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Gillnet Sampling Methods for Monitoring Status and 
Trends of Clear Lake Hitch in Clear Lake, Lake County, 
California

By Frederick Feyrer,1 Matthew J. Young,1 Brock Huntsman,1 Veronica Violette,1 Justin K. Clause,1 
Jordan Buxton,1 Danielle Palm,1 Marissa Wulff,1 Jeff Gronemyer,1 and Luis Santana2

Abstract
The Clear Lake Hitch (Lavinia exilicauda chi) is a 

minnow endemic to Clear Lake, Lake County, California. This 
species is listed as a threatened species under the California 
Endangered Species Act and has been petitioned for listing 
under the United States Endangered Species Act. In 2017, the 
U.S. Geological Survey, in cooperation with the U.S. Fish 
and Wildlife Service, initiated a Clear Lake Hitch monitoring 
program to generate information annually on relative 
abundance and size structure. The monitoring program was 
organized around a conceptual life cycle diagram, focused on 
life stages approximately ≥1 year of age, and incorporated a 
probabilistic study design involving approximately 10 days of 
short-duration (approximately 40 minutes) gillnet sampling 
undertaken during daytime. This report documents monitoring 
program activities from 2017 to 2023 and presents the results 
of an evaluation of the monitoring program. The evaluation 
was done after the 2023 sampling event, following 6 years of 
implementation, which is the approximate generation cycle 
of Clear Lake Hitch. The results of the evaluation indicated 
the following: (1) gillnets used in the monitoring program 
were effective at capturing Clear Lake Hitch aged 1 year or 
more; (2) the study design was effective at generating the 
information needed to characterize Clear Lake Hitch relative 
abundance and size structure, and meaningful operational 
efficiencies can be obtained by implementing simple changes; 
and (3) future sampling can be scaled to approximately 

1U.S. Geological Survey.

2Robinson Rancheria Pomo Indians of California.

4–7 days of effort and maintain at least 80-percent confidence 
in detecting at least a 25-percent change in abundance, 
assuming past work productivity is maintained and future data 
are typical of previous data.

Introduction
The Clear Lake Hitch (Lavinia exilicauda chi) is a 

minnow endemic to Clear Lake, Lake County, California, 
that is listed as threatened under the California Endangered 
Species Act; it also has been petitioned for listing under the 
United States Endangered Species Act (fig. 1). Management 
interest in Clear Lake Hitch originates, in part, from historical 
accounts that suggest it was formerly highly abundant and 
an important resource for Native American Tribes (Moyle, 
2002; California Department of Fish and Wildlife [CDFW], 
2014). A variety of factors are thought to have synergistically 
contributed to a substantial contemporary decline in Clear 
Lake Hitch abundance. These factors include the loss and 
degradation of stream habitat used for spawning and rearing 
caused by changes in land and water use in the watershed 
and the loss and degradation of lacustrine habitat caused 
by shoreline development, reclamation of wetlands, and 
broad-scale changes to biological and physio-chemical 
components of Clear Lake (Moyle, 2002; California 
Department of Fish and Wildlife, 2014).
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Photograph by Fred Feyrer, U.S. Geological Survey, June 2021.

Figure 1.  Adult Clear Lake Hitch collected from Clear Lake, Lake County, California.

Effective conservation and management of Clear Lake 
Hitch requires basic information on the population’s status 
and trends. In an attempt to address this need, in 2017, the 
U.S. Geological Survey, in cooperation with the U.S. Fish 
and Wildlife Service, initiated a Clear Lake Hitch monitoring 
program. Active Tribal participation implementing the 
monitoring program began in 2022. The monitoring program 
has consisted of sampling the Clear Lake Hitch population 
within Clear Lake with gillnets to generate information 
annually on population abundance and size structure. This 
report describes monitoring program activities from 2017 to 
2023 and presents the results of an evaluation of monitoring 
program activities after 6 years of implementation, which 
is the approximate generation cycle of Clear Lake Hitch. 
The evaluation sought to (1) assess the effectiveness of the 
monitoring program in generating the desired information on 
population abundance and size structure and (2) estimate the 
amount of sampling effort needed annually in the future to 
successfully detect real trends in Clear Lake Hitch abundance.

Study Area
Clear Lake is in central California, approximately 

100 kilometers (km) north of San Francisco Bay (fig. 2). It 
is at 400 meters (m) elevation within the central California 
foothills and coastal mountains ecoregion of California, which 
is characterized by low mountain foothills with chaparral and 
oak woodlands (Griffith and others, 2016). With a surface 
area of 17,700 hectares (ha) and a volume of 1.4 billion cubic 
meters (m3), Clear Lake is the largest natural freshwater lake 
within California and the 33rd largest in the conterminous 
United States (Bue, 1963). The contemporary climate is 
Mediterranean with hot, dry summers and cool, moist 
winters. Clear Lake is fed by numerous intermittent streams 
that deliver freshwater seasonally in winter and spring from 
a 110,000 ha watershed. Clear Lake has one outlet, Cache 
Creek, which drains out of the southern-most point of Clear 
Lake and runs approximately 100 km before connecting to the 
Sacramento–San Joaquin Delta.
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Figure 2.  Clear Lake, Lake County, California, showing the 1,529 sites where gillnets were deployed 
during Clear Lake Hitch sampling from 2017 to 2023. The Clear Lake outline was obtained from the State 
of California’s California Lakes dataset (California Department of Fish and Wildlife, 2024). The depth layer 
was interpolated from 1,529 discrete depth measurements associated with each gillnet deployment, 
summarized from Palm and others (2023). Inset map shows the location of Clear Lake within California.
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Clear Lake Hitch Life Cycle
Clear Lake Hitch has a complex potamodromous life 

cycle in which it occupies a diversity of habitats across the 
landscape (fig. 3; Murphy, 1948; Moyle, 2002). Reproduction 
occurs during spring when adult Clear Lake Hitches migrate 
from Clear Lake into tributary streams to spawn. The tributary 
streams are ephemeral and typically only flow during winter 
and spring in response to heavy seasonal rain. Therefore, all 
aspects of reproduction, including adult migration, spawning, 
embryo incubation, larval development, and emigration, 
must occur during a relatively short temporal window when 
streamflow and water temperature are suitable (Feyrer, 2019). 
Numerous streams in the watershed are used for spawning, but 
it is not known if individuals return to their natal habitats to 
spawn (Feyrer and others, 2019a). Offspring appear to spend 
about 40 days on average in natal streams before moving 
to Clear Lake (Feyrer and others, 2019a). Individuals will 

live the remainder of their lives in Clear Lake, aside from 
presumably annual spawning migrations into streams upon 
reaching sexual maturity at approximately 2 years of age and 
a size of about 175 millimeters (mm; Geary and Moyle, 1980; 
Moyle, 2002); Clear Lake Hitch is thought to be iteroparous 
based upon the absence of dead adults on spawning grounds. 
Some spawning has been observed along the shoreline of 
Clear Lake (Kimsey, 1960), but the relative contribution of 
stream versus lake production of juvenile fish to the population 
is unknown. Clear Lake Hitches occupy a diversity of habitats 
within Clear Lake, with juveniles associated with nearshore 
littoral zones and adults mostly associated with offshore 
pelagic zones (Murphy, 1948; Moyle, 2002; Young and others, 
2022). Clear Lake Hitches reach approximately 6 years of age 
and attain a maximum size of at least 385 mm standard length 
(SL; Geary and Moyle, 1980; Palm and others, 2023).

