0.01 0.17 0.04

CV of high flow peak – 0.09 <0.01 0.35 0.07

CV of high flow duration – 0.12 <0.01 0.32 0.11

CV of high flow frequency – 0.04 0.05 0.35 0.08

CV of high flow rise rate – 0.20 <0.01 0.19 0.05

CV of small flood peak – 0.06 0.02 0.38 0.07

High flow threshold |r| ≥ 0.75 |r| = 0.50–0.74 + 0.31 <0.01 0.16 0.01

Small flood minimum peak flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.30 <0.01 0.14 <0.01

Large flood minimum peak flow |r| ≥ 0.75 |r| = 0.50–0.74 + 0.29 <0.01 0.13 0.01

Table 1 (Continued )



porated all remaining hydrologic indices (Burnham and
Anderson 2002). A priori screening based on collinearity
among hydrologic indices precluded the use of a global
model. Instead, the candidate set of models was intended
to represent the major subcomponents of the hydrologic
regime (e.g., flow magnitude vs seasonality, central ten-
dencies vs extreme events; see Richter et al. 1996) with
minimal redundancy while ensuring that collinearity did
not unduly bias the modeling results.

wis indicated that the best multiple-regression model
within the candidate set included 3 hydrologic indices:
median large flood rise rate, CV of 1-d maximum flow,

and CV of annual flow (Table 2; Fig. 4A). Support for all
other models was considerably lower. The next best ap-
proximating model was <½ as likely to be correct, but 2
other models were retained in the confidence set (i.e.,
models with wi values that were within 10% of the largest
wi value; Burnham and Anderson 2002). One included
median large flood rise rate and CV of 1-d maximum flow
(this model was a strict subset of the best approximating
model). The other included mean annual flow, median high
flow timing, and CV of small flood frequency (Fig. 4B).
Each multiple-regression model in the confidence set was
highly significant (p << 0.01) and accounted for a similar
proportion of the variance in fish species richness (r2 =
0.44–0.46; see Table 2).

DISCUSSION
I sought to identify robust associations between native

fish species richness and a large selection of hydrologic
indices in Pacific Northwest rivers. I did so by first model-
ing fish species richness as a function of individual hydro-
logic indices. These single-predictor models provided an
opportunity to identify links between fish species richness
and specific flow subcomponents that have not yet been
recognized. I used multiple-regression models to assess
whether fish species richness is simultaneously influenced
by several hydrologic indices, representing different sub-
components of the flow regime.

Single-predictor models
Strong species–discharge relationships based upon

mean annual flow have been reported previously (e.g.,
Smith and Miller 1986, Xenopoulos et al. 2005, McGarvey

Figure 2. The species–discharge relationship when log10
(mean annual flow) was used as the sole predictor of native fish
species richness at 89 Pacific Northwest 8-digit hydrologic unit
(HUC-8) basins (A) and a plot of the residuals from the mean
annual flow model (B). The least-squares regression model is
shown as a solid line; the model slope, intercept, and coef-
ficient of determination are 0.17, 0.85, and 0.30, respectively.
No systematic bias in model residuals was apparent.

Figure 3. Histogram of paired correlation coefficients (r) for
all hydrologic indices that were significant predictors of native
fish species richness (see Table 1). Correlation coefficients are
shown as absolute values.
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and Ward 2008), and as expected, it was a significant pre-
dictor of native fish richness in Pacific Northwest rivers
(p < 0.01; see Fig. 2). However, several novel and poten-
tially important trends emerged when other hydrologic
indices were used in single-predictor models. First, fish
species richness consistently increased with flow magni-
tude, regardless of the magnitude index being considered
(Table 1). For instance, median January flow, median 1-d
maximum flow, and median April low flow were all signif-
icantly and positively correlated with fish species richness.
Collinearity between mean annual flow and many other
indices of flow magnitude (summarized in Table 1, see
also Table S2) made it difficult to assess whether a partic-
ular aspect of flow magnitude (maximum flow, minimum
flow, average monthly flow, etc.) was the most fundamen-
tal to regional fish assemblages. However, collinearity did
not change the underlying pattern: fish species richness
values are positively associated with higher magnitude
flows.

Second, the strength of the positive association be-
tween flow magnitude and fish species richness varied
among months in a predictable, cyclical manner. For ex-
ample, the relationship with median monthly flow indices
was strongest in January (r2 = 0.33), decreased consis-

tently through June (r2 = 0.14), and increased through
December (Table 1). This trend was the inverse of the
shape of the characteristic hydrograph of most snowmelt
rivers of the Pacific Northwest (Fig. 5). In these rivers,
discharge typically peaks in June and declines quickly to
low levels throughout the winter months (e.g., Miles et al.
2000). (However, rain-dominated coastal rivers at low el-
evations exhibit the opposite temporal pattern.) These cor-
relations between median monthly flow and native fish
species richness that are strongest during the low-flow
winter months raise the question of whether environmen-
tal limitations imposed by low flows act as primary con-
straints on the number of fish species that co-occur in
Pacific Northwest rivers.

Third, native fish richness decreased as the CVs for all
types of hydrologic indices increased (Table 1). For in-
stance, the CV of annual flow, the CV of April flow, the
CV of 1-d minimum flow, and the CV of high flow dura-
tion all had negative regression model slopes. The nega-
tive relationship between multiple indicators of hydro-
logic variability and fish richness is noteworthy because it
may indicate that environmental stability (expressed here
as the inverse of hydrologic variability) also is a key regu-
lator of fish diversity in the Pacific Northwest. The spe-

Table 2. Likelihood-based model selection results. Small-sample adjusted Akaike Information Criterion values (AICc), AIC differences
(Δi), and Akaike weights (wi) are listed for each candidate model. The models are a subset of the complete list, shown in descending
AICc order; only models with wi ≥ 0.01 are shown. Complete models are shown at the top for the 3 models included in the
confidence set (within 10% of the largest wi; see text).

Model AICc Δi wi

log10richness = 0.89 + 0.16log10(median large flood rise rate) – 0.26log10(CV of 1-d maximum flow)
– 0.24log10(CV of annual flow); r2 = 0.46 –322.14 0.00 0.48

log10richness = 0.86 + 0.15log10(median large flood rise rate) – 0.38log10(CV of 1-d maximum flow); r2 = 0.44 –319.67 2.47 0.14

log10richness = 1.43 + 0.19log10(mean annual flow) – 0.21log10(median high flow timing)
+ 0.18log10(CV of small flood timing); r2 = 0.45 –319.20 2.94 0.11

High flow threshold – median high flow timing –317.12 5.03 0.04

Median high pulse threshold – median high flow timing –317.12 5.03 0.04

Median 90-d maximum flow + median high pulse count –316.88 5.26 0.03

Mean annual flow – median high flow timing –316.00 6.14 0.02

High flow threshold + median high pulse count –315.54 6.60 0.02

Mean annual flow + median high pulse count –315.46 6.68 0.02

Median 90-d maximum flow – CV of high flow duration –314.70 7.44 0.01

Median 90-d maximum flow – CV of small flood timing –314.52 7.63 0.01

Median 1-d maximum flow + median high pulse count –314.40 7.74 0.01

Median high pulse threshold – CV of high flow duration –313.88 8.26 0.01

Mean annual flow – CV of high flow duration –313.80 8.34 0.01

Median 90-d maximum flow + median high flow frequency –313.77 8.38 0.01

Median June low flow – median high flow timing + median large flood rise rate –313.64 8.51 0.01

High flow threshold + median high flow frequency –313.06 9.08 0.01

Median high pulse threshold + median high flow frequency –313.06 9.08 0.01
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cific underlying mechanisms are often contested (Ives and
Carpenter 2007), but a positive relationship between envi-
ronmental stability and species richness can be explained
on theoretical grounds (e.g., Huston 1979), and the ba-
sic form of this unidirectional stability–diversity relation-
ship has been demonstrated in both aquatic and terres-
trial ecosystems (see Hughes et al. 2007 and references
therein). Accordingly, the negative correlations between

hydrologic index CVs and fish species richness in my
study suggest that a similar stability–diversity dynamic
may occur in Pacific Northwest rivers.

Multiple-regression models
The multiple-regression models retained in the confi-

dence set corroborated some of the hydrologic index re-
sults from the single-predictor models. In particular, flow
variability was a major influence on fish species richness.
Two of 3 indices in the most likely model were CV indi-
ces, and 3 of the 6 unique indices (i.e., not repeated in
>1) in the confidence set of models were CV indices (Ta-
ble 2). The general importance of flow magnitude was
reiterated by the inclusion of mean annual flow in the 3rd-
most likely model.

The multiple-regression models also highlighted some
associations between flow characteristics and fish species
richness that were not apparent in the single-predictor
models. Most notably, the multiple-regression models in-
dicated that episodic high-flow events, such as periodic
floods and annual maximum flows, may strongly influence
native fish richness in Pacific Northwest rivers. Four of the
6 unique hydrologic indices in the confidence set of models
characterized high flows or floods (Table 2). Median large
flood rise rate characterizes the flashiness of large flood
events, CV of 1-d maximum flow reflects interannual varia-
tion in the highest daily discharge within a given year, me-
dian high flow timing is generally an indication of the time
of year during which daily flows are highest (where the

Figure 4. Plots of observed vs predicted native fish species
richness (log10[x]-transformed data) for the most likely model,
which included median large flood rise rate, CV of 1-d maxi-
mum flow, and CV of annual flow (see Table 2) (A) and the
3rd-most likely model, which included mean annual flow,
median high flow timing, and CV of small flood timing (B). In
each plot, the dashed line indicates perfect (1:1) agreement
between observed and predicted values. The 2nd-most likely
model is not shown because it was a subset of the most likely
model.

Figure 5. Plot of the strength of association, as indicated by
coefficients of determination (r 2), between median monthly
flow and native fish species richness (primary y-axis). A plot of
long-term (1900–1998) mean monthly discharge (Q in m3/s) in
the Columbia River is also shown (secondary y-axis). Discharge
data were collected at a US Geological Survey gauge at The
Dalles, Oregon, USA. The association between median monthly
flow and fish species richness is strongest during the January
low-flow period and weakest during the June high-flow period.
These data were originally presented by Miles et al. (2000) and
are replotted here with permission from John Wiley and Sons.
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upper quartile of all daily flows within a given year are
defined as high flow), and CV of small flood timing reflects
interannual variability in the Julian dates of small flood
events (when river stage exceeds bankfull and the flood-
plain is partially or entirely inundated, but flow magnitude
is less than in large periodic events, such as the 5-y interval
flood) in a given year (TNC 2009).

