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Abstract
1. Widespread hydrologic alteration creates a need for tools to assess ecological
impacts to streams that can be applied across large geographic scales. A regional
framework for biologically based flow management can help catchment managers
prioritise streams for protection, evaluate impacts of disturbance or interventions
and provide a starting point for causal assessment in degraded streams. However, lack of flow data limit the ability to assess hydrologic conditions across a
region.
2. Hydrologic models can address this problem. Regionally calibrated hydrologic
models were used to estimate current and reference flows at 572 bioassessment
sites in southern and central coastal California. Flow alteration was characterised
as the difference in 39 flow metrics calculated from simulations of present-day
and reference flow time-series, calculated under up to four precipitation
conditions.
3. Biological condition was assessed with the California Stream Condition Index
(CSCI) and its components. Logistic regressions were used to predict the likelihood of high scores (i.e. ≥10th percentile of the CSCI reference calibration data).
Statistically significant relationships between increasing severity of hydrologic
alteration and decreasing biological condition were used to set thresholds that
reflected tolerance for risk of a stakeholder advisory group.
4. An index of hydrologic alteration was created by selecting flow metrics based on
their importance for predicting biological response variables in boosted regression tree models. Metrics were selected in the order of decreasing importance,
and no more than two metrics per metric class were selected (i.e. duration, frequency, magnitude, timing and variability). Seven metrics were selected: HighDur
(duration of high-flow events), HighNum (# of high-flow events), NoDisturb (duration between high- or low-flow events), MaxMonthQ (maximum monthly discharge), Q99 (99th percentile of daily streamflow), QmaxIDR (interdecile range
of annual maxima) and RBI (Richards–Baker Index).
5. Applying the index to data from a probabilistic survey, 34% of stream-miles in
southern California were estimated to be hydrologically altered. One of four
management priorities were assigned to each site based on biological condition
and hydrologic status: protection (healthy and unaltered, 52% of stream-miles),
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monitoring (healthy but altered 4%), evaluation of flow management (unhealthy
and altered, 30%) and evaluation of other management (unhealthy but unaltered,
14%).
6. Regionally derived biologically based targets for flow alteration allow catchment
managers to prioritise activities and conduct screenings for causal assessments
across large spatial scales. Furthermore, regional tools pave the way for incorporation of hydrologic management in policies and catchment planning designed to
support biological integrity in streams. Development of regional tools should be
a priority where hydrologic alteration is pervasive or expected to increase in
response to climate change or urbanisation.
KEYWORDS
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1 | INTRODUCTION

can be set. Like IFIM, ELOHA requires extensive flow data to model
biological responses.

Hydrologic alteration of streams is a widespread environmental

Lack of flow data can be a serious challenge for modelling bio-

problem, particularly in arid regions like the Western United States

logical responses to hydrologic alteration, potentially limiting analy-

(Carlisle, Wolock, & Meador, 2010; Grantham, Viers, & Moyle,

ses to gauged sites where biological sampling has occurred. Regional

2014; Konrad, Brasher, & May, 2008). It is also a “master driver”

hydrologic models can overcome this limitation by estimating hydro-

of ecological condition, affecting biology both directly (e.g. elimi-

logic conditions at ungauged sites, opening the door to a wealth of

nating flows that allow fish passage) and indirectly (e.g. by degrad-

data for biological response modelling. For example, Buchanan,

ing habitat or water quality) (Konrad et al., 2008; Poff &

Moltz, Haywood, Palmer, and Griggs (2013) used an HSPF model

Zimmerman, 2010; Poff et al., 1997). Hydrologic alteration may

(i.e. Hydrologic Simulation Program—Fortran; Bicknell, Imhoff, Kittle,

alter biological integrity through multiple pathways, but conversely,

Donigian, & Johanson, 1997) to simulate baseline and current condi-

management of hydrologic alteration may be a more effective way

tions at hundreds of subcatchments in the Potomac River Basin.

of mitigating multiple, confounded stressors; that is, flow manage-

Although the study demonstrated the feasibility of including

ment may mitigate habitat and water quality degradation more

ungauged locations in biological response models in a single basin,

effectively than management options that address either of these

few studies have developed flow–ecology relationships at regional

problems alone. But to manage flows effectively, resource man-

scales across diverse hydrological settings spanning multiple river

agers need a set of flow targets that are likely to support desired

basins. Sengupta et al. (in review) created a set of simple Hydrologic

goals, like survival of endangered species or preservation of bio-

Engineering Center-Hydrologic Modeling System (HEC-HMS) models

logical integrity.

that can be matched to diverse catchments throughout coastal

Growing concern about the problem of how to develop regional

southern California based on catchment similarities between

flow targets has fostered a variety of analytical approaches to

ungauged sites and calibration gauges. This set of models, or ensem-

assessing the ecological impacts of hydrologic alteration or to set

ble, allows estimation of hydrologic conditions (under present-day

management targets aimed at protecting or restoring stream health.

and historical land use) for a large number of ungauged sites in the

For example, habitat suitability models such as instream flow incre-

region.

mental methodology (IFIM; Gore and Nestler 1988) simulate the

A number of studies have addressed the challenge of characteris-

availability of critical habitats under different flow conditions. Often,

ing hydrologic alteration at ungauged streams (e.g. DeGasperi et al.,

these site-specific approaches are both time- and data-intensive,

2009; Patrick & Yuan, 2017; Richter, Baumgartner, Powell, & Braun,

requiring extensive flow data to calibrate numerous model parame-

1996; Sanborn & Bledsoe, 2006). The challenge is twofold: estimat-

ters at each site of interest. They require a strong understanding of

ing present-day conditions and estimating departures from historic

species–habitat relationships, which can be particularly challenging

or reference condition. Several studies have had success with a

for applications concerning multiple species. The ecological limits of

“space-for-time” approach by extrapolating conditions at reference

hydrologic alteration (ELOHA, Poff et al. 2010) approach offers

gauges as surrogates for historic conditions at disturbed sites (e.g.

another way to set protective targets across hydrologically diverse

DeGasperi et al. 2009; McManamay, Orth, Dolloff, & Mathews,

regions like southern California. Within the ELOHA framework, com-

n, 2016). A potential pitfall with this approach,
2013; Solans & Jalo

munity-level biological responses to hydrologic alteration are evalu-

however, is that there may be few reference gauges, and they may

ated within specific hydrologic contexts so that appropriate limits

poorly

represent

certain

settings

(like

small,

high-elevation
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catchments), obscuring meaningful relationships or reducing confi-

for at least a portion of the year. Streams in these undeveloped por-

dence in their regional applicability. Without the ability to acquire

tions are mostly intermittent or ephemeral, although short lengths of

new long-term flow data from reference sites, this approach may

perennial streams can be found near surficial bedrock or spring

not be workable in heterogeneous regions that span large gradients

sources. Much of the region is comprised of young, erodible sedi-

of climate, elevation, slope or rainfall, even where biological refer-

mentary geology.

ence data are abundant. Historic flow data, if available, could help
set targets, although climate change may introduce additional
challenges.
Although many different biological indicators may be used to
assess the impacts of hydrologic alteration, approaches that use integrative multispecies endpoints (such as indices of biotic integrity

2.2 | Data production and analysis
2.2.1 | Setting targets for hydrologic alteration and
creating an index

based on benthic macroinvertebrates or multispecies fish assem-

We followed three steps to set targets for hydrologic alteration: (1)

blages) offer advantages over approaches that rely solely on single-

estimate biological alteration, (2) estimate hydrologic alteration and

species endpoints (such as population size of a single species).

