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Introduction. 
The American shad was, historically, one of the most important exploited fish species in North America (Stevenson 1899; Limburg et al. 2003). Indicative of this fish’s high desirability, American shad artificial propagation was the first article in the first proceedings (1871) of the American Fish Culturists’ Association, later to be renamed the American Fisheries Society.
 In the late 19th century, annual harvests reached over 50 million pounds (22.7 x 103 MT).  The stocks declined due to a combination of overfishing, pollution, and habitat loss due to dam construction; over 4,000 km of spawning habitat have been lost (Limburg et al. 2003).  In the years between the previous two benchmark stock assessments (in 1998 and 2007), coast-wide harvests averaged 555 MT – an order of magnitude lower than in the late 19th century.  Since that assessment, coastwide commercial harvests have plummeted even further, to an average of 224 MT between 2007-2018 (NOAA Fisheries Statistics) - one hundred-fold lower than in the late 19th century.  From 1950-2018, four stanzas of decline are discernable in the commercial catches, with the most recent decline approximately coinciding with the period since the last benchmark assessment:
[image: ]
Figure 1. Trend in U.S. commercial catches, 1950-2018.  Red line is a 5-point moving average smooth.  Data source: NOAA Fisheries Statistics.
	The stocks of American shad in their native range along the North American east coast are currently at all-time lows.  The Shad and River Herring Technical Committee of the Atlantic States Marine Fisheries Commission (ASMFC) undertook the fifth assessment of American shad in 2020, through the Stock Assessment Sub-Committee (SAS).  Earlier assessments were conducted in 1984, 1988, 1998, and 2007 (ASMFC 1985, 1988, 1998, 2007).  
The current assessment contains an extensive compilation of data from many sources and examines status at the river-stock level from some 46 different river systems, aggregated into 23 groupings, since some rivers feed into fairly discrete embayments or basins, and are easier to account for this way.  
Eleven Terms of Reference (ToRs), i.e., information and analytical goals, were developed to guide the SAS when undertaking this assessment of the status American shad. This peer review report contains a careful examination of the findings summarized in the draft Assessment Report, organized under eight TORs specific to the review.  An Advisory Report follows the review under the ToRs.  
It is noteworthy that the amount of new data, particularly following recommendations of the last benchmark assessment, and the level of new analyses takes this assessment up a significant level from prior benchmarks, and reflects a culmination of understanding of this species and attempts to manage it.  Of particular note are the facts that (a) two systems (Potomac and Albemarle Sound) had sufficient data to attempt the use of statistical catch at age (SCA) models, and (b) for the first time, a coastwide habitat assessment of continental waters was undertaken, with specific reference to dams and passage as impediments to sustainable stocks.  Additionally, sufficient time and CO2 emissions have accumulated such that climate change projections could be assessed in terms of impact on somatic growth.  Finally, there is growing recognition that the suite of in-river predators on juvenile shad is shifting, due to introductions/invasions of non-native species such as various catfishes, pike, black bass, snakeheads, etc.  As pointed out by the SAS, these can have a disproportionately large impact on year class success when fish populations are at such low levels as is currently the case, threatening resilience (Waldman et al. 2016).
The peer review panel (RP) appreciates the hard work put in by the SAS to create a comprehensive assessment.  The week of online discussion was helpful to clarify various points, and overall the benchmark assessment passes, with a few suggestions going forward.  The remainder of this document presents our peer review and advisory report.
Terms of Reference 
1.      Evaluate choice of stock structure.   
The American Shad Stock Assessment Subcommittee [SAS] provided a thorough review of the information pertaining to stock (population) structure for American Shad in the Assessment Report, and made practical decisions when applying this information. Like most anadromous fish species, American Shad show a high degree of fidelity to specific watersheds although some straying and mixing occurs among populations. For American Shad, evidence of population structuring comes from both tagging studies (e.g. Melvin et al. 1986) and genetic analyses (e.g. Hasselman et al. 2013; Cushman et al. 2019). Population structuring at the watershed scale is also evident in other Alosa species such as Alewife and Blueback Herring (McBride et al. 2014; Palkovacs et al. 2014). Based on a review of the literature, the SAS concluded that, for American Shad, stray rates to non-natal river systems are about 3%. As noted by the SAS, the degree of population differentiation among river systems is greater in the north than in the south, adding to the complexity of stock structure decisions.
As was the case in the 2007 assessment (ASMFC 2007a), the SAS chose a stock structure for American Shad that treats each main stem river and its identified tributaries as an individual stock unit. This choice was applied to the extent practical, but was not applicable in all situations. In some instances, there was a need for a broader system definition (e.g., Merrymeeting Bay, Albemarle Sound, Upper Chesapeake Bay, Winyah Bay, ACE Basin). Due to the mixed-stock composition of many data sets available for the assessment and the lack of data to define stock composition, analyses of these mixed-stock data sets were also provided in the assessment to inform about the condition of the coastwide metapopulation. Three regional metapopulations were also identified, based on reproductive strategy and genetic studies, that were used for data sharing where life history information was limited. These were: the semelparous metapopulation (Florida to the Cape Fear River, NC), the southern iteroparous metapopulation (stocks north of the Cape Fear River to the Hudson River, NY), and the northern iteroparous metapopulation (stocks north of the Hudson River).
Selection of stock structure depends in part on the purpose of the analysis. For fishery assessment purposes, where the goals are mainly to determine whether overfishing is occurring and whether the stock is in an overfished state, ideally stocks are defined such that the abundance is determined by intrinsic factors such as reproductive rates and mortality rates, and extrinsic factors such immigration and emigration can be ignored. The decision by the SAS to carry out this assessment at the watershed scale aligns with this criterion. This criterion cannot always be applied, particularly in the case of mixed stock fisheries. The RP supports the decision to model the mixed-stock fisheries the way they were done because landings could not be assigned to specific populations. For other purposes, such as sharing life history parameters in data limited situations, grouping populations with similar life history characteristics makes sense. The RP believes that the SAS’s decision to define three geographically-based metapopulations is a practical choice that captures the major life history variability exhibited by American Shad populations as one moves north to south. These larger groupings may also become important for recovery planning purposes, where straying and meta-population structure become important determinants of overall productivity and abundance (e.g. Hanski 1999; Hanski 2004).
Overall, the RP found that the information on population structuring in American Shad was very thorough and clearly presented, and that the SAS stock structure decisions that were made based on this information were sound.        
2.      Evaluate the thoroughness of data collection and the presentation and treatment of fishery-dependent and fishery-independent data in the assessment, including the following but not limited to items a-e below.  
Introduction - The RP commends the SAS for providing very thorough descriptions for the data available for this assessment. For each of the 23 stocks delineated in this assessment, the SAS provided a narrative describing (as applicable): the habitat available for each stock; the rivers included in aggregated stocks; the presence of dams and barriers to fish passage; water quality; presence of invasive species; human-induced mortality from sources other than fishing; stocking history; fisheries management plans; and the fishery and management history. The RP found this information valuable for evaluating this assessment and believes it will be of value to others using the assessment results. The SAS also provided thorough descriptions of the many datasets available for assessing American Shad stocks, including information about life history parameter values (e.g. growth coefficients, natural mortality rates, maturity schedules), commercial and recreational fisheries data, adult abundance indices (both fishery dependent and independent), fish counts at dams, young-of-the-year abundance indices and tagging data. The major data types evaluated for use in this assessment for each of the stocks are summarized in Table 1. The table does not do justice to the amount of work that is put into monitoring these populations, as for many of the stocks there is more than one data source available under each heading (e.g., more than one fishery-independent survey exists for several of the stocks). The review panel noted that there were data pertaining to the adult abundance and biological characteristics for all the stocks.  
Table 1. Major data types available for the 23 American Shad stocks included in this assessment.
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In addition to the stock-specific data collections described above, the SAS also provided excellent summaries of the data available for the coastwide metapopulation and mixed stock analyses. These include both fishery-dependent data sources (the US Coastwide Commercial Landings, the New Jersey Ocean Commercial Logbook Index, the Atlantic Ocean Commercial CPUE Index, the Delaware Mixed-Stock Fishery landings, the New Jersey Delaware Bay Commercial Logbook Index, the Delaware State Delaware Bay Catch Rates and the Canadian Commercial Landings), and fishery independent data sources (the Maine-New Hampshire Trawl Survey, the Rhode Island Coastal Trawl Survey, the Rhode Island Coastal Trawl Survey, the Connecticut Long Island Sound Trawl Survey, the New Jersey ocean Trawl Survey, the Delaware Bay 30’ and 16’ Trawl Surveys and the Northeast Area Monitoring and Assessment Program Trawl Survey). 
Overall, the RP was very impressed (and a little overwhelmed) by the amount of data available for assessing American shad stocks. The descriptions of these datasets in the Assessment Report are both comprehensive and thorough.  