 Gillnet
survey

LakeStreams
Egg

Larvae

Age–0

Egg

Larvae

Age–0
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Figure 3.  Generalized conceptual life cycle diagram of Clear Lake Hitch and life stages 
sampled by the gillnet survey in Clear Lake, Lake County, California. The boxes highlight life 
stages of Clear Lake Hitch aged 2 years or more (age–2+ years) that are sexually mature. The 
curly bracket highlights life stages for Clear Lake Hitch aged 1 year or more (age–1+ years) 
sampled by the gillnet survey.
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Methods

Clear Lake Hitch Monitoring, 2017–23

The fundamental objective of the Clear Lake Hitch 
monitoring program was to generate data annually on 
population abundance and size structure. The monitoring 
program was organized around a conceptual life cycle diagram 
of the Clear Lake Hitch and focused on fish approximately 
aged 1 year or more (fig. 3). The focus on age-1 and older 
life stages originated from a need to collect as much data 
as possible on the population with limited resources. It was 
determined that the best use of available resources was to 
implement a gillnet survey to be undertaken annually within 
Clear Lake because it could generate data for all but the age-0 
life stage (fig. 3). Although this choice provided a strong 
return on investment, it also resulted in a notable absence of 
data on Clear Lake Hitch in the first year of life (age-0 life 
stage), which could limit inferences concerning factors driving 
juvenile recruitment.

The Clear Lake Hitch population was sampled with 
gillnets annually from 2017 to 2023 (fig. 4); however, 
no work was done in 2020 because of the coronavirus 
disease (COVID-19) pandemic (fig. 5). Sampling involved 
once-per-year events in early summer (late June into early 
July). Early summer was selected for two key reasons. First, it 
is a non-breeding season when Clear Lake Hitch distribution 
is constrained within Clear Lake because streamflow in the 
watershed is low and unsuitable to support spawning (as 
indexed in fig. 6 by Kelsey Creek), so the entire population 
is available for sampling. Second, water temperatures are 
relatively cool compared to later in the summer in July and 
August, minimizing fish stress and mortality (fig. 6). Sampling 
effort involved approximately 10 days of work each year. This 
level of effort originated from an initial goal of estimating 
population size via a mark-recapture approach. In the study’s 
first year, 2017, one week of effort (5 days) was dedicated to 
capturing and tagging fish, and a second week of effort was 
dedicated to recapturing tagged fish. An inability to recapture 
tagged fish contributed to an immediate shift in focus to 
sampling for the purposes of generating interannual indices 
of abundance. Although abundance indices do not provide 
data on actual population size, they are usually proportional 
to population size and are a common and effective metric for 
monitoring and managing fish populations (Maunder and Punt, 
2004; Říha and others, 2023).

Sampling was undertaken via short-duration 
(approximately 40-minute) sets of experimental, multi-mesh 
monofilament gillnets during daytime. Short duration 
gillnet deployments were done to minimize stress and 
mortality of entangled fishes. Gillnets were selected as the 
most appropriate sampling tool because of considerations 
regarding Clear Lake Hitch behavior and the physical habitat 
of Clear Lake. First, Clear Lake Hitch are relatively large, 
fast-swimming fish that are thought to occupy the full extent 
of available lacustrine habitat vertically (surface to bottom) 
and laterally (shallow to deep) when water quality conditions 
are suitable (Myrick and Cech, 2000; Moyle, 2002; Feyrer 
and others, 2019b). Second, Clear Lake has a diversity of 
littoral and demersal physical habitat types consisting of 
combinations of rock formations of varying size, sand, mud, 
and emergent and submerged vegetation. Thus, gillnets were 
considered to be the only sampling tool that could provide a 
consistent, standardized approach for sampling in all possible 
lacustrine habitats for age-1+ Clear Lake Hitch. Other 
sampling tools, such as beach seines, various towed nets, or 
boat electrofishing, could potentially be effective in only a 
subset of the total available habitat for specific life stages.

The gillnets used in the study were similar to the 
American Fisheries Society’s proposed standardized gillnet 
(Bonar and others, 2009; Hubert and others, 2012), with 
modifications based on our previous experience sampling 
Central Valley Hitch (Lavinia exilicauda) and other native 
minnows in the nearby Sacramento–San Joaquin Delta 
(Nobriga and others, 2005; Feyrer and others, 2015; Wulff and 
others, 2022). The gillnets measured 45.7 m in length, with 
five equal-length panels of 38 mm, 51 mm, 64 mm, 76 mm, 
and 89 mm stretch mesh. Gillnets deployed on or near the 
lake bottom were 1.8 m in height, whereas gillnets deployed 
suspended below the surface were 3.6 m in height.

The core study design involved probabilistic sampling 
stratified to distribute effort (number of gillnet deployments) 
proportionally to the surface area of the three geographic arms 
of Clear Lake: upper, middle, and lower (fig. 2). Random 
sampling sites were generated and were located in the field. 
In most instances, two (minimum = one, maximum = eight) 
gillnets were deployed at each random site, one at the surface 
and one at the bottom. Orientation of gillnets to shore was 
not standardized and varied based upon prevailing habitat and 
weather conditions. Individual gillnet deployments associated 
with a single random site were set at least approximately 
300 m apart from each other in an attempt to ensure that each 
deployment represented a single independent sample.
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A

B

Photographs by Fred Feyrer, U.S. Geological Survey, June 2021.