(3) model the biological response to hydrologic alteration (Figure 1).

Assemblage-level indicators integrate the wide variety of stressors to

The first step was accomplished by comparing benthic macroinverte-

which they are exposed over time (Carlisle, Nelson, & May, 2016;

brate species and metric values observed at sites to expectations

Kennen, Riva-Murray, & Beaulieu, 2010; Poff & Ward, 1989), and

under reference conditions. The second step was accomplished by

they are increasingly used to set management objectives (e.g. biolog-

comparing flow metric values estimated from present-day conditions

ical criteria, US EPA 1990). Understanding how flow alteration

with values estimated from historic (i.e. reference or undeveloped)

affects biological indices enables managers to plan restorations that

conditions. The third step was accomplished by predicting the likeli-

bring impaired sites into compliance or avoid activities that lead to

hood of good biological conditions (i.e. CSCI scores and bioassess-

degradation. Benthic macroinvertebrate assemblages are commonly

ment metrics similar to reference) along a gradient of hydrologic

used in ELOHA applications (e.g. DePhilip & Moberg, 2010; Solans &

alteration; this step allows the setting of targets based on acceptable

n, 2016), resulting in tools that can be used in naturally fish-free
Jalo

reductions in likelihood of good conditions, relative to the frequency

streams, as well as in streams where tools designed for individual

of good conditions at hydrologically unaltered sites. Once targets

species may also be inappropriate.

were established, flow metrics were then selected for inclusion in an

We applied an ensemble of simple rainfall–runoff models from
Sengupta et al. (in review) to hundreds of ungauged bioassessment

index of hydrologic alteration based on their influence on biological
response variables.

sites in southern California to (1) evaluate the relationships between
hydrologic alteration and biological condition, (2) recommend flow

Estimation of biological condition

metric targets associated with healthy streams (i.e. ecological limits

Bioassessment data were collected at 572 unique sites in southern

of hydrological alteration, Poff et al. 2010), (3) combine metrics with

California under a variety of programmes between 2000 and 2014

strong influence on biological condition into a hydrologic alteration

(Figure 2). Benthic macroinvertebrates were sampled according to

index, (4) evaluate the regional extent of hydrologically altered

Ode (2007) under baseflow conditions (typically between May and

streams and (5) prioritise management actions for each site in the

July). Samples were scored with the California Stream Condition

data set based on hydrologic condition and biological condition.

Index (CSCI) following Mazor et al. (2016). The CSCI is a predictive

These analyses demonstrate the value of regionally applicable targets

index that compares observed taxa and metrics to values expected

for hydrologic alteration and illustrate a path forward for assessing

under reference conditions based on site-specific landscape-scale

and managing a widespread environmental problem.

environmental variables, such as catchment area, geology and climate. Therefore, the CSCI is a measure of biological alteration. The

2 | METHODS
2.1 | Study area

CSCI includes two components: a ratio of observed-to-expected taxa
(O/E) and a predictive multimetric index (MMI) made up of six metrics related to ecological structure and function of the benthic
macroinvertebrate assemblage (Table 1). Predictive indices like the

Southern coastal California has a Mediterranean climate, with hot,

CSCI and its components are designed to have minimal influence

dry summers, and cool, wet winters. Intermittent streams are typical

from major natural gradients, and they can therefore be used as a

of the region. Much of the coastal, lower elevation areas have been

measure of biological conditions with a consistent meaning in differ-

converted to agricultural or urban land use, where water importation,

ent environmental settings (Hawkins, Olson, & Hill, 2010; Reynold-

runoff and effluent discharges have perennialised many naturally

son, Norris, Resh, Day, & Rosenberg, 1997). California Stream

intermittent or ephemeral streams (Mazor, Stein, Ode, & Schiff,

Condition Index scores and scores for each component were classi-

2014); however, most of the upper elevations of catchments remain

fied as indicating good or bad biological condition, using the 10th

undeveloped, with chaparral, grassland and oak or pine forest land

percentile of reference calibration scores as a threshold (Table 1,

cover. Streams in the highest elevations regularly receive snowmelt

Mazor et al., 2016).
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Estimate hydrological alteration
(∆H)
GIS-derived
catchment
characteristics

GIS-derived
predictors

GIS-derived
precipitation data

Select and update hydrologic model
Observed
biology

Predicted
biology
Present-day
flow timeseries

Reference
flow timeseries

Present-day
flow metrics

Reference
flow metrics

CSCI score and components

Calculate ∆H

Model responses to set targets
Models of probability of good
biology along decreasing gradients
(∆H ≤ 0)

Models of probability of good
biology along increasing gradients
(∆H ≥ 0)

Drop unsuitable models

Drop unsuitable models

Set targets for ∆H

Set targets for ∆H

Select most
conservative target

Select most
conservative target

Set of flow metrics with targets for ∆H in increasing
and/or decreasing directions

Rank metrics by influence on biological
response variables

Select top-ranked metrics by class

F I G U R E 1 Workflow to establish
targets for hydrologic alteration and create
an index

Creation of a hydrologic alteration index

Estimation of hydrologic alteration (ΔH)

from the ensemble was selected to estimate flows under present-

Hydrologic alteration was estimated at ungauged bioassessment sites

day and reference conditions at an ungauged site based on similari-

using an ensemble of 26 HEC-HMS models developed as part of the

ties in basin properties. This ensemble obviates the need to develop

regional flow-ecology analysis (Sengupta et al. in review). conditions.

a unique model for new sites.