2a.      Presentation of data source variance (e.g., standard errors)
The assessment team used multiple methods to quantify the uncertainty of their analyses, including calculating coefficient of variations, parameter standard deviations, 95% confidence or credible intervals, bootstrapping, the delta method, likelihood profiling, and one analysis that partitioned the variance into both measurement and process error. The assessment team generally provided these measurements of uncertainty (i.e., results, tables, and figures), which provided sufficient evidence to support their conclusions. The RP commends the SAS for presenting uncertainty of nearly all their analyses in a much more comprehensive way than was done in the 2007 assessment.
The coefficient of variation (CV), calculated as the ratio of the standard deviation to the mean, was one of the main methods the assessment team used to quantify uncertainty throughout the report. As described in section 2.3.4.2, the CV was used to assess uncertainty for all abundance indices developed from fishery-dependent and fishery-independent surveys with sufficient uncertainty data. In some cases (e.g., Potomac River Commercial Pound Net CPUE, Albemarle Sound CPUE index), the empirical data were unavailable to calculate the CVs. Besides using the CV to measure the uncertainty of the abundance indices, the assessment team also used CVs to measure uncertainty in aging methods. One of the themes throughout the assessment report was to determine the accuracy of shad aging methods. The assessment team compiled data from multiple sources to examine the accuracy of shad aging based on different methods. To summarize these methods, they compared percent agreement between multiple readers, compared the difference between age estimates from scales and otoliths collected from the same fish, and compared estimates of scale age estimates to known age fish (ages were known based on tag data). In all cases, the precision of the various readers' accuracy was estimated using the CV of the percent agreement.
 
