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EXECUTIVE SUMMARY

Assessment of stream health is a function of the physical, chemical, and biological integrity of

the water body. While monitoring of all three indicators of stream quality is commonplace,

combining these three indicators into a unified assessment of sjtedity is rare, complicating

the interpretation of complex environmental health informatiothis study, a unified index

was developed that compares biological response to physical and chemical stressors for southern
California wadeable streams usiagcientifically rigorous, easyp-understand tool intended to

facilitate stream managemeiihe Stream Quality Index (SQI) is based on a stressgponse

empirical model that quantifies the expected likelihood that chemical and physical stressors will
mpact multiple individual components of biolo
parameters, which are indicative of anthropogenic inputs, include nutrients and conductivity; the
physical parameters include two physical habitat indices (Index of Phiygegtity, IPI;

California Rapid Assessment Method, CRAM) that describe instream (i.e., substrate) condition

and stream corridor (i.e., riparian) condition; and the biological response parameters include
biological indices for benthic invertebrates andaalgWhile the individual stressor and response
components are quantitative and have similar meaning across a variety of environmental settings,
the final SQI narrative assessment is categorical and designed to be directly actionable within a
management dessorrmaking context. The four narrative assessment categorigs &r¢: fnheal t h

and unstressedo (i .e., unimpacted biology, no
resiliento (i.e., stressed, buttebdi calnodgisctale scsoe
(i.e., impacted biology due to known chemistry and/or physical habitat stressor(s)); and (4)

Ai mpacted by unknown stresso (i.e., biology i

low). To facilitate adoption by managers, a wedsed application was developed that not only
maps overall SQI results, but also enables users to readily access underlying quantitative
information for stressors and biological responses to understand likely reasons behind the
categorical assessments. §triansparent design was intended; Heglrel output and
foundational components of the SQI are relevant for different audiences and details are not
sacrificed for accessibility.
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INTRODUCTION

Assessments of stream health are a function
andbiological integrity (33 USC 882b1, 1972). Monitoring physical habitat integrity facilitates
determination of whether all necessary environmental niches (e.g., hydrology, riparian structure,
in-stream substrate) are present to support a diverse acuaticunity (Maddocki999).

Monitoring chemical integrity facilitates determination of whether toxic compounds are present,
as well as whether minerals are sufficiently balanced to support aquatic life (Maruyz0étal.

Wang et al2007). Monitoring biological integrity, which is closest to the actual assessment of
stream health, facilitates determination of whether unmeasured physical or chemicalgraramet
are impacting otherwise balanced ecosystems (OdeZildt. Stoddard et ak006), including

any synergistic effects of measured and unmeasured parameters (Bowmaf().al.

Tremendous effort is expended to monitor all three types of stream integrity indicators. Despite
varying spatial scales and complexities, all monitoring programs share the challenge of how to
effectively communicate physicalhemical, and biological data in a scientifically rigorous,
repeatable, and readily understandable way tese@ntists (National Research Coundib0).

Because most environmental manageesnot scientists, and similgriscientists may not

appreciate the applied context for technical products, the communication of ecological data for
decisionmaking can be challenging. Furthermore, ecological data are rarely black and white,
leading to many management decisions madeline @A gr ey z o n260§. ThiFa ul s en
particularly true when physical, chemical, and biological indicators are not in complete
agreement with one another.

Multiple well-known tools exist for effectively assesgiand evaluating different components of
stream condition. Bioassessment tools include the Index of Biological Integrity (I1BI; Karr
(1981), Observed to Expected ratios (O/E; Hawkins et?al0()), and hybrids of the IBI and

O/E (Mazor et al2016. Chemical assessment tools include the Canadian Council of Ministers
of the Environment (CCME) Water Quality Index (CCME (CaaadCouncil of Ministers of the
Environment)2001; Hurley et al2012). Physical habitat assessment tools, which are less
common, include the California Rapid Assessment Method (Collials 107 Solek et al.

2017 and the more recently developed Index of Physical Integrity (RehnZétia). These
established tools are typically usedseparately address chemical, physical, and biological
components of the United States CWA.