These associations between high-flow events and fish
species richness were surprising because they seemed to
contradict the previous observation that average monthly
flow and fish species richness are most strongly correlated
during the low-flow winter months (Fig. 5). This per-
ceived conflict could be an artifact of collinearity between
hydrologic indices. For instance, median January flow and
median large flood rise rate were correlated (r = 0.62;
Table S2). However, it also could reflect different life-
history requirements or behavioral dynamics within Pa-
cific Northwest fish assemblages that cannot be accounted
for without using a diverse suite of hydrologic indices. For
example, flows in many Pacific Northwest rivers reach an
annual low in the winter, so median January flow may
reflect an annual bottleneck in the total habitat available
to fishes (particularly nonmigratory species) that are com-
peting for space. In turn, median large flood rise rate may
reflect a tendency for large, flashy flood events to recruit
large woody debris to the stream channel (Bisson et al.
1987), which can in turn provide cover for resident fishes
(Harvey et al. 1999) and augment food availability via
enhanced production of aquatic invertebrates (Anderson
et al. 1984).

Additional research is now needed to sort through
and test the post hoc interpretations discussed above for
single-predictor and multiple-regression models. In turn,
the current results should help in formulating the most
pertinent questions and hypotheses. Therefore, I summa-
rized the most novel results from my study in Table 3.

Flow vs basin area
An interesting question that remains to be addressed

is whether drainage basin area is redundant with hydro-
logic indices or incorporates unique information and
should be included as a separate predictor variable in
flow-mediated models of aquatic species richness. Strong
species–area relationships (basin area vs species richness)
have been reported for multiple systems (e.g., Hugueny
1989, Oberdorff et al. 1995, this study). When total drain-
age basin area (summed for nested HUC-8s; Fig. S2) was
used as an independent predictor of species richness (log10
[x]-transformed data), the resulting model was highly sig-
nificant (p < 0.01) and accounted for 20% of the observed
variance in fish richness (data not shown). However, basin
area was highly correlated with many of the significant hy-
drologic indices (summarized in Table 1), particularly

those that characterized an aspect of flow magnitude (e.g.,
annual averages, monthly averages, flood events, and low-
flow events).

Associations between river basin area and fish species
richness will tend to reflect collinearity between basin area
and flow magnitude. This collinearity should be expected
in any interbasin comparison in which drainage density is
relatively constant because flow magnitude is a function of
catchment size and drainage density (Patton and Baker
1976). However, river basin area also may be correlated
with environmental variables, such as water temperature
and riparian cover, that strongly influence fish but are
largely independent of flow (see below for a discussion of
physicochemical influences on fish richness that are not
flow-mediated). For instance, Iwasaki et al. (2012) found
that basin area contributed nonredundant information to
multiple-regression models of global fish species richness,
most of which included ≥3 hydrologic indices. Thus, basin
area and river flow may be highly associated, but they are
not fully interchangeable.

I made a simple assessment of the importance of ba-
sin area relative to flow by adding total basin area (log10
[x]-transformed) to each of the 3 multiple-regression mod-
els in the confidence set (Table 2). Basin area contributed
a significant (p < 0.05) amount of new information to
each model and improved overall fits, but these improve-
ments were marginal. The coefficients of determination
for the 1st-, 2nd-, and 3rd-most likely models increased by
5, 7, and 3%, respectively. With further testing it might be
possible to isolate specific, mechanistic links between ba-
sin area (or correlates of basin area) and species richness
that are independent of flow. But for the moment, I can

Table 3. Summary of key results and novel insights from the
analyses of single-predictor and multiple-regression models.

Result

1. Fish species richness was positively associated with flow mag-
nitude in Pacific Northwest rivers, and this general trend was
observed for a large number and variety of flow-magnitude
indices (e.g., mean annual flow, median January flow, median
1-d maximum flow, and median April low flow).

2. The strength of the positive association between flow magni-
tude and fish species richness was inversely related to flow
magnitude, with the strongest associations observed during
the low-flow winter months (see Fig. 5).

3. Measures of flow variability (CVs of hydrologic indices) were
negatively correlated with fish species richness, for multiple
types of indices or flow subcomponents (e.g., CV of annual
flow, CV of April flow, CV of 1-d minimum flow, CV of high
flow duration, and CV of small flood peak).

4. Episodic high-flow events (e.g., floods and annual 1-d maxi-
mum flows) stood out as uniquely important in multiple-
regression models of fish species richness.
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say only that basin area accounts for less variability in
Pacific Northwest fish species richness than does mean
annual flow (r2 = 0.20 vs 0.30) and that basin area cannot
be decomposed easily into functional subcomponents in
the way that flow data can.

Addressing collinearity
Collinearity among many of the hydrologic indices (Fig. 3,

Table S2) presented a significant challenge. Collinearity
made it difficult to infer causal links in the single-predictor
model results and limited the selection of predictor vari-
ables that could be combined in multiple-regression mod-
els. This problem could be addressed by using principal
components analysis to reduce a large number of hydro-
logic indices to a small number (2–4) of principal compo-
nent axes, which could be used as latent predictor variables
in species richness models (Dormann et al. 2013). This ap-
proach would account for collinearity but might obscure
mechanistic connections between flow subcomponents and
species richness (Peres-Neto et al. 2003).

Principal component axes also could be used to group
hydrologic indices that convey similar information. Indi-
ces that were most highly associated with each axis (i.e.,
have the highest loadings) could then be identified and
used in species richness models without introducing col-
linearity bias. In this way, one hydrologic index known to
be representative of a subset of indices could be used in
predictive models. Olden and Poff (2003) demonstrated
this approach by using a national (USA) sample of 420
flow gauges to calculate 4 principal component axes and
to list the hydrologic indices with the highest loadings on
each axis. This information provides a flexible tool that
can be used to select small subsets of hydrologic indices
that account for a relatively large proportion of the infor-
mation contained in flow data sets and that potentially
can be applied to any river in the USA. Unfortunately,
their results did not add insight to my analysis. Of the
hydrologic indices that I considered, CV of June flow had
the highest loading on principal component axis I and
median low flow pulse duration had the highest loading
on axis II (for snowmelt and snow-and-rain streams, which
are the dominant stream types in the Pacific Northwest;
see Table II in Olden and Poff 2003), but only CV of June
flowwas significantly associated with fish richness (p < 0.01)
in my study. Median low flow pulse duration is not a sig-
nificant predictor (p = 0.35) of fish richness in Pacific
Northwest rivers.

Structural equation modeling might present a better
solution. Structural equation models can accommodate
collinear predictor variables, each of which may contrib-
ute subtly different pieces of information (Dormann et al.
2013). In a structural equation model of flow and fish
species richness, each flow subcomponent (magnitude,

frequency, duration, timing, and rate of change) could be
represented as a latent variable, with multiple hydrologic
indices influencing each subcomponent. This approach
could be an intuitive and powerful way to identify which
hydrologic indices directly influence fish species richness
and which indices indirectly influence richness through
their effects on other predictors (Grace 2006). Therefore,
building a flow-mediated, structural equation model of
fish richness in Pacific Northwest rivers may be a produc-
tive next step.

A macroecological framework to explore links between
species richness and flow

Perhaps the most obvious limitation of my study is that
I did not include regulators of fish assemblage structure
that are not directly linked to flow. Hydrology is only one
of many factors known to influence lotic fishes. Other
abiotic factors include physicochemical variables, such as
water temperature and salinity, the physical structure of
the river or stream channel, and substrate characteristics.
For example, water temperature directly affects the phys-
iology of individual fishes and can determine where spe-
cies occur at regional-to-continental (Power 1990, Rahel
and Hubert 1991) and highly localized scales (e.g., diel
shifts within a stream; Todd and Rabeni 1989). Physical
habitat structure, including features, such as pool–riffle
sequences, large woody debris, and undercut banks has
been linked to fish species’ occurrences in many lotic sys-
tems (Schlosser 1982, Shirvell 1990, Fausch and North-
cote 1992). Channel substrate can determine microhabitat
distributions for some benthic fishes (Schlosser and Toth
1984), and it often regulates spawning activity (Bjornn
and Reiser 1991, Magee et al. 1996). Biotic interactions,
such as interspecific competition and predation, also can
significantly affect fish species’ distributions (see Ross 1986,
Matthews 1998, Jackson et al. 2001).

A modeling framework that includes only flow indices
as predictor variables cannot account for the composi-
tion or richness of lotic fish assemblages in their entirety,
as was evidenced by the fact that none of the multiple-
regression models explained >46% of the variance in fish
species richness (Table 2). Nevertheless, discounting the
importance of relatively simple flow models on this basis
is unwarranted. Traditional species–area relationships are
also simple models that cannot explain species richness in
its entirety, yet the general pattern is one of the most
indispensable tools in terrestrial ecology and biogeogra-
phy (e.g., MacArthur and Wilson 1967, Rosenzweig 1995).
Furthermore, the large empirical database of species–area
studies has facilitated rigorous meta-analyses, which have
revealed systematic variation within the general pattern
(e.g., Drakare et al. 2006). This ability to quantify variation
within the general pattern is particularly important be-
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cause it creates a repeatable, tiered schedule for analysis:
1) studies of species richness begin by first removing the
effects of area (i.e., standardizing the data), and 2) second-
ary influences can then be modeled and interpreted with-
out the confounding effect of area (Lomolino 2001).

Applying a similar logic, it should now be possible to
build a robust empirical database of associations between
hydrologic indices and richness of fish species and of
other aquatic organisms. User-friendly tools to calculate
suites of hydrologic indices are freely available (e.g., TNC
2009, Konrad 2011), daily time-series of flow data have
been collected and continue to be updated for a large
number of streams and rivers in the USA (Hirsch and
Costa 2004) and abroad (e.g., WCRP 1989), and consoli-
dated, electronic records on the identities and numbers
of aquatic species in lotic ecosystems are quickly becom-
ing more accessible (e.g., Schmidt-Kloiber et al. 2006,
Brosse et al. 2013, USEPA 2013). Once enough empirical
studies have been done, it will be possible to test for system-
atic differences among discrete communities and ecosys-
tems, phylogenetic groups, periods (e.g., El Niño vs La Niña
years), and biogeographic regions. This macroecological
approach can complement the mechanistic, system-specific
emphasis of environmental-flows research by creating a
pattern-then-process framework in which broad-scale pat-
terns in aquatic species richness are identified and the
functional or life-history characteristics of individual spe-
cies are used to explain species’ presences or abundances at
a given location.