HEC-HMS can produce hourly flow data through parameterisation

Of the 100+ flow gauges in the region, 32 were selected for cali-

of a relatively small number of variables in the model (HEC-HMS

brating HEC-HMS models based on the availability of long-term,

manual version 4.2, Scharffenberg, 2016). Inputs used to develop

continuous hourly records of flow data, paired with hourly rainfall

and parameterise the models are grouped in three categories: (1)

data from nearby rain gauges. Each model was calibrated for four

catchment-specific data (e.g. area and imperviousness), (2) site-speci-

criteria: a visual match between the observed and predicted hydro-

fic data (e.g. observed flow, precipitation) and (3) model-specific

graph, high Nash–Sutcliffe efficiency (NSE; Nash & Sutcliffe, 1970),

parameters (e.g. initial loss, number of reservoirs). Briefly, 26 hydro-

high R2 between observed and predicted per cent low-flow days,

logic models were calibrated for gauges throughout the region to

and high R2 between observed and predicted Richards–Baker Index

represent the range of catchment conditions. One of the 26 models

of flashiness. These criteria were selected based on relevance for
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Locations of bioassessment sites (a) and flow gauges (b) used to develop models. Inset shows the study area within California

T A B L E 1 Thresholds based on the normal approximation of the
10th percentile of reference calibration scores used to develop the
California Stream Condition Index (CSCI, Mazor et al., 2016).
Approximations were calculated from the reference mean and
standard deviation using the qnorm function in R (R Core Team,
2016). MMI: Multimetric index. O/E: Observed-to-expected taxa.
EPT: Ephemeroptera, Plecoptera and Trichoptera
Biological response
variable

Mean

SD

CSCI

1

0.16

MMI

1

O/E

membership of novel sites based on catchment characteristics (e.g.
impervious cover, urban and agricultural land cover, soil erodibility
and road density). This random forest model was then used to estimate the statistical proximity (i.e. the frequency with which a novel
site was assigned to the same cluster as each calibration gauge). The
most proximal gauge was then assigned to each ungauged site.
To generate hourly discharge time-series data for each bioassess-

Threshold

Per cent above
threshold

ment site, the assigned HEC-HMS models were run with up to

0.79

43

23 years of precipitation data (1990–2013). Outputs from 6 years

0.18

0.77

34

representing three climate conditions (i.e. 2 wet, 2 average and 2 dry

1

0.19

0.76

58

years) were randomly selected to calculate metrics; restricting analy-

Clinger Per cent Taxa
score

0.72

0.17

0.49

36

ses to 6 years was required because many sites lacked hourly pre-

Coleoptera Per cent
Taxa score

0.60

EPT Per cent Taxa
score

0.74

0.16

0.54

29

Intolerant Per cent
score

0.47

0.25

0.15

97

Shredder Taxa score

0.54

0.24

0.23

90

Taxonomic Richness
score

0.67

0.20

0.41

72

cipitation data necessary to run the models for more years.
0.21

0.32

42

Hydrographs were generated under present-day as well as reference
conditions (estimated by setting effective impervious cover and initial loss model parameters to levels typical of undeveloped conditions). This approach does not account for certain types of
hydrologic alterations, such as diversions, dam operations or interbasin transfers beyond their association with impervious cover, but
is sufficient for estimating general levels of hydrologic alteration.
Hourly flow data were aggregated to daily flow data, and a suite
of flow metrics (Table 2) was calculated for both present-day and
reference conditions. The flow metrics in Table 2 were included in

supporting the instream biological communities (Konrad and Booth

the analysis because they had a plausible relationship with instream

2005). Models were calibrated for a 3-year period (2005–2007) that

biology, because they captured a hydrologic property that was rele-

included a wet, average and dry year. Of these 32 models, 26

vant to catchment managers and because metric values calculated

showed satisfactory performance (e.g. NSE > 0.5) and were included

from modelled flow were similar to metrics calculated from observed

in the ensemble. The six dropped models were calibrated at gauges

flow at calibration gauges (i.e. R2 > .25). Metrics were assigned to

influenced by dam operations, diversions and other forms of hydro-

one of five metric classes: duration, frequency, magnitude, timing

logic alteration that are poorly captured by simple rainfall–runoff

and variability. 36 metrics were calculated under wet, normal and

models.

dry overall conditions using 2 years of precipitation data for each cli-

To assign a flow model to an ungauged site, cluster analysis was

matic condition, as well as under overall conditions using all 6 years

used to identify groups of hydrologically similar calibration gauges.

of precipitation data. Three metrics (specifically, those related to

First, a suite of flow metrics was calculated from observed daily flow

interannual variability) were calculated under overall conditions

data from the calibration period (Table 2). Flow metric values were

alone, because these metrics could not be meaningfully estimated

then rank-transformed, and ranks were used as input into a principal

from 2 years of precipitation data. This process yielded an initial set

components analysis. The first eight components (representing 95%

of 147 metric–precipitation combinations. Of these, 26 metric–pre-

of the total variance) were then used in a flexible-beta cluster analy-

cipitation combinations were eliminated because the models had a

sis (b: 0.25), based on Euclidean distance. Eight clusters were iden-

poor ability to predict observed values. Most (57%) of the remaining

tified, and a random forest model was developed to predict cluster

121 metric–precipitation combinations had R2 > .4, with magnitude
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T A B L E 2 Flow metrics, descriptions and results of analysis. Precipitation conditions are indicated by columns marked O (overall), W (wet), A
(average) and D (dry). Grey cells indicate that the metric was analysed under the indicated precipitation conditions. Shaded cells with numbers
indicate that the indicated precipitation condition had greater importance for predicting biological response variables than other precipitation
conditions of the given metric. Underlined/boldfaced metric names indicate that the metric was selected for inclusion in the index of
hydrologic alteration. The value in the cell indicates the correlation coefficient (R2) between observed and expected metric values at calibration
sites. Imp: Average importance of the indicated metric–precipitation condition combination in predicting biological response variables. Dec:
Target for hydrologic alteration in the decreasing direction. Inc: Target for hydrologic alteration in the increasing direction. ND: No data (i.e.
<30 sites along stressor gradient). NS: No significant relationship in the expected direction
Metric

Unit

Description

O

W

HighDur

Days/
event

Median annual longest number of consecutive days
that flow was greater than the high-flow threshold

Hydroperiod

Proportion

Fraction of period of analysis with flows

LowDur

Days/
event

Median annual longest number of consecutive days
that flow was less than or equal to the low-flow
threshold

NoDisturb

Days

Median annual longest number of consecutive days
that flow between the low- and high-flow threshold

Per_LowFlow

Proportion

Per cent of time with flow below 0.0283 m3/s

FracYearsNoFlow

Proportion

Fraction of years with at least one no-flow day

HighNum

Events/
year

Median annual number of continuous events that flow
was greater than the high-flow threshold