An assessment tool that combines physical, chemical, and biological indicators into a single
unified assessment is exceedingly rare (Bay and Weisliérg). Much more commonplace are
instances where multiple indicators are individually simplified and presented as a group, leaving
managers to decide which is most important (PaulsenZi@#. However, a single unified
assessment is preferable when communicating stream health-techoical managers. A single
scale provides straightforward context for comparing one site to another, for ranking sites for
management actions, and for monitoring iny@ments at a site following implementation of
management actions (or monitoring potential degradation where management actions are not
implemented).

While such a unified assessment tool is possible to develop for use in a single environmental
setting, it las long been a challenge to design a technically robust tool that produces assessments
that have similar meanings in different environmental settthgs provides clues as to which
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stressor(s) is/are impacting biological indicator(s), and that can lieated elsewherél'he goal

of this study was to develop a tool that meets all three criteria. Because biological indicators

provide direct measures of aquatic life, while physical and chemical measures provide ancillary
information about the stressorsttih@ay affect aquatic life, this study sought to develop a method

for combining the three indicators in a way that would preserve the types of information

provided by each. This is fundamentally different than treating indicators as equivalent and

Si mpvegrd@da@i ngo results to assess overal/l condi i

METHODS
General Approach

The conceptual approach used in this study is based on a stesgsmmse relationship between
biology and the stream environment (Figure 1). Specifically, the underlying stregsamse
relationships that define the final narrative categories for overall stream condition are based on
empirical models that quantify an expected likelihood of chemical or physical stressors
impacting the separate components of biological condition h8outCalifornia wadeable

streams were selected as the focus of this effort because of the extensive and varied levels of
stress and biological impacts. Moreover, southern California is home to many environmental
managers with a variety of backgrounds axgeeience in technical and policy issues.
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Figure 1. Flowchart representation of the Stream Quality Index (SQI). The overall SQIl is a function
of the likelihood of observing degraded biological condition given the stressors at a site.
Biological condition is assessed using macroinvertebrate (California Stream Condition Index,
CSCI) and algal (Algal Stream Condition Index, ASCI) indices and stressors are evaluated based
on water quality measures (total nitrogen, total phosphorus, conductivity) and physical habitat
(California Rapid Assessment Method, CRAM; Index of Physical Integrity, IPI). Stress condition is
empirically linked to biological condition by separate probability functions for chemistry (pChem)
and physical habitat (pHab).



Biological response components were selected based on bioassessmentéveiogsed for
California wadeable streams (i.e., benthic macroinvertebrates, algae). Water chemistry stressors
were selected that are strongly associated with biological condition in perennial streams (i.e.,
nutrients, conductivity). Physical habitaticeswere selected that quantify flow, channel, and
riparian condition observed at a site. Specific justification for the chosen stressors and their
relationship to biology is described below. In short, the conceptual strespanse model
reflected by ouchoice of indicators is generally described as the habitat requirements for
biological organisms and the alteration (i.e., response) in the structure and function of these
communities along stressor gradients as habitat quality declines. These rafaiestiblish the
foundation of many bioassessment methods (Ka#rl; Karr and Chu.999 Stoddard et al.

2006 and our stressaesponse model refledisese principles.

The four narrative assessment categories were defined in a way that would align with
management processes. The SQlwvabed application was designed in a way that would give
users easy access to descriptions of the biological, cheamchhhysical components that
underlie the unified assessment, depending on the desired level of information within the
stressorresponse paradigm.

Biological response components of the SQI
Characterizing biological condition

To characterize biological cottidn, a pair of quantitative bioassessment indicés benthic
macroinvertebrates (BMI) and algal communities, respectivelgre used that have been
developed for California streams (Mazor et?al1G Theroux et aln.d); the indices were treated
as complementary assessment tools in the SQI.

The California Stream Condition Index (CSCI, Mazor etZl.1() is a predictive index that
compares obseed benthic macroinvertebrate taxa and metrics at a site to those expected under
least disturbed reference conditions (sensu Stoddard 20ah). Expected values at a site are
based on models that estimate the likeBcroinvertebrate community relative to factors that
naturally influence biology (Cao et al007 Moss et al1987).

The Algal Stream Condition Index (ASCI, Theroux et ald]) was similarly developed as a
response endpoint for lower trophic levels; the ASCI is apredictive multimetric index (i.e.,

it uses a uniform, statewide reference expectation) that incorporates both diatsofand
bodied algae. Scores for both indices can range from 0 to ~ 1.4, with a score of 1 at sites in
reference condition and lower values indicating biological degradation.cBotmunitiesare
used as standard assessment measures for perennial wadeabis strCalifornia.