My study was motivated by the flow-mediated, macro-
ecological models of Iwasaki et al. (2012). Results from
their global-scale analysis of fish species richness gener-
ally were not congruent with my results for Pacific North-
west fishes, but 2 common themes did emerge: fish
species richness is positively associated with mean annual
flow and negatively associated with the CVs of most hy-
drologic indices. By searching for and quantifying these
types of patterns in other systems, it may be possible to
build a robust theory of species richness in lotic systems.
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FIG. S1.  Map of the 89 HUC-8s used in this study.  Numbers/labels correspond with ‘Map ID’ entries in shown 
in the first column of Table S2.  State boundaries are shown for Washington, Oregon, Idaho, Montana, 
Wyoming, California, Nevada, and Utah. 
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Map ID HUC‐8 HUC Name Part of Columbia River Basin? # of Nested Upstream HUCs USGS Gauge ID USGS Gauge Name Nested Fish Species Richness HUC Area (km2) Total Contributing Basin Area (km2) Mean Annual Flow (m3/s)
1 17010103 Yaak yes 0 12304500 Yaak River near Troy MT 13 2,050.6 2,050.6 23.8
2 17010201 Upper Clark Fork yes 0 12324680 Clark Fork at Goldcreek, MT 11 4,851.1 4,851.1 14.6
3 17010202 Flint‐Rock yes 1 12334550 Clark Fork at Turah Bridge near Bonner, MT 11 4,707.7 9,558.8 35.5
4 17010203 Blackfoot yes 0 12340000 Blackfoot River near Bonner, MT 12 5,982.9 5,982.9 43.9
5 17010204 Middle Clark Fork yes 4 12389000 Clark Fork near Plains, MT 13 5,133.9 28,070.1 550.9
6 17010205 Bitterroot yes 0 12352500 Bitterroot River near Missoula MT 10 7,394.5 7,394.5 63.1
7 17010206 North Fork Flathead yes 0 12355500 North Fork Flathead River nr Columbia Falls MT 12 4,058.0 4,058.0 87.3
8 17010207 Middle Fork Flathead yes 0 12358500 Middle Fork Flathead River near West Glacier, MT 7 2,937.5 2,937.5 80.7
9 17010208 Flathead Lake yes 5 12372000 Flathead River near Polson, MT 13 3,081.8 18,316.8 327.9

10 17010209 South Fork Flathead yes 0 12362500 South Fork Flathead River near Columbia Fall, MT 9 4,336.2 4,336.2 101.8
11 17010211 Swan yes 0 12370000 Swan River near Bigfork, MT 11 1,886.1 1,886.1 32.7
12 17010212 Lower Flathead yes 6 12388700 Flathead River at Perma, MT 14 5,197.0 23,513.8 329.7
13 17010213 Lower Clark Fork yes 10 12392000 Clark Fork at Whitehorse Rapids near Cabinet, ID 16 6,046.4 57,630.3 621.8
14 17010214 Pend Oreille Lake yes 11 12395500 Pend Oreille River at Newport, WA 19 3,141.3 63,312.8 727.2
15 17010215 Priest yes 0 12395000 Priest River near Priest River, ID 12 2,541.2 2,541.2 47.7
16 17010301 Upper Coeur d'Alene yes 0 12413000 North Fork Coeur D Alene River at Enaville, ID 10 2,321.8 2,321.8 52.9
17 17010302 South Fork Coeur d'Alene yes 0 12413470 South Fork Coeur D Alene River near Pinehurst, ID 4 774.3 774.3 14.5
18 17010305 Upper Spokane yes 4 12422500 Spokane River at Spokane, WA 17 1,523.1 11,106.7 186.5
19 17010306 Hangman yes 0 12424000 Hangman Creek at Spokane, WA 12 1,792.9 1,792.9 6.9
20 17010308 Little Spokane yes 0 12431000 Little Spokane River at Dartford, WA 17 1,835.4 1,835.4 8.5
21 17020001 Franklin D. Roosevelt Lake yes 35 12436500 Columbia River at Grande Coulee, WA 28 10,518.6 124,906.0 3,092.0
22 17020003 Colville yes 0 12409000 Colville River at Kettle Falls, WA 14 2,635.3 2,635.3 8.7
23 17020005 Chief Joseph yes 36 12450700 Columbia River below Wells Dam, WA 31 3,467.0 154,475.0 3,141.0
24 17020007 Similkameen yes 0 12442500 Similkameen River near Nighthawk, WA 22 9,270.2 9,270.2 64.5
25 17020008 Methow yes 0 12449950 Methow River near Pateros, WA 24 4,710.8 4,710.8 43.8
26 17020009 Lake Chelan yes 0 12452500 Chelan River at Chelan, WA 19 2,415.1 2,415.1 58.1
27 17020010 Upper Columbia‐Entiat yes 40 12472800 Columbia River below Priest Rapids Dam, WA 34 3,878.9 166,620.0 3,353.0
28 17020011 Wenatchee yes 0 12462500 Wenatchee River at Monitor, WA 25 3,440.9 3,440.9 90.7
29 17020013 Upper Crab yes 0 12465000 Crab Creek at Irby, WA 9 4,810.4 4,810.4 1.7
30 17020015 Lower Crab yes 2 12472600 Crab Creek near Beverly, WA 17 6,425.2 12,831.2 5.6
31 17030003 Lower Yakima yes 2 12510500 Yakima River at Kiona, WA 31 7,525.9 15,926.7 101.4
32 17040104 Palisades yes 4 13037500 Snake River near Heise, ID 13 2,359.0 14,813.9 195.5
33 17040202 Upper Henrys yes 0 13046000 Henrys Fork near Ashton, ID 9 2,839.2 2,839.2 42.9
34 17040203 Lower Henrys yes 2 13056500 Henrys Fork near Rexburg, ID 11 2,915.8 8,641.9 59.7
35 17040204 Teton yes 0 13055000 Teton River near Saint Anthony, ID 5 2,887.0 2,887.0 23.5
36 17040206 American Falls yes 6 13077000 Snake River at Neeley, ID 13 5,590.2 39,932.1 213.2
37 17040207 Blackfoot yes 0 13068500 Blackfoot River near Blackfoot, ID 8 3,290.5 3,290.5 4.9
38 17040208 Portneuf yes 0 13075910 Portneuf River near Tyhee, ID 10 4,342.9 4,342.9 12.3
39 17040212 Upper Snake‐Rock yes 13 13154500 Snake River at King Hill, ID 21 6,597.3 76,167.5 303.0
40 17040213 Salmon Falls yes 0 13108150 Salmon Falls Creek near Hagerman, ID 13 5,679.0 5,679.0 4.3
41 17040218 Big Lost yes 0 13132500 Big Lost River near Arco, ID 3 6,350.2 6,350.2 2.3
42 17040219 Big Wood yes 2 13152500 Malad River near Gooding, ID 9 3,711.1 8,651.0 6.9
43 17040220 Camas yes 0 13141500 Camas Creek near Blaine, ID 4 1,778.5 1,778.5 4.9
44 17050107 Middle Owyhee yes 4 13181000 Owyhee River near Rome, OR 20 3,872.8 20,057.9 26.0
45 17050111 North and Middle Forks Boise yes 0 13185000 Boise River near Twin Springs, ID 8 1,966.9 1,966.9 33.9
46 17050112 Boise‐Mores yes 2 13202000 Boise River near Boise, ID 11 1,607.9 6,956.6 78.5
47 17050114 Lower Boise yes 3 13213000 Boise River near Parma, ID 15 3,441.2 10,397.8 44.3
48 17050116 Upper Malheur yes 0 13215000 Malheur River below Warmsprings Reservoir near Riverside, OR 13 6,288.9 6,288.9 5.4
49 17050121 Middle Fork Payette yes 0 13237920 Middle Fork Payette River near Crouch, ID 3 877.5 877.5 10.4
50 17050122 Payette yes 3 13251000 Payette River near Payette, ID 14 3,171.5 8,574.3 82.9
51 17050123 North Fork Payette yes 0 13246000 North Fork Payette River near Banks, ID 11 2,402.0 2,402.0 37.0
52 17050124 Weiser yes 0 13266000 Weiser River near Weiser, ID (far upstream) 13 4,364.7 4,364.7 29.2
53 17050201 Brownlee Reservoir yes 21 13290450 Snake River at Hells Canyon Dam 33 3,375.3 171,952.0 552.0
54 17060102 Imnaha yes 0 13292000 Imnaha River at Imnaha, OR 17 2,203.0 2,203.0 14.4
55 17060108 Palouse yes 1 13351000 Palouse River at Hooper, WA 14 6,015.5 8,487.4 18.6
56 17060203 Middle Salmon‐Panther yes 3 13307000 Salmon River near Shoup, ID 18 4,714.9 16,403.5 213.2
57 17060206 Lower Middle Fork Salmon yes 1 13310199 Middle Fork Salmon River at Mouth near Shoup, ID 8 3,560.1 7,447.4 77.9
58 17060210 Little Salmon yes 0 13316500 Little Salmon River at Riggins, ID 12 1,493.9 1,493.9 21.6
59 17060302 Lower Selway yes 1 13336500 Selway River near Lowell, ID 11 2,657.5 5,204.8 21.6
60 17060303 Lochsa yes 0 13337000 Lochsa River near Lowell, ID 11 3,058.3 3,058.3 82.3
61 17060305 South Fork Clearwater yes 0 13338500 South Fork Clearwater River at Stites, ID 14 3,051.4 3,051.4 29.6
62 17060307 Upper North Fork Clearwater yes 0 13340600 North Fork Clearwater River near Canyon Ranger Station, ID 15 3,356.3 3,356.3 97.6
63 17070102 Walla Walla yes 0 14018500 Walla Walla River near Touchet, WA 22 4,600.9 4,600.9 16.7
64 17070103 Umatilla yes 0 14033500 Umatilla River near Umatilla, OR 16 6,541.5 6,541.5 14.3
65 17070106 Klickitat yes 0 14113000 Klickitat River near Pitt, WA 19 3,501.6 3,501.6 44.9
66 17070202 North Fork John Day yes 1 14046000 North Fork John Day River at Monument, OR 15 4,787.4 6,839.2 36.7
67 17070203 Middle Fork John Day yes 0 14044000 Middle Fork John Day River at Ritter, OR 12 2,051.8 2,051.8 7.3
68 17070204 Lower John Day yes 3 14048000 John Day River at McDonald Ferry, OR 22 8,155.4 20,534.8 58.4
69 17070306 Lower Deschutes yes 6 14103000 Deschutes River at Moody, near Biggs, OR 24 5,946.0 30,516.8 164.8
70 17090001 Middle Fork Willamette yes 9 14152000 Middle Fork Willamette River at Jasper, OR 22 3,540.4 3,540.4 117.9
71 17090002 Coast Fork Willamette yes 0 14157500 Coast Fork Willamette River near Goshen, OR 20 1,726.2 1,726.2 45.5
72 17090005 North Santiam yes 1 14189000 Santiam River at Jefferson, OR 23 1,979.3 4,675.4 223.1
73 17090010 Tualatin yes 0 14207500 Tualatin River at West Linn, OR 19 1,836.0 1,836.0 41.3
74 17090012 Lower Willamette yes 0 14211720 Willamette River at Portland, OR 29 1,668.0 574,170.3 958.9
75 17100103 Upper Chehalis no 0 12031000 Chehalis River at Porter, WA 26 3,362.3 3,362.3 117.4
76 17100202 Nehalem no 0 14301000 Nehalem River near Foss, OR 17 2,213.5 2,213.5 76.1
77 17100206 Siuslaw no 0 14307620 Siuslaw River near Mapleton, OR 21 2,007.9 2,007.9 57.9
78 17100301 North Umpqua no 0 14319500 North Umpqua River at Winchester, OR 18 3,558.4 3,558.4 106.6
79 17100302 South Umpqua no 0 14312000 South Umpqua River near Brockway, OR 18 4,665.6 4,665.6 79.2
80 17100307 Upper Rogue no 0 14359000 Rogue River at Raygold near Central Point, OR 13 4,183.1 4,183.1 83.1
81 17100308 Middle Rogue no 1 14361500 Rogue River at Grants Pass, OR 14 2,284.4 6,467.5 96.9
82 17100309 Applegate no 0 14369500 Applegate River near Wilderville, OR 11 1,995.3 1,995.3 19.8
83 17100310 Lower Rogue no 4 14372300 Rogue River near Agness, OR 23 2,348.7 13,375.3 165.3
84 17110004 Nooksack no 0 12213100 Nooksack River at Ferndale, WA 21 5,471.8 5,471.8 109.7
85 17110005 Upper Skagit no 0 12194000 Skagit River near Concrete, WA 13 5,207.0 7,103.8 425.0
86 17110006 Sauk no 0 12189500 Sauk River near Sauk, WA 12 1,896.7 1,896.7 36.7
87 17110007 Lower Skagit no 0 12200500 Skagit River near Mount Vernon, WA 24 3,920.1 11,023.8 468.7
88 17110016 Deschutes no 0 12080010 Deschutes River at E Street Bridge at Tumwater, WA 23 442.2 442.2 11.1
89 17110017 Skokomish no 0 12061500 Skokomish River near Potlatch, WA 22 634.5 634.5 34.4

