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Narrative Excerpted from Ben Armstrong’s Draft of Thesis  

 

Executive Summary  

 

Brook Trout (Salvelinus fontinalis) have been widely introduced across the western U.S. 

where they compete with and extirpate native salmonids. Nonnative Brook Trout are difficult to 

eradicate, thus, additional removal strategies are needed to effectively manage invasive 

populations. The Trojan-Y-Chromosome approach uses sex ratio distortion to apply an 

anthropogenic shift towards one sex (e.g., male and two Y chromosomes, MYY) that eventually 

results in extirpation of an undesired population.  MYY Brook Trout coupled with manual 

removal of wild Brook Trout offers a new integrated pest management (IPM) approach to 

eradicate targeted populations. However, the efficiency and efficacy of the approach depends on 

survival, growth, and reproduction of MYY fish relative to their wild counterpart. From 2018 to 

2020, 50% of the wild Brook Trout population from three treatment streams in northern New 

Mexico was mechanically removed and replaced with the same number of fingerling (60 – 120 

mm, total length) MYY Brook Trout. Using capture-mark-recapture techniques, annual absolute 

growth was similar between MYY and wild Brook Trout in eight of nine time intervals. The top 

ranked Cormack-Jolly-Seber models (>2 ΔAICc) indicated survival differed between MYY Brook 

Trout and wild Brook Trout. Model averaged annual survival estimates from September 2018 to 

September 2019 for MYY Brook Trout were on average lower (0.43) than wild Brook Trout 

(0.61) across the three streams. Progeny of MYY were identified by assigning young-of-year 

Brook Trout to genetic ancestry classes of wild (wild MXY x wild FXX) or hybrid (MYY x wild 

FXX). Sexual maturity of MYY was assessed by comparing the percentage of sexually mature MYY 

fish during the spawning season to the percentage of hybrid F1 progeny subsequently produced. 

In the first spawning season after stocking MYY (2019), sexually mature MYY Brook Trout 

comprised an average of 50.3% of the sexually mature Brook Trout and resulted in an average of 

29.5% hybrid progeny. 

The goal of this research is to extirpate wild Brook Trout populations by shifting the sex 

ratio toward male fish using an annual stream-wide approach of 50% wild Brook Trout 

suppression followed by replacement of MYY Brook Trout. Considering the estimated time to 

eradication (5-15 years), our objectives compared growth and apparent survival of MYY Brook 

Trout to sympatric wild Brook Trout and characterized reproduction of MYY Brook Trout in 

three wild Brook Trout populations.  

 

Study Streams  

 The study was conducted in northern New Mexico from 2018 to 2020. Four streams 

were selected to represent three treatment streams and one reference stream. The four streams 

were selected based on the presence of wild Brook Trout populations and the presence of fish 

barriers to impede immigration from outside the study streams. Leandro Creek, Placer Creek and 

Rito de los Piños were selected as treatment streams to receive 50% suppression followed by 

replacement with MYY Brook Trout. The Little Vermejo was selected as a reference stream to 
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compare changes in sex ratios in an unmanipulated wild Brook Trout population. Leandro Creek 

(Figure 1; Turner Enterprises, Vermejo Park Ranch), Little Vermejo (Turner Enterprises, 

Vermejo Park Ranch), Placer Creek (Carson National Forest), and Rito de los Piños (Santa Fe 

National Forest). Leandro Creek and Little Vermejo Creek are headwater streams of the 

Canadian River watershed, while Placer Creek and Rito de los Piños are headwater streams of 

the Rio Grande watershed. All four streams were relatively short, easily accessible, and with few 

tributaries to ensure minimal immigration of wild Brook Trout (Table 1).  

 

Wild Brook Trout Abundance and Suppression 

We estimated population abundance on each treatment stream June 2018, 2019, and 2020 

to inform the target 50% suppression of wild Brook Trout and replacement of MYY Brook Trout. 

Three 100 m reaches were randomly selected (without replacement) within each study stream 

(Figure 2). The largest study stream, Leandro Creek, varied in size and flow and required six 

additional study reaches to estimate population abundance. The upstream and downstream end of 

each 100 m reach was blocked with 2 mm mesh nets and a three-pass depletion (Zippin 1958) 

was conducted by moving upstream using a backpack electroshocker (Smith-Root, Model LR-

24; operated at 30-40 Hz, 175-400 V, pulsed-DC waveform). Fish from each pass were held in 

separate live wells for processing until the three passes were completed. All captured fish were 

identified to species and measured (total length, mm). Captured fish were returned within the 

study reach to allow fish to disperse. All age classes were combined and analyzed using 

maximum-likelihood population estimates with 95% confidence intervals (Van Deventer 2005).  

Population estimates were extrapolated for the entire length of each stream inhabited by wild 

Brook Trout.  

The wild Brook Trout suppression numbers were calculated as 50% of the respective 

annual population estimate. Suppression was conducted annually in early July (2018-2020) by 

electroshocking the entirety of each stream, starting at the lower terminus and working upstream.  

The first pass capture efficiency from the population estimates was used to evenly distribute 

suppression. For example, if the first pass efficiency was 50%, we removed 100% of these fish to 

obtain a constant 50% suppression rate. This removal methodology also insured a proportional 

removal across size classes and sex ratios to limit bias in the remaining population. Wild Brook 

Trout were euthanized in a lethal concentration of tricaine methanesulfonate (MS-222, 200 

mg/L). 
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Figure 1. Location of the three treatment streams (Leandro Creek, Placer Creek, and Rito de los 

Piños) and one reference stream (Little Vermejo Creek) in northern New Mexico. 
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Table 1. Treatment streams in which 50% of the wild Brook Trout were suppressed and replaced 

with MYY Brook Trout (MYY), or not manipulated (Reference), stream elevation, and the Rosgen 

stream classification (Rosgen 1994).  

Stream classification: A – steep slope, well entrenched stream with low width/depth ratio; B – 

moderate to gently sloped stream in an open basin; E – gently sloped stream with high sinuosity 

and very low width/depth ratio. 

  

Stream 
 

Treatment 
 

Reach length 

 (km) 

Elevation 

(m) 

Stream  

classification 

Leandro Creek MYY 9.6 2727 B 

Placer Creek MYY 0.9 3024 E 

Rito de los Piños MYY 1.5 2590 A 

Little Vermejo Reference 0.7 2637 B 
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Figure 2. Study streams and randomly selected permanent sampling reaches (100 m) throughout 

the three treatment streams (Leandro Creek, Placer Creek, Rito de los Piños) and the reference 

stream (Little Vermejo Creek).  

  

Study 
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Study 
Reach 

Study 
Reach 

Study 
Reach 

Study 
Reach 



7 
 

Hatchery MYY Brook Trout Rearing and Stocking 

 Brook Trout MYY eggs were produced each year by Idaho Fish and Game (IDFG) at the 

Hayspur Fish State Hatchery by crossing MYY and FYY broodstock (see Schill et al. 2016 for 

details). Once eyed, the eggs were transported to the New Mexico Department of Game and Fish 

Los Ojos State Fish Hatchery. After hatching, the fry were raised following standard salmonid 

rearing techniques (Pennell and Barton 1996) in circular tanks from a spring-fed water source 

until stocking at fingerling size (60 – 120 mm, total length). Prior to stocking in July, we inserted 

an 8 mm full duplex (FDX) passive integrated transponder (PIT; Oregon RFID, Portland, 

Oregon) into the dorsal musculature and measured the fish for total length. We also double-

marked MYY fish by removing the adipose fin to enumerate tag loss and to allow for visual 

differentiation between MYY and wild Brook Trout in the stream and dispersed the MYY 

fingerlings throughout each treatment stream.  

To assess reproduction of the Brook Trout populations in the fall (late September), we 

annually (2018 - 2020) surveyed the entirety of each study stream using single-pass 

electrofishing. We identified fish as either an MYY or wild Brook Trout and recorded the PIT tag, 

measured total length, and assessed for sexual maturity (see Sexual Maturity). Young-of-year 

(YOY) wild Brook Trout were identified by length-frequency histograms. This cohort of wild 

fish was annually PIT tagged to compare growth and survival of similarly aged fish to MYY 

Brook Trout. We clipped the maxillary bone from a subsample of wild Brook Trout to assess tag 

loss (Schill et al. 2007).  

In July 2019 and 2020, We modified the capture protocol to account for recaptured fish. 

All fish were identified as either MYY or wild Brook Trout, scanned for a tag, and measured for 

total length (mm). From the marked and recaptured fish, we analyzed absolute growth and 

estimated apparent survival and capture probability. We did not include marked and recaptured 

fish from the 2020 MYY and wild Brook Trout cohorts in the analyses because of insufficient 

capture events.  

Absolute Growth 

We calculated annual absolute growth (hereafter, growth) from MYY fish tagged 

September 2018 and 2019 and recaptured one year later. Growth (G) was calculated as: 

 

(1)      G = l2 – l1 

 

where l1 is total length (mm) in September and l2 is total length (mm) at recapture one year later. 

We performed a two-way analysis of covariance (ANCOVA) to examine the effects of strain 

(MYY or wild Brook Trout) on growth after adjusting for the effect of l1 and blocking for stream. 

We tested model assumptions by visually inspecting residual plots and scatter plots in Program R 

(Version 1.1.463; RStudio Team 2020). Growth in the 2018 cohort violated the assumption of 

homogeneity of regression slopes and was analyzed as three one-way ANCOVAs separated by 

stream. Each ANCOVA was fitted with four models: an equal slope and intercept, a slope = 0 

and unequal intercept, equal slope and unequal intercept, and unequal slope and intercept. 
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Models were compared with AICc and AICc weight to determine the relative support for each 

model (Burnam and Anderson 2002).  