Figure 4.  A, Gillnet sampling in Clear Lake, Lake County, California, and 
B, processing of Clear Lake Hitch sampled from Clear Lake.
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due to 
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mid-depth in 
normoxic habitat 
instead of hypoxic 
bottom habitat

• Adaptive cluster 
sampling initiated 
in an attempt to 
increase Clear 
Lake Hitch  
observations

• Project 
initiated

2017 2018 2019 2020 2021 2022 2023 Future

This evaluation

• Direct Tribal 
involvement 
initiated

Figure 5.  Key events during the Clear Lake Hitch gillnet survey in Clear Lake, Lake County, California.
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Two notable adjustments to the core study design were 
implemented in 2021 and continued through 2023 (fig. 5). 
First, in response to a habitat modeling exercise (Feyrer and 
others, 2019b), deployment of bottom gillnets was terminated 
at sites that were deemed hypoxic (in other words, the bottom 
dissolved oxygen concentration was <2.0 milligrams per liter 
[mg/L]). In place of the bottom gillnet deployments, gillnets 
were deployed suspended above the bottom hypoxic zone at a 
depth corresponding to approximately where dissolved oxygen 
concentration was ≥2.0 mg/L. Second, an adaptive cluster 
sampling (ACS) component was added in attempt to increase 
the number of Clear Lake Hitch observations (Thompson, 
1990; Turk and Borkowski, 2005). Justification for the ACS 
component was twofold. First, counts of Clear Lake Hitch in 
samples were extremely zero inflated (fig. 7), and additional 
observations could potentially improve the ability for 
modeling factors such as distribution and habitat associations. 
Second, overall population abundance of Clear Lake Hitch had 
declined substantially, and additional fish captures were sought 
in an attempt to maintain the ability to accurately characterize 
the size structure of the population. Operational rules for the 
ACS design involved conducting up to two additional rounds 
of gillnet deployments at a site within 500 m of the location 
of the Clear Lake Hitch capture. Specifically, if at least one 
Clear Lake Hitch was encountered in a deployment, then 
a subsequent deployment was done, up to a total of three 
possible sets of deployments.

Weight in grams (g) and SL in mm were measured and 
recorded for each individual Clear Lake Hitch captured. 
Additionally, each individual Clear Lake Hitch captured 
from 2017 to 2022 was implanted with a passive integrated 
transponder (PIT) tag. PIT tagging was implemented with the 
goal of using data from recaptured tagged fish to calculate 
mark-recapture population estimates (originally in 2017, as 
described above) and to build information on fish growth 
and movements. However, no tagged fish (N=547) were ever 
recaptured, and tagging was terminated in 2023. Delayed 
mortality is one plausible explanation for the absence of 
recaptured tagged fish. However, delayed mortality is an 
unlikely explanation for two reasons. First, identical sampling 
and tagging methods generated recaptures of Central Valley 
Hitch in another study done in the Sacramento–San Joaquin 
Delta (Steinke and others, 2019). Second, identical sampling 
and tagging methods were able to document long distance 
and long duration migrations of Sacramento Pikeminnow 
(Ptychocheilus grandis), a different species but a native 
minnow of generally similar size and morphology to Clear 
Lake Hitch (Valentine and others, 2020). Individual Clear 

Lake Hitch were classified as either juveniles (sexually 
immature SL <175 mm) or adults (sexually mature aged 
2 years or more; SL ≥175 mm) based on information from 
Geary and Moyle (1980). After processing, all Clear Lake 
Hitch were released alive at the site of capture, except for a 
small subset of individuals that were randomly retained each 
year for a variety of life history studies (Feyrer and others, 
2019a; Young and others, 2022). Species identifications and 
lengths were also recorded for all other fishes encountered 
(Palm and others, 2023).

Ancillary data recorded for each individual gillnet 
deployment included the following: date, start time, end 
time, water depth (three separate measurements, one at 
the horizontal midpoint and one at each end of a deployed 
gillnet), gillnet depth (depth at the vertical midpoint of 
the net), geographic coordinates, gillnet mesh size in 
which an individual fish was captured, weather variables, 
and water quality variables. Weather variables included 
categorical representations of wind speed, wind direction, 
and precipitation. The following water quality variables 
were measured with handheld YSI EXO2 sondes (Yellow 
Springs Instruments, Yellow Springs, Ohio): temperature in 
degrees Celsius (°C), dissolved oxygen concentration (mg/L), 
specific conductance in microsiemens per centimeter (µS/cm 
at 25 °C), turbidity in Formazin Nephelometric Units (FNU), 
chlorophyll a (a green pigment that absorbs light energy 
and is a key component of photosynthesis) concentration 
in micrograms per liter (µg/L), and pH. Two different sets 
of water quality measurements were recorded: (1) discrete 
measurements associated with the exact position of each 
individual gillnet and (2) a single continuous vertical profile 
associated with each random site. Further data description can 
be found in the metadata for the published dataset (Palm and 
others, 2023).

Data collection and management protocols were guided 
by the U.S. Geological Survey’s Fundamental Science 
Practices, which clarify how science is done and how the 
resulting data products are developed, reviewed, approved, 
and released. For this project, specific data workflow steps 
included electronic field data entry via laptop computers, 
automated and manual field data checks, daily database 
backup, post-survey quality assurance and quality control 
protocols, agency data review and approval, and data 
publication. Interested readers who wish to learn more about 
U.S. Geological Survey Fundamental Science Practices and 
data management are encouraged to visit USGS (2025a) and 
USGS (2025b), respectively.



Methods    9

0 10 20 30 40 50 60 70 80

0

25

50

500

750

1,000

1,250

0

25

50

75

100

Co
un

t o
f s

am
pl

es
Co

un
t o

f s
am

pl
es

600

800

1,000

1,200

1,400

75

100

Adult

Juvenile

Fish count in sample

0 10 20 30 40 50 60 70 80
Fish count in sample

Figure 7.  Counts of adult Clear Lake Hitch aged 2 years or more (age-2+; 
≥175 millimeters [mm] standard length [SL]) and juvenile Clear Lake Hitch aged 1 year or 
more (age-1+; <175 mm SL) in gillnet deployments in Clear Lake, Lake County, California. 
Data summarized from Palm and others (2023).
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Clear Lake Hitch Monitoring Evaluation

Reynolds and others (2016) characterize critical 
monitoring program evaluation as a “learn and revise” phase 
of the typical monitoring program life cycle. It is an essential 
step to ensure program objectives are being met and to make 
certain that the data and information being generated meet the 
needs of resources managers and stakeholders. This evaluation 
of the Clear Lake Hitch monitoring program was initiated after 
the program had been implemented for approximately one full 
Clear Lake Hitch generation (6 years) and centered around 
three fundamental issues posed here as basic study questions:

(1)	 Has the sampling gear been effective at capturing Clear 
Lake Hitch?

(2)	 Has the study design been effective at generating the 
information needed to characterize Clear Lake Hitch 
population abundance and size structure?

(3)	 What level of sampling effort is needed 
moving forward?