MedianNoFlowDays

Days/year

Median annual number of no-flow days

MaxMonthQ

m3/s

Maximum mean monthly streamflow

MinMonthQ

m3/s

Minimum mean monthly streamflow

Q01

m3/s

1st percentile of daily streamflow

Q05

m3/s

5th percentile of daily streamflow

Q10

3

m /s

10th percentile of daily streamflow

Q25

m3/s

25th percentile of daily streamflow

Q50

3

m /s

50th percentile of daily streamflow

Q75

m3/s

75th percentile of daily streamflow

0.70

Q90

3

m /s

90th percentile of daily streamflow

Q95

m3/s

95th percentile of daily streamflow

Q99

m3/s

99th percentile of daily streamflow

A

D

Imp

Dec

Inc

Duration
32

2.9

79

ND

0.03

0.32

48

69.3

2.31

0.38

22

63.8

0.96

68

2.7

0.33

118

ND

32

ND

91

211.6

0.47
0.49

24.2

NS
0.28

Frequency

0.33
0.37

ND
2.9
ND

Magnitude

3

0.82

NS

1.27

36

4

0.011

0.190

64

0.012

53

0.012

0.71

54

0.012

NS

0.73

45

0.012

NS

0.68

45

0.014

0.39

35

0.005

0.48

0.73

30

0.007

0.80

25

0.011

14.4

13

0.006

32.4

0.39
0.75
0.89

0.95

NS
0.04

4.63

Qmax

m /s

Median annual maximum daily streamflow

0.85

13

ND

6.3

Qmean

m3/s

Mean streamflow for the period of analysis

0.89

13

ND

0.14

QmeanMEDIAN

m3/s

Median annual mean daily streamflow

0.99

17

0.668

Qmed

m3/s

Median annual median daily streamflow

0.68

23

0.303

NS

Qmin

m3/s

Median annual minimum daily streamflow

0.74

31

0.616

NS

C_C

Ratio

Colwell’s constancy (C), a measure of flow uniformity.

88

0.074

NS

C_CP

Ratio

Colwell’s maximised constancy (C/P). Likelihood that
flow is constant throughout the year

0.81

76

0.066

NS

C_M

Ratio

Colwell’s contingency (M). Repeatability of seasonal
patterns.

0.76

89

0.057

0.035

C_MP

Ratio

Colwell’s maximised contingency (M/P). Likelihood
that the pattern of high- and low-flow events is
repeated across years.

0.81

62

NS

0.066

C_P

Ratio

Colwell’s predictability (P=C+M). Likelihood of being
able to predict high- and low-flow events

88

0.032

0.019

1.6

Timing
0.66

0.41

(Continues)
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(Continued)

Metric

Unit

Description

MaxMonth

Month

Month of maximum mean monthly streamflow

O

MinMonth

Month

Month of minimum mean monthly streamflow

QmaxIDR

m3/s

Difference between 90th and 10th percentiles of
annual maxima

QmeanIDR

m3/s

QminIDR

W

A

D

Imp

Dec

Inc

106

0.4

106

0.4

1.3

0.85

9

4.5

2.4

Difference between 90th and 10th percentiles of
annual means

0.88

11

NS

0.053

m3/s

Difference between 90th and 10th percentiles of
annual minima

0.71

50

0.02

RBI

Unitless

Richards–Baker Index (flashiness)

SFR

Proportion

90th percentile of per cent daily change in streamflow
on days when streamflow is receding (storm-flow
recession)

0.77
0.34

NS

Variability

0.64
0.75

10

NS

18

0.70

NS
0.23
NS

metrics generally having higher R2 (up to 0.92; Table 2). For each

ΔH 6¼ 0) were dropped from further analysis. Models where the

metric–precipitation combination, hydrologic alteration (ΔH) was

coefficient term was not significant (p > .05), or if the relationship

characterised as differences between metric values calculated under

was in the wrong direction (e.g. good biological conditions are more

present-day and reference condition. Magnitude metrics were nor-

likely when hydrologic alteration increases), were also dropped from

malised by dividing the difference by the reference metric value or

further analysis, as these models do not support setting targets for

by 0.0283 m3/s (i.e. 1 cfs), whichever was larger.

flow alteration.

Model validation addressed both temporal and spatial factors

For the remaining metrics, targets were established at the level

that affect model performance. For temporal validation, the cali-

of alteration where the probability of poor biology was double the

brated models were run for years outside of the calibration period

probability where ΔH is 0. This choice to set targets at twice the

(i.e. 2007–2010) and matched with the observed flow data. In all

probability was selected by a group of stakeholders and catchment

cases, model performance (as measured by NSE) during the valida-

managers involved in a case study application of flow-ecology man-

tion period was within 15% of performance during the calibration

agement tools (Stein et al., 2017). This group wanted a target that

period. For spatial validation, each modelled gauge was treated as an

reflected their tolerance for risk of poor biology, but could be

ungauged site, and the remaining 25 models were each used to pre-

adjusted for applications where tolerance was lower. Because targets

dict flows at that site. The models were fitted to the “ungauged” site

were derived for up to nine biological response variables, the most

by inputting catchment-specific data and model-specific parameters,

conservative target (i.e. ΔH closest to zero) was selected as the rec-

but without changes to the model-specific parameters. These simula-

ommended target, because it would be the most protective of

tions were run for the 3-year calibration period. Of the 26 models,

stream health. The glm function in R, with a binomial error distribu-

18 validated well (i.e. NSE > 0.5, Moriasi et al. 2007) when used to

tion and a logit-link function (R Core Team, 2016), was used for all

predict flows at five or more of the other gauged locations, suggest-

analyses.

ing that certain models could transfer well to other locations in the
region. Moreover, the best five flow models were assigned to 46%

Selection of hydrologic metrics and development of a

of the bioassessment sites in the data set, suggesting that models

hydrologic alteration index

that transferred poorly had a small impact on the study. Additional

Metrics were selected based on the ranked strength of their rela-

validation results are presented in Sengupta et al. (in review).

tionship with biological condition. Boosted regression trees (BRTs)
were generated to predict each of the nine biological response vari-

Modelling biological response to set targets

ables based on the full suite of 121 flow metric–precipitation condi-

To calculate targets for hydrologic alteration, we developed logistic

tion combinations. BRT models were run using the gbm package in

regression models to predict the probability of low CSCI scores or

R (Ridgeway, 2015) and with specific code from Elith, Leathwick,

biological metric values (henceforth referred to as “biological

and Hastie (2008). Each BRT model was developed with the follow-

response variables”) along gradients of ΔH. Models were evaluated

ing parameter settings: we used a bag fraction of 0.50, a learning

for each of the 121 metric–precipitation combinations as indepen-

rate of 0.0005 for developing our models and a tree complexity of 5

dent variables for each of the nine biological response variables

(i.e. the default settings from Elith et al., 2008). Variable relative

(Table 1) as dependent variables. Increasing (i.e. ΔH ≥ 0) and

importance (VRI) was calculated using formulae developed by Fried-

decreasing (i.e. ΔH ≤ 0) gradients were evaluated independently, and

man (2001) and implemented in the gbm package to estimate the

gradients with fewer than 30 hydrologically altered sites (i.e.

relative influence of each flow metric. Calculations of VRI are based
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on the number of times a variable is selected for splitting, weighted

management” class; these sites should also undergo causal assess-

by the squared improvement to the models as a result of each split,

ments, with other management options prioritised over flow man-

averaged over all trees. VRI values were ranked within in each biotic

agement. Data on water chemistry and habitat degradation were not

response model from 1 to 121, with 1 being the best rank. Ranks

considered during assignment (but see Stein et al., 2017 for an

were then averaged across all nine biological response variables.

example where additional data are considered).