Index scores were compared to the distribution of scores at reference sites statewide to identify
biological condition classes that described the likelihood of biological alteration. For both the
CSCl and ASCI, the 1st, 10th, and 30th percentiles of sebregerence sites were used to
categorize sites as very likely to have altered biological condition (scores less than the 1st
percentile), likely altered (scores between the 1st and 10th percentile), possibly altered (scores
between the 10th and 30th pentiles), and likely intact (scores greater than the 30th percentile)
(Tablel). This produced four classes for each index, such that each site had two categories
describing separate indications of the likelihood of biological alteration in the benthic



macroinvertebrate and algal communities. Both response endpoints were jointly considered in
the calculation of the SQI for evaluating overall biological condition, described below. Analysis
of multiple assemblages provides a more comprehensive indicatidolajical condition that

can confirm overall stream health, and may also provide additional diagnostic information about
stressors (as different communities may respond to different characteristics of stream habitat).

Integrating multiple measures of biological condition

The assigned biological condition categories for each index were combined using a ranking
system to create a single numeric value that represented an overall condition reflected by both
biological indices. A technical advisory committeghwiepresentatives from local management
institutions provided guidance on assigning these values in accordance with two principles. First,
the two indices should be independently applicable, so that an indication of good health in one
index cannot negaiadications of poor health in the other. Second, the numeric values should be
sensitive to differences between sites in marginal or extreme conditions. For example, the
numeric value for a sample where both indices indicate likely intact biological cotmsumill

be higher than for a sample where one index indicates likely intact and the other indicates
possibly altered. This sensitivity improves detection of small changes in condition. The final
numeric values ranged frof6i to +5 (Table 1). All negativealues indicate impacted conditions.

Table 1. Combined biological condition categories for the benthic macroinvertebrate (BMI) and
algal indices. The combined categories were used to model the likelihood of biological alteration
given observed physical and chemical habitat stressors. Sites with combined categories greater
than or equal to zero were considered biologically healthy and those less than zero (in bold) were
considered biologically impacted (i.e., response variable in equations (1) and (2)). Individual
biological categories for the BMI and algal indices were based on percentile distributions of
scores at reference sites (i.e., 1st, 10th, and 30th percentiles) as likely intact (> 30th), possibly
altered (10th - 30th), likely altered (1st - 10th), and very likely altered (< 10th). The scores
associated with the percentiles for each index (CSCI, ASCI) are in parentheses.

Algae likely Algae possibly Algae very likely
intact: (ASCI > altered: (ASCI 0.83 - Algae likely altered: altered: (ASCI <
0.93) 0.93) (ASCI10.70 - 0.83) 0.70)

BMI likely intact: 5 3 -1 -2

(CSCl >0.92)

BMI possibly altered: 3 2 -2 -4

(CSCl10.79 - 0.92)

BMI likely altered: -1 -2 -3 -5

(CSCl10.63-0.79)

BMI very likely -2 -4 -5 -6

altered: (CSCI <

0.63)

Stressor components
Characterizing stress

Water chemistry and physical habitat measurements, which were used to describe stressors
associated with low CSCI and ASCI scores (M&Zor5 Theroux et aln.d), are strongly linked
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to the structure and function of both invertebrate and algal assemblages (PanG al.

Richards et alLl997 Wang et al2007). Depending on the context, physical habitat can be
considered a response metric of stream health. However, physical habitat herein is considered a
stressor that can affect biological condition at different taxonomic levels within the stressor
response model.

The water chemistry indicators consisted of nutries{gecifically, total nitrogen (mg/L) and

total phosphorus (mg/L:)and specific conductivity (S/cm). Nitrogen, phosphorus, and

conductivity are widely measured in many regional and statewide magifmograms. These
variables are commonly associated with development gradients present in the study region (e.g.,
urbanization, Dodds et ak{02), Walsh et al.{005). Additionally, hese variables can act as
surrogates for unmeasured or alternative water quality problems at a site related to eutrophication
(e.g., temperature, light penetration, Dodds and Sraiifng). Although other contaminants that

can affect aquatic organisms are sometimes measured (e.g., metals, pesticides, pharmaceuticals),
observations can be sparsely distributed in the study region (Maz8: Eutrophication is a

more ubiquitous issue in tlstudy region, although we acknowledge that other stressors not
captured by the SQI may affect biological condition.

