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1  | INTRODUC TION  

The alteration of river hydrology is global and widespread (Nilsson et al., 2005) resulting in sweeping ecological changes within river corridors 
(Poff & Zimmerman, 2010; Webb et al., 2013). In recent decades, support for water management that balances human and ecological needs 
has grown (Naiman et al., 2002; Palmer & Ruhi, 2019; Poff et al., 2010; Richter et al., 2003), and will be increasingly important with climate 
change-driven alterations in precipitation (Dai, 2013). As a result, water managers need defensible evidence to inform complex decision-
making processes about how to manage flow regimes in regulated rivers (Stoffels et al., 2018). Modeling frameworks that quantify the effects 
of flow scenarios (Stoffels et al., 2018), and explicitly consider process-based biological responses (Freeman et al., 2022; Poff et al., 2010; 
Wheeler et al., 2018) are in demand. Furthermore, there is a need for tools and methods that contextualize quantitative flow-ecology relation-
ships within the range of observed conditions under a natural flow regime, rather than managing for “optimal” flows that maximize a response 

Received: 9 September 2022  | Accepted: 14 October 2023 

DOI: 10.1111/1752-1688.13173  

R E S E  A R C H  A R T I C L E  

Trout bioenergetics as a process-based tool to estimate 
ecological risk in a regulated river 

Suzanne J. Rhoades1,2 |   Timothy J. Caldwell2 |   Scott McBain2 |   Rene Henery3 | 
Natalie Stauffer-Olsen3 |   Tara McKinnon1 |   Gabriel J. Rossi4 |   Sudeep Chandra1 

1Biology Department, Global Water 
Center, University of Nevada, Reno, Reno, 
Nevada, USA 
2McBain Associates—Applied River 
Sciences, Arcata, California, USA 
3Trout Unlimited, Emeryville, California, 
USA 
4Integrative Biology, University of 
California, Berkeley, California, USA 

Correspondence 

Suzanne J. Rhoades, Biology Department, 
Global Water Center, University of 
Nevada, Reno, Reno, NV, USA. 
Email: skelson@unr.edu 

Funding information 

Marin Community Foundation; National 
Fish and Wildlife Foundation 

Abstract 

Bioenergetics models produce quantitative flow-ecology relationships that summa-
rize changes in habitat and food resources from altered flows. We used a drift-forag-
ing bioenergetics model to quantify the net rate of energetic intake (NREI) for trout 
above and below a water diversion. NREI is reduced by >95% below the water diver-
sion in July–September, when up to 98% of unimpaired flows are diverted. We then 
used a risk-based approach to estimate the maximum diversion rate, expressed as a 
percentage of unimpaired flow, that would produce NREI values that are not signifi-
cantly lower than values under unimpaired flows throughout a 62-year period. NREI 
decreased with increased precent-of-flow diversion rates in low-flow months (July– 
September). Diversion rates of 16% in July and 9% in August and September would 
maintain NREI within the range of unimpaired flow conditions. In higher flow months, 
May–June, increasing diversions brought estimated instream flows closer to the peak 
NREI flow, leading to the assessment that increased diversions would increase NREI. 
Bioenergetic models can be used to develop protective flow rates at times of the 
year when fish growth and production would be high under unimpaired flows, which 
often coincides with when water is diverted. Our study is the first to develop protec-
tive percent-of-flow diversion rates for holistic flow management using a quantitative 
process-based and fish-centric ecological metric. 
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2  |     RHOADES et al. 

variable. These tools will allow managers to shift the question from, how much water do we need in the river, to, how much can we divert 
without risking ecological harm? 

Early approaches to quantifying instream flow needs were grounded in physical metrics intended to approximate biological habitat 
and were typically formulated as minimum baseflow requirements (Bovee & Milhous, 1978; Grantham & Moyle, 2014; Petts, 2009). 
More recent approaches have considered functional components of hydrographs to maintain geomorphic and ecological function (Poff 
et al., 2010; Yarnell et al., 2015, 2020). Holistic instream flow management approaches are designed to protect the shape and function of 
natural flow regimes by allowing a percent-of-flows (POF) to be diverted (Mierau et al., 2018; Richter et al., 2012). These holistic meth-
ods still require managers to determine an acceptable level of departure from the unimpaired hydrograph that balances ecological and 
societal risks (Tharme, 2003). To date, few methods have been developed to estimate protective diversion rates for holistic management 
(but see Richter et al., 2012; Rossi, Mierau, et al., 2021), and none have done so using process-based and fish-oriented flow-ecology 
relationships. 

In salmonid-bearing streams, the status quo for over 40 years has been to use habitat suitability curves (HSCs) to approximate 

habitat needs for fish, which are built upon correlations of physical habitat metrics, such as depth and velocity, and observations of 
habitat use (Beecher et al., 2002; Bovee & Milhous, 1978; Moniz et al., 2020). These correlations are then paired with hydraulic models 
to quantify habitat area at different flows (e.g., weighted usable area, or WUA curves) (Bovee & Milhous, 1978; Jowett et al., 2008). 
These models have their utility (Beecher, 2017; Campbell et al., 2021; Jowett & Biggs, 2006; Reiser & Hilgert, 2018), but have also been 
criticized for a lack of correspondence with individual fitness (Anderson et al., 2006; Hayes et al., 2016; Mathur et al., 1985; Naman 
et al., 2019; Railsback, 2016) and high site specificity (Anderson et al., 2006). Furthermore, these models do not describe how food 
resources change with streamflows (Piccolo et al., 2014; Rosenfeld & Ptolemy, 2012), which is a critical piece of the puzzle in salmonid 
fitness (Chapman, 1966). 

