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1 | INTRODUCTION

Managing water for environmental objectives (i.e., environmental
flows) requires basic understanding of the response of an ecosystem
to changes in streamflow (i.e., flow-ecology relationships). Environ-

mental flows can be translated directly to adaptive management
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Abstract

Ecosystem management depends on transforming qualitative observations
(e.g., slow-moving shallow conditions provide nursery refugia for silvery minnow lar-
vae) into management actions to increase habitat quantity or improve habitat quality.
To be effective, decision metrics that are developed for management objectives
should be validated with field observations. Model assumptions, precision and param-
eter importance can be refined by comparing the fidelity of selected parameters com-
puted as habitat quality metrics and the correlation of these metrics to real-world
observations. Validated environmental metrics are more credible for management
and can be compatible with ecosystem monitoring and project design processes. In
this study, streamflow monitoring data and hydraulic modelling are used to quantify
fish habitat extent for 15 years of spring runoff. The spring runoff event coincides
with larval maturation to a free-swimming juvenile phase for the silvery minnow, a
critical period in Rio Grande habitat management. Different methods to estimate
habitat availability (i.e., hydrology statistics, inundation extents based on hydraulic
modelling and areal habitat availability based on different formulations of a habitat
suitability index curve) were used to test the efficacy of different metrics relative to
species population monitoring. This analysis finds that flow-ecology relationships
based on hydraulic modelling or hydrology statistics are both effective and highly
correlated to larval production. The investigation shows how seasonal hydrologic
characterization and hydraulic discretization have varying levels of correlation with
seasonal fish production. This study demonstrates how hydraulic modelling data and
hydrologic characterization of riverine environments can be used to validate or
develop conceptual ecological models.

KEYWORDS
endangered species, environmental flows, habitat hydraulics

actions such as change in water operations that improve species suc-
cess (Berthot et al., 2021). However, the efficacy of these actions
depends on the reliability of how changes in flow magnitude, duration,
frequency, timing and rate of change of streamflow (i.e., a ‘flow
regime’; Poff, 1997) affect ecosystem functions such as water quality,

in-stream hydraulics, aquatic populations and energy sources.
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Year-to-year variability of both species prevalence and stream-
flow presents challenges in identifying flow targets. For instance, fish
populations are inherently variable in response to environmental con-
ditions (Guy & Brown, 2007), and population data can vary with fish
density and capture efficiency based on gear type (Bonar et al., 2009;
Widmer et al., 2012). Similarly, flow regimes can be summarized by
hundreds of metrics (Olden & Poff, 2003), many of which vary signifi-
cantly through time or may only be available at a narrow set of gage
locations. Given these uncertainties, the link between hydrology and
ecosystem processes can be challenging to define and much more so
when trying to create a parsimonious model with outputs that are
clear enough to guide management action.

Hydrologic, hydraulic and habitat analyses are fundamental to
environmental flow methods. For instance, techniques such as flow
regime analysis using the Indicators of Hydrologic Alteration (IHA)
have become standard tools for practitioners (Richter et al., 1997).
Similarly, hydraulic habitat analysis using methods such as Physical
Habitat Simulation (PHABSIM) (Milhous & Waddle, 2012) has pro-
vided a repeatable framework to characterize how streamflows affect
species and justify environmental flow decisions. While comprehen-
sive field measurement of habitat is infeasible, the scalability of
hydraulic habitat modelling facilitates extension of spatial domains
and temporal windows, ultimately increasing available datasets sup-
porting environmental flows (Masarei et al., 2021).

While increasing the complexity of ecological models can be use-
ful, identifying the most tractable and sufficiently specific model is a
necessary step in efficient analysis (Larsen et al., 2016). Hydraulic
models have been used to link streamflow to available habitat at
resolutions varying from coarse (e.g., river reach) to micro-habitat
(e.g., sub-cross-section) scale (Tharme, 2003). Advancements in data
availability and computational efficiency have provided advanced
insights of connections between discharge and physical habitat
availability (Berthot et al., 2021; Pisaturo et al., 2021). Conversely,
these advancements can lead to overparameterization and overfitting,
which negatively affect model performance (Cox et al., 2006).