Physical habitat conditions at a site were quantified using two indices of habitat condition
developed for California water bodies: the Inaé PhysicalHabitat Integrity (IPI; Rehn et al.
(2019) and the California Rapid Assessment Method (CRAM) for riverine wetlands (Collins et
al. 2007 Solek et al2011). Although IPI and CRAM scores can be correlated, the individual
metrics that establish each index provide unique information about speciic components of the
physical habitat. Moreover, IPI scores specifically describe instream conditieneas CRAM
scores describe riparian condition.

The IPlis an O/E index (Hawkins et D00 based on physical habitat metrics (PHAB, (Rehn

et al.2019) that collectively characteriZeze components of kstream habitat quality: percent

sands, fines, or concrete, Shannon diversity of aquatic habitat types, Shannon diversity of natural
substrate types, evenness of flow habitat types, and riparian vegetation cover. All five metrics are
positively associated with physical habitat integrity, such that an increase in each was generally
considered an improvement in site condition (percent sands and fines is inversely scored). All
physical data used to calculate these metrics were collesitggl standard field protocols

described in Ode2(007), which are derived from protocols used in national assessments (USEPA
(U.S. Environmental Protection Agencgp16. As with the CSCI, ta IP1 is a predictive index,

and values for most metrics are compared tesgigeific expectations appropriate for the
streamés environmental setting. The | Pl range
departure from reference conditions.

In contrast to the IPI, CRAM is based on qualitative assessments of four attributes of riparian
wetland function: landscape and buffer condition, hydrologic condition, physical structure, and
biotic structure. Whereas the data for the IPI is derived fromenous quantitative

measurements of physical habitat components collected along several transects, CRAM
attributes are assessed on a wirelch scale through visual observation. In general, CRAM
characterizes largeacale processes affecting stream coowliboth within and adjacent to the
stream corridor, whereas the IP| focuses more narrowly-stréam conditions. CRAM scores
range from 25 to 100, with higher values indicating less degraded conditions at a site.



Integrating multiple measures of stress

The combined impact of habitat or chemistry stressors on biological condition was evaluated by
developing streseesponse models that calculate the probability of observing poor biological
conditions given observed levels of chemical or habitat stress approach eliminates the need

to identify potential thresholds for identifying high levels of stress while also accounting for their
combined impacts.

For both types of stress, a generalized linear model (Fox and Wershigjgvas fit to

calibration data for Southern California streams to quantify associations for each separate water
quality or physical habitat measure with binomial categories for altered or unaltered biology.
Two models were developed:

AEDG OQHT T YO T YO | WéEEQ p
N Odpo QDT 1 6 Y roYd 1 0D q

wherer} @ "Qis the probability of biological alteration in equations (1) and (2) given the
indicators for each chemistry or physical habitat variable. The probability of alteration is
modelled using a logit link function for binomial variablespas i p 1 , wheern defines
the presence or absence of altered biology described above. Both models were created by
screening collinear predictors by removing those with variance inflation factors (VIF) greater
than three (Zuur et af007). The most parsimonious model was then identified using backward
and forward selection to minimize Akaike Information Criterion (Akdik€ 3 Venables and
Ripley 2002). The selectedariables for each model are shown above (equation (1), TN: total
nitrogen, TP: total phosphorus, cond: specific conductivity; equation (2), CRAGRAM

buffer landscape condition, CRAM CRAM physical structure, IPI : IP1 % sandsand
fines).

An overall likelihood of biological alteration from both chemistry and physical habitat stressors
was also estimated as a multiplicative functionffa® dandr} "0®% w

n O 0 QoD p p nENRa p ROHO® o©

The inverse ofhe likelihoods was used to represent an additive effect of both chemistry and
physical habitat stressors. Equations (1), (2), and (3) provided the empirical estimates of
biological alteration that were used to define the categorical outputs of theefi@dddoelow.