Apparent Survival 

 Biannual capture-mark-recapture occurred from 2018 to 2020 for a total of six capture 

events. The suppression and stocking efforts that occurred in July 2018, 2019, and 2020 served 

as the first, third and fifth capture events, while the annual September effort served as the 

second, fourth, and sixth capture events. We used a Cormack-Jolly-Seber (CJS) model based on 

maximum-likelihood estimation (Cormack 1964; Jolly 1965; Seber 1970) in Program Mark 

(White and Burnham 1999) with the RMark package implemented in Program R (Laake 2013; R 

Core Team 2020) to model apparent survival (φ; hereafter, referred to as survival) and recapture 

probability (p). We compiled an individual capture history for each fish (1 = captured and 0 = 

not captured). If we removed a tagged fish during the suppression or the fish died during a 

capture event, we censored the data (-1). We used the CJS model to determine differences in 

survival between the MYY and wild Brook Trout to determine if length at initial marking 

influenced survival. We incorporated time (t), year, and stream into the model as additional 

covariates (Table 2). We used the Fletcher ĉ goodness-of-fit test to assess the degree of over-

dispersion in the saturated model (Burnham et al. 1987; Lebreton et al. 1992; Fletcher 2012). We 

employed an ‘all-combinations’ model strategy and treated models with >2 ΔAICc as equivalent 

(Akaike 1973; Burnham and Anderson 2002; Doherty et al. 2012). We estimated model 

parameters by model-averaging across the entire model set to account for model selection 

uncertainty and incorporated the relative importance of each model (Burnham and Anderson 

1998; Doherty et al. 2012).  

Sexual Maturity 

In September, during the annual fall capture event, MYY and wild Brook Trout were 

measured (TL) and assessed for sexual maturity. We examined each fish for sexual maturity by 

applying pressure to the abdomen and classified as a mature male if milt was expressed from the 

vent. We determined the percentage of MYY Brook Trout that were sexually mature within each 

annual cohort (2018, 2019, 2020) out of the total mature male Brook Trout. We also compared 

size at maturity between MYY and wild Brook Trout using a chi-squared test of homogeneity to 

determine if initial size at stocking influenced age at sexual maturity. Initial size was treated as 

an ordinal variable and divided into four categories bounded by the quartiles of initial sizes of the 

recaptured fish. 

Genetic Analysis 

  In 2018, 2019, and 2020, we collected fin clips from fingerling MYY Brook Trout while 

in the hatchery to characterize the genetic ancestry for the MYY Brook Trout reference 

population. In 2018, the fin clips from suppressed wild Brook Trout were used to characterize 

the wild Brook Trout genetic ancestry profile in each stream. In 2019 and 2020, Brook Trout fin 

clips were collected from YOY fish to determine if MYY Brook Trout successfully reproduced 

with wild fish. These YOY had unknown ancestry and were subsequently assigned to an ancestry 

class of either wild (Mxy x Fxx) or hybrid cross (MYY x Fxx).  
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Table 2. Variables in the Cormack Jolly Seber (CJS) model used to estimate MYY and wild 

Brook Trout survival (φ) and detection probability (p) in the three treatment streams.   

Model Parameter Parameter Description 

Strain (S) MYY Brook Trout or wild Brook Trout 

Length (l) Initial total length (mm) at first capture (tagging) 

Time (t) Time as a continuous covariate measured in months 

Cohort (c) Fish enter model as young-of-year fish in either 2018 or 2019  

Stream (s) Leandro Creek, Placer Creek, Rito de los Piños 
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To determine ancestry, tissues were shipped to the U.S. Fish and Wildlife Service 

Abernathy Fish Technology Center for genotyping. Using Qiagen DNeasy Tissue Kits (Qiagen, 

Inc; Valencia, CA), DNA was extracted and screened using a 245-single nucleotide polymorphic 

(SNP) locus panel (see Kennedy et al. 2018 for development details). Two-hundred and forty of 

the SNPs were autosomal markers to perform genetic assignment and five of the SNPs were sex-

linked markers to identify sex. The protocols for genotyping followed Genotyping-in-Thousands 

by Sequencing (GTseq) methodology (Campbell et al. 2015) using an Illumina assay (Illumina; 

San Diego, CA). For quality control, individuals missing data at >40% of the loci and removed 

loci that failed to genotype in 70% of individuals. Prior to conducting the genetic assignment 

analysis, the level of genetic differentiation was determined between each wild reference 

population and the MYY Brook Trout because the power of the analysis depended on this 

differentiation.  A principal component analysis (PCA) used allele frequencies to visually assess 

genetic differentiation and then measured the genetic differentiation using pairwise FST (Weir 

and Cockerham 1984). Pairwise FST ≥ 0.15 was considered as satisfactory genetic differentiation 

between the wild and MYY populations to perform the genetic assignment analysis (Frankham et 

al. 2002).  

Ancestry was assigned to individuals using the snapclust clustering method (Beugin et al. 

2018) implemented by the package adegenet 2.1.3 (Jombart 2008) for R 4.0.3 (R Core Team 

2020). This package identified distinct genetic groups (MYY and wild Brook Trout populations) 

among individuals and calculated probability of assignment to those groups for each individual. 

The accuracy of this procedure was evaluated via assignment of simulated individuals. To do 

this, genotypes of 200 pure wild individuals from each reference population, 200 MYY 

individuals, and 200 F1 hybrids (MYY x wild) were simulated using the hybridize function in 

adegenet 2.1.3. Assuming two reference populations and F1 hybrids were present, snapclust was 

used and the program calculated each of the 600 individual’s probability of assignment to an 

ancestry class (pure wild, MYY, or F1 hybrid). This procedure was repeated separately for each 

wild reference population, We tested the statistical power of this assignment algorithm to 

determine our confidence in subsequent empirical assignments of our YOY fish with unknown 

ancestry. Assignment accuracy was the proportion of simulated genotypes that assigned to 

correct ancestry class.  

The same procedure was performed separately with the empirical genotype data for each 

stream. The analyses included the wild reference individuals, MYY individuals, and the YOY 

individuals of unknown ancestry. Again, the assumption included only two reference populations 

(MYY and wild) and F1 hybrids were present in the snapclust analysis and a probability of 

assignment was performed for all individuals. As a comparison and further quality check, the 

posterior probability was modelled to include an individual which belonged exclusively to wild 

parental types or to a hybrid (MYY x Wild) parental types using the program NEWHYBRIDS 

(Anderson and Thompson 2002). The NEWHYBRIDS analysis treated all individuals as 

unknowns with the Jeffreys prior for allele frequencies and mixing proportion. Each run had 

10,000 burn-ins and 50,000 Markov Chain Monte Carlo (MCMC) iterations.  
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Five genetic sex markers (BrunelliSex_GTseq, SexyBrook_GTseq, Salves 

SDYU4sep15_GTseq, Sfo_356897_48, and Sfo_74221_58) were included in the SNP panel 

(Schill et al. 2016; Yano et al. 2012). The accuracy of these sex markers had not been fully 

verified for these populations, so genotypic gender assignment of a subsample of fish was 

compared with the phenotypic gender assignment to determine the accuracy (Schill et al. 2016). 

Using the most accurate sex markers, the sex ratio for 2019 and 2020 cohorts of YOY Brook 

Trout was determined from each stream and confirmed that each hybrid F1 progeny was male. 

The sex ratios from the treatment streams were compared to the sex ratio of the reference stream 

(Little Vermejo).  

Results 

From 2018 to 2020, we removed a total of 2,468, 1,669, and 988 wild Brook Trout from 

Leandro Creek, Placer Creek, and Rito de los Piños, respectively (Table 3). This effort resulted 

in an average suppression from the estimated wild Brook Trout populations of 42.0% (range = 

36.2 – 47.7%) for Leandro Creek, 49.2% (47.0 – 50.6%) for Placer Creek, and 46.5% (44.5 –

50.8%) for Rito de los Piños. We stocked a total of 2,943 fingerling MYY Brook Trout into 

Leandro Creek, 1,691 fingerling MYY Brook Trout into Placer Creek, and 1,069 fingerling MYY 

Brook Trout into Rito de los Piños. MYY Brook Trout were stocked at an average rate of 50.1% 

(range = 49.2 – 50.6%) of the estimated wild Brook Trout populations (prior to removal). Tag 

loss was low (2.4%) for MYY Brook Trout. 

Annual absolute growth (mm) was similar for MYY and wild Brook Trout within each 

stream (Figure 3). From fall 2018 to fall 2019, the two top ranked models for Leandro Creek 

included strain and initial length. These two models also held all the weight, which suggested a 

difference in growth between MYY and wild Brook Trout, and that initial length had an effect on 

annual absolute growth. From fall 2018 to fall 2019, in Placer Creek and Rito de los Piños, all 

four models fell within >4 ΔAICc, and the length model explained 26% and 25% of the data, 

respectively (Table 4). From fall 2019 to fall 2020, there was little support for differences 

between MYY and wild Brook Trout for both 2018 and 2019 cohorts. Most models fell within 

>4 ΔAICc and fish length within the stream model explained 41% and 33% of the data in the 

2018 and 2019 cohorts (Table 5). This inconsistency with top ranked models and the relatively 

high explanatory power of only initial length showed there was little difference between strains. 

Although MYY and wild Brook Trout growth was similar, there was a size difference between 

MYY and wild Brook Trout within the same cohort. The mean total length (mm) of fingerling 

MYY Brook Trout was greater than YOY wild Brook Trout of the same cohort at first capture 

and at subsequent capture events in all streams (Table 6). 

We estimated apparent survival (φ) and capture probability (p) from 3,772 MYY Brook 

Trout and 645 wild Brook Trout captured at least one time during the six capture events from 

2018 to 2020 (Table 7). Overdispersion was negligible (ĉ = 1.1) for the saturated CJS model and 

the results for the QAICc model ranking were consistent with AICc. This indicated the saturated  
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Table 3. Population estimates from 2018, 2019, and 2020 of wild Brook Trout (95% confidence intervals, CI) for each treatment 

stream. The number of wild Brook Trout removed during suppression and average total length (mm) and range is in parenthesis. 