Table S2.  Descriptive information for each of the 89 HUC‐8s used in the study.  'Map ID' numbers correspond with HUC‐8s illustrated in Fig. S1.  'HUC‐8' numbers are the 8‐digit U.S. Geological Survey cataloging numbers.  'Part of Columbia River Basin?' indicates whether a given HUC‐8 is part of the Columbia Basin.  '# 
of Nested Upstream HUCs' shows the number of upstream HUC‐8s that flow into a given HUC‐8; large values are indicative of large, mainstem river segments while zero values indicate headwater systems.  'Nested Fish Species Richness' shows the total number of fish species, inclusive of all upstream contributing HUC‐
8s, that are native to a given HUC‐8 (see Fig. S3).  'HUC Area' is the immediate surface area of a given HUC‐8 in square km.  'Total Contributing Basin Area' is the combined surface area of the immediate HUC‐8 plus all upstream contributing HUC‐8s.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. S2.  Illustration of the nesting process that was used to calculate cumulative fish species richness values.  In 
each of the two upstream basins (X and Y), fish species richness is calculated as the sum of native fish species 
that occur within the basin.  In the downstream basin (Z), species richness is calculated by first creating an 
aggregate fish species list, inclusive of basins X and Y, then summing the total number of species. 
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Table S4.  Pearson correlation (r ) matrix for drainage basin area and all hydrologic indices that were significant (p  ≤ 0.05) predictors of native fish species richness in Pacific Northwest rivers.
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Basin area 1.000
Mean annual flow 0.685 1.000
CV of annual flow ‐0.433 ‐0.502 1.000
Flow predictability 0.213 0.398 ‐0.645 1.000
% of floods in 60‐d period ‐0.221 ‐0.232 0.411 0.184 1.000
Med 1‐d minimum flow  0.558 0.882 ‐0.643 0.637 ‐0.164 1.000
Med 3‐d minimum flow 0.576 0.894 ‐0.661 0.615 ‐0.181 0.996 1.000
Med 7‐d minimum flow  0.586 0.899 ‐0.670 0.598 ‐0.197 0.991 0.998 1.000
Med 30‐d minimum flow  0.602 0.902 ‐0.673 0.556 ‐0.231 0.978 0.990 0.996 1.000
Med 90‐d minimum flow  0.606 0.910 ‐0.658 0.504 ‐0.259 0.966 0.980 0.988 0.996 1.000
Med 1‐d maximum flow  0.557 0.950 ‐0.256 0.293 ‐0.142 0.805 0.808 0.808 0.806 0.819 1.000
Med 3‐d maximum flow  0.578 0.961 ‐0.277 0.306 ‐0.131 0.815 0.820 0.821 0.819 0.831 0.998 1.000
Med 7‐d maximum flow  0.599 0.971 ‐0.304 0.321 ‐0.123 0.827 0.833 0.834 0.833 0.844 0.993 0.998 1.000
Med 30‐d maximum flow  0.624 0.981 ‐0.360 0.364 ‐0.105 0.846 0.853 0.855 0.853 0.862 0.977 0.987 0.995 1.000
Med 90‐d maximum flow  0.632 0.987 ‐0.403 0.387 ‐0.119 0.855 0.863 0.866 0.863 0.872 0.971 0.981 0.990 0.998 1.000
CV of 1‐d minimum flow ‐0.097 ‐0.428 0.307 ‐0.663 ‐0.068 ‐0.670 ‐0.618 ‐0.593 ‐0.553 ‐0.519 ‐0.460 ‐0.453 ‐0.447 ‐0.448 ‐0.444 1.000
CV of 3‐d minimum flow ‐0.107 ‐0.462 0.373 ‐0.697 ‐0.056 ‐0.708 ‐0.668 ‐0.646 ‐0.606 ‐0.572 ‐0.481 ‐0.475 ‐0.471 ‐0.475 ‐0.475 0.978 1.000
CV of 7‐d minimum flow ‐0.106 ‐0.457 0.393 ‐0.697 ‐0.057 ‐0.701 ‐0.663 ‐0.644 ‐0.607 ‐0.573 ‐0.464 ‐0.461 ‐0.458 ‐0.467 ‐0.468 0.961 0.990 1.000
CV of 30‐d minimum flow ‐0.126 ‐0.449 0.420 ‐0.693 ‐0.061 ‐0.701 ‐0.669 ‐0.656 ‐0.627 ‐0.591 ‐0.447 ‐0.445 ‐0.442 ‐0.451 ‐0.453 0.913 0.944 0.963 1.000
CV of 90‐d minimum flow ‐0.136 ‐0.432 0.452 ‐0.693 ‐0.037 ‐0.711 ‐0.684 ‐0.675 ‐0.658 ‐0.628 ‐0.433 ‐0.428 ‐0.423 ‐0.427 ‐0.427 0.828 0.855 0.859 0.915 1.000
CV of 1‐d maximum flow ‐0.094 ‐0.376 0.550 ‐0.553 0.008 ‐0.468 ‐0.468 ‐0.468 ‐0.461 ‐0.454 ‐0.288 ‐0.307 ‐0.330 ‐0.373 ‐0.389 0.400 0.440 0.443 0.444 0.484 1.000
CV of 3‐d maximum flow ‐0.065 ‐0.359 0.533 ‐0.565 0.005 ‐0.458 ‐0.454 ‐0.450 ‐0.440 ‐0.433 ‐0.281 ‐0.298 ‐0.318 ‐0.359 ‐0.375 0.421 0.457 0.461 0.453 0.479 0.975 1.000
CV of 7‐d maximum flow ‐0.041 ‐0.373 0.534 ‐0.554 0.070 ‐0.462 ‐0.458 ‐0.454 ‐0.442 ‐0.436 ‐0.307 ‐0.319 ‐0.335 ‐0.369 ‐0.385 0.429 0.465 0.467 0.455 0.492 0.948 0.974 1.000
CV of 30‐d maximum flow 0.012 ‐0.323 0.484 ‐0.586 0.030 ‐0.403 ‐0.389 ‐0.377 ‐0.352 ‐0.340 ‐0.282 ‐0.287 ‐0.293 ‐0.324 ‐0.345 0.464 0.496 0.495 0.459 0.455 0.853 0.896 0.933 1.000
CV of 90‐d maximum flow 0.031 ‐0.311 0.507 ‐0.607 ‐0.024 ‐0.374 ‐0.365 ‐0.353 ‐0.327 ‐0.312 ‐0.258 ‐0.263 ‐0.270 ‐0.305 ‐0.333 0.402 0.440 0.442 0.406 0.390 0.783 0.821 0.858 0.956 1.000
Julian date, 1‐d maximum flow 0.156 0.031 ‐0.331 0.230 0.104 0.102 0.122 0.136 0.155 0.147 ‐0.134 ‐0.101 ‐0.061 0.001 0.010 0.050 0.015 ‐0.008 ‐0.038 0.014 ‐0.250 ‐0.187 ‐0.111 ‐0.026 ‐0.089 1.000
Med high pulse count ‐0.020 0.158 ‐0.274 ‐0.030 ‐0.699 0.116 0.119 0.124 0.143 0.165 0.180 0.150 0.119 0.076 0.092 ‐0.129 ‐0.142 ‐0.138 ‐0.140 ‐0.189 ‐0.139 ‐0.180 ‐0.253 ‐0.299 ‐0.267 ‐0.319 1.000
Med high pulse duration ‐0.114 ‐0.127 0.368 ‐0.005 0.696 ‐0.151 ‐0.160 ‐0.172 ‐0.196 ‐0.216 ‐0.078 ‐0.059 ‐0.041 ‐0.019 ‐0.038 0.086 0.103 0.115 0.140 0.216 0.009 0.023 0.054 0.032 0.013 0.130 ‐0.823 1.000
Med high pulse threshold  0.672 0.995 ‐0.520 0.393 ‐0.250 0.866 0.879 0.883 0.885 0.895 0.939 0.950 0.959 0.972 0.982 ‐0.406 ‐0.442 ‐0.439 ‐0.428 ‐0.400 ‐0.394 ‐0.381 ‐0.396 ‐0.358 ‐0.352 0.020 0.185 ‐0.141 1.000
Med rise rate  0.607 0.962 ‐0.492 0.369 ‐0.328 0.819 0.832 0.840 0.847 0.857 0.920 0.926 0.931 0.936 0.945 ‐0.417 ‐0.452 ‐0.452 ‐0.445 ‐0.409 ‐0.382 ‐0.370 ‐0.393 ‐0.357 ‐0.348 ‐0.005 0.309 ‐0.264 0.966 1.000
Med number hydrologic reversals 0.412 0.460 ‐0.566 0.218 ‐0.438 0.568 0.591 0.611 0.639 0.651 0.350 0.351 0.356 0.368 0.382 ‐0.212 ‐0.270 ‐0.292 ‐0.360 ‐0.438 ‐0.164 ‐0.159 ‐0.147 ‐0.042 ‐0.023 0.182 0.342 ‐0.580 0.443 0.460 1.000