Combining stress and response measures into the final SQI assessment

The empirical framework for the binomial models and combined biological condition categories
established a basis for the categorical descriptions from the SQI outputdésesptions

linked the quantitative data to management actions, such that the results were easily interpreted
with an indication of biological condition and the relevant stressors which may or may not be
related to condition. For the components in Figureategorical outputs are provided by the

index for the overall SQI, the biological condition, and the stress condition (Figure 2). The
categorical outputs were created from a matrix combination of the respective inputs.
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Figure 2. Categorical site descriptions that are possible from the Stream Quality Index (SQI). The
overall SQIl is described as the possible outcomes from biological and stress conditions. The
biological conditions are described by the possible outcomes from the CSCI and ASCI. The stress
conditions are described by the possible outcomes from the chemistry and habitat stressors. A
fifth stress category is possible because stress from both chemistry and habitat was
multiplicative.

The overall SQI assessment categadiescribe four possible combinations of biology and

stressors at a site from the binary categories of altered/unaltered biology and stressed/unstressed
conditions: (1) healthy and unstressed, (2) healthy and resilient, (3) impacted by unknown stress,
and @) impacted and stressed.

Separate categorical outputs were also created for the biological condition and stressor condition
categories. The four possible outputs for the biological categories were based on the four
combinations from the combinations ofjhilow CSCI and high/low ASCI: (1) healthy, (2)

impacted for CSCI, (3) impacted for ASCI, and (4) impacted for both. The possible stressor
condition categories for a site were based on the four outcomes of the combinations of high/low
chemistry stress artdgh/low physical habitat stress: (1) low stress, (2) stressed by chemistry,

(3) stressed by habitat, (4) stressed by both, and (5) stressed by low levels of chemistry and
physical stress. The fifth stress category was possible based on the additigeoétieth



stressors when both were low (i.e)ib 0 Qiexd@eded the threshold even thoggl® dand
N "Ocdxha not).

Thresholds for biological indices that defined altered/unaltered condition for the SQI categories
were based on the tenplercentile distribution of scores at reference sites for each index.
Thresholds for high/low stress categories were based on a 90% likelihood of observing a
biological impact from the empirical models. The stress threshold was identified by a technical
advisory group and was chosen to provide a relatively even distribution of sites in the high/low
stress categories. The threshold is reflective of the distribution of observations in the calibration
dataset that had many sites in poor biological conditionmasdchosen strictly to create a more
balanced distribution of stress categories. Alternative thresholds should be used when applying
the model in regions with different or diminished stressor gradients.

Finally, the use of a predictive model to identiiyalthy/impacted biology and the use of biology

as a component of the index (i.e., the categorical outputs) may seem circular. However, we note
that the empirical models in equations (1), (2), and (3) define the likelihood of alteration that
relates stres® biology to define the overall SQI output (e.g., healthy and impacted). The
biological categories as a component of the index are the modelled response endpoints in the
models, but also serve as standalone endpoints that describe biological contligoalbsence

of the stresseresponse model.

Calibration and validation of the SQI

All data used to calibrate and validate the SQI were from the Southern California Stormwater
Monitoring Coalition (SMC) regional watershed monitoring program in coastaiemut

California (Mazor2015 Figure 3) The SMC dataset represents the most comprehensive source
of wadeable stream data in southern California. Because the SQI requires synoptic biological,
chemistry, and physical habitdta, the final dataset used for model calibration represents only
the subset of the SMC dataset where all three components were simultaneously collected. Made
up of 266 site$ 75% of which were used for model calibratiothis subset includes sampling

dates ranging from 2009 to 2016, with relatively even distribution of samples between years.
Most sample events occurred between May and June following standard protocols for perennial
stream surveys (Od&07). Only one samle event for each site was considered.

The SQI was evaluated for precision (i.e., how well the underlying empirical model described
the likelihood of biological alteration) and sensitivity (i.e., how sensitive the model output is to
changing thresholds @b define the categorical conditions). The first analysis evaluated precision
in the validation dataset to determine agreement between the model and actual stress and
biological conditions. For the second analysis, two critical decision points that dffieete

model output and categorical results of the SQI were varied to evaluate changes on overall site
counts in each final SQI category. In Table 1, all sites with combined values greater than or
equal to zero were considered healthy and those less tltaweree considered impacted. The
effect of varying the cutoff point for healthy and impacted biology was analyzed by comparing
changes in the SQI assessment categories at different levelssf(athhealthy) to 6 (all

unhealthy). Changes in the threshfadthe likelihood of observing altered biology that defined
the categorical results were also evaluated.
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Figure 3. Land cover and elevation gradients in the study region in southern California, USA