Number of MYY Brook Trout stocked in 2018, 2019, and 2020 and mean total length (mm) of all stocked MYY Brook Trout from each 

treatment stream and range is in parenthesis. 

 

 

 
Wild Brook Trout 

 
MYY Brook Trout 

Stream 

Population Estimate  

(95% CI) 

Number 

removed 

Total length 

(range) 
 

Number 

stocked Total length (range) 

2018 
      

Leandro Creek 2102 (2021–2213) 1002 163.4 (44–267) 
 

1062 90.8 (64–118) 

Placer Creek 1388 (1348–1427) 702 136.1 (51–261) 
 

696 90.5 (66–115) 

Rito de los Piños 628 (608–646) 319 132.4 (44–232) 
 

318 90.2 (66–109) 

       
2019 

      
Leandro Creek 1540 (1426–1696) 557 138.1 (35–246) 

 
774 93.8 (70–116) 

Placer Creek 926 (891–967) 460 119.4 (29–216) 
 

464 92.7 (69–117) 

Rito de los Piños 915 (876–954) 407 128.0 (36–212) 
 

458 92.5 (74–123) 

       
2020 

      
Leandro Creek 2214 (1958–2469) 909 114.2 (29–189) 

 
1107 102.6 (71–130) 

Placer Creek 1079 (1048–1111) 507 95.1 (30–198) 
 

531 103.6 (71–127) 

Rito de los Piños 583 (539–627) 262 123.4 (43–192) 
 

293 101.9 (77–122) 
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Figure 3. Annual absolute growth (mm) for MYY Brook Trout (MYY) and wild Brook Trout 

(Wild) from Leandro Creek, Placer Creek, and Rito de los Piños.  (A) 2018 cohort from fall 2018 

to fall 2019, (B) 2018 cohort from fall 2019 to fall 2020, and (C) 2019 cohort from fall 2019 to 

fall 2020. The horizontal line represents the median absolute growth, the top and bottom of the 

box represents the first and third quartiles, and points are outliers 1.5 times the interquartile 

range of the data. 
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Table 4. One-way analysis of covariance (ANCOVA) for annual absolute growth (mm) from fall 

2018 to fall 2019 between strain (MYY Brook Trout and wild Brook Trout) controlled for initial 

length (Length) for Leandro Creek, Placer Creek, and Rito de los Piños. Shown are the models 

and the associated number of parameters, Akaike Information Criterion corrected for small 

sample size (AICc), delta AICc score (ΔAICc), the AICc weight (Weight). 

Model Number of parameters AICc ΔAICc Weight 

Leandro Creek 
    

Strain + Length 4 1639.30 0.00 0.55 

Strain * Length 5 1639.70 0.40 0.45 

Strain 3 1650.98 11.68 0.00 

Length 3 1653.75 14.45 0.00 

     
Placer Creek 

    
Strain 3 647.38 0.00 0.42 

Length 3 648.35 0.97 0.26 

Strain + Length 4 648.43 1.05 0.24 

Strain * Length 5 650.46 3.08 0.09 

     
Rito de los Piños 

   
Strain * Length 5 303.58 0.00 0.38 

Strain + Length 4 304.10 0.52 0.29 

Length 3 304.42 0.84 0.25 

Strain 3 306.63 3.05 0.08 
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Table 5. Two–way analysis of covariance (ANCOVA) for annual absolute growth (mm) from 

fall 2019 to fall 2020 between strain (MYY Brook Trout and wild Brook Trout) and among blocks 

(Stream; Leandro Creek, Placer Creek, and Rito de los Piños) controlled for initial length 

(Length) for the 2018 and 2019 cohorts. Shown are the models and the associated number of 

parameters, Akaike Information Criterion corrected for small sample size (AICc), delta AICc 

score (ΔAICc), the AICc weight (Weight). 

Model Number of parameters AICc ΔAICc Weight 

2018 Cohort 
    

Length + Stream 5 1174.00 0.00 0.41 

Strain + Length + Stream 6 1174.42 0.42 0.33 

Strain * Length + Stream 7 1175.34 1.34 0.21 

Strain + Stream 5 1178.38 4.38 0.05 

     
2019 Cohort 

    
Strain + Stream 5 1871.91 0.00 0.41 

Length + Stream 5 1872.32 0.41 0.33 

Strain + Length + Stream 6 1873.64 1.73 0.17 

Strain * Length + Stream 7 1875.00 3.09 0.09 
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 Table 6. Total Length (mm), standard deviation (SD), and sample size (n) of the 2018 and 2019 

cohorts of MYY Brook Trout and wild Brook Trout in Leandro Creek, Placer Creek, and Rito de 

los Piños measured in fall of 2018, 2019, and 2020. Dashes indicate no information was 

available for that time interval. 

 

  

  
2018 

 
2019 

 
2020 

Strain Cohort Mean (SD) n 
 

Mean (SD) n 
 

Mean (SD) n 

Leandro Creek 
         

MYY Brook Trout 2018 121.5 (12.1) 307 
 

191.5 (19.8) 335 
 

210.0 (20.5) 102 

Wild Brook Trout 2018 93.8 (7.4) 130 
 

170.7 (16.1) 60 
 

194.7 (10.8) 12 

MYY Brook Trout 2019 - - 
 

125.1 (9.5) 397 
 

173.2 (16.9) 127 

Wild Brook Trout 2019 - - 
 

83.6 (6.9) 133 
 

135.8 (10.6) 24 

          
Placer Creek 

         
MYY Brook Trout 2018 108.0 (9.8) 217 

 
150.7 (14.6) 103 

 
193.4 (17.5) 27 

Wild Brook Trout 2018 88.2 (7.0) 96 
 

139.0 (12.0) 42 
 

174.6 (15.2) 30 

MYY Brook Trout 2019 - - 
 

111.2 (9.1) 165 
 

167.5 (17.2) 93 

Wild Brook Trout 2019 - - 
 

84.8 (7.0) 139 
 

139.5 (13.5) 60 

          
Rito de los Piños 

         
MYY Brook Trout 2018 107.5 (8.7) 84 

 
142.1 (11.6) 55 

 
161.9 (16.0) 30 

Wild Brook Trout 2018 80.5 (6.3) 66 
 

115.8 (8.1) 18 
 

134.3 (8.1) 15 

MYY Brook Trout 2019 - - 
 

106.5 (8.2) 163 
 

133.7 (13.2) 55 

Wild Brook Trout 2019 - - 
 

94.0 (6.5) 81 
 

121.3 (7.5) 23 
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Table 7. Capture-recapture data for MYY Brook Trout and wild Brook Trout individually tagged and recaptured between six capture 

events from 2018 to 2020 in Leandro Creek, Placer Creek and Rito de los Piños. 

  
Recaptures by capture event Never 

Strain Marked Sep 2018 Jul 2019 Sep 2019 Jul 2020 Sep 2020 recaptured 

Leandro Creek 
       

2018 MYY Brook Trout 1062 309 264 338 132 103 499 

2018 wild Brook Trout 130 
 

39 60 25 12 51 

2019 MYY Brook Trout 774 
  

397 164 128 287 

2019 wild Brook Trout 133 
   

42 24 84 

        
Placer Creek 

       
2018 MYY Brook Trout 696 217 97 103 36 27 381 

2018 wild Brook Trout 96 
 

46 43 39 30 24 

2019 MYY Brook Trout 464 
  

168 87 95 217 

2019 wild Brook Trout 139 
   

56 60 60 

        
Rito de los Piños 

       
2018 MYY Brook Trout 318 85 66 55 33 30 172 

2018 wild Brook Trout 66 
 

18 18 17 16 33 

2019 MYY Brook Trout 458 
  

165 75 55 242 

2019 wild Brook Trout 81 
   

34 23 39 
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model fit the data reasonably well and no adjustment to the AICc scores was needed (White and 

Burnham 1999). The top six models accounted for over 99% of the AIC weight and indicate 

interactive effects of time, strain, and stream for φ. These results implied a difference in survival 

between MYY Brook Trout and wild Brook Trout. The top ranked model (Model 1) did not 

include initial length at tagging for either φ or p (Table 8), but in Model 2 (ΔAICc = 1.99) 

survival increased as initial length at tagging increased. However, the fish with the largest initial 

length (123 mm) had only a 0.008 higher probability of surviving compared to the fish with the 

smallest initial length (61 mm), which indicated initial tagging length had minimal effect on 

survival of either MYY or wild Brook Trout. The top-ranked models did not indicate that cohort 

substantially improved the fit of the model for φ (Table 8). 

The average annual survival from fall 2018 to fall 2019 was higher for wild Brook Trout 

(mean = 0.61, range = 0.46 – 0.75) than MYY Brook Trout (0.43, 0.28 – 0.63). The φ estimates 

varied by stream (Table 9). MYY Brook Trout and wild Brook Trout in Leandro Creek and Rito 

de los Piños exhibited similar survival rates, defined by overlapping 95% confidence intervals 

between most time intervals. In Placer Creek, MYY Brook Trout exhibited markedly lower 

survival rates compared to the wild Brook Trout in all but one of the time intervals (Table 9). 

The top two models for capture probability, accounting for 0.75 of the AICc weight included 

additive effects of time, strain, stream, and cohort (Table 8). Capture probability increased each 

capture event (range = 0.41–0.78), but standard errors overlapped between MYY and wild Brook 

Trout when compared within cohorts for each capture event (Table 10). 

MYY Brook Trout sexual maturity differed depending on age, stream and year. In fall 2019, 

across all streams we observed 63.2% (range = 33.6 – 81.1%) of age-1 2018 MYY Brook Trout 

and 7.7% (1.1 – 13.2%) of the age-0 2019 MYY Brook Trout cohort were mature (Table 11). 