Med October low flow  0.637 0.921 ‐0.682 0.462 ‐0.324 0.936 0.956 0.966 0.979 0.985 0.811 0.826 0.842 0.861 0.873 ‐0.442 ‐0.494 ‐0.496 ‐0.513 ‐0.542 ‐0.456 ‐0.433 ‐0.437 ‐0.332 ‐0.303 0.151 0.182 ‐0.212 0.910 0.874 0.628 1.000
Med November low flow  0.601 0.921 ‐0.626 0.426 ‐0.338 0.926 0.943 0.952 0.966 0.978 0.844 0.853 0.862 0.871 0.880 ‐0.471 ‐0.518 ‐0.514 ‐0.531 ‐0.586 ‐0.459 ‐0.438 ‐0.454 ‐0.351 ‐0.304 0.055 0.244 ‐0.253 0.908 0.884 0.624 0.983 1.000
Med December low flow  0.589 0.923 ‐0.583 0.382 ‐0.361 0.904 0.919 0.927 0.939 0.955 0.868 0.873 0.877 0.879 0.887 ‐0.467 ‐0.512 ‐0.505 ‐0.514 ‐0.567 ‐0.431 ‐0.417 ‐0.440 ‐0.348 ‐0.296 ‐0.033 0.289 ‐0.278 0.913 0.893 0.611 0.959 0.992 1.000
Med January low flow  0.594 0.927 ‐0.563 0.360 ‐0.363 0.897 0.912 0.918 0.929 0.947 0.879 0.883 0.886 0.885 0.893 ‐0.454 ‐0.499 ‐0.492 ‐0.498 ‐0.546 ‐0.411 ‐0.399 ‐0.423 ‐0.335 ‐0.283 ‐0.061 0.299 ‐0.284 0.918 0.897 0.603 0.950 0.983 0.997 1.000
Med February low flow  0.610 0.933 ‐0.547 0.350 ‐0.351 0.892 0.906 0.911 0.921 0.940 0.890 0.894 0.895 0.893 0.902 ‐0.447 ‐0.491 ‐0.484 ‐0.490 ‐0.533 ‐0.388 ‐0.377 ‐0.400 ‐0.321 ‐0.273 ‐0.068 0.293 ‐0.285 0.926 0.901 0.594 0.940 0.973 0.990 0.997 1.000
Med March low flow  0.606 0.927 ‐0.521 0.354 ‐0.299 0.895 0.907 0.911 0.920 0.939 0.892 0.896 0.896 0.894 0.902 ‐0.472 ‐0.514 ‐0.509 ‐0.515 ‐0.552 ‐0.379 ‐0.369 ‐0.386 ‐0.309 ‐0.260 ‐0.066 0.267 ‐0.270 0.918 0.892 0.594 0.929 0.964 0.981 0.989 0.996 1.000
Med April low flow  0.663 0.988 ‐0.540 0.429 ‐0.228 0.899 0.910 0.913 0.914 0.924 0.936 0.945 0.952 0.964 0.975 ‐0.456 ‐0.497 ‐0.495 ‐0.489 ‐0.474 ‐0.408 ‐0.398 ‐0.410 ‐0.372 ‐0.358 0.006 0.197 ‐0.172 0.989 0.954 0.493 0.926 0.932 0.939 0.945 0.955 0.955 1.000
Med May low flow 0.664 0.982 ‐0.556 0.477 ‐0.171 0.891 0.902 0.906 0.903 0.906 0.914 0.927 0.940 0.960 0.972 ‐0.443 ‐0.484 ‐0.484 ‐0.476 ‐0.440 ‐0.422 ‐0.411 ‐0.414 ‐0.386 ‐0.395 0.099 0.125 ‐0.102 0.985 0.938 0.456 0.907 0.891 0.885 0.887 0.897 0.895 0.982 1.000
Med June low flow 0.669 0.962 ‐0.596 0.514 ‐0.148 0.900 0.915 0.919 0.916 0.915 0.868 0.885 0.904 0.932 0.946 ‐0.433 ‐0.481 ‐0.483 ‐0.478 ‐0.440 ‐0.419 ‐0.398 ‐0.396 ‐0.361 ‐0.381 0.196 0.061 ‐0.071 0.963 0.912 0.462 0.915 0.880 0.858 0.856 0.862 0.859 0.956 0.987 1.000
Med July low flow 0.651 0.927 ‐0.649 0.550 ‐0.161 0.895 0.912 0.918 0.917 0.909 0.808 0.828 0.850 0.885 0.900 ‐0.406 ‐0.460 ‐0.465 ‐0.467 ‐0.433 ‐0.436 ‐0.411 ‐0.410 ‐0.361 ‐0.389 0.252 0.037 ‐0.056 0.927 0.878 0.463 0.916 0.863 0.828 0.821 0.820 0.810 0.913 0.955 0.985 1.000
Med August low flow  0.673 0.915 ‐0.689 0.533 ‐0.237 0.878 0.900 0.908 0.911 0.901 0.779 0.799 0.822 0.855 0.873 ‐0.361 ‐0.414 ‐0.419 ‐0.425 ‐0.400 ‐0.411 ‐0.389 ‐0.387 ‐0.331 ‐0.360 0.230 0.086 ‐0.105 0.917 0.871 0.490 0.924 0.863 0.829 0.822 0.818 0.801 0.897 0.934 0.963 0.989 1.000
Med September low flow  0.688 0.923 ‐0.707 0.522 ‐0.292 0.885 0.905 0.915 0.920 0.913 0.785 0.804 0.825 0.856 0.874 ‐0.368 ‐0.418 ‐0.422 ‐0.429 ‐0.413 ‐0.416 ‐0.399 ‐0.399 ‐0.335 ‐0.354 0.201 0.139 ‐0.159 0.923 0.883 0.529 0.942 0.887 0.856 0.849 0.844 0.825 0.907 0.934 0.956 0.977 0.994 1.000
CV of February low flow ‐0.108 ‐0.267 0.473 ‐0.635 0.081 ‐0.486 ‐0.464 ‐0.460 ‐0.453 ‐0.426 ‐0.223 ‐0.221 ‐0.218 ‐0.218 ‐0.224 0.522 0.512 0.493 0.553 0.702 0.385 0.405 0.424 0.365 0.304 0.051 ‐0.235 0.244 ‐0.234 ‐0.254 ‐0.330 ‐0.410 ‐0.452 ‐0.438 ‐0.414 ‐0.385 ‐0.374 ‐0.287 ‐0.244 ‐0.233 ‐0.254 ‐0.275 ‐0.308 1.000
CV of March low flow ‐0.030 ‐0.154 0.441 ‐0.626 0.068 ‐0.412 ‐0.381 ‐0.369 ‐0.354 ‐0.333 ‐0.124 ‐0.116 ‐0.107 ‐0.106 ‐0.116 0.553 0.540 0.526 0.552 0.701 0.339 0.355 0.367 0.347 0.283 0.121 ‐0.278 0.325 ‐0.128 ‐0.156 ‐0.279 ‐0.284 ‐0.339 ‐0.343 ‐0.333 ‐0.322 ‐0.329 ‐0.211 ‐0.150 ‐0.131 ‐0.129 ‐0.137 ‐0.169 0.879 1.000
CV of May low flow ‐0.240 ‐0.438 0.532 ‐0.653 ‐0.164 ‐0.557 ‐0.557 ‐0.545 ‐0.526 ‐0.506 ‐0.340 ‐0.354 ‐0.371 ‐0.413 ‐0.435 0.383 0.425 0.432 0.418 0.398 0.525 0.544 0.522 0.526 0.571 ‐0.307 ‐0.018 0.003 ‐0.448 ‐0.406 ‐0.203 ‐0.459 ‐0.423 ‐0.386 ‐0.381 ‐0.385 ‐0.402 ‐0.480 ‐0.546 ‐0.566 ‐0.581 ‐0.538 ‐0.506 0.302 0.309 1.000
CV of July low flow  ‐0.448 ‐0.618 0.661 ‐0.667 0.057 ‐0.702 ‐0.718 ‐0.712 ‐0.697 ‐0.665 ‐0.494 ‐0.507 ‐0.524 ‐0.555 ‐0.577 0.397 0.462 0.444 0.449 0.490 0.485 0.474 0.467 0.413 0.461 ‐0.175 ‐0.083 0.112 ‐0.614 ‐0.572 ‐0.378 ‐0.669 ‐0.617 ‐0.585 ‐0.573 ‐0.555 ‐0.535 ‐0.601 ‐0.643 ‐0.684 ‐0.743 ‐0.758 ‐0.754 0.421 0.298 0.566 1.000
CV of August low flow  ‐0.315 ‐0.518 0.546 ‐0.631 0.047 ‐0.657 ‐0.654 ‐0.638 ‐0.612 ‐0.585 ‐0.456 ‐0.459 ‐0.461 ‐0.473 ‐0.497 0.554 0.617 0.614 0.628 0.650 0.398 0.375 0.385 0.384 0.399 ‐0.001 ‐0.159 0.197 ‐0.523 ‐0.487 ‐0.326 ‐0.543 ‐0.556 ‐0.559 ‐0.552 ‐0.559 ‐0.569 ‐0.562 ‐0.549 ‐0.548 ‐0.538 ‐0.531 ‐0.532 0.417 0.469 0.462 0.647 1.000
CV of September low flow ‐0.170 ‐0.433 0.484 ‐0.715 ‐0.071 ‐0.640 ‐0.632 ‐0.618 ‐0.594 ‐0.564 ‐0.397 ‐0.393 ‐0.391 ‐0.404 ‐0.420 0.663 0.727 0.734 0.766 0.752 0.372 0.384 0.378 0.406 0.418 ‐0.059 ‐0.140 0.187 ‐0.423 ‐0.432 ‐0.351 ‐0.482 ‐0.495 ‐0.481 ‐0.472 ‐0.472 ‐0.495 ‐0.490 ‐0.484 ‐0.499 ‐0.496 ‐0.462 ‐0.452 0.463 0.547 0.546 0.553 0.742 1.000
Med Julian date, extreme low flow ‐0.039 ‐0.085 0.027 ‐0.258 ‐0.353 ‐0.155 ‐0.150 ‐0.156 ‐0.153 ‐0.127 ‐0.082 ‐0.095 ‐0.105 ‐0.119 ‐0.108 0.136 0.122 0.112 0.183 0.254 0.174 0.170 0.152 0.084 0.081 ‐0.189 0.335 ‐0.340 ‐0.059 ‐0.007 0.074 ‐0.141 ‐0.118 ‐0.074 ‐0.050 ‐0.028 ‐0.020 ‐0.051 ‐0.082 ‐0.106 ‐0.148 ‐0.148 ‐0.134 0.386 0.184 0.052 0.214 0.062 0.029 1.000