Selected case studies

SQI results for two examples were explored in detail to provide a narrative description of how
the index can be used to inform management of water quality in perennial streams. The first
example describes SQI results in an urban channel with impactedyb{@ounty of Orange) to
complement a previous causal assessment study to identify potential stressors of low CSCI
scores. The second example describes a natural channel with impacted biology but low stress
that is highlighted in draft regional basin plafor biological objectives for the San Diego

region. Both examples demonstrate how the SQbeamsed in the context of existing, site
specific information to support management.

RESULTS

SQI patterns

Among all sites, the overall SQI categorized a majority of sites as having altered biology under
high stress conditions (impacted and stressed, TXites, Table 2). Almost 20% of sites were
in the opposite category of unaltered biology in low stress conditions (healthy and unstressed).
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For the remaining two categories of the overall SQI, only 3% had unaltered biology but were
under high stress conitins (healthy and resilient), whereas 6% sites had altered biology not
related to physical or chemical stressors (impacted by unknown stress).

Table 2. Counts of sites in each of the categorical outputs from the SQI. For every SQI output
(biological condition, overall SQI, stress condition), a site is categorized as one of four possible

outcomes.

SQI output Category Count (percent)

Overall SQI Healthy and unstressed 51 (19.1)
Healthy and resilient 9(3.4)
Impacted and stressed 189 (70.8)
Impacted by unknown stress 18 (6.7)

Biological condition Healthy 60 (22.5)
Impacted for ASCI 43 (16.1)
Impacted for CSCI 30 (11.2)
Impacted for CSCI and ASCI 134 (50.2)

Stress condition Low stress 69 (25.8)
Stressed by chemistry and habitat degradation 107 (40.1)
Stressed by chemistry degradation 56 (21)
Stressed by habitat degradation 13 (4.9)

Stressed by low levels of chemistry or habitat degradation 22 (8.2)

For the biological condition category, sites with altered conditions were more éesddor

both CSCI and ASCI scores (50%) than the other categories (i.e., altered for only one index). For
sites with one lowscoring index, more sites were altered for the ASCI (16%) than the CSCI

(11%). Less than a quarter of all sites had unalter@ddy (23%).

For stress conditions, 40% of sites were stressed by both chemistry and physical habitat stressors.
More sites were stressed by water chemistry (22%) than physical habitat degradation (5%) if

only one stressor was present. Over 25% of sitdddvastress, and 8% of sites were stressed by

the additive effect of both low chemistry and physical habitat stressors.

Spatial patterns among SQI categories in southern California generally followed elevation and
land use gradients (Figwe8, 4). More altered biological communities and high stress conditions
were observed toward coastal areas at lower elevation where urbanization is highest (e.g., Los
Angeles, Orange County, Ventura, San Diego). Sites with altered biological condition showed
similar spatial patterns as the overall SQI, although sites altered only for the ASCI were more
often observed at midlevation across the study region, whereas sites altered only for the CSCI
were more common at higher elevation areas in central and noatleasof the study region.

Stress condition patterns were similar to biology, although low stress conditions also occurred at
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higher elevation areas in each watershed. This produced a handful of sites that had altered
biology under low stress conditionsmaid-elevation ranges (i.e., impacted by unknown stress,
Table 2).

Healthy and unstressed
Healthy and resilient
Impacted by unknown stress

Impacted and stressed

(—
0 50 100km

Biological condition

Healthy

Impacted for CSCI

Impacted for ASCI

Impacted for CSCI and ASCI

Low stress

Stressed by chemistry degradation

Stressed by habitat degradation

Stressed by chemistry and habitat degradation

Stressed by low levels of chemistry or habitat degradation

Figure 4. Categorical site descriptions for the Stream Quality Index (SQI) at monitoring sites in
Southern California. The overall SQI (top) is described as the possible outcomes from biological
(middle) and stress conditions (bottom). The biological conditions are described by the possible
outcomes from the CSCIl and ASCI. The stress conditions are described by the possible outcomes
from the chemistry and habitat stressors.
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Model precision