This study's objective was to evaluate the effectiveness of vary-
ing resolutions of environmental flow modelling approaches in pre-
dicting species response. Specifically, we use a case study on the Rio
Grande (New Mexico, USA) and examine the role of multiple levels of
detail in hydrologic and hydraulic models on predicting population
trends for the Rio Grande Silvery Minnow (Hybognhathus amarus,
RGSM). In doing so, we investigated how increasing model complexity
can improve or degrade correlation with species population trends.
Seasonality of peak snowmelt, hydraulic models of varying dimension-
ality and four approaches of hydraulic habitat discretization were ana-
lysed as covariates for fish population metrics (Figure 1). The analysis
identifies how increased data resolution and specificity in habitat cri-
teria affect metric correlation to RGSM population growth or decline.

2 | MATERIALS AND METHODS

Fish population monitoring data were used as a means test to the
performance of several hydrologic and hydraulic habitat metrics.
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FIGURE 1 Conceptual representation of the study design. On the
left, increasing model complexity: (1) hydrologic data as discharge (Q),
(2) inundation areas (P) based on Q using different hydraulic models
and (3) inundation areas (P) based on Q-provided habitat quality using
a hydraulic habitat suitability index. Parameterization of hydrology
and hydraulic habitat preference were defined based on field
observations of species life cycle requirements and hydraulic
preferences.

The spring runoff, a critical period for RGSM population recruitment,
was characterized in numerous ways based on conceivable durational
and hydraulic habitat requirements for larval fish production. We
initially performed analysis based on hydrologic conditions alone.
Then, one- and two-dimensional (1D and 2D) hydraulic models were
used to estimate total inundation and inundated habitat based on
existing models of hydraulic habitat preference. This array of hydro-
logic and hydraulic metrics was compared to fish population data
using statistical correlations to identify the most predictive metrics

and model resolutions.

21 | Case study location and species

This research was focused on a case study on the Rio Grande (New
Mexico, USA), with emphasis on the federally endangered Rio Grande
Silvery Minnow (H. amarus, RGSM). The RGSM is the remaining spe-
cies of the native fluvial minnow guild in this river (Remshardt
et al., 2003) and occupies 5% of its original range due to channeliza-
tion and disconnection of the river and its floodplain (Bestgen &
Platania, 1991). Population and range losses are common among fish
species on fragmented and flow-regulated rivers in part due to chang-
ing hydraulics and flow patterns (Dudley & Platania, 2007). For the
Rio Grande, such fragmentation was caused by installation of flood
control and diversion structures, as well as channelization and levee
projects that have reduced the active channel and floodplain widths
respectively.

The life history and hydraulic habitat preferences of RGSM have
been extensively described (Medley & Shirey, 2013; Valdez
et al,, 2019, 2021). RGSM spawning occurs in conjunction with the
rising spring hydrograph (Dudley, Robbins, et al., 2020; Pease
et al., 2006; Widmer et al., 2012), and a larger runoff is associated
with increased species spawning success (Valdez et al., 2019). Spring
runoff causes floodplain inundation, which creates slow-moving and
shallow larval nursery habitat (Fluder et al, 2007; Gonzales
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et al, 2014; Valdez et al, 2019, 2021). The correlation between
autumn RGSM population and the degree of spring floodplain inun-
dation underscores the importance of floodplain nursery habitat in
minnow life history (Porter & Massong, 2004).

Conceptually, observations of hydrologic and hydraulic thresholds
to support RGSM have already been applied as habitat management
actions in this river system. Water management requirements for a
short-duration runoff pulse produced drifting eggs but very low num-
bers of offspring (Dudley, Platania, & White, 2020; Dudley, Robbins,
et al., 2020). Following 2004 and 2005, prolonged floodplain inunda-
tion was recognized as essential for RGSM production. Water man-
agers are interested in defining essential spring runoff parameters
(e.g., magnitude and duration) for successful production of minnow
with minimal use of water. Restoration sites have been constructed
by transforming banklines and the floodplain to generate shallow-
slow-moving habitat at lower flows.

For hydraulic habitat parameterization, Bachus and Gonzales
(2017) identified suitable water depths and velocities for larval life
stages for RGSM. Valdez et al. (2019) and SWCA (2019, nonpub) have
collected monitoring data for RGSM populations including measure-
ments of depth and velocity. We defined habitat preferences as a
habitat suitability index (HSI). Velocity and depth were transformed to
an HSI value ranging from O (inhospitable) to 1 (conditions most uti-
lized by the species).