Sexually mature MYY fish comprised an average of 50.3% (35.5 – 59.5%) of the total mature 

male Brook Trout in the treatment streams. The following year in fall 2020, we found an increase 

in the percentage of mature MYY Brook Trout in the 2018 cohort (92.6%; range = 84.6 – 100%) 

and the 2019 cohort (60.4%; 41.1 – 72.2%). The 2020 MYY Brook Trout cohort had an average 

maturity of 16.6% (3.5 – 28.7%). In fall 2020, the three MYY Brook Trout cohorts comprised an 

average of 65.6% (52.1 – 77%) of the total mature male Brook Trout throughout the three 

treatment streams (Table 11). In fall 2019 and fall 2020, mature MYY and wild Brook Trout were 

similar in length in their respective creeks (Table 12). Initial size at stocking had a varying effect 

on sexual maturity (Table 13). In Fall 2019, we found that the proportions of MYY Brook Trout 

that expressed milt where statistically different than expected when binned in quartiles based on 

initial size at stocking for both 2018 (𝜒2 = 10.07, Df = 3, p = 0.02) and 2019 (𝜒2 = 29.22, Df = 3, 

p < 0.0001) MYY Brook Trout cohorts. MYY Brook Trout binned in the lower quartiles (0–50%) 

of initial size reported lower than expected proportions of sexually mature fish, while MYY Brook 

Trout binned in the higher quartiles (50–100%) of initial size reported higher than expected 

proportions of sexually mature fish. In fall 2020, we found that initial size at stocking did not 

have a significant effect on the proportions of sexually mature fish in the 2018 MYY Brook Trout 

(𝜒2 = 4.48, Df = 3, p = 0.21) or the 2019 MYY Brook Trout (𝜒2 = 2.53, Df = 3, p = 0.47), but size 

of stocking did have a significant effect on the proportions of sexually mature 2020 MYY Brook 

Trout cohort in the 2020 MYY Brook Trout (𝜒2 = 34.92, Df = 3, p < 0.0001). 
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Table 8. Model ranking of the Cormack-Jolly-Seber (CJS) mark-recapture models estimating the apparent survival (φ) and recapture 

probability (p) of MYY Brook Trout and wild Brook Trout in Leandro Creek, Placer Creek and Rito de los Piños from 2018 to 2020. 

The model variables are time (t), strain (S; MYY or wild Brook Trout), stream (s), cohort (c; 2018 or 2019), and initial total length at 

marking (l). Shown are the models and the associated number of parameters, Akaike Information Criterion corrected for small sample 

sizes (AICc), delta AICc score (ΔAICc), and the AICc weight (Weight). 

Model Number of parameters AICc ΔAICc Weight 

1: φ(t*S*s), p(t+S+s+c) 40 15187.76 0.00 0.55 

2: φ(t*S*s+l), p(t+S+s+c) 41 15189.75 1.99 0.20 

3: φ(t*S*s), p(t+c) 37 15190.69 2.93 0.13 

4: φ(t*S ), p(t+S+c) 38 15192.64 4.88 0.05 

5: φ(t*S*s+l), p(t+c) 38 15192.68 4.92 0.05 

6: φ(t*S*s+l), p(t+S+c) 39 15194.64 6.88 0.02 

7: φ(t*S*s), p(t*c) 45 15205.76 18.00 0.00 

8: φ(t*S*s+l), p(t*c) 46 15207.75 19.99 0.00 

9: φ(t*S*s), p(t*S*c) 60 15233.54 45.78 0.00 

10: φ(t*S*s+l), p(t*S*c) 61 15235.55 47.79 0.00 
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Table 9. Cormack-Jolly-Seber (CJS) mark-recapture model-averaged estimates of apparent survival (φ) and 95% confidence intervals 

(95% CI) for MYY Brook Trout and wild Brook Trout in Leandro Creek, Placer Creek and Rito de los Piños from 2018 to 2020. 

Dashes indicate no information was available for that time interval. 

Strain 

φ Jul 2018– 

Sep 2018 

(95% CI) 

φ Sep 2018– 

Jul 2019 

(95% CI) 

φ Jul 2019– 

Sep 2019 

(95% CI) 

φ Sep 2019– 

Jul 2020 

(95% CI) 

Annual 

(Sep 2018– 

Sep 2019) 

Leandro Creek 
     

MYY Brook Trout 0.69 (0.64–0.74) 0.67 (0.61–0.73) 0.94 (0.84–0.98) 0.36 (0.32–0.39) 0.63 (0.57–0.69) 

Wild Brook Trout - 0.68 (0.57–0.77) 0.92 (0.62–0.99) 0.44 (0.36–0.53) 0.63 (0.52–0.73) 

      

Placer Creek 
     

MYY Brook Trout 0.82 (0.67–0.91) 0.36 (0.30–0.43) 0.78 (0.69–0.85) 0.41 (0.35–0.48) 0.28 (0.23–0.33) 

Wild Brook Trout - 0.84 (0.61–0.97) 0.89 (0.62–0.98) 0.71 (0.61–0.79) 0.75 (0.63–0.86) 

      

Rito de los Piños 
     

MYY Brook Trout 0.71 (0.58–0.81) 0.53 (0.41–0.63) 0.70 (0.62–0.78) 0.38 (0.32–0.45) 0.37 (0.29–0.45) 

Wild Brook Trout - 0.58 (0.43–0.72) 0.80 (0.51–0.94) 0.63 (0.51–0.74) 0.46 (0.33–0.60) 
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Table 10. Cormack-Jolly-Seber (CJS) mark-recapture model averaged estimates of detection 

probability (p) and standard error in parenthesis for the 2018 and 2019 cohorts of MYY Brook 

Trout and wild Brook Trout averaged across all treatment streams (Leandro Creek, Placer Creek, 

and Rito de los Piños) from 2018 to 2020. Dashes indicate data was not available for the time 

interval. 

 

Strain p Sep 2018 p Jul 2019 p Sep 2019 p Jul 2020 

2018     

MYY Brook Trout 0.41 (0.02) 0.52 (0.02) 0.69 (0.02) 0.77 (0.02) 

Wild Brook Trout - 0.52 (0.03) 0.70 (0.03) 0.78 (0.02) 

     
2019 

    
MYY Brook Trout - - 0.52 (0.02) 0.62 (0.02) 

Wild Brook Trout - - - 0.63 (0.03) 
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Table 11. Percentage of MYY Brook Trout that expressed milt by cohort and the percentage of 

MYY Brook Trout that expressed milt out of the total Brook Trout that expressed milt (Total % 

Reproductive MYY) in fall 2019 and fall 2020. Dashes indicate the data was not available. 

 

  

 
MYY Brook Trout 

  

Total %  

Reproductive  

Stream 

2018 Cohort 

(%) 

2019 Cohort 

(%) 

2020 Cohort 

(%) 
 

MYY 

2019 
     

Leandro Creek 81.1 8.7 - 
 

59.8 

Placer Creek 33.6 1.1 - 
 

34.5 

Rito de los  Piños 75.0 13.2 - 
 

50.4 

      
2020 

     
Leandro Creek 93.2 68.0 17.6 

 
77.1 

Placer Creek 84.6 41.1 3.5 
 

52.1 

Rito de los  Piños 100.0 72.2 28.7 
 

68.0 
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Table 12. Mean total length (TL, mm), standard deviation (SD), range, and sample size (n) of 

MYY Brook Trout and wild Brook Trout that expressed milt in Leandro Creek, Placer Creek and 

Rito de los Piños in fall of 2019 and 2020. 

 
MYY Brook Trout 

 
Wild Brook Trout 

 
TL (SD) Range n 

 
TL (SD) Range n 

2019 
       

Leandro Creek 185.7 (27.2) 115–249 318 
 

169.0 (25.5) 115–265 214 

Placer Creek 158.0 (14.9) 117–185 38 
 

169.7 (25.0) 124–234 72 

Rito de los Piños 134.7 (16.7) 100–174 71 
 

143.4 (22.9) 112–190 70 

        
2020 

       
Leandro Creek 172.2 (38.3) 100–271 262 

 
173.8 (30.6) 125–251 78 

Placer Creek 175.9 (25.3) 115–224 75 
 

170.6 (25.3) 113–255 69 

Rito de los Piños 135.7 (21.9) 102–207 121 
 

140.8 (17.6) 111–194 57 
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Of the total 975 fin clips that remained after censoring, 332 represented the wild 

reference population, 240 represented the MYY reference population, and 403 were from YOY 

assigned to either pure wild ancestry or hybrid (MYY x wild) ancestry (Table 14). Genetic 

differentiation was observed among the wild and MYY Brook Trout reference populations (Figure 

4). Estimates of pairwise FST values between the MYY Brook Trout and wild reference 

populations confirmed this, as all estimates were above our defined threshold for genetic 

differentiation of 0.15 (mean = 0.23, range = 0.17 – 0.27). 

The genetic assignment algorithm assigned 100% of the simulated F1 hybrids to the correct 

ancestry class in all streams. Most individuals had an assignment probability of >0.99, with the 

lowest assignment probability of 0.87 across the 800 simulated individuals. There was consensus 

between snapclust and NEWHYBRIDS for 982 of 987 empirical individuals (99.5%; Table 14). 

Four of the discrepancies were wild Brook Trout reference samples that were assigned F1 hybrid 

ancestry, two by NEWHYBRIDS and two by snapclust. The remaining discrepancy was one 

MYY Brook Trout reference sample from Rito de los Piños that was assigned F1 hybrid ancestry 

by snapclust. These all represent assignment errors by NEWHYBRIDS and snapclust, as all the 

discrepancies were individuals of known ancestry. There were also two individuals incorrectly 

assigned by both programs, one wild Brook Trout reference sample from Leandro Creek that was 

assigned as an F1 hybrid and one YOY fish assigned as an MYY Brook Trout. 