The distinction between healthy and impacted biological communities wadegellibed by the
estimated likelihood of biological alteration provided by the empirical models (Faure
Relatively good separation was observed between sites designatalthg or impacted in the
validation (dark grey boxes) data for the three stresessponse models. Slightly larger
differences between the likelihood of alteration for healthy and impacted communities were
observed for the chemistry model compared tqthesical habitat model, suggesting an
improved fit for the former (for healthy/impacted communities at validation sites, t = 5.89, df =
19.09,p < 0.001 forpChemt = 6.26, df = 26.51p < 0.001 forpHab). For the overall likelihood

of biologicalalteration pOverall), more sites were greater than 90% likely to be altered in the
impacted category as compared to the seppf@bemandpHabmodels. For all casepChem
pHab, pOverall), there were no systematic differences in model results betwiematan and
validation datasets both qualitatively (similar distribution in the boxplots) and quantitatively
(7 0.05 for the interaction and fixed effect of site type in linear models describing likelihood
of alteration between impact categories anel type).

pChem pHab pOverall

i3 1
7

0.754

H Bdcal

. ! B val

® Healthy and unstressed

0.507

Healthy and resilient

Impacted by unknown stress

. ® Impacted and stressed

p(Bio): Likelihood of biological alteration
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Figure 5. Boxplot distributions of the modelled likelihood of biological alteration relative to water
chemistry (pChem, eqgn. (1)) and physical habitat variables (pHab, egn. (2)) and the additive overall
stress as the product between the two (pOverall, egn. (3)). Groups are separated into healthy or
impacted biological condition at each site (Table 1) as the response measure for each model and
by calibration/validation datasets (3:1 split). Model precision can be evaluated by comparing the
differences between the boxplots for the validation data for healthy and impacted categories,
whereas model bias can be assessed by comparing the distributions between calibration and
validation data among biological state and models. Points show the four possible categorical
outcomes from the overall SQI. CSCI: California Stream Condition Index, ASCI: Algal Stream
Condition Index.

The underlying empirical models provided insight into instream characteristics that were related
to the likelihood of biological adtration (Figures, 7). About 77% of sites (n = 205) had greater
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than 50% likelihood of biological alteration from water chemistry stressors, and 84% (n = 224)
had greater than 50% likelihood of biological alteration from physical habitat stressors (Figure
6). Collectively, 97% (n = 258) of sites had greater than 50% likelihood of biological alteration
from the overall stress of both chemistry and physical habitat stressors.
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Stress condition
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Figure 6. Relationship between stress models for water chemistry (pChem, eqn. (1)) and physical
habitat (pHab, eqn. (2)). Stress models for water chemistry and physical habitat were created
based on the likelihood of biological alteration for the observed stress measures. The overall
stress measures (pOverall, egn. (3)) is the product of both stress models shown in the left plot.
Points represent estimated stress at a single site, with shapes showing the biological condition.
The right plot shows the same points but colored by the stress condition categories that are
defined by thresholds from the dotted lines.
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Figure 7. Modelled likelihood of biological alteration from water quality (top) and physical habitat
stressors (bottom). Curves are the binomial likelihood (+/- standard error) of biological condition
being altered (as measured by macroinvertebrate and algal indices) across the range of observed
values for water quality and physical habitat stressors on the x-axes. The water chemistry and
physical habitat stress plots are derived from equations (1) and (2). Other variables in each model
not on the x-axis for each plot are held constant at values for low stress conditions. Biological
condition for observations in each stressor model is shown as rug plots on the x-axes, with
healthy sites on the bottom and impacted on the top.

Water chemistry and physical habitat predictors included in the empirical response models for
pChemandpHab (equations (1), (2)) explained a substantial portion of variability among sites
related to the occurrence of biological alteration (Table 3).pGtemmodel explained 64% of

the variation among sites, whereas phtabmodel explained 42%. All variables thepChem

model had VIF values less than 3 and were also included in the final set of predictors after model
selection. All predictors in theChemmodel were significantly and positively associated (

T8t Y with the occurrence of biological alteratidfor thepHabmodel, three predictors were

removed that had VIF values greater than three (diversity of natural substrate, biological
structure, and hydrology). Predictors included in the fitédbmodel after variable selection
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