Med high flow peak  0.631 0.988 ‐0.423 0.358 ‐0.199 0.842 0.851 0.854 0.854 0.864 0.969 0.977 0.981 0.985 0.991 ‐0.428 ‐0.458 ‐0.451 ‐0.435 ‐0.406 ‐0.378 ‐0.369 ‐0.389 ‐0.361 ‐0.347 ‐0.042 0.177 ‐0.091 0.990 0.959 0.383 0.873 0.885 0.898 0.905 0.914 0.909 0.978 0.969 0.936 0.890 0.871 0.876 ‐0.221 ‐0.116 ‐0.419 ‐0.568 ‐0.499 ‐0.413 ‐0.073 1.000
Med high flow duration ‐0.197 ‐0.236 0.419 ‐0.144 0.529 ‐0.323 ‐0.330 ‐0.344 ‐0.367 ‐0.379 ‐0.166 ‐0.155 ‐0.147 ‐0.144 ‐0.158 0.222 0.241 0.256 0.296 0.359 0.044 0.043 0.043 ‐0.014 ‐0.021 ‐0.044 ‐0.589 0.861 ‐0.230 ‐0.338 ‐0.700 ‐0.353 ‐0.381 ‐0.376 ‐0.371 ‐0.366 ‐0.364 ‐0.277 ‐0.223 ‐0.220 ‐0.210 ‐0.231 ‐0.272 0.309 0.341 0.091 0.197 0.229 0.314 ‐0.186 ‐0.170 1.000
Med high flow timing 0.211 0.044 ‐0.229 0.099 0.122 0.042 0.078 0.097 0.118 0.108 ‐0.121 ‐0.083 ‐0.037 0.029 0.030 0.266 0.207 0.184 0.160 0.177 ‐0.158 ‐0.115 ‐0.046 0.049 0.020 0.663 ‐0.489 0.347 0.037 ‐0.033 0.083 0.142 0.024 ‐0.060 ‐0.087 ‐0.099 ‐0.112 0.001 0.104 0.200 0.275 0.269 0.231 0.168 0.300 ‐0.225 ‐0.172 0.109 0.104 ‐0.235 ‐0.026 0.173 1.000
Med high flow frequency 0.007 0.180 ‐0.275 ‐0.016 ‐0.698 0.155 0.154 0.158 0.174 0.196 0.208 0.177 0.144 0.099 0.114 ‐0.167 ‐0.172 ‐0.166 ‐0.175 ‐0.230 ‐0.104 ‐0.151 ‐0.225 ‐0.263 ‐0.237 ‐0.340 0.955 ‐0.835 0.202 0.319 0.421 0.199 0.269 0.319 0.329 0.325 0.304 0.222 0.149 0.076 0.042 0.088 0.146 ‐0.270 ‐0.310 0.012 ‐0.088 ‐0.205 ‐0.168 0.289 0.192 ‐0.635 ‐0.520 1.000
Med high flow rise rate  0.467 0.886 ‐0.211 0.200 ‐0.240 0.733 0.732 0.733 0.735 0.754 0.957 0.948 0.934 0.910 0.905 ‐0.463 ‐0.475 ‐0.465 ‐0.451 ‐0.428 ‐0.249 ‐0.259 ‐0.293 ‐0.294 ‐0.259 ‐0.221 0.358 ‐0.249 0.885 0.903 0.367 0.739 0.793 0.828 0.842 0.856 0.860 0.887 0.848 0.787 0.710 0.682 0.694 ‐0.189 ‐0.125 ‐0.279 ‐0.387 ‐0.421 ‐0.387 0.002 0.925 ‐0.290 ‐0.259 0.383 1.000
Med small flood peak  0.562 0.940 ‐0.215 0.252 ‐0.137 0.785 0.788 0.788 0.786 0.799 0.997 0.994 0.987 0.968 0.960 ‐0.442 ‐0.459 ‐0.441 ‐0.422 ‐0.403 ‐0.221 ‐0.214 ‐0.242 ‐0.226 ‐0.205 ‐0.155 0.165 ‐0.068 0.926 0.908 0.341 0.791 0.824 0.850 0.864 0.876 0.880 0.921 0.898 0.853 0.789 0.760 0.765 ‐0.195 ‐0.098 ‐0.307 ‐0.463 ‐0.431 ‐0.371 ‐0.067 0.959 ‐0.158 ‐0.135 0.196 0.955 1.000
Med small flood duration 0.120 ‐0.043 0.081 0.169 0.640 0.061 0.059 0.055 0.035 0.017 ‐0.097 ‐0.061 ‐0.024 0.028 0.017 0.015 0.003 ‐0.013 ‐0.031 ‐0.025 ‐0.071 ‐0.021 0.087 0.201 0.188 0.385 ‐0.812 0.528 ‐0.071 ‐0.187 ‐0.067 ‐0.027 ‐0.091 ‐0.135 ‐0.141 ‐0.130 ‐0.094 ‐0.051 0.013 0.066 0.081 0.034 ‐0.008 0.108 0.094 ‐0.169 ‐0.039 ‐0.011 0.005 ‐0.259 ‐0.084 0.296 0.483 ‐0.773 ‐0.247 ‐0.100 1.000
Med small flood rise rate  0.342 0.710 ‐0.035 0.049 ‐0.299 0.530 0.526 0.523 0.523 0.543 0.840 0.814 0.780 0.726 0.717 ‐0.363 ‐0.359 ‐0.330 ‐0.302 ‐0.282 0.012 ‐0.024 ‐0.092 ‐0.161 ‐0.143 ‐0.420 0.463 ‐0.255 0.704 0.734 0.234 0.536 0.603 0.658 0.681 0.698 0.695 0.700 0.651 0.574 0.496 0.485 0.504 ‐0.138 ‐0.092 ‐0.106 ‐0.256 ‐0.286 ‐0.280 0.079 0.758 ‐0.213 ‐0.432 0.490 0.890 0.855 ‐0.500 1.000
Med large flood peak  0.565 0.909 ‐0.163 0.182 ‐0.177 0.732 0.734 0.733 0.733 0.749 0.976 0.969 0.958 0.932 0.924 ‐0.394 ‐0.402 ‐0.381 ‐0.355 ‐0.334 ‐0.135 ‐0.139 ‐0.179 ‐0.181 ‐0.161 ‐0.220 0.211 ‐0.101 0.896 0.882 0.316 0.747 0.782 0.815 0.833 0.848 0.850 0.888 0.859 0.808 0.741 0.719 0.727 ‐0.161 ‐0.065 ‐0.254 ‐0.415 ‐0.371 ‐0.325 ‐0.028 0.932 ‐0.163 ‐0.190 0.240 0.949 0.985 ‐0.174 0.899 1.000
Med large flood rise rate  0.273 0.587 0.053 0.001 ‐0.261 0.417 0.406 0.399 0.393 0.415 0.736 0.709 0.674 0.616 0.606 ‐0.348 ‐0.333 ‐0.302 ‐0.257 ‐0.236 ‐0.004 ‐0.045 ‐0.118 ‐0.197 ‐0.155 ‐0.435 0.476 ‐0.281 0.586 0.625 0.156 0.401 0.479 0.543 0.571 0.592 0.595 0.585 0.530 0.444 0.354 0.339 0.359 ‐0.086 ‐0.069 ‐0.055 ‐0.136 ‐0.256 ‐0.216 0.126 0.648 ‐0.172 ‐0.514 0.505 0.817 0.749 ‐0.468 0.923 0.814 1.000
CV of high flow peak ‐0.462 ‐0.362 0.786 ‐0.281 0.610 ‐0.358 ‐0.383 ‐0.393 ‐0.405 ‐0.406 ‐0.132 ‐0.144 ‐0.162 ‐0.198 ‐0.245 ‐0.007 0.037 0.054 0.068 0.071 0.247 0.243 0.257 0.247 0.284 ‐0.176 ‐0.458 0.558 ‐0.401 ‐0.409 ‐0.529 ‐0.459 ‐0.408 ‐0.397 ‐0.392 ‐0.391 ‐0.358 ‐0.393 ‐0.396 ‐0.409 ‐0.446 ‐0.517 ‐0.539 0.193 0.167 0.334 0.445 0.377 0.245 ‐0.207 ‐0.303 0.490 ‐0.131 ‐0.461 ‐0.151 ‐0.110 0.278 ‐0.058 ‐0.108 0.003 1.000
CV of high flow duration ‐0.042 ‐0.062 0.084 0.248 0.627 0.038 0.032 0.027 0.009 ‐0.021 ‐0.090 ‐0.065 ‐0.037 0.011 ‐0.003 ‐0.071 ‐0.064 ‐0.069 ‐0.067 ‐0.037 ‐0.091 ‐0.056 0.017 0.066 0.028 0.344 ‐0.787 0.719 ‐0.090 ‐0.185 ‐0.247 ‐0.044 ‐0.101 ‐0.159 ‐0.179 ‐0.189 ‐0.169 ‐0.094 ‐0.009 0.053 0.089 0.033 ‐0.011 0.029 0.079 ‐0.115 ‐0.042 0.078 ‐0.002 ‐0.348 ‐0.095 0.372 0.459 ‐0.769 ‐0.280 ‐0.092 0.666 ‐0.374 ‐0.161 ‐0.460 0.415 1.000
CV of high flow frequency 0.287 0.093 ‐0.126 0.000 0.125 0.085 0.114 0.128 0.137 0.124 ‐0.034 ‐0.005 0.029 0.079 0.077 0.186 0.156 0.149 0.137 0.168 0.102 0.163 0.216 0.325 0.292 0.421 ‐0.627 0.356 0.073 ‐0.008 0.102 0.150 0.071 0.024 0.015 0.014 0.003 0.045 0.098 0.172 0.232 0.227 0.197 0.174 0.278 ‐0.017 ‐0.170 0.072 0.078 ‐0.191 0.029 0.143 0.545 ‐0.642 ‐0.183 ‐0.022 0.553 ‐0.301 ‐0.056 ‐0.380 ‐0.048 0.469 1.000
CV of high flow rise rate ‐0.139 ‐0.386 0.229 ‐0.090 0.468 ‐0.316 ‐0.301 ‐0.299 ‐0.307 ‐0.323 ‐0.415 ‐0.401 ‐0.385 ‐0.357 ‐0.359 0.289 0.260 0.241 0.241 0.309 0.240 0.278 0.325 0.333 0.263 0.268 ‐0.693 0.535 ‐0.397 ‐0.488 ‐0.221 ‐0.334 ‐0.412 ‐0.454 ‐0.450 ‐0.445 ‐0.419 ‐0.396 ‐0.331 ‐0.264 ‐0.209 ‐0.232 ‐0.277 0.349 0.333 0.082 0.126 0.187 0.155 ‐0.070 ‐0.412 0.386 0.383 ‐0.674 ‐0.543 ‐0.402 0.533 ‐0.520 ‐0.408 ‐0.476 0.302 0.568 0.520 1.000