Drift-foraging bioenergetics models are process-based models that estimate net rate of energetic intake (NREI), which is a proxy for fish 
growth potential. The models can be employed to make predictions about ecological responses to flow alterations in streams where the goal is 
to conserve drift-feeding fishes (Naman, Rosenfeld, Neuswanger, Enders, Hayes, et al., 2020; Piccolo et al., 2014; Rosenfeld et al., 2016). These 
models describe the energetic costs and gains of foraging in the stream environment. Because they do not require assumptions about habitat 
selection like HSCs, they are more transferrable across streams (Naman et al., 2019; Rosenfeld et al., 2016). Drift-foraging bioenergetics mod-
els are based on foundational research that was conducted decades ago (Fausch, 1984; Hill & Grossman, 1993; Hughes & Dill, 1990), but their 
implementation by practitioners has been slow (Rosenfeld et al., 2014). Recently, Naman, Rosenfeld, Neuswanger, Ender, and Eaton (2020) 
developed a user-friendly graphical interface that synthesizes fundamental bioenergetics equations. This interface opens the door for practi-
tioners to more readily put bioenergetics models to use in flow management. 

Since 1915, the state of California (USA) has held legislation that requires instream flows to be provided below dams to maintain fish “in 
good condition” (CA F&G Code 5937). Good condition has been defined to have three tiers: individual condition, population sustainability, 
and natural communities (Moyle et al., 1998). Although the legislation was largely ignored for decades, it recently spurred alterations to in-
stream flow management in high profile cases (Bork et al., 2012). One reason that the legislation was long neglected may have been the lack 
of instream flow tools that relate “good condition” to predicted flow regimes. We highlight that drift-foraging bioenergetics models provide 
one metric for the first tier of individual condition by quantifying net energetic intake (NREI), a proxy for growth potential. For this reason, we 
suggest that river managers in California, where salmonids are highly imperiled (Katz et al., 2013) but often protected below dams by Code 
5937, may find bioenergetics models a useful component of river management. 

Here we demonstrate how drift-foraging bioenergetics models can be used to estimate acceptable diversion rates for holistic stream-
flow management in the Shasta River (CA, USA), a regulated stream with native salmonid fish. Specifically, we asked, when do flow increases 
produce the greatest improvements for trout by modeling trout bioenergetics? We then evaluate the results of a bioenergetics modeling 
approach with field data on fish density, body size, and condition. Modeling bioenergetics over a series of stepwise POF diversion scenarios, 
we develop protective diversion rates that are predicted to maintain a fish growth potential proxy (NREI) within the range of historical, un-
impaired conditions. This approach could have broad utility in systems with regulated flow, sensitive species, and quantifiable flow-ecology 
relationships. 

Research Impact Statement 

This study is the first to develop protective percent-of-flow diversion rates for holistic instream flow management using a drift-
foraging bioenergetics model, a quantitative, process-based tool. 

 17521688, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.13173, W

iley O
nline L

ibrary on [13/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense 

https://onlinelibrary.wiley.com/terms-and-conditions


|  3 
TROUT BIOENERGETICS AS A PROCESS-BASED TOOL TO ESTIMATE 
ECOLOGICAL RISK IN A REGULATED RIVER 

2  | METHODS  

2.1 | Study site 

The Upper Shasta River, a tributary of the Klamath River in Northern California (Figure 1), is fed by both rainfall and snowmelt (Figure 2). 
Within our study reach, the primary water diversion removes up to 792 L/s (28 cfs) from March to November and up to 396 L/s (14 cfs) in other 
months. In the summer, this diversion can represent >98% of the estimated unimpaired flows. The diversion infrastructure consists of a con-
crete dam structure that allows water to flow over the top when discharge is high enough, a fish ladder (with a minimum of 18.4 L/s [0.65 cfs] 
for functionality), and a manually operated headgate. Current native fish species are Rainbow Trout (Oncorhynchus mykiss), Marbled Sculpin 
(Cottus klamathensis), and resident Klamath Lamprey (Entosphenus similis). Non-native Brown Trout (Salmo trutta) are also present. 

2.2  | Field data collection 

We monitored streamflows with pressure gages (Hobo Onset loggers) below the diversion, in the primary diversion ditch, and in several minor 
diversion ditches. Rating curves were maintained at the gage stations to convert stage to discharge following USGS methods (Turnipseed & 
Sauer, 2010). We summed these discharges to estimate unimpaired flows. We monitored stream temperatures with Hobo Onset loggers in one 
pool below and above the diversion. For both datasets, we estimated the daily mean value from hourly data. 

We collected drift 13 times, every 4–6 weeks from December 2018 to December 2019. At each sample event we collected two samples 
above and below the diversion (Figure 1) with a 500 um drift net with a 25.4 × 44.5 cm opening and a cod end. We measured water velocity in 
front of the net prior to collecting the sample to estimate drift concentration (individuals/m3). We standardized samples by the time the net 
was deployed, typically 1–1.5 h. Samples were collected between 11:00 and 15:00 to minimize crepuscular drift peaks. Invertebrates were pre-
served in 70% ethanol and identified under the microscope. Samples were identified to the family level when possible and taxa from terrestrial 
origin were often identified to order. Individuals were measured to the nearest 1 mm. 

2.3  | Inputs for bioenergetics part 1: Estimating annual energetic conditions 

Drift foraging bioenergetics models describe the cost of maintaining position in the water column, the ability to capture prey, and the size and 
amount of drift in a foraging territory (Fausch, 1984; Hughes, 1992; Hughes & Dill, 1990). Gross rate of energetic intake (GREI) represents 
energetic gains from successful capture and ingestion of prey. The NREI is the GREI minus the energetic costs associated with swimming, ex-
cretion, and metabolic needs. We used the software Bioenergetics HSC to calculate these parameters, which is a user-friendly software that 
implements well-developed equations for prey capture probabilities, success, drift flux, and metabolic costs (Naman, Rosenfeld, Neuswanger, 
Enders, Hayes, et al., 2020). 