Metric–precipitation condition combinations were selected for further analysis if they had at least one target supported by the logistic
regression analysis, described above. Within a metric, only the bestranked precipitation condition was selected for further analysis.

2.2.3 | Application to a regional survey
Sites sampled as part of an ongoing regional ambient monitoring

To select a subset of metrics to use in a hydrologic alteration

programme that uses a probabilistic survey design were used to esti-

index, up to two metrics were selected in the order of average rank

mate the spatial extent (as % of total stream length) of hydrologically

from each metric class (Table 2). Only metrics whose average rank

altered streams, as well as the extent of the different management

was better than the median were considered. The selected subset of

priority classes for the entire South Coast region. Sites were also

flow metrics was rerun in new BRT models to evaluate the strength

assessed within major land use types (i.e. agricultural, urban and

of their association with biological response variables. Metrics were

open). Details about weight adjustments, land use classifications and

scored 0 if they met targets, 1 if they failed targets and 2 if they

extent estimates are provided in Mazor (2015). The spsurvey pack-

failed by more than twice the target value. Sites that scored 1 or

age for R was used in these analyses (Kincaid & Olsen, 2013; R Core

more were designated as hydrologically altered. To examine the rela-

Team 2016).

tionship between the index and biological response variables, the
index score was then plotted against each response variable. To
assist visualisation of the relationship, a smoothed fit from an additive quantile regression was added to the plot; this fit was created
using the rqss function in R (Koenker, 2016; k = 1 and s = 0.9).

2.2.2 | Assignment to classes for management
priorities

3 | RESULTS
3.1 | Biological and hydrological conditions in the
data set
A wide range of biological and hydrological conditions were evident
within the data set. For most biological response variables, healthy
conditions (i.e. scores above thresholds) were observed at between

Sites were assigned to one of four classes based on having good or

40% and 60% of sites (Table 1). Healthy biological conditions were

bad biological health, and altered or unaltered hydrological condi-

least common when assessed by the CSCI, the MMI, the Coleoptera

tions (Table 3). Sites with CSCI scores greater than 0.79 were desig-

taxa metric and the per cent EPT taxa metric. Two metrics (per cent

nated as having biologically good health, and sites with lower scores

intolerant and shredder taxa) rarely indicated bad biological conditions,

were designated as biologically altered (Mazor et al., 2016). Hydro-

a consequence of the low means and high variability of these metrics

logic alteration was inferred using the hydrologic alteration index

in the reference data set; consequently, these response variables could

described above. Hydrologically unaltered and biologically healthy

not be analysed to set targets for hydrologic alteration. Some evidence

sites were put into a “protection” class, where good conditions

of hydrologic alteration (e.g. any change in flow metric values from ref-

should be protected from degradation. Hydrologically altered and

erence conditions) was evident at 79% of sites in the region; magni-

biologically healthy sites were put into a “monitoring” class; sites in

tude metrics exhibited more widespread and severe alteration than

this class may be resilient to stressors related to hydrologic alter-

other metrics (for details, see Sengupta et al. in review).

ation and require monitoring to ensure that they continue to support
good biological conditions. Hydrologically altered and biologically
altered sites were put into a “flow management” class; these sites
should undergo a causal assessment to determine whether flow

3.2 | Hydrologic alteration targets to support
biological integrity

management is likely to improve biological condition. Hydrologically

Hydrologic alteration was negatively associated with biological con-

unaltered and biologically altered sites were put into an “other

ditions for a majority of the 121 flow metric–precipitation condition

T A B L E 3 Management priorities based on biological and hydrological conditions
Poor hydrologic condition

Good hydrologic condition

Poor
biological
condition

Flow management: Evaluate hydrologic alteration among other
stressors

Other management: Evaluate other stressors to determine cause
of poor biology. Evaluation of flow not recommended

Good
biological
condition

Monitor: Communities may be resilient to flow alteration.
Continue to monitor for factors that may reduce resilience

Protect: Intact area. Target for preservation. Monitor for factors
that may increase vulnerability
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combinations that could be estimated by hydrologic models. Typi-

biological response variables, with the adjusted R2 ranging from .37

cally, both increases and decreases in flow metric values had a detri-

(for clinger per cent taxa) to .69 (for the MMI; Table 4). The relative

mental effect on biological response variables (e.g. Figure 3c, d). In

influence of flow metrics varied by metric class, but not by precipita-

some cases, hydrologic alteration in only one direction (increasing or

tion condition. Magnitude metrics (particularly those associated with

decreasing flow metric values) had a negative relationship with bio-

high flows) and variability metrics showed the greatest influence on

logical condition, while the opposite direction showed no discernible

biological response variables. Certain metrics within the frequency

relationship (e.g. Figure 3a, b).

and duration classes also had great influence. Metrics based on high

Hydrologic targets were set where logistic regressions showed a

flows had greater influence than those associated with low flows.

significant relationship between hydrologic alteration and likelihood of

Timing metrics had relatively little influence over most response

poor biological condition (Table 2). We set “decreasing” targets for

variables; the only exception being C_MP (Colwell’s maximised con-

108 flow metrics, where reducing flow metrics from reference condi-

tingency, a measure of the likelihood that the pattern of high- and

tions were associated with high probability of poor biological condi-

low-flow events is repeated across years), which had great influence

tions. We set “increasing” targets for 112 flow metrics, and both

over the per cent intolerant and taxonomic richness metrics (Fig-

increasing and decreasing targets for 102 flow metrics. No targets

ure 5, Table 2).

were set for flow metrics where data were insufficient for analysis (ei-

Seven flow metrics were selected for inclusion in an index of

ther because fewer than 30 sites exhibited hydrologic change, or

hydrologic alteration based on the average ranked influence on bio-

because all sites exhibiting hydrologic change were in good biological

logical response variables, low redundancy and representation of dif-

condition), or because logistic regression models did not indicate a sig-

ferent flow metric classes (Table 2). Selected metrics included two

nificant relationship between increased severity of hydrologic alter-

duration (i.e. NoDisturb and HighDur), one frequency (i.e. HighNum),

ation and decreased likelihood of good biological condition. If a flow

two magnitude (i.e. Q99 and MaxMonthQ) and two variability (i.e.

metric had different targets for each biological metric, the most con-

RBI and QmaxIDR); no timing metrics were selected because they

servative target (i.e. closest to zero) was selected for further analysis.

had the lowest influence on predicting biological metrics. BRT mod-

Selected relationships between flow metrics and the CSCI are shown

els based on the selected metrics all had slightly lower adjusted R2

in Figure 4. The preponderance of very conservative targets suggests

values, ranging from .04 to .13 less than the model based on the full

that even relatively small changes in many flow metrics are associated

set of flow metrics (Table 2).

with increased probability of poor biological condition (Table 2).