CV of small flood peak ‐0.155 ‐0.386 0.527 ‐0.477 0.042 ‐0.482 ‐0.490 ‐0.496 ‐0.498 ‐0.490 ‐0.280 ‐0.304 ‐0.331 ‐0.371 ‐0.381 0.350 0.392 0.395 0.423 0.451 0.817 0.769 0.718 0.565 0.488 ‐0.367 0.000 ‐0.022 ‐0.387 ‐0.368 ‐0.210 ‐0.495 ‐0.480 ‐0.442 ‐0.421 ‐0.402 ‐0.399 ‐0.400 ‐0.415 ‐0.430 ‐0.456 ‐0.444 ‐0.445 0.352 0.302 0.441 0.463 0.428 0.356 0.210 ‐0.351 0.056 ‐0.261 0.016 ‐0.198 ‐0.223 ‐0.159 0.055 ‐0.108 0.136 0.242 ‐0.208 ‐0.072 0.182 1.000
High flow threshold  0.672 0.995 ‐0.520 0.393 ‐0.250 0.866 0.879 0.883 0.885 0.895 0.939 0.950 0.960 0.972 0.982 ‐0.406 ‐0.442 ‐0.439 ‐0.428 ‐0.400 ‐0.394 ‐0.381 ‐0.396 ‐0.358 ‐0.352 0.020 0.185 ‐0.141 1.000 0.966 0.443 0.910 0.908 0.913 0.918 0.926 0.918 0.989 0.985 0.963 0.927 0.916 0.923 ‐0.234 ‐0.128 ‐0.448 ‐0.614 ‐0.523 ‐0.423 ‐0.059 0.990 ‐0.230 0.037 0.202 0.885 0.926 ‐0.071 0.704 0.896 0.586 ‐0.401 ‐0.090 0.073 ‐0.397 ‐0.387 1.000
Small flood minimum peak flow  0.555 0.950 ‐0.256 0.295 ‐0.139 0.805 0.808 0.808 0.806 0.818 1.000 0.998 0.993 0.977 0.971 ‐0.463 ‐0.483 ‐0.466 ‐0.449 ‐0.435 ‐0.290 ‐0.283 ‐0.309 ‐0.285 ‐0.261 ‐0.134 0.181 ‐0.077 0.938 0.920 0.350 0.810 0.843 0.867 0.878 0.889 0.892 0.935 0.914 0.868 0.807 0.779 0.784 ‐0.224 ‐0.126 ‐0.342 ‐0.494 ‐0.457 ‐0.399 ‐0.081 0.969 ‐0.165 ‐0.122 0.209 0.957 0.996 ‐0.096 0.840 0.975 0.736 ‐0.131 ‐0.089 ‐0.037 ‐0.415 ‐0.282 0.938 1.000
Large flood minimum peak flow  0.565 0.917 ‐0.169 0.199 ‐0.155 0.744 0.746 0.745 0.744 0.759 0.984 0.978 0.968 0.944 0.935 ‐0.405 ‐0.416 ‐0.396 ‐0.373 ‐0.351 ‐0.148 ‐0.148 ‐0.183 ‐0.183 ‐0.165 ‐0.206 0.189 ‐0.083 0.903 0.887 0.315 0.754 0.789 0.819 0.837 0.851 0.855 0.897 0.870 0.821 0.754 0.729 0.736 ‐0.162 ‐0.069 ‐0.264 ‐0.425 ‐0.384 ‐0.334 ‐0.040 0.940 ‐0.155 ‐0.172 0.219 0.952 0.993 ‐0.144 0.888 0.997 0.794 ‐0.099 ‐0.135 ‐0.045 ‐0.401 ‐0.129 0.903 0.984 1.000
Med October flow  0.634 0.904 ‐0.686 0.472 ‐0.318 0.941 0.959 0.970 0.983 0.988 0.794 0.808 0.824 0.844 0.854 ‐0.463 ‐0.514 ‐0.514 ‐0.536 ‐0.582 ‐0.465 ‐0.444 ‐0.448 ‐0.337 ‐0.300 0.148 0.183 ‐0.229 0.889 0.854 0.661 0.995 0.984 0.959 0.948 0.936 0.926 0.911 0.889 0.897 0.897 0.903 0.924 ‐0.446 ‐0.319 ‐0.453 ‐0.667 ‐0.542 ‐0.498 ‐0.159 0.853 ‐0.382 0.133 0.211 0.727 0.774 ‐0.021 0.522 0.729 0.391 ‐0.447 ‐0.040 0.144 ‐0.341 ‐0.497 0.889 0.793 0.736 1.000
Med November flow  0.567 0.905 ‐0.606 0.409 ‐0.357 0.915 0.930 0.939 0.953 0.966 0.840 0.847 0.854 0.859 0.866 ‐0.492 ‐0.534 ‐0.530 ‐0.546 ‐0.604 ‐0.465 ‐0.446 ‐0.467 ‐0.360 ‐0.303 0.019 0.277 ‐0.274 0.892 0.877 0.618 0.971 0.997 0.992 0.984 0.972 0.963 0.918 0.868 0.852 0.831 0.832 0.860 ‐0.474 ‐0.362 ‐0.392 ‐0.593 ‐0.550 ‐0.487 ‐0.117 0.874 ‐0.393 ‐0.023 0.303 0.800 0.820 ‐0.128 0.617 0.779 0.499 ‐0.388 ‐0.129 0.035 ‐0.442 ‐0.482 0.892 0.839 0.785 0.974 1.000
Med December flow  0.538 0.899 ‐0.546 0.350 ‐0.389 0.879 0.890 0.897 0.909 0.927 0.861 0.863 0.864 0.860 0.866 ‐0.487 ‐0.523 ‐0.515 ‐0.520 ‐0.577 ‐0.434 ‐0.423 ‐0.453 ‐0.362 ‐0.295 ‐0.099 0.339 ‐0.304 0.889 0.880 0.589 0.932 0.977 0.993 0.991 0.982 0.972 0.915 0.849 0.813 0.777 0.780 0.813 ‐0.458 ‐0.367 ‐0.334 ‐0.544 ‐0.538 ‐0.453 ‐0.065 0.881 ‐0.381 ‐0.134 0.367 0.837 0.844 ‐0.192 0.680 0.812 0.573 ‐0.365 ‐0.202 ‐0.036 ‐0.504 ‐0.435 0.889 0.860 0.815 0.934 0.986 1.000
Med January flow  0.537 0.889 ‐0.505 0.314 ‐0.385 0.862 0.872 0.877 0.888 0.908 0.868 0.867 0.864 0.854 0.859 ‐0.474 ‐0.509 ‐0.498 ‐0.500 ‐0.562 ‐0.398 ‐0.392 ‐0.425 ‐0.342 ‐0.273 ‐0.157 0.357 ‐0.317 0.879 0.869 0.586 0.907 0.960 0.984 0.989 0.984 0.977 0.910 0.836 0.791 0.747 0.749 0.783 ‐0.441 ‐0.369 ‐0.320 ‐0.517 ‐0.528 ‐0.446 ‐0.033 0.876 ‐0.381 ‐0.192 0.393 0.852 0.854 ‐0.205 0.716 0.830 0.618 ‐0.343 ‐0.233 ‐0.065 ‐0.505 ‐0.394 0.879 0.867 0.831 0.911 0.969 0.993 1.000
Med February flow 0.559 0.880 ‐0.470 0.284 ‐0.348 0.851 0.861 0.864 0.874 0.896 0.868 0.867 0.861 0.849 0.854 ‐0.461 ‐0.495 ‐0.486 ‐0.491 ‐0.546 ‐0.352 ‐0.346 ‐0.376 ‐0.295 ‐0.230 ‐0.157 0.322 ‐0.301 0.868 0.847 0.590 0.887 0.938 0.968 0.980 0.984 0.985 0.908 0.830 0.781 0.730 0.726 0.756 ‐0.397 ‐0.358 ‐0.325 ‐0.485 ‐0.530 ‐0.446 ‐0.005 0.866 ‐0.368 ‐0.200 0.365 0.848 0.858 ‐0.155 0.720 0.836 0.631 ‐0.323 ‐0.228 ‐0.039 ‐0.449 ‐0.364 0.868 0.868 0.838 0.889 0.946 0.972 0.988 1.000
Med March flow  0.575 0.880 ‐0.432 0.278 ‐0.289 0.848 0.854 0.858 0.865 0.888 0.878 0.876 0.871 0.859 0.863 ‐0.479 ‐0.511 ‐0.506 ‐0.509 ‐0.550 ‐0.314 ‐0.308 ‐0.328 ‐0.257 ‐0.197 ‐0.148 0.287 ‐0.290 0.867 0.842 0.593 0.868 0.919 0.949 0.963 0.974 0.984 0.913 0.837 0.786 0.722 0.711 0.739 ‐0.351 ‐0.337 ‐0.322 ‐0.449 ‐0.538 ‐0.464 0.020 0.869 ‐0.368 ‐0.208 0.337 0.863 0.871 ‐0.103 0.725 0.849 0.645 ‐0.291 ‐0.213 ‐0.042 ‐0.430 ‐0.336 0.867 0.877 0.852 0.871 0.924 0.950 0.969 0.990 1.000
Med April flow  0.659 0.964 ‐0.457 0.396 ‐0.150 0.863 0.867 0.869 0.866 0.877 0.929 0.939 0.946 0.958 0.965 ‐0.484 ‐0.515 ‐0.518 ‐0.510 ‐0.464 ‐0.348 ‐0.338 ‐0.345 ‐0.320 ‐0.306 0.010 0.132 ‐0.126 0.962 0.923 0.469 0.865 0.871 0.881 0.890 0.908 0.918 0.974 0.963 0.932 0.871 0.844 0.851 ‐0.218 ‐0.172 ‐0.435 ‐0.512 ‐0.528 ‐0.475 ‐0.024 0.960 ‐0.243 ‐0.019 0.171 0.890 0.921 0.023 0.694 0.888 0.597 ‐0.315 ‐0.061 0.048 ‐0.371 ‐0.351 0.962 0.930 0.899 0.853 0.858 0.859 0.858 0.870 0.899 1.000
Med May flow  0.620 0.936 ‐0.479 0.504 ‐0.008 0.868 0.875 0.879 0.875 0.875 0.879 0.897 0.915 0.943 0.949 ‐0.476 ‐0.514 ‐0.520 ‐0.517 ‐0.472 ‐0.427 ‐0.411 ‐0.399 ‐0.363 ‐0.371 0.194 ‐0.026 0.022 0.931 0.878 0.417 0.858 0.835 0.815 0.812 0.822 0.831 0.933 0.968 0.967 0.931 0.892 0.883 ‐0.219 ‐0.129 ‐0.545 ‐0.580 ‐0.501 ‐0.489 ‐0.149 0.925 ‐0.154 0.199 0.001 0.803 0.863 0.171 0.561 0.809 0.447 ‐0.253 0.137 0.142 ‐0.243 ‐0.428 0.931 0.880 0.826 0.847 0.810 0.774 0.754 0.751 0.775 0.948 1.000