These three basic study questions involved several 
specific technical elements. Question 1 focused on quantifying 
the retention selectivity of the gillnets to determine if the 
gillnets generated an accurate representation of age-1+ Clear 
Lake Hitch. Question 2 focused on assessing the core study 
design and various nuances for calculating a standardized 
index of abundance and assessing length-frequency 
distribution. Question 3 focused on a power analysis to guide 
the level of effort that should be undertaken in future years.

Gillnet Retention Selectivity
Size-selectivity retention curves were developed for 

each gillnet mesh size similar to Wulff and others (2022). 
The curves were fit via normal with common spread models 
implemented following the methods described in the 
“gillnetfunctions” code for the R statistical programming 
language (Millar and Holst, 1997). The models were 
constructed using SL classes set in 10-mm increments and 
under the context that each mesh size had equal sampling 
effort. Results were evaluated by assessing deviance values 
and visually inspecting the selectivity curves and residuals. In 
addition to the deviance values, patterns in the residuals also 
provide an indication of how well a model fits data. Negative 
residuals indicate fewer fish caught than the model expected, 
whereas positive residuals indicate more fish were caught 
than expected (Millar and Holst, 1997). In this analysis, small 

and randomly distributed residuals would indicate good fit, 
whereas large or systematically patterned residuals could 
potentially indicate poor fit.

Standardized Abundance Index
The objective of this element was to standardize an 

approach for calculating annual indices of abundance for 
juvenile and adult Clear Lake Hitch. Standardization allows 
abundance indices to be more reliably compared among 
years, thereby providing meaningful data to evaluate status 
and trends over time (Bonar and Hubert, 2002; Radinger 
and others, 2019). This exercise involved assessing a variety 
of sampling nuances and an evaluation of three candidate 
standardized abundance indices. The sampling nuances that 
were evaluated included an assessment of the aforementioned 
changes that were implemented from 2021 to 2023 (gillnet 
placement in response to dissolved oxygen concentration and 
ACS), surface versus mid-depth suspended gillnet deployment 
on fish counts, and time of day on fish counts.

The effect of dissolved oxygen concentration on counts 
of juvenile and adult Clear Lake Hitch in gillnet deployments 
was tested to determine if terminating gillnet deployments 
in hypoxic (dissolved oxygen concentration <2.0 mg/L) 
water quality conditions starting in 2021 was warranted and 
if it should be continued. Dissolved oxygen concentration 
was previously shown to have a significant effect on fish 
counts during 2017–18 (Feyrer and others, 2019b) but is 
re-examined here with an additional year (2019) of data and 
a different modeling scheme. The effect of dissolved oxygen 
concentration on counts of juvenile and adult Clear Lake 
Hitch in gillnet deployments was tested via a generalized 
linear mixed model (GLMM). The analysis was limited to 
data collected during 2017–19 because that was the period 
when sampling was done irrespective of dissolved oxygen 
conditions. The response variable in the GLMM was the 
count of either juvenile or adult Clear Lake Hitch in a gillnet 
deployment. The effect of dissolved oxygen concentration on 
counts was assessed in the GLMM as a categorical variable 
with two levels, hypoxic (dissolved oxygen concentration 
<2.0 mg/L) and normoxic (dissolved oxygen concentration 
≥2.0 mg/L). The GLMM included gillnet deployment time 
(log[minutes]) as an offset to account for sampling effort 
and included year and region as random effects to account 
for spatio-temporal dependencies. An object-level random 
effect (OLRE) was also included to account for zero inflation 
(Harrison, 2014). The GLMM was fit with a Poisson 
distribution using the package “lme4” in the R statistical 
computing environment (Bates and others, 2015; R Core 
Team, 2020).
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The comparison of surface versus mid-depth suspended 
gillnet deployments was done to determine if the two 
deployment schemes generated redundant information. 
Addressing this issue could potentially contribute to 
improved field operational efficiency because deploying 
mid-depth suspended gillnets requires substantially more 
effort than surface gillnets. If the two deployment schemes 
generated redundant information, logistical efficiencies 
could be obtained in future years by terminating suspended 
deployments. The effect of surface versus mid-depth 
suspended gillnet deployments on counts of juvenile and 
adult Clear Lake Hitch was tested via a GLMM. The analysis 
involved data collected during 2021–23, the period when both 
surface and mid-depth suspended gillnet deployments were 
completed. The response variable in the GLMM was the count 
of either juvenile or adult Clear Lake Hitch. The effect of 
deployment scheme on counts was assessed in the GLMM as 
a categorical variable with two levels: mid-depth suspended 
and surface. The GLMM included gillnet deployment time 
(log[minutes]) as an offset to account for sampling effort. 
Unlike the previous GLMM constructed to test the effect of 
dissolved oxygen concentration, this GLMM did not include 
year, region, or object as random effects because of sparse 
data (for example, three total instances of positive counts 
for juvenile Clear Lake Hitch and 28 instances of positive 
counts for adult Clear Lake Hitch). Instead, site was included 
as a random effect to account for instances when surface 
and suspended deployments were paired at a single site. The 
GLMM was fit with a Poisson distribution using the package 
“lme4” in the R statistical computing environment (Bates and 
others, 2015).

The effect of time of day on counts of juvenile and 
adult Clear Lake Hitch in gillnet deployments was examined 
because future sampling effort could potentially be undertaken 
at specific times of day when it would be most effective and 
improve operational efficiencies in the field. Sampling was 
done from the early morning crepuscular period through 
midafternoon because of logistical and safety considerations. 
There are two key reasons why fish counts could possibly 
have varied across this time period. First, activity patterns of 
many fish species vary diurnally and any such behavior by 
Clear Lake Hitch could have affected their vulnerability to a 
passive sampling method, such as the gillnets. Second, diurnal 
variability in light intensity could potentially contribute to 
systematic patterns of visual avoidance of the gillnets. The 
effect of time of day on counts of juvenile and adult Clear 
Lake Hitch was tested via a GLMM using all sampling data. 
The response variable in the GLMM was the count of either 
juvenile or adult Clear Lake Hitch in a gillnet deployment. The 

effect of time of day was included in the GLMM as a fixed 
effect as hour of day and coded as an integer so that the model 
calculated a slope across hours. For example, all samples 
collected during the 05:00 hour were coded 5, all samples 
collected during the 06:00 hour were coded 6, and so on. The 
GLMM included gillnet deployment time (log[minutes]) as 
an offset to account for sampling effort and included year 
and region as random effects to account for spatio-temporal 
dependencies. An OLRE was also included to account for zero 
inflation (Harrison, 2014). The GLMM was fit with a Poisson 
distribution using the package “lme4” in the R statistical 
computing environment (Bates and others, 2015).