First, we estimated the energetic conditions for trout in 1 year at each focal site (riffle-pool series) above and below the diversion. To quan-
tify physical conditions, we used modeled depth and velocity (at 6/10 of the depth) transects from 2-D hydraulic models (Caldwell et al., 2018). 
The model was calibrated from 0 to 5.35 cms (189 cfs) and validated with point velocity and depth measurements. The pool above the diver-
sion is geomorphically stable and remains very similar to the model. The pool in the model below the diversion has since shifted under high 
flows but represents typical riffle/pool conditions. We extracted 5 riffle and 5 pool transects from the 2-D hydraulic model at our mean daily 
discharges (Figure 1). 

We modeled bioenergetic conditions for a 10 cm, 10.5 g fish, which is the median size class based on July electrofishing efforts (see 
below). Previous modeling efforts at our study site indicated that the seasonality of NREI was similar across fish size classes but only varied in 
magnitude (Caldwell et al., 2018). We summarized the empirical drift data as the concentration of individuals (individual/m3) binned in 1 mm 
size classes. We used the mean daily stream temperature at each site at the date of drift collection. Note that the Bioenergetics HSC model 
calculates NREI as an instantaneous value (J/s), but total daily NREI is likely lower at colder temperatures due to reduced metabolic rate and 
total daily consumption of fish (Naman, Rosenfeld, Neuswanger, Ender, & Eaton, 2020). Relative instantaneous NREI can be used to compare 
above and below diversion, as we do here, but seasonal comparisons do not consider this potential difference in total daily intake due to cooler 
winter temperatures (Table S1). 

We used the batch function in Bioenergetics HSC to calculate NREI at each depth and velocity point on each transect (30.5 cm intervals) 
using default settings (Table S2). To incorporate variation along a transect, and to account for the energetic gain and loss associated with 
stream width expansion and contraction, NREI was summed for all points along the transect. We then calculated the mean and standard de-
viation of NREI by habitat type (riffle and pools) at each site and date. To understand when flow and energetic conditions are most impaired, 
we calculated the percent NREI and streamflow loss below compared to above the diversion. We then conducted two linear models, one for 
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4  |     RHOADES et al. 

F I G U R E  1  (a) The Upper Shasta River in Northern California, USA, a tributary to the Klamath River, is 72 km2 at our study site near Weed, 
CA. Trout bioenergetics were estimated from monthly drift samples and five depth/velocity transects that were extracted from 2D hydraulic 
models (b) above and (c) below a water diversion. 
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|  5 
TROUT BIOENERGETICS AS A PROCESS-BASED TOOL TO ESTIMATE 
ECOLOGICAL RISK IN A REGULATED RIVER 

riffles and one for pools, between the percent energetic loss and percent streamflow loss. All statistical analyses were completed in R version 
4.0.3 (R Core Team, 2020). 

2.4  | Fish density, size, and condition above and below the diversion 

We estimated trout density, size, body condition, and lipid content above and below the diversion to evaluate if predicted NREI, a proxy for 
growth potential, was corroborated by trout habitat selection and condition. We conducted backpack electrofishing in 8 units (5 riffles, 3 
pools) above and 7 units (4 riffles, 3 pools) below the diversion in July 2020, and 9 units (6 riffles, 3 pools) both above and below the diversion 
in July 2021. The same sites were re-visited in 2021 with the addition of extra riffle sites. Sites were blocked with top and bottom nets and 
fished until depletion was achieved, typically in three passes. Above the diversion, we used two to three backpack electrofishing units (Smith 
Root), depending on the channel width, to create a continuous field of electricity as we moved upstream. Below the diversion, continuity was 
achieved with one to two electrofishing units. We standardized the effort for each unit by summing the total time that all electrofishers were 
operated, divided by the sampled surface area (min/m2). The surface area was estimated by one length and five width measurements, centered 
along the pool length. Fish were identified to species and measured for fork length (mm) and weight (g). Trout over 85 mm (n = 130 above and 
n = 50 below diversion) were measured for whole body lipid content in the field using a Distell Fish Fatmeter (Quillet et al., 2005). 

We conducted linear regressions to test if O. mykiss and S. trutta density differed above and below the diversion. We included year as a 
fixed effect in these models to test for interannual differences. We conducted an analysis of variation (ANOVA) on the linear regression to 
determine significance of each parameter. 

Next, we compared age-matched size and body condition of O. mykiss above and below the diversion. We focused on O. mykiss because 
they were the most common trout species (n = 231). Our sample size for S. trutta was too limited for comparisons (n = 56 individuals from var-
ious age classes). We divided O. mykiss into two age classes, age-0 (<75 mm) and age-1+ (>75 mm) based on clear divisions in the fork length 
histogram (Figure S6). We used an ANOVA to test if age-0 fish and age-1+ fish differed in size above and below the diversion with year as 
a fixed effect. We compared body condition by conducting an analysis of covariance (ANCOVA) between the logscale weight and logscale 
length in each year, including an interaction with sample site, following residual analyses methods in Sutton et al. (2000). If body condition 
differed between the sites, the interaction would be statistically significant. We used an ANOVA to test for difference in whole-body lipids 
above and below the diversion with year as a fixed effect. 

2.5  | Inputs for bioenergetics part 2: Evaluating acceptable levels of flow diversion rates 

Our second set of analyses seeks to determine flow diversion rates that produce NREI values within natural, historic variability over a longer time 

series. We quantified energetic conditions below the diversion through 62 years of unimpaired flows and several flow diversion scenarios. We 

F I G U R E  2  Streamflows on the Upper Shasta River were lower below the diversion than above the diversion, particularly during low flow 
months, December 2018, and July–December 2019. 
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6  |     RHOADES et al. 

focused on May–September, when energetic and flow losses below the diversion are largest (see Section 3). We first explored 75%, 50%, and 25% 

POF diversions to evaluate if the effects of POF diversion scenarios vary by month. Next, we estimated the largest possible POF diversion, at 1% in-
crements from 1% to 50% diversions, that would not result in statistically significant NREI losses compared to unimpaired flows within each month. 