The overall hydrologic alteration index showed a negative relationship with all biological response variables (Figure 6). Scores ran-

3.3 | Selection of hydrologic metrics and
development of a hydrologic alteration index

ged from 0 (all seven metrics were within targets 238 sites) to 14
(all seven metrics exceeded targets by more than twice the target
value; two sites). In general, the relationship was strongest when the

Boosted regression tree models based on all 121 flow metric–precip-

hydrologic alteration score was below 5; the relationships for many

itation combinations explained about half of the variance in the nine

biological response variables levelled off at higher levels of

F I G U R E 3 An example plot of
biological change versus two measures of
hydrological change. The horizontal dashed
line is a threshold for identifying healthy
versus degraded biological conditions
(Table 1). The biological metric is the
difference between observed and
predicted values, transformed to a scale
from 0 to 1. For units, see Table 2
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F I G U R E 4 Likelihood of healthy
biological conditions (i.e. CSCI scores
≥0.79) at different levels of hydrologic
alteration for selected flow metrics. Points
at the top of each panel represent sites in
healthy biological condition, and points at
the bottom of each panel represent sites in
poor biological condition. Curves represent
the predicted likelihood of high CSCI
scores; panels without curves (e.g.
NoDisturb—Increasing) indicate that data
were insufficient for analysis. Vertical
dotted lines represent targets where the
likelihood is half the likelihood at unaltered
conditions; panels without vertical lines
(e.g. HighDur—Increasing) indicate that the
analysis did not support setting a target.
To improve legibility, Q99 values are
presented in units of 1,000 m3/s. For
units, see Table 2
alteration, suggesting that response in the benthic macroinvertebrate

about three-quarters (72% of stream-miles, n = 137) were in this

communities is saturated. The relationships were evident for the

category. A very small subset of streams (4% of stream-miles,

shredder taxa and % intolerant metrics, even though these two met-

n = 40) were in good biological condition, but showed evidence of

rics were rarely used to model responses to flow alteration.

hydrologic alteration, and were recommended for additional monitoring to track potential changes in condition. Although these streams

3.4 | Classification and application to a regional
survey
Application of the hydrologic alteration index to the regional proba-

were considered hydrologically altered, the alteration score was significantly lower than scores at sites where biological condition was
poor (mean: 4.6 vs. 6.7, Welch’s two-sample t-statistic = 4.6,
p < .001), suggesting that alteration may not be as severe in this

bilistic data set showed that about two-thirds of stream-miles in the

group. About a quarter to a third of stream-miles (i.e. 30%, n = 227)

region were unaltered (Table 5A). Alteration was most extensive in

were in poor biological condition and hydrologically altered. Evalua-

urban stream-miles (91%, n = 177), followed by agricultural stream-

tion of flow management options to improve stream health are rec-

miles (80%, n = 44); alteration was limited to only 11% of stream-

ommended for streams in this class, which was particularly pervasive

miles (n = 29) draining undeveloped catchments (Figure 7a). About

among urban (85%, n = 166) and agricultural (53%, n = 31) streams.

half of the region’s stream-miles (i.e. 52%, n = 183 sites) were desig-

Finally, a small portion of the region (14%, n = 72) was in poor bio-

nated for protection, as they had unaltered hydrology based on the

logical condition but unaltered hydrology. At these sites, stressors

index, and had good biological condition based on CSCI scores

unrelated to flow alteration (such as degraded water quality or direct

(Table 5B). These sites were predominantly located in mountainous

habitat modification) should be prioritised for investigation in causal

areas (Figure 7b). Among streams with undeveloped catchments,

assessments.

The

widespread

co-occurrence

of

hydrological
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T A B L E 4 Adjusted R2 from BRT models to predict biological
response variables from metrics of hydrological alteration. “All flow
metrics” indicates that models were based on all 121 flow metric–
precipitation combinations. “Selected flow metrics” indicates that
models were based on the seven flow metric–precipitation
combinations selected for inclusion in the hydrologic alteration index
Biological response variable

All flow
metrics

Selected flow
metrics

CSCI

0.63

0.56

MMI

0.69

0.63

O/E

0.52

0.39

Clinger Per cent Taxa score

0.37

0.25

Coleoptera Per cent Taxa
score

0.58

0.51

EPT Per cent Taxa score

0.49

0.42

Intolerant Per cent score

0.47

0.43

Shredder Taxa score

0.47

0.38

Taxonomic Richness score

0.53

0.41

ET AL.

Regulatory programs could potentially use regional targets as
well. For example, targets could be used to inform the development
of policies that establish regional flow criteria for all key components
of the hydrologic regime, beyond merely setting minimum environmental flows. Additionally, they could be used to identify contributing stressors of biological impairment in the establishment of total
maximum daily loads (Kennen, Henriksen, & Nieswand, 2007; Novak
et al., 2016). However, these applications have not yet been evaluated, and we recommend further exploration through case studies
and other investigations.

4.2 | Factors that support and challenge setting
targets for flow
Three key factors contributed to our ability to set regional thresholds for flow alteration: (1) an ensemble of regionally transferable
hydrologic models, (2) a large bioassessment data set from regional
surveys and (3) an index of stream health (i.e. the CSCI) that is minimally influenced by natural covarying factors. The ensemble of 26

alteration and poor biological conditions suggests that altered flows

models allows estimation of hydrologic alteration at any ungauged

may be the predominant stressor in the region.

site, provided that adequate precipitation data are available (Sengupta et al. in review). Expanding the ensemble with additional mod-

4 | DISCUSSION
4.1 | Regionally applicable targets for flow
metrics create new options for managing
hydrologic alteration

els would likely improve performance at stream types that are
currently underrepresented (e.g. small high-elevation catchments),
and allow expansion outside the South Coast region.
The bioassessment data, most importantly, represented a wide
range of conditions, from minimally disturbed reference sites (Ode
et al., 2016; Stoddard, Larsen, Hawkins, Johnson, & Norris, 2006) to

We were able to model biological responses across a wide range of

sites where hydrologic alteration was severe. Although only a small

range of conditions of hydrologic alteration by applying a regionally

subset of these sites were colocated with stream gauges (i.e. 133

applicable set of hydrologic models to a large bioassessment data set

sites, of which 20 were reference), the transferability of the hydro-

to derive regional targets. Regional targets offer a way to address

logic models allowed us to take full advantage of the data set and

the challenges of hydrologic alteration caused by changes in land

the stressor gradients it represents. Because the CSCI is based on

use. In particular, regional targets create a way to anticipate the

predictive models that set site-specific biological expectations based

impacts of development, and to prioritise catchments for protection

on environmental context (e.g. climate, catchment area, geology),

across broad spatial scales—something that would not be possible if

scores have the same meaning at all sites in the study area. Thus,

our analyses were restricted to just a handful of gauged sites.

the index could be used to characterise changes in biological condi-

Although site-specific approaches may be appropriate for isolated,

tion for multiple river types, without the classification steps ordinar-

point-source impacts such as dams, diversions or discharges of efflu-

ily recommended in the ELOHA approach (Poff et al. 2010). Indeed,

ent, hydrologic alteration caused by urbanisation or agricultural

this index, combined with the regional applicability of the hydrologic

development can best be managed with a set of targets with regio-

models, likely account for the small differences in targets we

nal applicability.

observed among hydrologic stream classes (classes from Pyne et al.