Larvae Velocity Larvae Depth
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FIGURE 2 Velocity and depth are the hydraulic habitat
parameters delineated for RGSM in this study. The HSI (hydraulic
habitat suitability index) has a range from O to 1, with 1 being the
most preferred habitat, O being inhospitable. Two HSI schema were
used. ‘Binary’ is based on ideal hydraulic habitat conditions delineated
by Mortensen et al. (2019) (solid yellow line). The ‘Graduated’ (double
red line) encloses a histogram of fish counts into equal sized bins
based on field measured data from Valdez et al. (2019) (black boxes).

Two HSI were tested. The first was an existing suitability index,
referred to in this study as a ‘Binary’ HSI, that was previously pub-
lished by Mortensen et al. (2019), delineating the most ideal habitat
conditions. A new ‘Graduated’ HSI was developed based on a histo-
gram of larval fish observations from Valdez et al. (2021), where
depth, velocity and number of RGSM were measured during field
monitoring. The samples were combined as a frequency analysis in a
histogram based on observed velocity and depth conditions. The
Graduated HSI is a polyline that envelops the Binary HSI and the
field-measured histogram (Figure 2).

2.2 | Fish population metrics

Fish population data (2002 to 2018; Dudley, Platania, & White, 2020)
were used for deriving recruitment and population trends (fish met-
rics) for functional analysis (FA) using linear regression. Fish were col-
lected from April to October using two sizes of seines (3.1 m x 1.8 m
with 4.8-mm mesh and 1.2 m x 1.2 m with 1.6-mm mesh) for 20 hauls
totalling ~400-600 m? (per site visit) at 20 sites. The RGSM monitor-
ing data included location, habitat type, mean fish length and age class
by individual seine haul (Dudley, Platania, & White, 2020). The year
2009 was excluded from analysis because sampling was limited to
September and October, precluding calculation of spring season
recruitment metrics.

Data were parsed into annual cohorts based on estimated age at
capture. Catch-per-unit-effort (CPUE) was calculated from May to
October, as the number of fish captured per 100-m? area sampled,
with 0.001 added to each value to support log-transformation when
no fish were found. The percentage of seine hauls with at least one
silvery minnow was 37.1% (mean CPUE = 0.28 per 100 m?, range
0.10-33.33 per 100 m? when present).

Four fish population metrics were calculated for each sample year
using the R statistical software language from the RGSM population
monitoring dataset (Table 1; Dudley, Platania, & White, 2020). The
broodstock covariate is the April population (CPUE) prior to spawning.
The recruit slope metric is the slope of young-of-year (YOY) CPUE
over time from May to August for each year. The YOY CPUE summa-
rizes the total YOY catch for May-August. The YOY and mean slope
had a similar distribution as the slope of recruitment (recruit slope).
Recruit slope was carried forward as the fish metric for evaluation
against hydrologic and hydraulic metrics.

TABLE 1 Fish population and recruitment metrics considered in the FA.
Fish metric Label
Broodstock (CPUE) Broodstock
Slope to mean CPUE Mean slope
Young-of-year (CPUE) YOY
Slope of recruit (CPUE) Recruit slope

Formula Date range
100P April
Im(p100p/1c) May 1-Aug 9
100p May 1-Aug 9
Im(P~T) May 1-Aug 9

Note: u, =average of variable ‘x’; P =fish population/unit area; T = date range; T = number of days: ~ = ‘as a function of’.
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2.3 | Hydrologic and hydraulic habitat metrics

Daily average discharge data were retrieved from the USGS gage Rio
Grande at Albuquerque, NM Gage (08330000). The Hydrologic Engi-
neering Center's Ecosystem Functions Model (HEC-EFM) was used to
characterize the spring runoff to create a one-to-one parameter com-
parison: one hydrologic or hydraulic habitat data point per year
compared with one fish population metric that summarizes the spring
runoff larval production for that same year (Figure 3). Characterization
of hydrology was based on critical spring-runoff habitat conditions for
the larval life stage of RGSM: flow during the peak discharge event
over 1-, 7-, 14- and 21-day durations according to multiple summariz-
ing statistics (peak, average, minimum). Seasonal summations and dis-
charge frequency (e.g., number of days with streamflow ranging from
25 to 50 cubic meters per second [cms]) were also evaluated as
hydrological habitat metrics. Hydrographs from 2002 to 2018 (except
for 2009) were evaluated, corresponding with the years when fish
data were available.