Med June flow  0.613 0.912 ‐0.529 0.534 ‐0.009 0.873 0.885 0.891 0.890 0.884 0.825 0.847 0.871 0.907 0.914 ‐0.446 ‐0.490 ‐0.495 ‐0.497 ‐0.460 ‐0.432 ‐0.405 ‐0.390 ‐0.337 ‐0.359 0.289 ‐0.082 0.050 0.904 0.851 0.410 0.873 0.829 0.793 0.783 0.786 0.789 0.897 0.945 0.973 0.967 0.930 0.913 ‐0.227 ‐0.106 ‐0.575 ‐0.655 ‐0.500 ‐0.478 ‐0.201 0.883 ‐0.154 0.313 ‐0.070 0.725 0.809 0.203 0.477 0.749 0.346 ‐0.276 0.210 0.236 ‐0.165 ‐0.456 0.904 0.825 0.767 0.859 0.799 0.742 0.711 0.698 0.708 0.883 0.973 1.000
Med July flow  0.630 0.913 ‐0.624 0.564 ‐0.119 0.882 0.898 0.904 0.901 0.889 0.799 0.820 0.843 0.878 0.892 ‐0.417 ‐0.466 ‐0.471 ‐0.473 ‐0.437 ‐0.435 ‐0.408 ‐0.404 ‐0.359 ‐0.389 0.267 ‐0.003 ‐0.017 0.911 0.863 0.431 0.894 0.838 0.800 0.792 0.791 0.782 0.893 0.943 0.976 0.995 0.978 0.963 ‐0.257 ‐0.127 ‐0.580 ‐0.736 ‐0.520 ‐0.484 ‐0.181 0.876 ‐0.185 0.295 0.000 0.697 0.781 0.113 0.480 0.730 0.338 ‐0.402 0.135 0.251 ‐0.184 ‐0.454 0.911 0.799 0.745 0.876 0.806 0.750 0.719 0.700 0.693 0.857 0.932 0.973 1.000
Med August flow 0.658 0.896 ‐0.692 0.567 ‐0.217 0.878 0.895 0.903 0.903 0.889 0.759 0.778 0.801 0.836 0.855 ‐0.404 ‐0.454 ‐0.461 ‐0.472 ‐0.433 ‐0.420 ‐0.397 ‐0.393 ‐0.343 ‐0.374 0.252 0.070 ‐0.097 0.895 0.854 0.486 0.905 0.839 0.801 0.793 0.788 0.774 0.876 0.922 0.955 0.985 0.992 0.984 ‐0.287 ‐0.156 ‐0.547 ‐0.763 ‐0.545 ‐0.488 ‐0.157 0.850 ‐0.233 0.278 0.076 0.664 0.739 0.048 0.465 0.695 0.322 ‐0.502 0.059 0.233 ‐0.204 ‐0.449 0.895 0.758 0.706 0.888 0.810 0.753 0.720 0.698 0.685 0.836 0.892 0.932 0.983 1.000
Med September flow  0.685 0.904 ‐0.716 0.539 ‐0.289 0.884 0.902 0.911 0.916 0.906 0.760 0.779 0.802 0.835 0.853 ‐0.392 ‐0.438 ‐0.443 ‐0.455 ‐0.430 ‐0.420 ‐0.404 ‐0.401 ‐0.336 ‐0.353 0.219 0.123 ‐0.153 0.903 0.865 0.536 0.932 0.871 0.837 0.828 0.821 0.803 0.887 0.918 0.944 0.971 0.989 0.995 ‐0.323 ‐0.184 ‐0.500 ‐0.755 ‐0.526 ‐0.458 ‐0.151 0.854 ‐0.277 0.249 0.132 0.669 0.740 0.007 0.476 0.702 0.334 ‐0.536 0.008 0.214 ‐0.259 ‐0.448 0.903 0.759 0.710 0.919 0.845 0.795 0.763 0.736 0.719 0.839 0.875 0.909 0.963 0.989 1.000
CV of April flow 0.030 ‐0.244 0.431 ‐0.542 ‐0.055 ‐0.419 ‐0.411 ‐0.397 ‐0.377 ‐0.374 ‐0.233 ‐0.224 ‐0.213 ‐0.223 ‐0.246 0.477 0.521 0.513 0.495 0.556 0.530 0.565 0.608 0.696 0.710 0.082 ‐0.315 0.178 ‐0.257 ‐0.278 ‐0.221 ‐0.323 ‐0.372 ‐0.380 ‐0.380 ‐0.377 ‐0.394 ‐0.343 ‐0.295 ‐0.269 ‐0.250 ‐0.220 ‐0.227 0.472 0.536 0.500 0.339 0.462 0.583 ‐0.035 ‐0.254 0.210 0.255 ‐0.307 ‐0.244 ‐0.202 0.213 ‐0.207 ‐0.181 ‐0.208 0.219 0.097 0.296 0.225 0.314 ‐0.258 ‐0.235 ‐0.177 ‐0.338 ‐0.381 ‐0.383 ‐0.392 ‐0.392 ‐0.378 ‐0.281 ‐0.254 ‐0.227 ‐0.229 ‐0.215 ‐0.212 1.000
CV of May flow ‐0.062 ‐0.371 0.376 ‐0.675 ‐0.207 ‐0.460 ‐0.437 ‐0.421 ‐0.387 ‐0.360 ‐0.373 ‐0.369 ‐0.365 ‐0.384 ‐0.402 0.551 0.556 0.544 0.501 0.488 0.591 0.606 0.634 0.754 0.790 0.010 ‐0.163 ‐0.060 ‐0.391 ‐0.378 0.008 ‐0.311 ‐0.323 ‐0.318 ‐0.315 ‐0.316 ‐0.334 ‐0.420 ‐0.458 ‐0.439 ‐0.426 ‐0.379 ‐0.355 0.354 0.377 0.659 0.434 0.475 0.508 0.093 ‐0.405 ‐0.012 0.139 ‐0.158 ‐0.353 ‐0.342 0.072 ‐0.286 ‐0.310 ‐0.296 0.149 ‐0.070 0.247 0.165 0.334 ‐0.391 ‐0.376 ‐0.315 ‐0.311 ‐0.321 ‐0.311 ‐0.310 ‐0.296 ‐0.294 ‐0.398 ‐0.455 ‐0.434 ‐0.438 ‐0.400 ‐0.355 0.705 1.000
CV of June flow ‐0.032 ‐0.362 0.382 ‐0.630 ‐0.140 ‐0.457 ‐0.443 ‐0.424 ‐0.381 ‐0.352 ‐0.353 ‐0.352 ‐0.352 ‐0.364 ‐0.384 0.495 0.529 0.514 0.442 0.431 0.549 0.564 0.605 0.696 0.737 0.071 ‐0.155 ‐0.046 ‐0.380 ‐0.364 0.039 ‐0.311 ‐0.304 ‐0.302 ‐0.307 ‐0.304 ‐0.306 ‐0.386 ‐0.434 ‐0.433 ‐0.446 ‐0.411 ‐0.384 0.313 0.328 0.619 0.543 0.508 0.457 0.055 ‐0.381 ‐0.055 0.117 ‐0.148 ‐0.311 ‐0.324 0.085 ‐0.274 ‐0.294 ‐0.289 0.157 ‐0.057 0.215 0.177 0.397 ‐0.380 ‐0.357 ‐0.296 ‐0.305 ‐0.301 ‐0.299 ‐0.304 ‐0.287 ‐0.263 ‐0.345 ‐0.395 ‐0.412 ‐0.457 ‐0.425 ‐0.380 0.592 0.820 1.000
CV of July flow ‐0.220 ‐0.402 0.466 ‐0.531 0.121 ‐0.476 ‐0.469 ‐0.449 ‐0.412 ‐0.382 ‐0.355 ‐0.350 ‐0.345 ‐0.345 ‐0.374 0.414 0.454 0.444 0.423 0.382 0.305 0.322 0.347 0.398 0.454 0.147 ‐0.254 0.159 ‐0.421 ‐0.383 ‐0.152 ‐0.374 ‐0.343 ‐0.353 ‐0.366 ‐0.371 ‐0.360 ‐0.412 ‐0.439 ‐0.434 ‐0.459 ‐0.481 ‐0.486 0.232 0.280 0.377 0.707 0.657 0.535 ‐0.069 ‐0.396 0.083 0.215 ‐0.267 ‐0.308 ‐0.332 0.168 ‐0.322 ‐0.310 ‐0.249 0.375 0.128 0.108 0.150 0.306 ‐0.421 ‐0.357 ‐0.316 ‐0.359 ‐0.334 ‐0.346 ‐0.354 ‐0.353 ‐0.339 ‐0.388 ‐0.345 ‐0.335 ‐0.451 ‐0.510 ‐0.496 0.294 0.431 0.592 1.000
CV of August flow ‐0.286 ‐0.471 0.529 ‐0.727 ‐0.079 ‐0.625 ‐0.620 ‐0.605 ‐0.572 ‐0.527 ‐0.400 ‐0.405 ‐0.410 ‐0.431 ‐0.453 0.582 0.642 0.647 0.678 0.609 0.374 0.349 0.345 0.381 0.438 ‐0.161 ‐0.020 0.033 ‐0.471 ‐0.436 ‐0.243 ‐0.486 ‐0.454 ‐0.430 ‐0.416 ‐0.417 ‐0.422 ‐0.485 ‐0.531 ‐0.563 ‐0.589 ‐0.574 ‐0.556 0.346 0.348 0.517 0.720 0.866 0.752 0.115 ‐0.444 0.104 ‐0.027 ‐0.045 ‐0.320 ‐0.377 ‐0.070 ‐0.219 ‐0.309 ‐0.150 0.316 ‐0.105 ‐0.039 0.023 0.414 ‐0.471 ‐0.402 ‐0.328 ‐0.477 ‐0.435 ‐0.392 ‐0.364 ‐0.359 ‐0.367 ‐0.468 ‐0.515 ‐0.545 ‐0.592 ‐0.620 ‐0.569 0.374 0.492 0.527 0.745 1.000
CV of September flow ‐0.270 ‐0.489 0.569 ‐0.787 ‐0.108 ‐0.710 ‐0.702 ‐0.686 ‐0.654 ‐0.610 ‐0.421 ‐0.424 ‐0.430 ‐0.452 ‐0.471 0.705 0.769 0.766 0.801 0.752 0.442 0.443 0.430 0.447 0.456 ‐0.119 ‐0.037 0.063 ‐0.477 ‐0.461 ‐0.341 ‐0.546 ‐0.532 ‐0.510 ‐0.497 ‐0.494 ‐0.509 ‐0.529 ‐0.542 ‐0.567 ‐0.583 ‐0.561 ‐0.546 0.498 0.509 0.596 0.689 0.770 0.919 0.147 ‐0.458 0.214 0.005 ‐0.071 ‐0.359 ‐0.394 ‐0.081 ‐0.234 ‐0.333 ‐0.160 0.306 ‐0.101 ‐0.035 0.117 0.438 ‐0.477 ‐0.422 ‐0.346 ‐0.560 ‐0.519 ‐0.476 ‐0.459 ‐0.456 ‐0.464 ‐0.508 ‐0.539 ‐0.550 ‐0.577 ‐0.593 ‐0.562 0.558 0.546 0.527 0.609 0.845 1.000
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