Planning and prioritisation of management actions requires a

2017, results not shown). Generating targets for other biological

regional understanding of hydrologic alteration. As demonstrated in

management endpoints, such as fish, benthic algae or riparian vege-

this study, regional targets can be used for ambient assessments of

tation, may require additional analyses to control the influence of

hydrologic conditions (e.g. Figure 7a), and for rapid screening of

natural factors if predictive models or indices are unavailable.

hydrologic stressors associated with poor health (e.g. Figure 7b).

The simplicity of these hydrologic models makes them versatile

Crucially, these targets allow the evaluation of best management

management tools, despite a few drawbacks. For example, we simu-

practices, helping managers selecting the appropriate solutions for

lated reference conditions by altering model parameters related to

each site; for example, Stein et al. (2017) found that capture of peak

catchment imperviousness and basin storage, and it could be argued

storm flows could achieve targets more effectively than even great

that our models show responses to land use change rather than to

reductions in impervious surfaces in a small urban catchment in San

hydrologic alteration. However, by translating changes in impervious-

Diego.

ness into biologically relevant targets for flow alteration, we have
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F I G U R E 5 Ranked variable influence in boosted regression trees to predict biological response variables from metrics of flow alteration.
Cell colour indicates the ranked influence of the flow metric, and the “Ave” column indicates the average rank across the nine biological
response variables; blue cells are better ranked than red cells. White cells indicate flow metric–precipitation combinations that were not
analysed. Outlined cells indicate the best-ranked precipitation condition within a flow metric, and thick outlined cells indicate the metrics that
were selected for inclusion in an index of flow alteration (i.e. up to two top-ranked metrics per class and in the top half of metrics overall)
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F I G U R E 6 Biological responses to the
index of hydrologic alteration. Sites in
good biological condition (i.e., values above
threshold in Table 1) are shown as white
dots, and sites in poor biological condition
are shown as black dots. The black line
represents a smoothed fit from an additive
quantile regression.

created tools that can be used in a variety of applications discussed

assessing hydrologic conditions. The relatively low influence of tim-

above, including specification of stormwater control measures that

ing metrics—a surprising result in a strongly seasonal Mediterranean

maintain or restore target stream flows. In contrast, if we had estab-

climate like southern California (Gasith & Resh, 1999)—may be a

lished targets based on imperviousness, they would have little use in

result of not having enough years of data to assess change.

most management applications, like causal assessment or evaluating

Perhaps the greatest limitation with flow-ecology studies such as

restoration options. More complex models (such as ParFlow-CLM;

this one is the reliance on modelled data (Kennard, Mackay, Pusey,

Bhaskar, Welty, Maxwell, & Miller, 2015) can incorporate many more

Olden, & Marsh, 2010). Biological conditions are assessed by com-

factors (e.g. coupled groundwater–surface water–land surface inter-

paring observed taxonomic data to modelled reference expectations,

actions), and thereby provide more realistic estimates of flow condi-

and hydrological conditions are assessed by comparing modelled pre-

tions, but this complexity makes them impractical for regional

sent-day flows to modelled reference expectations. Each of these

applications at hundreds of sites, and therefore were inappropriate

models adds an element of uncertainty that affects the interpreta-

for our purpose. However, more complex models would be useful

tion of these thresholds. In particular, the limited ability to validate

for site-specific analysis of management actions using our regional

reference hydrology should be kept in mind when these targets are

targets where more detailed analysis is necessary. Buchanan et al.

applied, and additional data (such as observed flow data) should be

(2013) were able to use a relatively complex model in a regional

considered wherever possible. However, in the absence of additional

application because all sites in their study were part of a single large

information, these models provide a starting point for catchment

catchment, and they shared many catchment properties that facili-

managers to identify and address environmental impacts from hydro-

tated transfer of their model to ungauged locations. In a region with

logic alteration. Improved long-term flow monitoring in small urban

multiple catchments with distinct conditions, such as southern Cali-

catchments could reduce this limitation.

fornia, this approach would require calibration of numerous models

Our modelling approach may have obscured the importance of

and estimation of many more model parameters than required by

certain aspects of stream hydrology. For example, we were less suc-

HEC-HMS.

cessful in predicting low-flow metrics than high-flow metrics (Sen-

Lack of precipitation data was a constraint on this study, limiting

gupta et al. in review), and the poor precision in these predictions

our analysis to 572 sites and only 6 years. Better precipitation data

may have caused us to underestimate their influence on benthic

would not only allow application of the hydrologic models to more

macroinvertebrates. Past studies have shown that benthic macroin-

sites within the region, it would also allow more years to be used in

vertebrate communities are highly sensitive to changes in low-flow
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T A B L E 5 Per cent of stream-miles in each hydrologic alteration class (A) and management priorities (B) for each stratum. n: Number of sites
in the indicated class. Est: Estimated per cent of stream-miles in the indicated class. L95: Lower 95% confidence limit. U95: Upper 95%
confidence limit
(A) Hydrologic alteration class
Hydrologic alteration index score
0

1–2

3–6

Stratum

n

Est

L95

U95

n

Est

L95

Southern California

208

56

48

65

72

12

10

14

6

21

9

Open

157

78

73

84

Urban

18

6

3

10

7–14

U95

n

Est

L95

U95

n

Est

L95

U95

8

17

125

17

12

21

117

15

11

18

17

9

25

15

24

14

33

24

45

36

55

40

17

12

23

10

3

1

5

4

1

0

2

13

5

1

8

88

39

32

47

84

50

42

58

U95

Land use
Agricultural

(B) Management priority
Management priority
Protect

Monitor

Manage flow

Manage other

Stratum

n

Est

L95

U95

n

Est

L95

U95

n

Est

L95

U95

n

Est

L95

Southern California

183

52

42

61

40

4

2

5

227

30

24

36

72

14

8

20

8

10

4

17

13

27

17

37

31

53

42

64

6

10

3

18

Open

137

72

66

78

16

7

3

10

13

4

2

6

45

17

11

24

Urban

12

4

1

7

11

5

2

9

166

85

80

91

14

5

2

8

Land use
Agricultural

metrics (e.g. Bonada, Rieradevall, & Pratt, 2007; Kennen et al., 2010;

Alternatively, decreased low flows may increase predation, favouring

Konrad et al., 2008). However, these effects are often difficult to

traits that confer predator avoidance or resistance (Walters, 2011).