Seasonality was tested with base and long season periods of
observation. The base season was centred on the most typical months
of the spring runoff (April to June), while the long season was of a suf-
ficient duration to capture most outlier (early) runoff seasons (March
to July) of the sample period. In addition to seasonality, the durational
hydrological statistics were determined using HEC-EFM: maximum
and average values for the minimum flow of a particular duration for
each runoff season. The combinations of hydrologic or hydraulic met-
rics that were tested against the recruit slope are shown in Table 2.

One-dimensional (1D) and two-dimensional (2D) hydraulic models
were created for a 16-km sub-reach of the Rio Grande in Albuquer-
que, NM using HEC's River Analysis System (HEC-RAS). These models
encompass a reach of the Rio Grande that includes several US Army

Corps of Engineers (USACE) restoration sites in the Corrales and
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Albuquerque, NM, area. Bathymetric survey and LiDAR were collected
by the US Bureau of Reclamation and represent 2012 conditions. The
field measurements included water surface elevations and surveyed
channel cross-sections. The result was a detailed and comprehensive
topographical dataset appropriate for simulating river hydraulics.

Landcover data were collected in 2005, mapping out main vege-
tation types, including density and canopy characteristics (based on
methods from Hink & Ohmart, 1984). These data were used to define
different Manning's roughness coefficients for the hydraulic analyses.
Manning's ‘n’ values were calibrated to a low-flow (~15 cms, corre-
sponding to the US Bureau of Reclamation survey between January
11 and 18, 2012) water surface elevation and areas of inundation dur-
ing a high-flow event (~150 cms, collected by USACE as aerial pho-
tography June 8-10, 2008).

The hydraulic simulations were used to characterize inundated
areas and areas of suitable hydraulics for a range of discrete discharges,
using two different hydraulic modelling approaches for comparison.
The 1D model estimates spatially averaged hydraulic conditions for the

TABLE 2 List of the hydrologic and the hydraulic metrics tested
against the fish metric (recruit slope).

Hydraulics for each of the *

Hydrology (asterisked) Hydrology metrics

1D and 2D inundated area
1D and 2D area with Binary
HSI, velocity, depth and
composite.

e Season: Long (April to July); .
base (May to June) * .

e Duration (1 to 21 days) *

o Flow magnitude (maximum,

mean of minimums, e 2D area with Graduated HSI,
minimum of minimumes, velocity, depth and composite.
summation) * e 2D area with Graduated HSI for

the floodplain, velocity depth
and composite.

e Frequency

FIGURE 3 Plots of hydrologic metrics for the study
period. These were computed with HEC-EFM ‘Long’
indicating a longer season (capturing outliers occurring in
the early spring) and ‘Base’ season representing the most
typical run off. The durations are 1-day duration to 7-, 14-
and 21-day durations. The spring pulse is identified with
the highest minimum flows for each annual spring flow of
each given duration. The mean and the maximum are
statistical summaries of these, either the mean minimum
flow or the maximum minimum flow.

2020
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main-channel cross-section and floodplains. The 2D model provides
spatially explicit estimates of hydraulic conditions for cells distributed
in a mesh. Though the 1D and 2D models had similar areal inundation
patterns, they produced different estimates of ‘suitable’ habitat area
due to their differences in hydraulic computational approach.

Hydraulic metrics were exported from HEC-RAS as raster maps.
ArcGIS (Version 10.3) was used to compute the HSI, also as raster
maps, for depth and velocity using the Reclassify tool. Field observa-
tions indicated that hydraulic habitat conditions were mutually inclu-
sive, meaning both depth and velocity conditions are met when fish
are found. Thus, raster multiplication ensured a location had suitable
conditions for both parameters as a Composite HSI. The hydrology
and hydraulic results were used to translate the spring runoff hydro-
graph from 2002 to 2018 into habitat quantities (areas) with increas-
ing complexity: hydrology alone, inundation area based on streamflow
and suitable hydraulic habitat areas based on streamflow. The habitat
quantities were compared to fish population data collected during the
same period.