Three separate candidate standardized abundance 
indices were developed: (1) nominal, (2) normoxic, and 
(3) normoxic without ACS. The nominal index was calculated 
from all sample data. The normoxic index was calculated 
from all sample data but excluded samples with hypoxia 
(dissolved oxygen concentration <2.0 mg/L). The normoxic 
without ACS index was calculated from the latter sample 
data but excluded the additional effort undertaken with ACS. 
Annual abundance indices were calculated as the mean 
number of either juvenile or adult Clear Lake Hitch captured 
per 60 minutes of standardized gillnet deployment time. 
Ninety-five percent confidence intervals were calculated to 
estimate an associated margin of error. A confidence interval 
conveys the probability that a parameter of interest falls 
between a pair of values around the mean. The appropriate 
interpretation of a 95-percent confidence interval here, in the 
context of an abundance index calculated as a mean value, is 
that if any given annual survey was replicated 100 times, the 
upper and lower 95-percent confidence intervals represent the 
range of values that the abundance index would be expected to 
fall between in 95 of the 100 replicated surveys.

Length-Frequency Distribution
Length-frequency distribution was the metric used to 

assess Clear Lake population size structure. Annual data on 
length-frequency distribution provided a snapshot of the 
relative proportions of specific size (and by extension, age) 
groups of individuals that comprise the population. This type 
of data provides important information about the dynamics of 
the Clear Lake Hitch population, such as patterns of year-class 
strength, growth, and mortality (Neumann and Allen, 2007). 
Annual length-frequency distributions were constructed 
and compared for the same three scenarios considered for 
the candidate standardized abundance indices: (1) nominal, 
(2) normoxic, and (3) normoxic without ACS.
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Power Analysis to Guide Future Effort
Power analysis is an important tool to plan ecological 

studies because, among many things, it can guide the 
collection of sufficient data to facilitate reliable inferences 
about population trends over time (Maxwell and Jennings, 
2005; Wagner and others, 2013). Statistical power represents 
the probability to correctly detect a real effect when one exists 
and depends on sample size, effect size, and the decision 
criterion (Gerrodette, 1987; Wagner and others, 2013). 
Consider that a linear model constructed to test if Clear Lake 
Hitch abundance has increased or decreased over time has 
a null hypothesis (H0) of no change in abundance over time 
and an alternative hypothesis (H1) of a change (positive or 
negative) in abundance over time. Failing to reject the null 
hypothesis when it is false (falsely concluding there is no 
change in Clear Lake Hitch abundance over time) would be 
what is commonly referred to as a Type II error (β). Statistical 
power is a value that represents the probability of successfully 
rejecting the null hypothesis when it is false (1-β). Thus, in 
the context of this analysis, power represents the probability 
of successfully detecting a real trend in Clear Lake Hitch 
abundance over time. A power value of 0.80 (80-percent 

probability of detecting a real trend) is a conventional value 
typically deemed good for fish monitoring programs (Wagner 
and others, 2013).

The objective of the power analysis was to determine 
the number of gillnet deployments needed to be completed 
per year to detect 5-, 10-, 15-, 20-, or 25-percent changes 
in abundance over two time period scenarios: (1) 6 years, 
representing approximately one Clear Lake Hitch generation 
cycle, and (2) 3 years, representing a conservative time period 
for a Clear Lake Hitch cohort to become sexually mature. A 
conceptual model of the approach illustrated with the 6-year 
scenario is shown on figure 8. Given no work was completed 
in 2020, the 6-year scenario necessarily involved two 3-year 
periods (2017–19 and 2021–23) separated by the gap in 
2020. Each of the two 3-year periods was assessed separately 
because they provided an opportunity to evaluate different 
levels of abundance. For the purposes of this analysis, change 
in abundance refers to the slope of a linear model fitted to the 
count data. Seven sampling effort scenarios were modeled, 
which correspond to a range of approximately 1 to 7 days 
of field work per year: N=25 (1 day), N=50 (2 days), N=75 
(3 days), N=100 (4 days), N=125 (5 days), N=150 (6 days), 
and N=175 (7 days; fig. 9).
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Figure 8.  Approach taken for the power analysis completed to guide future sampling efforts. 
The objective of the power analysis shown in this conceptual model was to determine the 
number of gillnet deployments needed per year to detect 5-, 10-, 15-, 20-, or 25-percent changes 
in relative abundance over 6 years, a period representing approximately one Clear Lake Hitch 
generation. The starting point in this hypothetical example is year 2024, with a mean catch per 
unit effort (CPUE) of 2. The thin dashed lines show the corresponding slopes for 5-, 10-, 15-, 20-, 
and 25-percent changes in abundance. The thick solid line has a zero slope and represents a 
scenario of no change in abundance.
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Power values were estimated using the “simr” package 
in the R statistical computing environment (Green and 
MacLeod, 2016). The approach of simr involves Monte 
Carlo simulations based off of a GLMM fitted to count data 
(Green and MacLeod, 2016). The first step was constructing 
a GLMM to test the effect of year on counts of juvenile and 
adult Clear Lake Hitch in gillnet deployments. The effect 
of year was included in the GLMM as a fixed effect that 
was coded as an integer so that the model calculated a slope 
across years. The GLMM included gillnet deployment time 
(log[minutes]) as an offset to account for sampling effort 
and included region as a random effect to account for spatial 
dependencies. An OLRE was also included to account for zero 
inflation (Harrison, 2014). The GLMM was fit with a Poisson 
distribution. Mixed models are fit within simr via lme4. The 
R package “DHARMa” was used to generate information 
to evaluate the fit of the models (Hartig, 2018). DHARMa 
employs a simulation-based approach for residual diagnostics 
of mixed models.

Power values are calculated in simr by repeating the 
following three steps: (1) simulate new values for the response 
variable using the model provided; (2) refit the model to 
the simulated response; and (3) apply a statistical test to the 
simulated fit. In this setup, the tested effect is known to exist, 
so every positive test is a true positive, and every negative test 
is a Type II error. The power of the test can be calculated from 
the number of successes and failures at step three (Green and 
MacLeod, 2016). One thousand simulations were completed.

Data Sources
All fish and ancillary sampling data are available in a 

USGS data release (Palm and others, 2023). Water quality 
vertical profile data have been published separately in a USGS 
data release (Wulff and others, 2019). The Clear Lake outline 
was obtained from the State of California’s California Lakes 
dataset (California Department of Fish and Wildlife, 2024). 
Water temperature data shown in fig. 6 were obtained from the 
University of California, Davis (UCD, 2024; Lake Monitoring 
site = UA-06; Longitude: −122.8170, Latitude: 39.0610). 
Flow data on figure 6 were obtained from the U.S. Geological 
Survey, site 11449500 (U.S. Geological Survey, 2024).
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Results and Discussion
A total of 1,529 gillnet deployments amounting to 

60,697 minutes of sampling effort was completed during 
the study period (table 1). Individual gillnet deployments 
were broadly distributed across all three geographic arms 
of Clear Lake (fig. 2). Repeat samples associated with the 
ACS completed during 2021–23 accounted for 85 of the 
782 (11 percent) gillnet deployments done during that 
period (table 2). Overall mean duration of individual gillnet 
deployments was 40 minutes (minimum = 9; maximum = 119; 
standard deviation = 10).