We estimated unimpaired flows at the Upper Shasta River using a regression from a nearby U.S. Geological Survey gage station, Trinity 
River above Coffee Creek (USGS no. 11523200). We conducted a linear regression between flow at the Trinity River and measured unimpaired 
flows at the Upper Shasta River in 2019 (wet year) and 2020 (dry year). The correlation between flow at the two sites is R2 = 0.77 (Figure S2). 
We predicted unimpaired flows at the Upper Shasta River on the 15th of every month from May to September from 1958 to 2020. Flows on 
the 15th were representative of flows for the entire month (p > 0.10 in a t-test comparing the two, Figure S3). A single, representative day of 
the month was used because drift was estimated on a monthly timescale (see below). 

Habitat conditions were represented using the same transects in the 2-D hydraulic model described above (Figure 1). On 23 out of the 
317 modeled dates, flows were greater than 5.35 cms (189 cfs), the highest calibrated flow in the model, in which case we used the transect at 
5.35 cms. These substitutions only occurred in May. We used the mean monthly temperature from our time series of temperatures gathered 
at each site from 2013 to 2020 (Table S1). Mean monthly temperatures do not capture the full variability in monthly temperatures, but are 
acceptable are our study site because temperatures are within metabolically suitable ranges for Rainbow Trout both above and below the 
diversion (Table S1; Figure S1) (Myrick & Cech, 2000). Additionally, mean monthly temperatures are only slightly warmer (<1.5°C) below the 
diversion, despite significant flow reductions (Table S1; Figure S1). 

We created a synthetic drift input file to represent average monthly drift. Drift concentration does not differ significantly above and 
below the diversion or in riffles and pools, but varies between months, and tended to be higher in the early summer (May–June) and again in 
September (Figure S4). Therefore, we made one drift file for each month that summarized the mean concentration for each 1-mm size class for 
all samples taken in that month (Figure S5). Energetic value and capture success varies with invertebrate size, so the input drift concentrations 
must be size-class specific (Naman, Rosenfeld, Neuswanger, Enders, Hayes, et al., 2020). Our dataset included drift samples from 2019, a wet 
year, described above, and 2015, a dry year (Caldwell et al., 2018). Sensitivity analyses demonstrated that the bioenergetics models are very 
sensitive to large taxa, so we excluded individuals that were over 8 mm (0.6% of individuals). 

We modeled NREI at the range of depth and velocity combinations observed (0–150 cm depth and 0–360 cm/s velocity at 1 cm and 1 cm/s 
increments), using the drift file and temperature associated with each month in Bioenergetics HSC (Naman, Rosenfeld, Neuswanger, Enders, 
Hayes, et al., 2020). We ran these models for 5, 10, and 15 cm fish. 

To understand energetic conditions under each POF diversion scenario, we merged the NREI estimate for each depth × velocity × month 
combination with the transects that would have been observed on the 15th of the month in the 62-years under each flow scenario. We 
summed NREI for all points along each transect and calculated the mean NREI for each habitat type (5 riffle and 5 pool transects). Next, we 
conducted analyses of variances (ANOVAs) to test if there was an interaction between month and flow scenario (unimpaired, 25%, 50% and 
75% diversion), in predicting NREI, which would indicate that allowable diversion rates differ by month. Our workflow to arrive at monthly 
NREI estimates for unimpaired and impaired flow scenarios is summarized in Figure 6. 

After summarizing energetic conditions for the four initial POF-diverison flow scenarios, we asked what would be the highest allowable 
POF diversion that would maintain NREI within unimpaired levels. This is a risk-based approach that evaluates the ecological risk of incremen-
tal degrees of departure from unimpaired habitat values (Rossi, Mierau, et al., 2021). We followed the same set of steps as above to calculate 
NREI for every POF diversion, from 1% to 50%, at 1% increments. We ran a one-sided t-test between each POF diversion and the unimpaired 
conditions. The maximum POF diversion is the highest POF where NREI is not significantly lower than unimpaired NREI. We chose p < 0.05 as 
our cut-off for significance, a value that could be adjusted depending on tolerable levels of ecological risk. 

3  | RE  SU  LTS  

3.1 | Streamflows 

Streamflows were greatly reduced below the diversion, particularly in summer months (Figure 2). The spring snowmelt recession, from June 
to July, occurred much faster below the diversion than above. Late summer baseflows were nearly an order of magnitude higher above the 
diversion, plateauing at 0.20 cms (7 cfs) from August to December 2019, compared to 0.03 cms (1 cfs) below the diversion (Figure 2). 

3.2  | Bioenergetics part 1: Estimating annual energetic conditions 

Relative energetic conditions for trout varied throughout the year. Above the diversion, NREI was lowest from March to June, during 
spring high flows. Below the diversion, NREI was lowest at the end of the summer (Figure 3), when streamflows were at their lowest 
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TROUT BIOENERGETICS AS A PROCESS-BASED TOOL TO ESTIMATE 
ECOLOGICAL RISK IN A REGULATED RIVER 

(Figure 2). At both sites, total daily NREI (relative to instantaneous NREI, estimated in Figure 3) is likely lower in the winter months due 
to reduced daily intake at colder temperatures (Naman, Rosenfeld, Neuswanger, Ender, & Eaton, 2020). NREI peaks were two to three 
times higher in pools than in riffles, both above and below the diversion (Figure 3a). The percent loss of NREI below the diversion, com-
pared to above, in pools was often >75% (Figure 3) and reached >95% from the end of July to December 2019. The only times when 
energetic loss in pools was <50% was in the spring, when the diversion minimally impairs streamflows (Figure 3b). In the riffles, the 
percent energetic loss below the diversion compared to above was almost always >50% (Figure 3b), but riffles were almost always less 
profitable than pools. 