2.4 | Fish population and comparisons with
hydrologic and hydraulic metrics

A functional data analysis framework was used to evaluate each com-
bination of fish and environmental metrics corresponding to YOY
RGSM production. The recruitment index was compared to all combi-
nations of environmental metrics calculating R? and error prediction
via Akaike information criterion (AIC) values. This resulted in 100 total
candidate models. The model results were sorted by R? values to iden-
tify which environmental metrics had a higher correlation and lower
AIC score. The environmental metrics with higher R? with the fish
metrics may be conceptually defined as hydrologic or hydraulic
parameters relevant to fish production.

Though selecting metrics that can be implemented as manage-
ment actions may be straightforward (e.g., discharge for a duration),
we wanted to determine if hydraulic data produced unique results.
Following parameter identification, correlation between the hydrau-
lic/hydrologic habitat metrics and the fish population measurements
was evaluated. A Pearson correlation was used to test the degree to
which hydraulic and hydrologic metrics correlated with one another.
A second Pearson analysis was run to measure individual hydraulic
and hydrology metric correlations to fish recruitment.

3 | RESULTS

Inundated area increases with flow, but the area does not increase lin-
early as discharges increase (Figure 4). In an incised river, the channel
conveys bankfull discharges in a narrow, high-velocity channel. Over-
banking flow enters the floodplain, expanding inundated areas that
are better habitat for RGSM larvae nursery. At very high flows
(140 cms), flow becomes constrained by levees, causing increasing
discharge to continue increasing inundated area, but the areas of suit-
able hydraulics reach an asymptote.
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FIGURE 4 Inundated area per discharge curves using 1D and 2D
hydraulic models and two habitat suitability index definitions. The
total surface area between 1D and 2D were similar and were
therefore plotted with one line.

FIGURE 5

2D (left image) and 1D (right) rendering of 11.3-cms
flow velocities over the same in-stream islands. White circle shows
approximately the same location.

Using a 1D or 2D hydraulic model affects habitat quantification
(Benjankar et al., 2015), with the 1D averaging the active channel and
overbank areas and 2D having higher resolution throughout the inun-
dated area, including edge habitat (Figure 5). 2D habitat computation
constrained to the floodplain performed better than when the 2D
habitat computation included active channel areas. For the 1D results,
active channel hydraulics were averaged, and no suitable velocity or
depth areas were identified in the active channel in the first place.
This demonstrates a risk in increasing model resolution and the lack of
transferability for suitable hydraulic evaluation: though the active
channel may have suitable hydraulics, underlying mesohabitat condi-
tions do not support species recruitment.

The differences in estimated areas of suitable hydraulics were
much more pronounced between the 1D and 2D models, by an order
of magnitude (10%) between the 1D HSI results and the 2D Graduated
HSI results (Figure 4). The Graduated HSI method had a wider range
of suitable depths and velocities than the Binary method, and there-
fore, quantities of habitat from the Graduated HSI are greater than
those estimated from the Binary method.
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':Il'cl?tal area® 1D Binary-floodplain®
1D Binary-floodplain 0.908*
2D Total Area 0.997+++ 0.912*
2D Binary 0.945*+ 0.968++
2D Graduated 0.986" " 0.952*F

TABLE 3 Eco-value curves relate

2D

Total area 2D Binary discharge to some habitat quantity, in
this case: inundated area.

0.918*

0.954+ 0.983"++

Note: 1D and 2D hydraulic models are tested, and this table demonstrates how much these eco-value

curves correlate with one another.

2Correlations for these columns apply to the floodplain only and therefore are compared from 60 to 215

cms only. 4 (0.90-0.93]; ++ (0.93-0.96]; +++(0.96 or higher).

The variance between the metric correlations would be small
because underlying hydrology data were common to all parameters.
The eco-value curves (habitat quantity as a function of streamflow
volume) using habitat areas had a very high correlation with one
another (Table 3). 1D Total Area and 2D Total Area had the highest
correlation. Total area curves had the least correlation relative to habi-
tat curves. The least correlated eco-value curve was the 1D Total Area
relative to the 1D Binary HSI, having a coefficient of determination
(R?) value of 0.91.