MYY Brook Trout successfully reproduced with wild Brook Trout in the fall of 2018 and 

2019, producing YOY progeny in 2019 and 2020 in two of the three treatment streams (Table 

14). In fall 2019, 2 of 169 individuals were assigned to hybrid ancestry (MYY x wild) which 

comprised an average of 1.0% (range across treatment streams = 0 – 1.7%) of the YOY sampled 

in each stream. In fall 2020, 44 of 148 individuals were assigned to hybrid ancestry which 

represented an average of 29.5% (0%–55.1%) of the YOY sampled in each stream. No hybrid 

individuals were detected in Placer Creek. 

Only 492 of 987 individuals were genotyped across all five sex markers. When compared 

among these 492 individuals, there was agreement among sex markers in MYY Brook Trout in 

216 of 234 (92.3%) individuals. In contrast, hybrid fish had agreement in 21 of 32 (65.6%) 

individuals and wild reference fish had agreement in 157 of 226 (69.5%) individuals (Table 15). 

Given the conflicting sex assignments between markers, we determined the most accurate sex 

markers to analyze the sex ratio of the populations. We evaluated the accuracy of the markers by 

comparing of the genotype sex assignment to the phenotypic sex of necropsied wild Brook 

Trout. When male and females were analyzed together, the genotypic sex assignment by 

Sfo_74221_58 and Sfo_356897_48 agreed with the phenotypic call of 82.3% and 76.8% 

individuals, respectively. As a further check, we compared genotypic sex to phenotypic sex  

determined by manual expression of recaptured fish from the annual fall trip. When a functional 

genotype was produced, both sex markers correctly matched 100% of the genotype and 

phenotype of these fishes. Additionally, both of these sex markers correctly identified the 

useable genotypes of 100% of the F1 hybrid progeny and MYY Brook Trout (Table 15). Given 

their relative accuracy compared to the other sex markers and the high concordance between 

genetic and phenotypic calls for MYY and hybrid individuals, we analyzed the sex ratio using 

Sfo_74221_58 and Sfo_356897_48 sex markers. 
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Table 13. MYY Brook Trout sexual maturity in fall 2019 and fall 2020 expressed as the proportion of MYY Brook Trout that expressed milt 

in quantile bins based on initial total length (mm) at stocking and the associated Pearson’s Chi-squared results of expected proportion, 

number of MYY Brook Trout (n), Chi-squared test statistic (𝜒2), degrees of freedom (Df), and P-value (p:  α = 0.05) 

 
Observed proportion in quantile Expected 

    
Cohort 0%–25% 25%–50% 50%–75% 75%–100% proportion n 𝜒2 Df p 

Fall 2019 
         

2018 0.66 0.74 0.77 0.83 0.75 479 10.07 3 0.02 

2019 0.02 0.06 0.08 0.18 0.08 674 29.22 3 < 0.0001 

          
Fall 2020 

         
2018 0.89 0.92 0.95 1.0 0.94 158 4.48 3 0.21 

2019 0.55 0.57 0.63 0.67 0.60 276 2.53 3 0.47 

2020 0.08 0.17 0.28 0.11 0.15 814 34.92 3 <0.0001 
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Table 14. Genetic assignments in snapclust and NEWHYBRIDS for the wild Brook Trout 

reference, MYY reference, and young-of-year Brook Trout (YOY) populations across three 

treatment streams (Leandro Creek, Placer Creek, and Rito de los Piños) and one reference stream 

(Little Vermejo). 

 

   

snapclust 

Assignment 
 

NEWHYBRIDS 

Assignment 

Stream 
 

Sample 

size Population 
 

MYY 

 
Wild 
 

MYY 

x 

Wild 
 

MYY 

 
Wild 
 

MYY 

x 

Wild 

2018 
         

Leandro Creek 60 Reference 0 58 2 
 

0 57 3 

Placer Creek 100 Reference 0 100 0 
 

0 100 0 

Rito de los Piños 99 Reference 0 99 0 
 

0 99 0 

Little Vermejo 73 Reference 0 73 0 
 

0 73 0 

MYY Brook Trout 99 Reference 99 0 0 
 

99 0 0 

          
2019 

         
Leandro Creek 84 YOY 0 83 1 

 
0 83 1 

Placer Creek 25 YOY 0 25 0 
 

0 25 0 

Rito de los Piños 60 YOY 1 58 1 
 

1 58 1 

Little Vermejo 66 YOY 0 65 1 
 

0 66 0 

MYY Brook Trout 93 Reference 93 0 0 
 

93 0 0 

          
2020 

         
Leandro Creek 69 YOY 0 31 38 

 
0 31 38 

Placer Creek 61 YOY 0 61 0 
 

0 61 0 

Rito de los Piños 18 YOY 0 12 6 
 

0 12 6 

Little Vermejo 20 YOY 0 20 0 
 

0 20 0 

MYY Brook Trout 60 Reference 60 0 0 
 

60 0 0 
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Figure 4. Principle component analysis of allele frequencies from a 240 single nucleotide 

polymorphism panel for each fish from the wild Brook Trout populations prior to stocking MYY 

Brook Trout and the 2018, 2019, and 2020 MYY Brook Trout (MYY). 
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Table 15. Proportions of individuals that failed to genotype, showed agreement, or disagreement 

between the genetic assessment for the five sex markers and phenotypic assessment made by 

necropsy or manual expression in the field. Samples are grouped by wild reference female 

(female), wild reference male (male), MYY Brook Trout (MYY), or MYY x Wild hybrid (hybrid). 

 
Necropsy 

 
Manual Expression 

Sex Agree Disagree 

No 

genotype 
 

Agree Disagree 

No 

genotype 

BrunelliSex_GTseq 
       

Female 0.91 0.08 0.01 
 

1.00 0.00 0.00 

Male 0.49 0.46 0.05 
 

0.42 0.25 0.33 

MYY 0.90 0.06 0.04 
 

- - - 

Hybrid 0.59 0.33 0.09 
 

- - - 

SexyBrook_Gtseq 
       

Female 0.07 0.32 0.62 
 

0.33 0.00 0.67 

Male 0.74 0.08 0.18 
 

0.58 0.08 0.33 

MYY 0.98 0.01 0.01 
 

- - - 

Hybrid 0.70 0.15 0.15 
 

- - - 

SalvesSDAYU4sep15_Gtseq 
       

Female 0.25 0.13 0.62 
 

0.00 0.00 1.00 

Male 0.80 0.07 0.14 
 

0.67 0.08 0.25 

MYY 0.99 0.00 0.01 
 

- - - 

Hybrid 0.85 0.00 0.15 
 

- - - 

Sfo_356897_48 
       

Female 0.81 0.14 0.05 
 

1.00 0.00 0.00 

Male 0.84 0.14 0.03 
 

0.67 0.00 0.33 

MYY 0.98 0.00 0.02 
 

- - - 

Hybrid 0.87 0.00 0.13 
 

- - - 

Sfo_74221_58 
       

Female 0.75 0.16 0.09 
 

1.00 0.00 0.00 

Male 0.80 0.11 0.09 
 

1.00 0.00 0.00 

MYY 1.00 0.00 0.00 
 

- - - 

Hybrid 1.00 0.00 0.00 
 

- - - 
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The sex ratio, expressed as percent males, varied from year to year. The mean sex ratio 

from the unmanipulated or refernence stream (Little Vermejo) across the three years was 

estimated as 50.7% (40 – 63.6%) by Sfo_74221_58 and 47.8% (range = 42.9 – 56.4%) by 

Sfo_356897_48. The sex ratio determined by Sfo_74221_58 for Placer Creek (mean = 43.7%, 

range = 38 – 48.5%) revealed no bias in the sex ratio, while Leandro Creek (54.1%, 41.7 –

75.4%) and Rito de los Piños (55.0%, 38.9 – 70.6%) experienced a substantial increase in male 

fish in 2020 (Figure 5). The sex ratio determined by Sfo_74221_58 produced similar estimates 

(Figure 5). 
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Figure 5. Brook Trout sex ratio of the three treatment streams (solid lines) and the reference 

stream (dashed line), estimated by the two most accurate sex markers (Sfo_74221_58 and 

Sfo_356897_48). Samples in 2018 were collected from wild individuals in all age groups, while 

samples in 2019 and 2020 were collected from young-of-year individuals of wild and hybrid 

ancestry. 
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Discussion 

This study represents the first stream-wide evaluation of MYY Brook Trout growth, 

survival, and reproduction using an IPM approach to extirpate non-native wild Brook Trout 

populations. Despite hatchery origin, MYY fish survived and grew to successfully reproduce with 

wild Brook Trout across two of the three treatment streams. The relative difference between MYY 

and wild Brook Trout survival and reproduction was negligible in Leandro Creek and Rito de los 

Piños. In contrast, MYY Brook Trout in Placer Creek exhibited much lower survival and 

reproduction with no evidence of F1 hybrid progeny, which suggests that abiotic, biotic, or 

anthropogenic factors are intrinsic to the success of hatchery-reared MYY Brook Trout and 

requires further investigation. While this study is ongoing, these results are an important 

advancement towards understanding the feasibility of the MYY IPM approach at eradicating wild 

non-native fish.   

Survival of hatchery raised fish is generally lower than wild fish (Flick and Webster 

1976; Fraser 1981; Edlin 1995); however, survival can be improved by suppressing resident wild 

fish prior to stocking (Kennedy and Strange 2006, Kennedy et al. 2018). Although not directly 

tested, the similar annual survival of MYY and wild Brook Trout observed in Leandro Creek 

(MYY = 0.63 vs wild = 0.63) and Rito de los Piños (0.37 vs., 0.46) was most likely due to the 

suppression prior to stocking. Placer Creek, however, was treated with the same 50% 

suppression rate, yet annual survival of MYY Brook Trout (0.28) was lower compared to wild 

Brook Trout (0.75). Based on the success of the MYY Brook Trout in Leandro and Rito de los 

Piños, we conjectured that this lower relative survival was not entirely due to hatchery origin. 