quantify due to the difficulty in predicting low flows (e.g. Carlisle,

An increase in flashiness may frequently “reset” benthic macroinver-

Falcone, Wolock, Meador, & Norris, 2010; Kennard et al., 2010).

tebrate communities through direct mortality; under this type of

More sophisticated models that are better suited for prediction of

alteration, species that have resilience traits (e.g. strong aerial disper-

low-flow events (e.g. HSPF) may yield better relationships and pro-

sal, propensity to drift, and rapid, multivoltine reproduction) may be

vide better insight into the role of low flows in influencing biological

favoured (Kath et al., 2016; Poff & Zimmerman, 2010). It is likely

condition. Alternatively, this finding may reflect the resilience of local

that many of the responses to flow alteration are mediated by habi-

fauna that are naturally adapted to the pressures of low-flow condi-

tat alteration. For example, lowland streams are often dominated by

tions as a consequence of the region’s arid, Mediterranean climate

sands and fines, and increased runoff may cause channel incision to

(Gasith & Resh, 1999; Resh et al., 2013). Mazor et al. (2014) showed

clay or bedrock; in this scenario, burrowing mayflies may be extir-

that an index of biotic integrity was robust to seasonal drought in

pated not by the increase in Q99, but rather by the elimination of

southern California intermittent streams, underscoring the resilience

their preferred substrate. Kath et al. (2016) demonstrated that

of species in the region to low-flow conditions. Improved prediction

groundwater inputs mediate the influence of surface flows, under-

of metrics related low-flow events is needed to determine the

scoring the importance of local- and reach-scale factors in predicting

importance of managing this aspect of the hydrologic regime in

the impacts of hydrologic alteration. Our study included only two

southern California.

trait-based biological metrics (i.e. % clinger taxa and shredder taxa),
and these metrics showed a more generalised response to stress

4.3 | Benthic macroinvertebrates are useful
indicators for flow management

than might be expected from flow-ecology hypotheses as they
declined along both increasing and decreasing hydrologic alteration
gradients. Analysis of a broader suite of trait-based metrics may pro-

Benthic macroinvertebrates are particularly good for assessing

vide more insight into how benthic macroinvertebrate assemblages

hydrologic alteration because they possess diverse life-history traits

respond to hydrologic alteration.

that should respond strongly to alterations in flow regimes (Konrad

Flow management tools based on benthic macroinvertebrate

et al., 2008). For example, decreased low flows may exacerbate

indices are particularly valuable in California, where they are used to

stresses related to high temperature and low dissolved oxygen,

support a number of stream regulatory programs (Ode et al., 2016).

favouring species with traits adapted to these conditions (e.g. respi-

Although tools designed to protect fish populations are used use

ratory pigments or air-breathing strategies) (Bonada et al., 2007).

throughout the state (e.g. Dahm, Winemiller, Kelly, & Yarnell, 2014;
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F I G U R E 7 Hydrologic alteration scores
(a) and recommended management actions
(b) at sites in the region. Urban areas are
represented as dark grey. Boundaries of
major hydrologic regions are shown. In
both panels, north is at the top of the map
Marchetti & Moyle, 2001), the tools we present in this study provide

benefits of a flow-focused approach to management. Because

a valuable complement because they apply in streams that are natu-

hydrology is a master driver of stream condition, flow management

rally fish-free or no longer able to support native fish fauna. This is

may address multiple impacts at once. Stormwater control measures

particularly relevant in arid portions of the state like southern Cali-

that reduce flow alteration are often also designed to improve water

fornia, where native fish communities are often absent. Flow targets

quality, and may also lead to hydrologic regimes that generate the

based on benthic macroinvertebrates or other integrative measures

physical habitat conditions that support healthy biology, achieving

of biological condition can be used in tandem with targets aimed at

multiple benefits (Smith et al., 2016; Walsh et al., 2016). In some

more specific resources of interest where needed.

cases, however, poor water quality or habitat conditions may not
respond to flow management. For example, concrete-lined channels

4.4 | Disentangling hydrologic alteration from water
quality and habitat degradation

may never support the diversity of microhabitats that benthic
macroinvertebrates require, even if natural hydrologic regimes are
restored. Therefore, the value of flow management options should

Hydrologic alteration is intertwined with water quality and habitat

be evaluated in the context of how habitat and water quality condi-

degradation and rarely occurs in isolation from other stressors (e.g.

tions are likely to respond to improved hydrology. Linking ecological

Carlisle et al., 2016; Konrad et al., 2008; McManamay et al., 2013).

responses directly to hydrologic alteration could be more effective

Although this correlation creates challenges for understanding the

by modelling the pathways of these impacts as mediated by habitat

root causes of biological degradation, it underscores one of the key

degradation. As mentioned above, hydrologic alteration most likely
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affects benthic macroinvertebrate communities by modifying the

applicability of this work. Angus Webb, Christopher Patrick, Tom

flow regimes that generate the habitat conditions they require to

Cuffney and an anonymous reviewer provided valuable feedback on

thrive. Linking hydrologic alteration to a habitat response may pro-

earlier versions of this manuscript. Funding for this project has been

vide more informative tools for management than targets derived

provided in full or in part through an agreement with the California

from strictly biological responses.

State Water Resources Control Board. The contents of this document do not necessarily reflect the views and policies of the State

4.5 | Site-specific resilience can inform
management, but requires further study
Although rare in this study (i.e. 40 sites), streams with altered

Water Resources Control Board, nor does mention of trade names
or commercial products constitute endorsement or recommendation
for use. This publication is dedicated to the memory of Dr. Baruch
H. S. Mazor.

hydrology but good biological conditions were observed. This discordance between hydrological and biological conditions could be due
to the lower severity of hydrologic alteration, resulting in small
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dampening the impacts on stream condition. At the reach scale, certain types of habitats are more likely to tolerate more severe hydrologic alteration than others. For example, bedrock-dominated
streams are less likely to erode in response to increased peak flows
than streams dominated by fine substrates (Hawley & Vietz, 2016).
At the organismal scale, certain life-history traits confer a natural
resilience to hydrologic alteration. These traits, such as rapid life
cycles and good dispersal ability, may be particularly important in
regions with naturally high hydrologic variability, such as the arid
Mediterranean climates found in California (Bonada et al., 2007;
Gasith & Resh, 1999; Resh et al., 2013). Although only a small number of sites were observed to be in good condition despite hydrologic alteration, it is possible that catchment-, reach-, and
organismal-scale factors all contribute to the resilience observed at
these sites.

4.6 | Summary
Hydrologic alteration is often a regional problem, and addressing the
problem requires regional tools. Through the application of an
ensemble of regionally applicable models, we were able to assess
biological responses to hydrologic alteration and take full advantage
of large bioassessment data sets, even though flow data were limited. These responses allowed us to set targets for flow alteration
that protect biological integrity, as measured by benthic macroinvertebrate assemblage structure. These targets in turn support diverse
management applications, such as prioritising actions at large numbers of sites across a region.
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