3.1 | Functional data analysis

The various hydrologic, hydraulic and habitat eco-value curves were
used to generate single-value characterizations of the spring runoff or
annual hydrographs. Correlations between these characterizations are
presented in Table 4. The parameter results for 2002 to 2018 had dif-
ferent magnitudes of variance. The units of the eco-value
(e.g., percentages in flow exceedance, discharge, and acres of inunda-
tion) and the various time frame (e.g., seasonal summation and
streamflow durations) affected variance in the result distribution.

Conceptually, a maximum of the minimum flow represents the
peak runoff's magnitude at a given duration. Between the base and
long season hydrology, the maximum of minimum flows is similar.
However, when comparing the base and long season mean of mini-
mum metric, the longer season attenuates the peak discharge. The
maximum 1-day event is higher for the long season in two instances
for the 17-year time frame.

Generally, the linear regressions had a positive relationship
between the eco-value and the recruit slope. The base season dura-
tions performed slightly better than the long season, though medians
of these metric correlations (R? values in Table 4) were within 0.05.
The highest correlated hydrology metrics were associated with longer
durations: 21 and 14 days. The mean of minimums for the peak dis-
charge and the maximum of the minimum flows for the durations had
similar R? correlations to each other for all durations.

The summation (daily eco-values summed) for the base season
had a higher correlation with the fish population metrics than any
habitat quantification based on duration (e.g., 21-day minimum peak
flow). The highest correlations to the recruit slope metric were the
total surface area (R? = 0.958) and the overbank suitable velocity

(R? = 0.945) eco-value curves. Suitable depth and velocities eco-value

curves performed better than when both were combined, which indi-
cates that the method to combine the two hydraulic criteria can be
improved for approximations of available habitat in 1D.

The consistent trends of increasing duration for environmental
metrics (the 14- and 21-day maximum of minimum flow) for recruit-
ment slope support using FA for identifying environmental flow dura-
tion. The differences between the maximum intermediate and the
minimum suitable flows for the 21- and 14-day maximum-of-the-
minimum flow ranges identify flow combinations (duration and
magnitude) that require additional data collection to refine a minimum

environmental flow for successful minnow recruitment.

3.2 | Pearson correlation

The Pearson correlation results are shown on a quadrant plot, with
the mean correlation among hydrologic and hydraulic habitat parame-
ters and the fish population metrics at the origin. Absolute deviation
from the mean (MAD) to the fish population metric is on the x-axis;
MAD correlation of the hydraulic and hydrologic metrics to each other
is on the y-axis (Figure 6). Metrics vary most from the mean plot far-
ther from the origin.

Metrics plotted in Quadrants Il and Il have a lower correlation
with fish population recruitment than those in Quadrants | and
IV. Within Quadrant | (no metrics fell in Quadrant V), items that move
farther from the origin on the x-axis are better correlated with fish
population recruitment, and items that move farther from the origin
on the y-axis have more correlation with hydrologic-based metrics.
Therefore, items that are farthest to the right of the origin and further
down the y-axis are the most independent metrics with the highest
correlation with fish population metrics (see Figure 7 for more exam-
ples of variance among characterization of hydrology alone, the sea-
son and different habitat suitability indices).

The results are grouped together based on hydrologic metric type
(hydrology, 2D Binary, etc.), and the centroids were computed by
averaging the MAD x- and y-axis values, respectively. Some metrics
could not be evaluated with Pearson correlations. Seasonal summa-
tions did not follow a normal distribution, so 1D and 2D results were
combined for plotting the centroid in Figure 6. The long season, 14-
and 21-day mean values for 2D Binary and Graduated HSls had the
least self-correlation with other metrics and poor performance with