We found a strong relationship between flow reductions and energetic loss below the diversion relative to above. For pool habitats, this 
relationship was not statistically different from a 1:1 ratio, suggesting that any flow reductions results in a proportional energetic loss for drift 
foraging fish (Figure 4). Specifically, the regression for pool habitats predicted an intercept ± standard error of −0.04 ± 0.08 and slope ± stan-
dard error of 1.0 ± 0.12, and this fit was strong (F1,10 = 71.0, p < 0.01, and adjusted R2 = 0.86). For riffle habitats, large flow losses resulted in 
smaller energetic losses, likely because the higher velocity habitats do not have the potential to be as profitable as pools (Figure 4). The re-
gression estimated an intercept of 0.51 ± 0.09 and slope of 0.42 ± 0.14 and explained a significant amount of the variance (F1,11 = 8.7, p = 0.01, 
adjusted R2 = 0.39). In both habitats, flow and energetic losses are high at the end of the summer (Figures 3 and 4). 

3.3  | Fish density, size, and condition above and below diversion 

We found that densities of trout species were higher above the diversion than below (Figure 5a,b). For both species, sample location was 
significant in an ANOVA (F1,30 = 4.7, p = 0.04 for O. mykiss and F1,30 = 4.7, p = 0.04 for S. trutta). There were lower densities of O. mykiss below 
diversion, i.e. the slope estimate for below the diversion compared to above was negative (slope ± standard error = −12.5 ± 5.7, p = 0.04). S. 
trutta were also present in lower densities below the diversion (slope± standard error = −5.2 ± 2.2, p = 0.02). Year was not significant for O. 

F I  G  U  R  E  3  (a) Bioenergetic conditions for drift foraging fish throughout one year in the Upper Shasta River in pools and riffles, above 
and below the diversion. Error bars represent ±1 SD around the mean due to five simulated transects in each habitat type at each sampling 
event. Instantaneous net rate of energetic intake (NREI) (J/s) does not account for temperature-related variation in total daily consumption 
limits. (b) The percent NREI loss below the diversion compared to above the diversion in pools and riffles. 
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8  |     RHOADES et al. 

mykiss, but was for S. trutta (p > 0.1, and F1,30 = 21.7, p < 0.01, respectively). S. trutta were present at higher densities in 2021 than in 2020 
(slope± standard error for 2021 = 10.2 ± 2.2, p <0.01). 

O. mykiss were smaller below the diversion in both age classes, and this was statistically significant for age-0 trout (Figure 5c,d). Sample 
location was significant in an ANOVA (F1,110 = 5.1, p = 0.03), and the slope estimate for below the diversion, compared to above, was negative 

F I G U R E  4  The percent of flow loss is a strong predictor for the percent of energetic (NREI) loss below the diversion compared to above. 
Shaded areas are ±1 standard error around the slope estimate. 
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F I G U R E  5  Density of trout, (a) Rainbow Trout (Oncorhynchus mykiss) and (b) Brown Trout (Salmo trutta), measured as catch per unit effort 
(fish/min/m2) was higher above the diversion than below the diversion in 2020 and 2021. O. mykiss were smaller below the diversion than 
above in the (c) age-0 and (d) age-1+ size class. 
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(slope± standard error = −6.6 ± 2.3, p < 0.01) (Figure 5c). Age-0 trout were slightly larger in 2021 (F1,110 = 10.4, p < 0.01, slope ± standard error 
7.0 ± 2.2, p < 0.01). For age-1+ trout, location was marginally significant in an ANOVA (F1,115 = 3, p = 0.08) and the slope estimate for below the 
diversion was negative (slope ± standard error = −8.4 ± 5.4, p = 0.1). Age-1+ sizes did not differ between the years (p >0.1). 

There was no difference in body condition above and below the diversion. Specifically, there was not a significant main effect or interaction 
with location in the logscale fork length-to-weight ANCOVA (p > 0.10 for all comparisons, Figure S6). There was also no difference in whole-
body lipid content for O. mykiss above and below the diversion (p > 0.10 for location and year, Figure S6). 

3.4  | Bioenergetics part 2: Evaluating acceptable levels of flow diversion rates 

NREI peaked at low-to-intermediate streamflows (Figure 6; Table 1) for all size classes (5, 10 and 15 cm) and all months (May–September) 
(Figure S7). Pools had a greater potential to create energetically favorable conditions than riffles (Figure S7; Table 1). For all size classes, the 

F I G U R E  6  Workflow for generating a timeseries of NREI values that were used to estimate NREI under different percent-of-flow 
diversion scenarios at a monthly timestep (Figure 7). NREI-depth-velocity surfaces and NREI-flow curves were developed for every month 
(May–September) to account for different drift concentrations. July results for 10 cm fish are plotted here. 

Estimated Unimpaired HydrographMonthly NREI-Flow curves 

NREI Timeseries for Unimpaired and Percent-of-Flow Diversion Flows 

Depth-Velocity Transects for every Flow 

NREI 

Monthly NREI-Depth-Velocity Surfaces
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10  |     RHOADES et al. 

TA  B  L  E  1  Flows (L/s) that produce the peak NREI for fish of different size classes in pools and riffles from May to September. 

Flow (L/S) at peak NREI 

Trout size May June July August September 

Pools 

5 cm 453 453 453 453 453 

10 cm 680 680 651 651 651 

15 cm 906 878 878 878 878 

Riffles 

5 cm 255 255 255 255 255 

10 cm 311 311 311 311 311 

15 cm 396 368 368 368 368 

F I  G  U  R  E  7  (a) Flows included in the streamflow scenarios. (b, c) NREI along transects decrease as the diversion percent-of-flow (POF) rate 
increases in July–September. NREI calculations represent 10 cm fish, see Figures S8 and S9 for comparison of size classes. 
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estimated flow at peak NREI was similar across months (Table 1), and pools always required greater flows than riffles to maximize NREI. The 
flows with peak NREI increased with fish size class and were twice as high for 15 cm fish (878 L/s, or 31 cfs) than 5 cm fish (453 L/s, or 16 cfs) 
(Table 1). 