While anecdotal, we observed influencing effects on MYY survival exclusively in Placer Creek 

that included emigration and fishing harvest. Placer Creek was the only stream with suitable 

Brook Trout habitat downstream of the barrier and was the only stream where we documented 

emigration by tagged fish outside of the treatment reach. Emigration by MYY Brook Trout was 

not unexpected as hatchery-reared Brook Trout tend to move downstream after placement 

(Helfrich and Kendall 1982; Flowers et al. 2019). We did not differentiate between emigration or 

death, which negatively biased the MYY survival estimates throughout the three treatment 

streams. In addition, we also observed fishing harvest in Placer Creek. The stream is accessible 

by public road, whereas Rito de los Piños is only accessible by foot and Leandro Creek is on 

private property. This could have led to lower MYY survival because hatchery-reared fish are 

more susceptible to angling than their wild conspecifics (Brynildson and Christenson 1961; 

Mason et al. 1967).  

Although the survival of MYY Brook Trout was slightly lower relative to sympatric wild 

Brook Trout, both MYY and wild Brook Trout exhibited higher survival rates compared to Brook 

Trout from other studies across similar time frames. From late June to early October, Kennedy et 

al. (2018) reported catchable MYY Brook Trout (mean TL = 229 mm) had an average survival 

rate of 0.09 in unsuppressed streams and 0.18 in suppressed streams (suppression rate = 17%). 

Our annual survival estimates for MYY varied from 0.61 to 0.74. In contrast, annual survival 

estimates for wild Brook Trout from varied from 0.22 to 0.46 (Petty et al. 2005; Meyer et al. 

2006). Survival of MYY benefited from wild Brook Trout suppression.  

In the fall of 2019, MYY Brook Trout comprised an average of 48.2% of the milt-

producing Brook Trout population, but only produced 29.5% of the sampled progeny in fall 
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2020. This suggests that MYY Brook Trout were not as reproductively successful as wild Brook 

Trout, which was similar to Kennedy et al. (2018). The authors determined MYY Brook Trout 

had similar maturity and sperm motility rates compared to wild Brook Trout and attributed the 

lower reproductive success of the MYY Brook Trout to hatchery origin. Reduced reproductive 

success in hatchery-reared fish has been attributed to behavioral and genetic deficiencies from 

selective breeding and domestication (Araki et al.2008; Christie et al. 2014). Other possible 

sources of reduced reproductive success are lower egg to fry survival of progeny of hatchery-

reared fish (Schroder et al. 2008) and lower fertilization rates of eggs by sex reversed fish 

(Senior et al. 2016). 

 MYY Brook Trout reproductive success varied among treatment streams. Variation of 

reproductive success and introgression levels of hatchery-reared fish have been attributed to size 

of spawning fish, fish density, and environmental factors. Larger spawning males tend to win 

agonistic bouts and have better positioning in spawning hierarchies, which can counteract the 

reduced reproductive fitness of hatchery fish (Flemming and Gross 1992; Flemming and Gross 

1993; Berejikian et al. 1996). This likely explains the higher reproductive success of MYY Brook 

Trout in Leandro Creek, which was the only stream where the mature MYY Brook Trout had a 

size advantage over mature male wild Brook Trout during the 2019 spawning season. In contrast, 

Placer Creek had the highest population density of wild Brook Trout in our study but the lowest 

reproductive success. High fish density reduced reproduction and introgression by hatchery-

reared fish (Fleming and Gross 1993; Harbicht et al. 2014), which may have contributed to poor 

reproduction by MYY Brook Trout in Placer Creek. Environmental factors, including habitat and 

water chemistry, also relate to varying levels of introgression of hatchery-reared Brook Trout 

(Marie et al. 2012; Bruce et al. 2020). Our study streams varied in stream classification and 

habitat types (i.e., low entrenched-forested for Leandro Creek, open meadow grassland for Placer 

Creek, and entrenched forested for Rito de los Piños). Thus, additional research is warranted to 

examine the casual mechanisms responsible for the variable reproductive success of MYY Brook 

Trout across the three study streams as extirpation might occur in Leandro Creek and Rito de los 

Piños more readily.  

Future Considerations  

 Depending on habitat complexity, a single-pass electrofishing removed 50-75% of wild 

Brook Trout populations in small streams (Meyer and High 2011; Hanks et al. 2018). We 

deemed annual suppression of 50% of the wild Brook Trout population when followed by the 

equivalent stocking of MYY Brook Trout a reasonable target for fisheries managers to accomplish 

with little expenditure of resources. While we recommend these rates at a minimum, increasing 

these rates should provide multiple benefits. Simulations by Schill et al. (2016) demonstrated 

higher suppression and stocking rates reduced the time to reach extirpation. Additionally, 

Kennedy et al. (2018) found increased suppression of the wild Brook Trout resulted in increased 

survival of MYY Brook Trout. While increasing both suppression and stocking rates will likely 

decrease time to extirpation, we recommend stocking MYY Brook Trout at rates equal to or 

below suppression rates to ensure carrying capacity of the stream is not exceeded. As survival is 

density dependent, this will presumably result in higher MYY Brook Trout survival. Also, 

assuming the MYY IPM plan will be implemented in waters with sympatric native fishes of 

conservation concern, this will reduce any negative impacts of overstocking. To our knowledge, 
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no research has been conducted to determine effects of suppression and stocking rates on MYY 

survival or sympatric native fishes. Before an MYY IPM program is implemented by fisheries 

managers, we recommend that these questions be addressed to create the most efficient 

eradication program while conserving sympatric native fishes.  

When stocking MYY Brook Trout, the initial dispersal method should be considered. We 

evenly stocked MYY Brook Trout throughout each treatment stream, but logistical constraints 

could limit the stocking methodology to point stocking. Model simulations by Day et al. (2020) 

indicated if MYY Brook Trout were point-stocked, the dispersal ecology would play a key role in 

the probability of eradication. The same authors presumed if the MYY post-stocking dispersal 

behavior was sedentary, then the wild fish population would not be eradicated. Stocked Brook 

Trout are sedentary, where the majority of fish remain within a few kilometers of the stocking 

location (Helfrich and Kendall 1982; Baird et al. 2006; Flowers et al. 2019). If stocked Brook 

Trout disperse, these fish will have a higher tendency to move downstream than upstream 

(Helfrich and Kendall 1982; Flowers et al. 2019). Given these patterns, it is imperative to 

identify the movement behavior of stocked MYY Brook Trout so managers can employ 

appropriate stocking plans. Until this behavior is determined, we recommend artificially 

dispersing MYY Brook Trout throughout the entire treatment stream.   

A key question to be addressed is whether FYY Brook Trout would be more efficient as an 

eradiation tool than MYY Brook Trout. McCormick et al. (2020) modelled time to extirpation for 

wild Common Carp (Cyprinus carpio) using various combinations of simulated IPM strategies 

that included stocking FYY or MYY fish with and without suppression. Regardless of the strategy, 

FYY Common Carp always eradicated the Common Carp population more efficiently than MYY 

Common Carp (McCormick et al. 2020). As mentioned before, FYY fish are less efficient to 

produce because of the feminization process (Parshad 2011; Schill et al. 2016; Teem 2020), but 

the demonstrated higher efficiency in eradicating unwanted fish populations might warrant 

further simulations and field testing.   

Finally, although MYY Brook Trout are not genetically modified organisms, a federal 

permit is required from the U.S. Food and Drug Administration for stocking because 

development requires the use of hormones to alter sex chromosomes. Therefore, any entity in the 

United States considering the use of MYY Brook as an eradication tool must obtain permit for 

implementation. The use of MYY Brook Trout in this study was approved by the U.S. Food and 

Drug Administration.  

 

Management Recommendations  

The most effective MYY Brook Trout age class has not been directly tested. In general, 

hatcheries stock fish at two different age classes, classified as either age-0 fingerling (YOY fish) 

or age-1 catchable. Each age class has tradeoffs: fingerling fish require less time, money, and 

hatchery space to rear than catchable fish, but fingerlings are often disadvantaged with relatively 

lower survival and time to sexual maturity (McFadden 1967; Fraser 1978; Wiley et al. 1993). In 

contrast, catchable fish require more time, money, and space to rear, but have relatively higher 

survival and are more likely to reach sexual maturity sooner (Petrosky and Bjornn 1988; Fleming 

and Gross 1992; Fleming and Gross 1993; Berejikian et al. 1996; Xu et al. 2010). We did not 

find support for initial size-dependent survival for individual fish in our study. Overall, 
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fingerling MYY Brook Trout survival estimates were higher than catchable MYY Brook Trout 

survival reported by Kennedy et al. (2018). We noted that fingerling MYY Brook Trout became 

sexually mature and sexual maturity was positively correlated with increased initial size at 

stocking. This was similar to the findings of McCormick and Naiman (1984) who observed 

Brook Trout size is a better predictor of sexual maturity than age or growth rate. Thus, we 

postulate that refined hatchery rearing techniques, such as lowering densities (Kavanagh and 

Olson 2014) or optimized temperatures (Sadler et al. 1986) could grow larger fingerling fish in 

the same time frame which would result in an increased percentage of sexually mature MYY fish. 

Additionally, because MYY and wild Brook Trout have similar growth rates, this initial size 

advantage would likely be maintained, producing a greater size advantage over wild fish. Larger 

fingerlings could lead to a shorter eradication time, as a higher proportion of MYY fish would be 

sexually mature and their increased size advantage would lead to a reproductive advantage 

(Blanchfield et al. 2003). This could be accomplished by stocking larger fingerling MYY fish, 

which would avoid the financial disadvantages of holding fish an extra year to catchable size.  