Gillnet deployments sampled across a range of water 
quality conditions (table 1). During gillnet deployments, 
mean water temperature ranged from 22 to 25 °C, and mean 
dissolved oxygen concentration ranged from 6 to 10 mg/L. 
The overall percentage of gillnet deployments with hypoxia 
(dissolved oxygen concentration <2.0 mg/L) was 14 percent 
during 2017–19 and 1 percent during 2021–23 (table 1). 
During gillnet deployments, mean specific conductance ranged 
from 266 to 405 µS/cm, mean turbidity ranged from 1 to 
12 FNU, mean chlorophyll a concentration ranged from 2 to 
9 µg/L, and mean pH ranged from 8 to 9.

The sampling effort captured a total of 986 individual 
Clear Lake Hitch, comprised of 390 juveniles and 596 adults 
(table 1). The repeat ACS samples completed during 2021–23 
accounted for 102 of the 179 (57 percent) juvenile Clear Lake 
Hitch and 73 of the 165 (44 percent) adult Clear Lake Hitch 
captured during that period (table 2). The total number of 
juvenile Clear Lake Hitch captured per year ranged from 0 to 
191, and the total number of adult Clear Lake Hitch captured 
per year ranged from 4 to 273 (table 1). As previously 

mentioned, counts of Clear Lake Hitch in individual gillnet 
deployments were highly zero inflated (fig. 7); juvenile 
Clear Lake Hitch were absent from 93 percent of gillnet 
deployments, and adult Clear Lake Hitch were absent from 
89 percent of gillnet deployments (fig. 7). The maximum 
number of juvenile Clear Lake Hitch captured in a single 
gillnet deployment was 36, and the maximum number of adult 
Clear Lake Hitch captured in a single gillnet deployment was 
77 (fig. 7). The smallest Clear Lake Hitch encountered was 
119 mm and the largest was 385 mm.

Clear Lake Hitch Monitoring Evaluation

The model constructed to examine gillnet retention 
selectivity appears to have provided a good fit to the data, 
as indicated by deviance values and residual patterns. Null 
deviance, which indicates how the model fit the data with only 
the intercept, was 4,620. Model deviance, which indicates 
how the model fit the data with the SL size increments 
included as explanatory covariates, was 200. The very small 
model deviance compared to the very large null deviance 
indicates that the model provided a good fit to the data. 
Residuals were generally small with no underlying pattern, 
further suggesting that the model provided a good fit to the 
data (fig. 10). Inspection of the calculated retention curves 
indicated that each individual mesh size was effective for a 
specific size range of Clear Lake Hitch. However, collectively, 
the five mesh sizes effectively captured Clear Lake Hitch from 
approximately 120 mm SL to 375 SL (fig. 11), which generally 
matches the expected size ranges of age-1+ Clear Lake Hitch 
(Geary and Moyle, 1980; Moyle, 2002).
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Table 1.  Summary of discrete measurements of key variables during Clear Lake Hitch sampling in Clear Lake, Lake County, California, 
2017–23. Data summarized from Palm and others (2023).

[°C, degrees Celsius; FNU, Formazin Nephelometric Units; mg/L, milligrams per Liter; µS/cm, microsiemens per centimeter; <, less than; µg/L, micrograms 
per liter]

Variables 2017 2018 2019 2021 2022 2023

Count of gillnet deployments 261 243 243 292 200 290
Total time gillnets were deployed (minutes) 11,246 8,811 10,298 12,802 7,225 10,315
Count of juvenile Clear Lake Hitch 191 17 3 0 2 177
Count of adult Clear Lake Hitch 85 273 73 39 4 122
Temperature (°C), mean 25 22 24 25 24 22
Temperature (°C), standard deviation 2 1 2 2 1 1
Dissolved oxygen concentration (mg/L), mean 7 7 6 10 8 6
Dissolved oxygen concentration (mg/L), standard deviation 4 3 3 3 3 2
Count of gillnet deployments when dissolved oxygen concentration 

was <2.0 mg/L
55 8 39 1 4 2

Percentage of gillnet deployments when dissolved oxygen concen-
tration was <2.0 mg/L

21 3 16 0 2 1

Specific conductance (µS/cm), mean 266 307 272 366 405 330
Specific conductance (µS/cm), standard deviation 14 5 6 12 9 8
Turbidity (FNU), mean 12 3 1 7 2 5
Turbidity (FNU), standard deviation 15 3 1 7 2 5
Chlorophyll a concentration (µg/L), mean 6 9 2 6 4 3
Chlorophyll a concentration (µg/L), standard deviation 6 6 2 5 3 2
pH, mean 9 8 8 9 8 8
pH, standard deviation 1 0 0 0 0 0

Table 2.  Summary details of the adaptive cluster sampling (ACS) of 
Clear Lake Hitch in Clear Lake, Lake County, California, done during 
2021–23. Data summarized from Palm and others (2023).

[A second round of ACS was not done in 2022 because no Clear 
Lake Hitch were captured in the first round. N is the count of gillnet 
deployments. Abbreviation: No., number]

Deployment type N
No. of  

Clear Lake Hitch,  
juvenile

No. of  
Clear Lake Hitch,  

adult

2021

Original 273 0 20
ACS, first round 15 0 13
ACS, second round 4 0 6

2022

Original 194 2 4
ACS, first round 6 0 0

2023

Original 230 75 68
ACS, first round 41 60 36
ACS, second round 19 42 18



16    Gillnet Sampling Methods for Monitoring Status and Trends of Clear Lake Hitch in Clear Lake

100 150 200 250 300 350
Standard length, in millimeters

M
es

h 
si

ze
 , 

in
 m

ill
im

et
er

s

38

51

64

76

89

EXPLANATION

Positive residual Negative residual

Figure 10.  Deviance residual plot for the fitted retention curves for Clear Lake Hitch 
standard length sampled from Clear Lake, Lake County, California, across the five 
different sizes of mesh on the gillnets. The size of the filled black circles represents 
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Figure 11.  Fitted relative retention curves for Clear Lake Hitch standard length (SL) across the five different sizes 
of mesh used on the gillnets. Data summarized from Palm and others (2023).