Our initial evaluation of POF diversions at 25%, 50%, and 75% indicated that the impacts of diversions on NREI varies by month (Figure 7; 
see Figures S8 and S9 for all fish size classes). There was a significant interaction between month and flow scenario in an ANOVA predicting 

mean NREI for every size class and habitat type (p < 0.01 for all ANOVAs). In May, we found that increasing the POF diversion resulted in 
increased predicted NREI (Figure 7). In June, increasing the POF diversion increased NREI in riffles, and maintained similar NREI in pools. In 
July–September, increasing the diversion decreased NREI in both habitat types (Figure 7). 

In both habitat types, in May and June, we did not find a POF diversion <50% that would significantly reduce NREI, but we did in July– 
September. The 10 cm fish were the limiting size class (required lowest POF diversion) in pools while the 15 cm fish were the limiting size class 
in riffles. Focusing on pool habitats, our recommendations would be to divert 12% or less in July and 9% or less in August–September (Table 2). 

4  | DISCUSS  ION  

Water managers need tools that integrate biological and physical responses to streamflow to make decisions about how much water can be 
diverted, and when, without risking harm to native species. We used bioenergetics models to quantify the impact of a water diversion on cold 
water trout and to estimate maximum diversion rates that would maintain modeled NREI, a proxy for growth potential, within the range ex-
pected under unimpaired flows. This framework could be used to guide instream flow needs in rivers where conservation of drift-feeding fish 
or maintenance of “fish in good condition” are management goals. 

4.1 | Bioenergetics above and below the diversion 

Even in wet years with higher precipitation and river flows, the energetic conditions below the diversion are significantly impaired (>95% NREI 
loss compared to above) for drift-feeding trout in the summer, a time when NREI could be relatively high. However, unlike a previous study at 
the same site, which was conducted at the end of a historic drought, NREI did not drop below zero (Caldwell et al., 2018). In contrast, in nearby 
unimpaired coastal streams, growth rates for O. mykiss were comparable between dry and wet years (Kelson & Carlson, 2019), even though 
energetic conditions decline over the summer months (Rossi et al., 2022; Rossi, Power, et al., 2021). This contrast suggests that it is possible 
for trout in unimpaired streams to be resilient to extreme climate and drought fluctuations. Restoring physical habitat structure in the Upper 
Shasta River may increase resilience to low flows and drought. 

The drift-foraging energetics model predicted that NREI was lowest in the spring, even though drift concentrations and fluxes peak at this 
time of the year in the Upper Shasta River (Figure S4). The low spring growth predicted by our models was driven by the high water velocities, 
which drives down prey capture successes and drives up swimming and maneuvering costs (Hill & Grossman, 1993; Rosenfeld & Taylor, 2009). 
In our study, prey capture success was close to 25% in the spring (Figure S10). We suggest that field videography (e.g., Neuswanger et al., 2014) 
may be helpful in determining if prey capture successes are empirically that low at high velocities, or if trout are able to seek out low-velocity 
microhabitats where they can keep swimming costs low and capture success high. For example, Rosenfeld and Boss (2001) suggest that age-0 

TA  B  L  E  2  The maximum percent-of-flow (POF) diversion rate that maintains NREI within the range of NREI under unimpaired flow 
scenarios for 5, 10, and 15 cm fish in pools. The most limiting size class, or the size class that requires the lowest diversion, is in bold. 

Maximum percent of diversion 

May June July August September 

Pools—NREI 

5 cm >50% >50% 18% 9% 9% 

10 cm >50% >50% 16% 9% 9% 

15 cm >50% >50% 16% 12% 10% 

Riffles—NREI 

5 cm >50% >50% >50% 30% 12% 

10 cm >50% >50% >50% 9% 9% 

15 cm >50% >50% 38% 9% 9% 
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fish can seek out velocity refuges within riffles to obtain net positive energetic gains. Similarly, in an experimental stream, growth was higher 
in riffles than pools for Rainbow Trout (Magoulick & Wilzbach, 1998), suggesting that if food density is high enough, fast-water habitats can 
be productive. 

Pool habitats were more profitable than riffle habitats, which aligns with observations that trout establish territories in lower-velocity 
pools (Hayes & Jowett, 1994). Even though aquatic drifting invertebrates tend to be sourced from riffles (Naman et al., 2017), they are available 
at the head of the pool (Inoue et al., 2017) and supplemented by terrestrial invertebrates (Naman et al., 2018). In an experimental manipula-
tion with cutthroat trout, Rosenfeld and Boss (2001) found that pools led to higher growth rates for all sizes of fish, while large fish that were 
constrained to riffles lost weight. Pool habitats can be the focus of instream flow recommendations for trout, and any energetic gains made in 
the pools will provide a net greater benefit than associated energetic losses in the riffles. 

We were surprised to find a strong linear relationship between the percent flow reductions and percent energetic loss below the diversion. 
This linearity was unexpected because previous bioenergetics modeling studies have noted that a reduction in drift as flows decline could lead 
to a disproportionate energetic loss at low flows (Rosenfeld & Ptolemy, 2012). In the Upper Shasta River, however, we did not find a uniform 
decrease in drift concentrations at low flows, but instead found that drift concentration was variable and slightly increased in September when 
flows continued to be low (Figure S4). Similarly, peaks in drift concentration under very low flows (<5% of mean annual discharge) have been 
noted in a review of seasonal drift in several streams in the Pacific Northwest (Rashidabadi et al., 2022). Further flow experiments that tease 
apart streamflows with the phenology of invertebrate production and food resources would inform when a proportional relationship between 
streamflows and NREI holds true. 