the recruit slope. These strongly affected the centroid location. When
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TABLE 4 FAresults for the tested hydrologic and hydraulic metrics, colour coded to highest correlation (blue) to least correlated (red).
Mean of minimums Maximum of minimum
Maximum
Recruit slope 7-day 14-day 21-day iD 7-day 14-day 21-day
Base season Duration 0.883 0.887 0.879 0.783 0.829 0.884 0.897
Hydrology Summation 0.883 0.887 0.879 - - - -
28 cms 56 cms 85 cms 113 cms -- -- --
Exceedance 0.723 0.828 0.849 0.856 -- - --
Mean of minimums X Maximum of minimum
Maximum
7-day 14-day 21-day iD 7-day 14-day 21-day
Long season Duration 0.824 0.825 0.819 0.759 0.828 0.882 0.891
Hydrology Summation 0.824 0.825 0.819 - - - -
28 cms 56 cms 85 cms 113 cms
Exceedance 0.688 0.788 0.828 0.857 -- - --
Mean of minimums X Maximum of minimum
Maximum
7-day 14-day 21-day 1D 7-day 14-day 21-day
Base season 1D Binary 0.889 0.899 0.892 0.775 0.805 0.876 0.89
Hydrology and larval habitat  5p Bjnary 0.579 0.525 0471 0.775 0742 0743 0717
2D Graduated 0.557 0.497 0.439 0.762 0.739 0.719 0.687
2D Graduated, floodplain 0.906 0.906 0.893 0.811 0.843 0.893 0.907
Mean of minimums X Maximum of minimum
Maximum
7-day 14-day 21-day 1D 7-day 14-day 21-day
Long season 1D Binary 0.903 0.918 0.866 0.763 0.805 0.876 0.888
Hydrology and larval habitat  5p Bijnary 0.419 0.323 0.27 0.776 0742  0.743 0.728
2D Graduated 0.396 0.356 0.335 0.765 0.739 0.719 0.692
2D Graduated, floodplain 0.835 0.833 0.821 0.79 0.842 0.892 0.902

Surface area

Larval criteria

Overbank Total Depth Velocity HHSI
Seasonal summation of habitat 1D Binary 0.826 0.958 0.923 0.945 0.875 -- --
2D Binary - 0.638 0.828 0.842 0.873 - -
2D Graduated -- 0.638 0.465 0.621 0.652 -- --
2D Graduated, floodplain - - 0.786 0.877 0.875 -- --

only the floodplain is considered (Graduated 2D, Floodplain), the cor-
relation with fish population metrics is greatly improved. This indi-
cates that when the hydraulic HSI is applied to the active channel,
there is less correlation with fish production. The 1D hydraulic results
already filtered out the active channel area, as average channel
hydraulics in these locations exceeded ideal hydraulic habitat
conditions.

Still, the variation between these metrics, either in correlation
with the recruit slope or with the hydrographic metrics, is very small.
While Figure 6 presents the centroid of the metrics grouped by type
(i.e., 1D, 2D and Hydrology), looking at a single hydrologic condition
(i.e., 14-day duration) demonstrates how increasing model complexity
affects correlation with the fish population metric (Figure 8a). Differ-
ences between the long and base season hydrology were minimal but
impacts of the hydraulic habitat accounting method showed ‘migra-
tion’ within the quadrant plot. Of these, the increasing dimensionality

of the model increased correlation with the recruit slope. Among a
given hydraulic metric (i.e., long season and 2D Graduated Floodplain;
Figure 8b), whether the duration was summarized by the mean flow
of the peak event or the maximum flow at a given duration affects
correlation with the fish population metric. Maximum flows and
increasing durations showed better correlation and therefore may be

most robust relative to larval RGSM recruitment.

4 | DISCUSSION

For this study, a multimethod approach was used to evaluate correla-
tion between different characterizations of spring runoff and larval
minnow response. FA and Pearson correlations were applied to iden-
tify the independence of hydrologic and hydraulic metrics from each

other and their correlation with fish population. These determine
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FIGURE 7 Plots for the different hydrological metric self-
correlation (e.g., 1-, 7- and 14-day durations in the first plot; different
definitions of long or short season in the second, 2D HSI at different
durations in the third plot) and recruit slope correlation results.
Quadrant number shown in grey. Demonstrates the amount of
clustering and scatter for each of the metric types, which are
otherwise summarized as a centroid in Figures 6 and 8.

(WUA = Graduated HSI).

whether these differing characterizations of hydrology were unique
from one another. Many of the correlations from the FA were higher
than 0.5, which demonstrates that regardless of characterization
approach, spring runoff hydrology is an influential parameter to RGSM
production. Streamflow is a driving factor for all the hydrograph
metrics; it affects the magnitude at a particular duration and areas of
inundation. However, streamflow, whether for a season or over
several years, is a noisy dataset, with varying rates of increase, reces-

sion and duration.