The ultimate goal of the MYY IPM approach was to shift the sex ratio of a population by 

swamping the wild Brook Trout population with F1 hybrid male progeny. In this study, we 

determined the effectiveness of the MYY IPM plan using ancestry assignment of YOY fish and 

by examining the sex ratio of each stream. We had high confidence in the ancestry assignment, 

as the 240 SNP-panel offered substantial power and efficacy at identifying MYY and F1 hybrids. 

Additionally, there were few disagreements (< 0.5%) between snapclust and NEWHYBRIDS 

confirming these results. In a management scenario, however, biologists will likely monitor the 

effectiveness the MYY IPM plan solely by examining the sex ratio of the manipulated population. 

Disagreement between our sex markers suggest they may have less utility than expected, at least 

for our wild Brook Trout populations in New Mexico. For phenotypically sexed wild Brook 

Trout, the sex markers produced genotypic assignments that conflicted with the phenotypic sex. 

The variation in how the individual sex markers performed with the wild known-sex Brook Trout 

highlights the importance of specifically developing and testing specific sex markers in each 

population.  

Our estimates of growth, survival, and reproduction supply empirical estimates of 

important vital rates for future modelling efforts and predictions to extirpation. Under an MYY 

IPM plan of 50% suppression followed by 50% MYY stocking, Schill et al. (2017) estimated wild 

Brook Trout populations would be extirpated in five to fifteen years if MYY Brook Trout 

exhibited a 20% reduction in vital rates relative to wild Brook Trout. Across all treatment 

streams, we estimated MYY Brook Trout survival was 30% lower compared to wild Brook Trout. 

MYY Brook Trout exhibited an approximate 40% reduction in reproductive success in fall of 

2019, assuming all sexually mature Brook Trout attempted to reproduce. The average fitness 

reduction exhibited by the MYY Brook Trout in our treatment streams exceeded 20% set by Schill 

et al. (2017) to extirpation. Thus, we are unsure of the time required for extirpation. However, in 

Leandro Creek, annual survival was similar for both MYY and wild Brook Trout and MYY 

reproduction in fall 2019 was reduced by less than 10%. If the model of Schill et al. (2017) is 

accurate, then we estimate wild Brook Trout in Leandro Creek will be eradicated between two 

and fifteen years if suppression followed by stocking continues until wild Brook Trout are absent 

from the stream.   
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Accomplishments since the last interim report (December 2020):  M.W. Miller tagged and 

adipose clipped the 2021 MYY hatchery cohort as the Los Ojos State Hatchery.  

 

Upcoming Schedule: 7/1/2021 – 6/30/2022 

Aug 2021 B. Armstrong defends MS degree 

Feb 2022  Present results at the AZ/NM AFS Chapter 

Feb 2022 Receive and analyze genetics data delivered from AFTC 

May-June 2022 Tag and fin clip the 2022 MYY cohort for July 2022 stocking 

 

 

Account Balance (as of 06/30/2020): $0.00 

Disbursement from 7/1/2020-6/30/2021 

Salary and Labor $43,379 ($52,460 - $9081 MW Miller TA) 

Travel  $6820 

Materials and Supplies $812 

Sub-Total $51,011 

NMSU IDC (10%) $5,101 

Total  $56,112 

 

 

 

Literature Cited 

Akaike, H. 1973. Information theory as an extension of the maximum likelihood principle. 

Proceedings of the Second International Symposium on Information Theory. IEE 

Computer Society Press, Budapest, Hungary.  

Anderson, E. C., & Thompson, E. A. (2002). A Model-Based Method for Identifying Species 

Hybrids Using Multilocus Genetic Data. Genetics, 160, 1217–1229. 

Araki, H., B.A. Berejikian, M.J. Ford, and M.S. Blouin. 2008. Fitness of hatchery-reared 

salmonids in the wild. Evolutionary Applications 1:342–355. 

Baird, O.E., C. C. Krueger, and D.C. Josephson. 2006. Growth, movement, and catch of Brook, 

Rainbow, and Brown trout after stocking into a large, marginally suitable Adirondack 

river. North American Journal of Fisheries Management 26:180-189. 

Berejikian, B.A., S.B. Matthews, and T. Quinn. 1996. Effects of hatchery and wild ancestry and 

rearing environments on the development of agonistic behavior in steelhead trout 

(Oncorhynchus mykiss) fry. Canadian Journal of Fisheries and Aquatic Sciences 53:2004-

2014. 

Beugin, M.-P., Gayet, T., Pontier, D., Devillard, S., & Jombart, T. (2018). A fast likelihood 

solution to the genetic clustering problem. Methods in Ecology and Evolution, 9(4), 

1006–1016. doi: 10.1111/2041-210X.12968 

Binns, N.A. 1965. Effects of rotenone treatment on the fauna of the Green River, Wyoming. 

Oregon State University.  

Blanchfield, P.J., M.S. Ridgway, and C.C. Wilson. 2003. Breeding success of male brook trout 

(Salvelinus fontinalis) in the wild. Molecular Ecology 12:2417-2428. 

Bruce, S.A., Y. Kutsumi, C.V. Maaren, M.P. Hare. 2020. Stocked-fish introgression into wild 

brook trout populations depends on habitat. Transactions of the American Fisheries 

Society 149:427-442. 



36 
 
 

Brynildson, O.M., and L.M. Christenson. 1961. Survival, yield, growth, and coefficient of 

condition of hatchery-reared trout stocked in Wisconsin waters. Wisconsin Conservation 

Department, Miscellaneous Research Report 3, Madison.   

Burnham, K.P., D.R. Anderson. 1998. Model Selection and Inference, a Practical Information-

Theoretic Approach. Spring-Verlag, New York.  

Burnham, K.P. and D.R. Anderson. 2002. Model Selection and Multi-Model Inference. Springer-

Verlag., New York.  

Burnham, K. P., D.R. Anderson, G.C. White, C. Brownie, and K.H. Pollock. 1987. Design and 

analysis methods for fish survival experiments base on release-recapture. American 

Fisheries Society Monographs 5. 437 pp.  

Campbell, N.R., S.A. Harmon, and S.R. Narum. 2015. Genotyping-in-Thousands by sequencing 

(GT-seq): A cost effective SNP genotyping method based on custom amplicon 

sequencing. Molecular Ecology Resource 15:855-867. 

Chadderton, L., S. Kelleher, A. Brow, T. Shaw, B. Studholme, and R. Barrier. 2001. Testing the 

efficacy of rotenone as a piscicides for New Zealand pest fish species. Managing Invasive 

Freshwater Fish in New Zealand 113-130. 

Charlesworth, B., and Charlesworth D. 2000. The degeneration of Y chromosomes. 

Philosophical Transactions of the Royal Society of London 355:1562-1572. 

Christie, M.R., M.J. Ford, and M.S. Blouin. 2014. On the reproductive success of early-

generation hatchery fish in the wild. Evolutionary Applications 7:883-896. 

Cormack, R.M. 1964. Estimates of survival from the sighting of marked animals. Biometrika. 

51:429-438.  

Day, C. C., E.L. Landguth, R.K. Simmons, W.P. Baker, A.R. Whitely, P.M. Lukacs, and A. 

Bearlin. 2020. Simulating effects of fitness and dispersal on the use of Trojan sex 

chromosomes for the management of invasive species. Journal of Applied Ecology 

56:1413-1425. 

Doherty, P.F., G.C. White, and K. P. Burnham. 2012. Comparison of model building and 

selection strategies. Journal of Ornithology 152:317-323.  

Dunham, J.B., S. B. Adams, R.E. Schroeter, and D.C. Novinger. 2002. Alien invasions in aquatic 

ecosystems: toward an understanding of brook trout invasions and potential impacts on 

inland cutthroat trout in western North America. Reviews in Fish Biology and Fisheries 

12:373-391. 

Edlin, D.G. 1995. Survival and Growth of Wild and Domestic Brook Trout (Salvelinus 

fontinalis) in Southwest Wisconsin Streams [Unpublished Master’s thesis]. University of 

Wisconsin-LaCrosse. 

Ficke, A.D., D.P. Peterson, and W.A. Janowsky. 2009. Brook Trout (Salvelinus fontinalis): a 

technical conservation assessment. [Online]. USDA Forest Service, Rocky Mountain 

Region. Available: http://www.fs.fed.us/r2/projects/scp/assessments/brooktrout.pdf 

[4/17/2018]. 

Fleming, I.A. and M.R. Gross. 1992. Reproductive behavior of hatchery and wild coho salmon 

(Oncorhynchus kisutch): does it differ? Aquaculture 103:101-121. 

Fleming I.A. and M.R. Gross. 1993. Breeding success of hatchery and wild coho salmon 

(Oncorhynchus kisutch) in competition. Ecological Applications 3:230-245. 

Fletcher, D. 2012. Estimating overdispersion when fitting a generalized linear model to sparse 

data. Biometrika, 99, 230-237.  

Flick, W.A., and D. W. Webster. 1976. Production of wild, domestic, and interstrain hybrids of 

brook trout (Salvelinus fontinalis) in natural ponds. Journal of the Fisheries Research 

Board of Canada 33:1525-1539.  



37 
 
 

Flowers, H.J., T.J. Kwak, J.R. Fischer, W.G. Cope, J.M. Rash, and D.A. Besler. 2019. Behavior 

and Survival of Stocked Trout in Southern Appalachian Mountain Streams. Transactions 

of the American Fisheries Society 148:3-20. 

Frankham, R., D. A. Briscoe, and J. D. Ballou. 2002. Introduction to conservation 

genetics. Cambridge University Press, New York, New York, USA. 

Fraser, J. M. 1978. Comparative recoveries of planted yearling and fall fingerling brook trout 

from Ontario lakes. Journal of the Fisheries Research Board of Canada 35: 391-396.  