4.2  | Fish density, size, and condition above and below the diversion 

Overall, our field observations on trout density and size corroborated predictions from our bioenergetics modeling. This evaluation is an im-
portant step that is often not undertaken (Naman et al., 2019), with a few exceptions (e.g., Naman et al., 2019; Nislow et al., 2004). Even more 
broadly, the effect of instream flows on fish are often not evaluated (Campbell et al., 2021), and our field observations establish a baseline from 
which responses to restoration could be measured. 

In detail, both trout species were present in lower densities below the diversion, which aligns with our estimated lower NREI, under the 
assumption that fish are mobile consumers who can track habitat quality (Fretwell & Lucas, 1970). In a flow experiment, Stelzer et al. (2022) 
also found lower densities of trout in a flow-impaired reach, suggesting that trout can quickly move out of deteriorating habitats. Previous 
studies have related modeled habitat loss (i.e., WUA) below dams to losses in trout densities and size complexity (Baran et al., 1995; Ovidio 
et al., 2008), and our study demonstrate that bioenergetics are similarly powerful for predicting impacts of diversions. 

Age-0 O. mykiss were also smaller below the diversion. Emergence typically occurs in early summer, which is when the diversion begins 
to substantially impair flows. As a result, the only growth window fish would have experienced was under impaired conditions. While age-1+ 

O. mykiss were also smaller below the diversion, the overlap in size ranges between the two sites was substantial, and the size difference may 
not be biologically meaningful. This difference between the age classes may be because age-1+ fish have the remainder of the year, when flow 
is less impaired, to “catch up” in growth by July (Nicieza & Metcalfe, 1997). Compensatory growth can have delayed costs, such as reduced 
body size, condition and limited resources to allocate to reproduction at a later season as a result of prioritizing performance in the catch-up 
period (Morgan & Metcalfe, 2001). Reduced flows have been demonstrated to reduce the growth of trout in experimental low-flow (Harvey 
et al., 2006) and drought conditions (Sogard et al., 2009; VerWey et al., 2018), and our NREI modeling and field studies agree with these 
observations. 

We were surprised to find no difference in body condition or whole-body lipid content above and below the diversion. There are 
likely tradeoffs associated with somatic growth versus lipid storage and body condition. In the Upper Shasta River, high lipid content 
may not be necessary to survive freezing winter conditions, which is observed in colder climates (Biro et al., 2004), so growing in length 
may be more beneficial for establishing dominance (Nakano, 1994) and for over-winter survival (Ebersole et al., 2006). Additionally, lipid 
content may be more controlled by water temperature than metabolic rate (Sloat & Reeves, 2014) or food rations (Archer et al., 2020), 
and temperatures were not substantially warmer below the diversion. Lipid allocation may also reflect the fatty acid profiles of prey 

species (Budge et al., 2020) and the invertebrate assemblage has extensive overlap above and below the diversion at our study site 
(Caldwell et al., 2018). 

4.3  | Bioenergetics for evaluating POF diversion rates 

Our analyses predicted that diverting <12% of streamflows in July and <9% of streamflows in August and September would maintain NREI 
within the range of unimpaired conditions. This diversion rate is much lower than the current diversion rate, which can be >98% of unimpaired 
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flows. This rate is in line with the “presumptive” standard of protection (10%) is suggested by (Richter et al., 2012) to maintain a high level of 
protection for natural function. Another approach, the “modified percent of flow” (Mierau et al., 2018) suggested that a cumulative diversion 
rate is protective if it does not decrease a stream's family of riffle crest (RCT) depths by more than 5%. Using previously measured RCT depths 
from below the diversion dam, a 5% change in RCT depth below the diversion dam equates to a diversion rate of 13.4% of flow for flows below 
2.83 cms (100 cfs). Interestingly, all three of these holistic methods converge around a similar protective diversion rate of <10%–13%. 

In high flow months, May and June, a simple reading of our results would suggest that very high diversion rates (>50%) would benefit trout 
by increasing NREI. In our analyses, any diversion that brings streamflow closer to the flow where NREI peaks will theoretically improve trout 
energetics, and spring flows are frequently higher than that flow. While higher flow diversion rates are likely acceptable during these months 
compared to the low-flow months, we emphasize caution in the interpretation of these results. Bioenergetics models are likely not the most 
suitable tool for evaluating the risk of diversions in high flow conditions for a few reasons. First, our model likely does not accurately reflect 
realized energetic conditions that fish experience within the channel under high flows, as fish can likely seek shelters behind large cobbles or 
near the substrate where the velocity is lower (Ligon et al., 2016; Railsback et al., 2011). Second, we did not account for energetic benefits 
if flows are high enough to inundate floodplains, which can be extremely high-growth environments for trout (Katz et al., 2017; Sommer 
et al., 2020), even in mountainous watersheds (Boughton & Pike, 2013). Future bioenergetics and hydraulic models could seek to incorporate 
the availability of microhabitats, including floodplains, in high-velocity streams. 

Finally, high flows are useful for other aspects of focal species' life histories and the broad ecological function of the river. For example, 
high springtime flows may be important for spawning (Hatfield & Bruce, 2000; Moyle et al., 1998). High flows are also important for many 
geomorphic functions (Yarnell et al., 2015) that indirectly maintain focal species via channel form or gravel distribution. Thus, we recommend 
that trout growth is just one of several metrics used to guide assessment of ecological risk from diversions. Other quantitative responses to 
high flows, from fish and other riverine biota, could be integrated into a similar framework to find the highest acceptable diversion rate. In 
the absence of these metrics, during the high flow months managers could rely on well-established holistic methods that define protective 
diversion rates from multiple case studies or hydro-geomorphic indicators (Mierau et al., 2018; Richter et al., 2012). 