14-Day Maximum Flow Long Season, 2D Graduated, Floodplain
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—e— Hydrology ---A---- Hydrology and Hydraulics
FIGURE 8 The impact of model complexity can be visualized as a
migration from the mean/origin (left figure, 14-day maximum flow
habitat contributions based on different eco-value curves). (a) The
hydrology metrics (circle) do not have much variation from one
another and are grouped tightly on the plot. The hydraulic habitat
metrics show greater variance. 2D migrates to the right of 1D and the
origin, indicating stronger correlation with fish metrics. The 2D Binary
and 2D Graduated are more independent (moving down the y-axis)
relative to the 1D Binary and 2D Graduated floodplain because these
incorporate suitable hydraulics in the active channel. (b) The impacts
of hydrology durations are shown. The environmental flow metric:
mean of the minimums for the duration (triangles); showed little
migration relative to the fish population metric via the x-axis, showing
the mean gives the same level of correlation with RGSM production.
The maximum of the minimums (circles) shows greater variation, with
longer durations correlating more with the fish population metric.

It was found that the floodplain hydraulic habitat computed using
velocity and depth results from both 1D and 2D modelling approaches
was more strongly correlated with the recruit slope than total inun-
dated area from the same simulations. Additionally, it was found that
applying the larval HSI for RGSM to the active channel area did not
correlate well with fish population metrics. This demonstrates that
adding areas that are outside typical habitat zones to the eco-value
curves may produce a less effective model.

Given the observation that hydraulic habitat area is more effec-
tive than total inundated area, at a certain threshold increasing dis-
charge does not linearly increase fish production. Instead, higher

discharges may have negative effects on fish production. This trend
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may be attributed to the river planform and surrounding flood control
infrastructure which restricts areas of inundation. Flows are confined
between levees, leading to increasing depths and velocities.

Hydraulic models confirm these field observations. If the river's
morphology drives how the hydrology manifests as hydraulic condi-
tions, then it is possible that suitable hydraulics are an important and
unique component of species life cycle requirements. Metrics that
correlate best with fish population and less among the other metrics
may present dimensions of fish habitat that have not yet been priori-
tized in restoration management. 2D analysis will be more flexible as a
tool for adaptive management, as it can be used directly in alternative
analysis, design criteria and performance measurement. Hydrologic
metrics, such as seasonal summation, are much more difficult to incor-
porate in a project planning process. While allocating water for
instream benefits is strongly limited by resource scarcity, targeting an
increase in suitable hydraulic areas may support a different habitat
management approach. A suitable hydraulics approach would aim to
increase areas that conform to higher scores in the HSI which has
now been delineated.

From a management perspective, identifying lower streamflow
conditions capable of producing sufficient nursery habitat supports
opportunities to increase the frequency of an appropriate annual envi-
ronmental flow. Also, identifying appropriate ways to quantify suitable
hydraulics makes 1D/2D modelling for habitat restoration sites and
planning more meaningful. Using hydraulic habitat suitability to esti-
mate appropriate flow magnitude is a bridge between fish nursery

habitat requirements and water management objectives.

5 | CONCLUSIONS

Environmental flow analyses based on hydrologic and hydraulic data
sources generate a multitude of candidate statistics. Fish population
trends are strongly affected by day-to-day streamflow, which may
present challenges in identifying better statistical hydrologic metrics.
FA provides a framework to validate the impacts of reducing noisy
data into hydrologic or hydraulic habitat metrics by identifying those
that correlate with species-specific processes, in this case, with spe-
cies production during the spring runoff.

The methods provided in this study may be applied to other river
systems and other species types. This study demonstrates how life
cycle requirements for biota can be parameterized and tested as
hydraulic and hydrologic habitat criteria. Increasingly complex models
generate a multitude of available habitat estimations. With species
monitoring data, it was possible to evaluate whether increasing com-
plexity improves the ecological conceptual model.

Assessing the hydraulic habitat parameterization allows for further
use of hydraulic modelling as an ecosystem management tool. The HSI
for depth and velocity can be applied to restoration site design or site
performance monitoring, to quantify suitable habitat abundance.
Hydraulic modelling can be used to forecast available habitat at a
range of flows. When field measurements are available, observations

of habitat quality can validate hydraulic habitat model performance.

Future research includes assessing the applicability of hydraulic
habitat on a restoration-site scale and implementing the reach-wide
environmental flow analyses for evaluating adaptive management
alternatives. This approach may also be tested with other species in
different watersheds, as species-specific processes influence the rele-
vance of hydraulic modelling dimensionality and hydrologic

discretization.
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