Fraser, J.M. 1981. Comparative survival and growth of planted wild, hybrid, and domestic 

strains of brook trout (Salvelinus fontinalis) in Ontario Lakes. Canadian Journal of 

Fisheries and Aquatic Scienes 38:1672-1684.  

Gherardi, F. 2007. Biological invaders in inland waters: Profile, distribution, and threats. 

Invading Nature – Springer Series in Invasion Ecology, vol 2. Springer, Dordrecht.   

Gutierrez, J.B., and J.L. Teem. 2006. A model describing the effect of sex-reversed YY fish in an 

established wild population: The use of Trojan Y chromosome to cause extinction of an 

introduced exotic species. Journal of Theoretical Biology 241:331-341. 

Hanks, R.D., Y. Kanno, J.M. Rash. 2018. Can Single-Pass Electrofishing Replace Three-Pass 

Depletion for Population Trend Detection? Transactions of the American Fisheries 

Society 147:729-739.  

Harbicht, A., C.C. Wilson, and D.J. Fraser. 2014. Anthropogenic and habitat correlates of 

hybridization between hatchery and wild brook trout, Canadian Journal of Fisheries and 

Aquatic Sciences 71: 688-697.  

Helfrich, L. A., and W.T. Kendall. 1982. Movements of hatchery-reared Rainbow, Brook, and 

Brown trout stocked in a Virginia mountain stream. Progressive Fish-Culturist 44:3-7. 

Jolly, G.M. 1965. Explicit estimates from capture-recapture data with both death and 

immigration – stochastic model. Biometrika. 52:225-247.  

Jombart, T. (2008). adegenet: A R package for the multivariate analysis of genetic markers. 

Bioinformatics, 24(11), 1403–1405. doi: 10.1093/bioinformatics/btn129 

Kavanagh, M., and D.E. Olson. 2014. The effects of rearing density on growth, fin erosion, 

survival, and migration behavior of hatchery winter steelhead. North American Journal of 

Aquaculture 76:323-332.  

Kennedy, G.J.A., and C.D. Strange. 2006. The effects of intra- and inter-specific competition on 

the survival and growth of stocked juvenile Atlantic salmon, Salmon solar L., and 

resident trout, Salmo trutta L., in an upland stream. Journal of Fish Biology 28(4):479-

489.  

Kennedy, P.A., K.A. Meyer, D.J. Schill, M.R. Campbell, and V.V. Ninh. 2018. Survival and 

reproductive success of hatchery YY-Male Brook Trout stocked in Idaho streams. 

Transactions of the American Fisheries Society 147:419-430.  

Laake, J. L. 2013. RMark: An R Interface for Analysis of Capture-Recapture Data with MARK. 

AFSC Processed Rep 2013-01, 25p. Alaska Fish. Sci. Cent., NOAA, National Marine 

Fisheries Service. Seattle, Washington. 

Lebreton, J.D., K.P. Burnham, J. Clobert, and D.R. Anderson. 1992. Modeling survival and 

testing biological hypothesis using marked animals: a unified appoarch with case studies. 

Ecological Monographs 62:67-118. 

Marie, A.D., L. Bernatchez, and D. Garant. 2012. Environmental factors correlate with 

hybridization in stocked brook charr (Salvelinus fontinalis). Canadian Journal of 

Fisheries and Aquatic Sciences 69:884-893.  

Mason, J. W., O. M. Brynildson, and P. E. Degurse. 1967. Comparative survival of wild and 

domestic strains of brook trout in streams. Transactions of the American Fisheries 

Society 96:313-319. 



38 
 
 

McCormick, J.L., D.J. Schill, and K.A. Meyer. 2020. Simulated use of YY male stocking and 

suppression for eradicating common carp populations. North American Journal of 

Fisheries Management. 10.1002/nafm.10525. 

McCormick, S., and R. Naiman. 1984. Some determinants of maturation in brook trout, 

Salvelinus fontinalis. Aquaculture 43:269-278. 

McFadden, J.T., G.R. Alexander, and D.S. Shetter. 1967. Numerical changes and population 

regulation in Brook Trout Salvelinus fontinalis. Journal of the Fisheries Research Board 

of Canada 24:1425-1429.  

Meyer, K.A., and B. High. 2011. Accuracy of removal electrofishing estimates of trout 

abundance in Rocky Mountain streams. North American Journal of Fisheries 

Management 31:923-933.  

Meyer, K.A., J. A. Lamansky Jr., and D.J. Schill. 2006. Evaluation of an unsuccessful Brook 

trout electrofishing removal project in a small Rocky Mountain stream. North American 

Journal of Fisheries Management. 26:849-860.  

Parshad, R.D. 2011. Long-time behavior of a PDE model for invasive species control. 

International Journal of Mathematical Analysis 40:1991-2015.  

Pennell, W. and B.A. Barton. 1996. Principles of Salmonid Culture. Elsevier Science, 

Amsterdam.  

Petrosky, C.E., and T.C. Bjornn. 1988. Response of wild Rainbow trout (Salmo gairdneri) to 

stocked rainbow trout in fertile and infertile streams. Canadian Journal of Fisheries and 

Aquatic Sciences 45:2087-2105.  

Petty, K.T., P.M. Lamothe, and P.M. Mazik. 2005. Brook Trout movement in response to 

temperature, flow, and thermal refugia within a complex Appalachian riverscape. 

Transactions of the American Fisheries Society 141:1060-1073.  

Pimental, D., R. Zuniga, and D. Morrison. 2005. Update on the environmental and economic 

costs associated with alien-invasive species in the United States. Ecological Economics 

52:273-288.  

Rosgen, D.L. 1994. A classification of natural rivers. Catena 22(3):169-199.  

R Core Team. 2020. A language and environment for statistical computing. R Foundation for 

Statistical Computing. Vienna, Austria. https://www.R-project.org/. 

Sadler, S.E., G.W. Friars, and P.E. Ihssen. 1986. The influence of temperature and genotype on 

the growth rate of hatchery-reared salmonids. Canadian Journal of Animal Science 

66:599-606. 

Schill, D.J., G.W. LaBar, F.S. Elle and E.R.J.M. Mamer. 2007. Angler Exploitation of Redband 

Trout in Eight Streams. North American Journal of Fisheries Management.  

Schill, D.J., J.A. Heindel, M.R. Campbell, K.A. Meyer, and E.R.H.M. Mamer. 2016. Production 

of a YY Male Brook Trout Broodstock for Potential Eradication of Undesired Brook 

Trout Populations. North American Journal of Aquaculture 78:72-83.  

Schill, D.J., K.A. Meyer, and M.J. Hansen. 2017. Simulated effects of YY-male stocking and 

manual suppression for eradicating nonnative brook trout populations. North American 

Journal of Fisheries Management 37:1054-1066. 

Schroder, S.L., C.M. Knudsen, T.N. Pearsons, T.W. Kassler, S.F. Young C.A., Busack, and D.E. 

Fast. 2008. Breeding success of wild and first-generation hatchery female spring Chinook 

salmon spawning in an artificial stream. Transactions of the American Fisheries Society 

137:1475-1489. 

Seber, G.A.F. 1965. A note on the multiple recapture census. Biometrika 52:249-259.  

Senior, A.M., S.L. Johnson, and S. Nakagawa. 2016. Sperm traits of masculinized fish relative to 

wild- type males: a systematic review and meta-analysis. Fish and Fisheries:143-164. 

https://www.r-project.org/


39 
 
 

Shepard, B.B., L.M. Nelson, M.L. Taper, and A.V. Zale. 2014. Factors influencing successful 

eradication of nonnative Brook trout from four small rocky mountain streams using 

electrofishing. North American Journal of Fisheries Management 34:988-997. 

Stelkens, R.B., and C. Wedekind. 2010. We can eliminate invasions or live with them. 

Successful management projects. Biological Invasions 11:149-157.  

Teem, J.L., L. Alphey, S. Descampes, M.P. Edgingon, O. Edwards, N. Gemmell, T. Harvey-

Samuel, R.L. Melnick, K.P. Oh, A.J. Piaggio, J.R. Saah, D. Schill, P. Thomas, T. Smith, 

and A. Roberts. 2020. Genetic Biocontrol for Invasive Species. Frontiers. Bioengineering 

and Biotechnology 8:452. 

Van Deventer, J.S. 2005. Microcomputer software system for generating population statistics 

from electrofishing data. V. 3.0. 

Ward, D.L., M. W. O’Neill, and C. Ka’apu-Lyons. 2015. Effectiveness of backpack 

electrofishing for removal of non-native fishes from a small warm-water stream. Journal 

of the Arizona-Nevada Academy of Science 46:37-41.  

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-Statistics for the Analysis of Population 

Structure. Evolution, 38(6), 1358. doi: 10.2307/2408641. 

White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation from populations 

of marked animals. Bird Study 46(Supplement 1): 120-139. 

Wilcove, D.S. and M.J. Bean. 1994. The big kill: declining biodiversity in America’s lakes and 

rivers. Environmental Defense Fund, Washington, DC.  

Wiley, R.W., R.A. Whaley, J.B. Satake, and M. Fowden. 1993. Assessment of stocking hatchery 

trout: A Wyoming perspective. North American Journal of Fisheries Management 

13:160-170.  

Xu, C.L., B.H. Letcher, and K.H. Nislow. 2010. Size-dependent survival of brook trout 

Salvelinus fontinalis in summer: effects of water temperature and stream flow. Journal of 

Fish Biology 76:2342-2369. 

Yano, A., B. Nicol, E. Jouanno, E. Quillet, A. Fostier, R. Guyomard, and Y. Guiguen. 2012. The 

sexually dimorphic on the Y-chromosome gene (sdY) is a conserved male-specific Y-

chromosome sequence in many salmonids. Evolutionary Applications 6:486-496.  

Zippin, C. 1958. The removal method of population estimation. Journal of Wildlife Management 

22: 82-90.  

 

 

 

 

 

 

 