4.4  | Room for improvements: Drift concentration-streamflow relationships 

A shortcoming in our effort to evaluate stream flow scenarios using bioenergetics is that we assumed constant drift concentrations within a 
monthly sampling period, regardless of flow. Our site-specific data suggested that drift concentrations were not necessarily correlated with 
flows in the summer (Figure S4). However, other studies have found that drift is more likely to decrease with flows (Dewson et al., 2007; 
Rashidabadi et al., 2022). Furthermore, drift concentration can vary spatially within the stream channel (Hayes et al., 2007; Stark et al., 2002), 
with implications for the profitability within a study reach (Laliberte et al., 2016). Hayes et al. (2007) developed a model that includes process-
based transport of drift in a stream but implementing these models widely requires site-specific data and are implemented over a shorter 
reach. 

There is a need for a more comprehensive understanding of how drift concentration changes with streamflow given other watershed 
characteristics (Naman et al., 2016; Rosenfeld et al., 2014, 2016). Drift concentrations can be highly variable, but if adequately represented 
can help capture the complexities of how ecosystems change with reduced flows (Rosenfeld & Ptolemy, 2012). In the future, empirical and 
synthesis studies and drift process models (e.g., Hayes et al., 2019) that describe how drift concentration varies spatially and with flow in a 
stream will be important for applying process-based bioenergetics models to management. 

4.5  | Data inputs for applied bioenergetics models 

Bioenergetics models integrate the effects of temperature-flow-food interactions on fish habitat in a way that is not considered by physical 
habitat simulations (Railsback, 2016), and have many applications for evaluating the effects of flow management on fish. Bioenergetics HSC 
is a user-friendly software (Naman, Rosenfeld, Neuswanger, Enders, Hayes, et al., 2020), which opens the door to implementing bioenergetics 
models as a relative estimate of habitat quality more widely. Implementation requires data on depth and velocity, (either measured empirically 
or extracted from hydraulic models), temperature, and drift. Below we briefly discuss considerations for practitioners in developing tempera-
ture and drift data. 

Water temperature is a strong driver of fish metabolic rate and is an important input variable for bioenergetics models. In users seeking to 
apply bioenergetics models to evaluate flow scenarios, an important consideration may be how flows alter water temperatures. In the Upper 
Shasta River, the effects of streamflow reduction on temperature were relatively minor (typically <1.5°C of warming even under flow reduc-
tions >90%, Figure S1; Table S1), due to input of cold-water springs that maintain consistent, cool temperatures even in warm air temperatures. 
More commonly, flow reductions increase water temperatures, especially in dry and warm periods (van Vliet et al., 2011). Unseasonably warm 
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temperatures may increase fish metabolic rate, and depending on food availability, create stressful or high-growth environments (Armstrong 
et al., 2021). In regulated rivers, water temperatures are often seasonally cooler downstream of dams even in low flows (Willis et al., 2021), 
which may slow fish metabolism and reduce growth potential (Brown, 2004). Depending on the system, developing a flow-temperature model 
may be an important step in developing appropriate inputs for fish bioenergetics models and for predicting impacts of flow management on 
fish. 

Recent work has demonstrated that food availability may be just as important as temperature for fish bioenergetics (Railsback, 2022). 
Unfortunately, the most commonly missing input data at a site of interest may be drift data, highlighting a need for regional-level data and pre-
dictive streamflow-to-drift relationships (discussed above). The user manual for Bioenergetics HSC (Naman, Rosenfeld, Neuswanger, Enders, 
Hayes, et al., 2020) notes that drift concentrations are more likely to influence the magnitude of NREI rather than the shape of the curves, 
and drift data could be borrowed from comparable systems to make initial inferences. Borrowing data may not capture the intricacy of flow-
drift relationships at a site and may not be appropriate at all places (e.g., if hydropeaking effects flow-invertebrate relationships, Kennedy 
et al., 2014), but this option may allow practitioners to incorporate bioenergetics as a management tool that complements physical habitat 
models. 

While understanding how drift and temperature changes with flow through space and time is important for developing accurate estimates 
of absolute NREI, we highlight that precise estimates may not be necessary for management and research objectives that seek to understand 
relative changes in NREI. For example, if predicting when/if NREI is likely to be negative is a priority, then accurate estimates of food and tem-
perature may be important. However, predicting the relative changes that may occur for fish growth and condition under altered flow regimes 
and restoration scenarios is more attainable and still informative. Similarly, it is important to note that drift-foraging bioenergetics models 
tend to overpredict growth potential due to overestimation of prey capture success and assumptions around foraging frequency (Hughes 
et al., 2003; Neuswanger et al., 2014; Rosenfeld & Taylor, 2009). Due to this overestimation, the strength of bioenergetics models is in esti-
mating relative growth potential and habitat quality, rather than precise growth estimates. 

Overall, including bioenergetics models in streamflow management to understand relative change in habitat quality may be currently 
feasible in many watersheds. This mechanistic understanding and ability to incorporate flow-related changes in food resources and water 
temperatures will provide insights and predictions that are an improvement from the current reliance on physical habitat metrics. 

5  | CON  CLUSI  ONS  

River management that focuses on how much water can be diverted without risking loss of ecological function (i.e., skimming water off the 
top), rather than how much water is needed to achieve peak conditions for target life histories/species (i.e., justifying every drop), will likely 
result in holistic management that preserves unquantified ecological functions associated with natural flow regimes. However, holistic POF 
diversion methods require that managers determine an acceptable level of departure, or protective diversion rate, from the unimpaired hy-
drograph (Tharme, 2003). Bioenergetic models have the potential to be a valuable tool for managers seeking to quantify the risk of altering 
ecological function due to water diversions in streams that support sensitive salmonid species. Drift-foraging bioenergetics models may cur-
rently be most useful for assessing the relative impact of diversions on habitat quality in low flow conditions. Future analyses could include 
quantitative streamflow-ecology and geomorphology relationships that are appropriate for high flow times. Including bioenergetic models in 
a risk-management framework for river management will improve the ability to balance desired ecological responses and human water needs. 
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