Standardized Abundance Index
Both juvenile and adult Clear Lake Hitch were more 

frequently observed and more abundant in normoxic 
(dissolved oxygen concentration ≥2.0 mg/L) compared to 
hypoxic (dissolved oxygen concentration <2.0 mg/L) gillnet 
deployments during 2017–19 (fig. 12). Juvenile Clear Lake 
Hitch occurred in a total of 70 samples, only two (3 percent) 
of which were classified as hypoxic. Adult Clear Lake Hitch 
occurred in a total of 98 samples, only six (6 percent) of 
which were classified as hypoxic. The results of the GLMM 
indicated that counts of juvenile and adult Clear Lake Hitch 
were significantly higher in normoxic compared to hypoxic 
conditions (table 3; fig. 12). These results indicate that 
terminating gillnet deployments in hypoxic conditions starting 
in 2021 was warranted and should not be resumed. Based on 
the frequency of deployments performed in hypoxic habitat in 
2017, implementing this change will meaningfully improve 
field operational efficiencies, up to approximately 20 percent 
or more.

There was no statistically significant effect of gillnet 
deployment scheme, surface versus mid-depth suspended, 
on counts of Clear Lake Hitch (table 4; fig. 13). Results of 
the model fit to the juvenile Clear Lake Hitch counts should 
be interpreted with caution because of sparse data (only 
three non-zero counts). These results indicate that the two 
deployment schemes generated redundant information and, 
therefore, terminating mid-depth suspended deployments 
would generate logistical efficiencies in the field.

There was a statistically significant, albeit small, negative 
effect of hour of day on counts of juvenile and adult Clear 
Lake Hitch (table 5; fig. 14). The estimated coefficient values 
for hour of day were −0.1 and −0.2 for adult and juvenile 
Clear Lake Hitch, respectively (table 5). These coefficient 
values indicated that it took 10 hours into a day for adults and 
6 hours into a day for juveniles for the cumulative effect to 
be greater than a fraction of an individual fish. These results 
indicate that there is no need to adjust future sampling effort 
by time of day because it would not generate meaningful 
operational efficiencies in the field.
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Figure 12.  Representation of counts (log10 scale) of Clear Lake Hitch by life stage (juvenile or adult) captured in normoxic (blue; 
dissolved oxygen concentration ≥2.0 mg/L) and hypoxic (red; dissolved oxygen concentration <2.0 mg/L) habitat in Clear Lake, 
Lake County, California, during 2017–19. Boxplots were generated using only the non-zero counts. Counts were standardized to 
60 minutes of deployment time. Horizontal jitter was added to the individual data points to reduce superimposition and improve 
visual interpretation. The box represents the median and interquartile range (IQR), and the whiskers extend to 1.5 times the IQR. 
Points represent individual samples. Data summarized from Palm and others (2023).

Table 3.  Results of the generalized linear mixed model that tested the effect of dissolved oxygen concentration on counts of juvenile 
and adult Clear Lake Hitch in gillnet deployments in Clear Lake, Lake County, California. Data summarized from Palm and others (2023).

[OLRE, object-level random effect; SD, standard deviation; SE, standard error; <, less than]

Fixed effect 
dissolved oxygen concentration

Random effects

Region Year OLRE

Intercept SE P-value Estimate SE P-value Variance SD Variance SD Variance SD

Juvenile Clear Lake Hitch

−11.3 1.2 <0.001 3.3 0.8 <0.001 0.2 0.4 1.8 1.3 3.7 1.9
Adult Clear Lake Hitch

−9.2 0.9 <0.001 1.7 0.5 0.002 0.7 0.8 0.7 0.8 4.3 2.1
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Table 4.  Results of the generalized linear mixed model that tested the effect of gillnet deployment 
scheme (surface versus mid-depth suspended) on counts of juvenile and adult Clear Lake Hitch in 
Clear Lake, Lake County, California. Data summarized from Palm and others (2023).

[SD, standard deviation; SE, standard error; <, less than]

Fixed effect gillnet deployment Random effect site

Intercept SE P-value Estimate SE P-value Variance SD

Clear Lake Hitch Juvenile

−13.9 2.5 <0.001 −0.7 0.9 0.4 86.6 9.3
Clear Lake Hitch Adult

−9.6 1.2 <0.001 −0.3 0.3 0.4 20.3 4.5
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Figure 13.  Representation of counts of Clear Lake Hitch by life stage (juvenile or adult) captured in surface versus mid-depth 
(suspended) gillnet deployments in Clear Lake, Lake County, California, during 2021–23. Boxplots were generated using only 
the non-zero counts. Counts were standardized to 60 minutes of deployment time. Horizontal jitter was added to the individual 
data points to reduce superimposition and improve visual interpretation. The box represents the median and interquartile 
range (IQR), and the whiskers extend to 1.5 times the IQR. Points represent individual samples. Data summarized from Palm and 
others (2023).
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Table 5.  Results of the generalized linear mixed model that tested the effect of hour of day on counts of juvenile and adult Clear Lake 
Hitch in gillnet deployments in Clear Lake, Lake County, California. Data summarized from Palm and others (2023).

[OLRE, object-level random effect; SD, standard deviation; SE, standard error; <, less than]

Fixed effect hour of day
Random effects

Region Year OLRE

Intercept SE P-value Estimate SE P-value Variance SD Variance SD Variance SD

Juvenile Clear Lake Hitch

−7.9 1.0 <0.001 −0.2 0.1 0.002 0.3 0.5 2.6 1.6 5.3 2.3
Adult Clear Lake Hitch

−7.2 0.9 <0.001 −0.1 0.04 0.01 0.9 0.9 1.3 1.2 4.2 2.0
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Figure 14.  Counts of Clear Lake Hitch by life stage (juvenile or adult) captured by hour of day in gillnet deployments in Clear 
Lake, Lake County, California. Boxplots were generated using only the non-zero counts (white circles are positive counts, and red 
circles are zero counts). Counts were standardized to 60 minutes of deployment time. Horizontal jitter was added to the individual 
data points to reduce superimposition and improve visual interpretation. The box represents the median and interquartile 
range (IQR), and the whiskers extend to 1.5 times the IQR. Points represent individual samples. Data summarized from Palm and 
others (2023).
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Figure 15.  Candidate abundance indices calculated as mean catch per unit effort (±95-percent 
confidence intervals) of Clear Lake Hitch life stages (juvenile or adult) in Clear Lake, Lake 
County, California. The three indices are as follows: nominal = all available sample data; 
normoxic = excludes sample data with dissolved oxygen concentration <2.0 mg/L; and without 
adaptive clustering sampling = normoxic sample data without adaptive cluster sampling. Data 
summarized from Palm and others (2023).

The three candidate standardized abundance indices—
nominal, normoxic, and normoxic without ACS—showed 
different absolute values but the same basic pattern among 
years (fig. 15). From 2017 to 2019, the nominal abundance 
index was smaller than the normoxic and normoxic without 
ACS indices, indicating that sampling hypoxic habitat biased 
abundance indices low because of how it inflated the count 
of gillnet deployments without Clear Lake Hitch present. The 
normoxic and normoxic without ACS indices were identical 
during 2017–19 because ACS was not implemented until 

2021. From 2021 to 2023, the normoxic without ACS index 
was smaller than the nominal and normoxic indices. This 
outcome indicated that ACS biased abundance indices high 
because of how it inflated the number of gillnet deployments 
with Clear Lake Hitch present. The nominal and normoxic 
indices were virtually identical during 2021–23 because there 
was almost no sampling completed in hypoxic conditions 
during this time period. These results indicate that calculating 
unbiased standardized abundance indices should exclude 
hypoxic and ACS gillnet deployments.
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Length-Frequency Distribution
Length-frequency distributions across the three candidate 

scenarios—nominal, normoxic, and normoxic without 
ACS—showed very similar patterns (fig. 16). This result 
indicates that the dominant patterns in length-frequency 
distribution were largely insensitive to the variation in the 

number of individual Clear Lake Hitch captured across the 
scenarios. These results show that the approach for generating 
standardized length-frequency distributions should match 
that of the abundance indices by excluding hypoxic and ACS 
gillnet deployments.
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Figure 16.  Length-frequency distributions of Clear Lake Hitch standard length by year, sampled from Clear Lake, Lake County, 
California, for the same sampling scenarios considered as candidate abundance indices. The three scenarios are as follows: 
nominal = all available sample data; normoxic = excludes sample data with dissolved oxygen concentration <2.0 milligrams per 
liter (mg/L); and without adaptive cluster sampling = normoxic sample data without adaptive cluster sampling. Red reference lines 
denote 175 millimeters (mm), delineating juvenile (<175 mm) from adult (≥175 mm) Clear Lake Hitch. Data summarized from Palm and 
others (2023).
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Power Analysis to Guide Future Efforts
The GLMMs constructed to be the foundations of the 

power analysis had reasonably good fits to the data, as inferred 
from diagnostic residual tests performed in DHARMa (model 
output and DHARMa test results are not shown but are 
available upon request). Based on these results, the models 
were deemed suitable for performing the power analysis.

Results of the power analysis indicated that power had a 
generally positive association with sample size and effect size 
(change in abundance; fig. 17). Results of the 6-year scenario 
were similar enough between adult and juvenile Clear Lake 
Hitch that the results could be generalized for both life stages 
(fig. 17). Power to detect a 5-percent change in abundance 
was below 80 percent for all scenarios considered. Power to 
detect a 10-percent change in abundance was above 80 percent 
for sampling effort scenarios ≥ N=100 gillnet deployments 
per year. Power to detect a 15- or 20-percent change in 
abundance was above 80 percent for sampling effort scenarios 

≥ N=50 gillnet deployments per year. Power to detect a 
25-percent change in abundance was above 80 percent for all 
sampling effort scenarios.

Results differed between the two 3-year scenarios 
(fig. 17). The scenario involving 2017–19 showed results 
generally like the 6-year scenario. However, the scenario 
involving 2021–23 showed consistently lower power than 
the two other scenarios. This result was obtained because 
variability in abundance among years was lower for the 
2021–23 scenario compared to the 2017–19 and the 6-year 
scenario (fig. 15). This finding may partially reflect how power 
to detect changes may be more stochastic as populations 
decrease in size, and individuals become increasingly difficult 
to detect. Eighty percent power was exceeded (confidence 
intervals not overlapping 80-percent power) in the 2021–23 
scenario only at a 25-percent change in abundance and 
sampling effort scenarios ≥ N=100 gillnet deployments 
per year.
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range of gillnet deployment sample sizes per year. Horizontal red reference lines denote 80-percent power. Data summarized from 
Palm and others (2023).
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Conclusions
In 2017, the U.S. Geological Survey, in cooperation with 

the U.S. Fish and Wildlife Service, initiated a monitoring 
program to generate information annually on relative 
abundance and size structure of Clear Lake Hitch (Lavinia 
exilicauda chi), a minnow endemic to Clear Lake, Lake 
County, California, that is listed as a threatened species 
under the California Endangered Species Act and has been 
petitioned for listing under the United States Endangered 
Species Act. The monitoring program was organized around a 
conceptual life cycle diagram of the Clear Lake Hitch, focused 
on life stages approximately ≥1 year of age, and included a 
probabilistic sampling design that involved approximately 
10 days of gillnet sampling in early summer.

The evaluation in this report of monitoring program 
activities from 2017 to 2023 indicated sampling Clear Lake 
Hitch to assess population status and trends is challenging but 
can be accomplished with appropriate effort and resources. 
The results of the analysis indicated the following: (1) gillnets 
used in the study were effective at capturing Clear Lake Hitch 
aged 1 year or more; (2) the study design was effective at 
generating information needed to characterize Clear Lake 
Hitch relative abundance and size structure, and meaningful 
operational efficiencies can be obtained through terminating 
gillnet deployments in hypoxic habitat, terminating mid-depth 
suspended gillnet deployments, and terminating ACS; and 
(3) future sampling can be scaled to approximately 4–7 days 
of effort and maintain at least 80-percent confidence in 
detecting at minimum a 25-percent change in abundance, 
assuming past work productivity is maintained, and future data 
are typical of previous data.

The following actions have high potential for facilitating 
effective status and trends monitoring of Clear Lake Hitch:

•	 Future sampling and, by association, generation of 
standardized abundance indices and length-frequency 
information, need not involve hypoxic, suspended 
mid-depth, and ACS gillnet deployments.

•	 Effort should be made to estimate total population 
size at some frequency, perhaps once every 6 years. 
Estimating population size will require novel thinking 
and substantial resources but should be a high priority 
in order to provide context and scale for interpreting 
the standardized abundance indices.

•	 Effort should be made to develop standardized 
methods for assessing status and trends of Clear Lake 
Hitch younger than 1 year of age. Examples include 
quantifying abundance of adult spawners in streams 
and quantifying abundance of juvenile life stages in 
streams and the lake. Information on these life stages 
is lacking but is essential to understand the key factors 
driving population dynamics and long-term viability of 
Clear Lake Hitch.

•	 Future program evaluations should occur at a frequency 
of at least every 6 years. Evaluations may need to be 
completed at shorter intervals if the population appears 
to be in grave condition, shows variability atypical of 
the data included in this assessment, or if information 
needs change.
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