The next most common method used to report uncertainty in model parameter estimates was reporting of standard errors, or 95% confidence intervals (CIs) for the output from generalized linear models (GLMs). The assessment team used a variety of GLMs throughout the assessment to estimate total mortality from catch curves, evaluate survey data as a function of environmental covariates, develop new catch indices, and to standardize catch indices (area under the curve of daily catch rate versus time of year). In most cases, when multiple covariates could potentially be included, the most parsimonious model was selected using Akaike’s Information Criterion (AIC). The peer review team appreciated this approach for reducing model complexity. The uncertainty for these generalized linear models were presumably calculated from the variance-covariance matrix. These uncertainties were often displayed in figures but the captions often did not differentiate whether they represented standard errors or 95% CIs; however, the uncertainties from GLM output were rarely provided in tables. Nevertheless, the review team felt the assessment subcommittee did an admirable job quantifying uncertainty throughout the assessment.
 
The estimates of uncertainty provided from the various population models were calculated in different ways depending on the different programs used (i.e., delay difference, ASAP, and stock synthesis). The delay difference model was implemented using the DLMtool library in R, and presumably uncertainty estimates were calculated using the variance-covariance matrix from the inverted Hessian. The Age Structured Assessment Program (ASAP) was the Statistical catch-at-age-model used for the Albemarle Sound population. ASAP uses the Markov Chain Monte Carlo (MCMC) approach to estimate Bayesian posterior distributions of total biomass, spawning stock biomass, and fishing mortality. These posterior distributions were used to estimate the 95% Bayesian credible intervals (CRI) for these parameters. Perhaps the most thorough quantification of uncertainty was in the evaluation of the Potomac statistical catch-at-age model that was fit using the Stock Synthesis 3 (SS3) program. Asymptotic standard errors were calculated for parameters and derived values with the delta method. The assessment team then took the uncertainty analysis a step further by sampling from input data distributions to generate new sets of input data. The base model was then run with each of these bootstrap data files to generate uncertainty about model parameter estimates and derived values (see section 3.10.8.5.4). Another method used with the stock synthesis model was likelihood profiling for the mean recruitment parameter. The model was run over a range of values to determine how well defined the parameter space is by the available data. Results indicate the lower end of the parameter space was well defined, but data appeared less informative at the upper end of the parameter space.
 
The assessment also used Bayesian credible intervals (CRI) to assess parameter uncertainty for two analyses. The first analysis was to estimate system specific von Bertalanffy growth model parameters. The posterior distributions for these model parameters were estimated using Hamiltonian Monte Carlo methods and statistical significance was determined by evaluating 95% credible intervals (CRI) for overlap with zero. Similarly, the assessment subcommittee used a Bayesian hierarchical spatial analysis to explore possible underlying metapopulation trends in abundance. This analysis divides the variance into measurement error, which are input as CVs, and process error, which are estimated. Process error is due to interannual variation in catchability, which is often assumed to not occur (i.e., time-invariant catchability) when interpreting indices of abundance. Process error is assumed to be time-invariant. The Bayesian analysis was applied via MCMC to approximate the posterior distributions of parameters, including survey-specific process error, survey specific catchability, and annual means of the hierarchical index.
 
The peer review team also commended the assessment subcommittee’s choice to use the power analysis to determine their confidence in being able to detect a trend in abundance depending on the observed levels of uncertainty in various surveys. This was a good approach and demonstrated how different surveys may need to improve their levels of certainty to detect the desired abundance trends. This could be done either by increasing sample size, or decreasing the uncertainty by correlating the abundance with environmental covariates, and/or lengthening the survey(s) by continued observation.

One weakness regarding the presentation of uncertainty is that the best available data for estimating natural mortality in the assessment models was a maximum age estimator from Then et al. (2014). Unfortunately, this approach only provides a point estimate of total mortality and unrealistic levels of certainty for the model results. To account for this, the assessment subcommittee performed sensitivity analyses to determine how different estimates of mortality might affect results (and found that the model was generally sensitive to mortality estimates), but this sensitivity analysis still did not propagate the uncertainty for the total mortality estimate into the abundance estimates.
 
2b.      Justification for inclusion or exclusion of available data sources. 
The SAS provided thorough reviews of the available data sources and strong rationales for the inclusion or exclusion of these data sources. Both trend analyses and catch curve analyses played large roles in this assessment, and the selection criteria for these analyses were well described in the assessment report.
For the abundance trend analyses, the SAS identified four criteria for accepting candidate data sets: the TC members’ recommendation that the data set accurately represents interannual abundance changes; a minimum time series length of 10 years for adult indices and 5 years for young-of-year (YOY) indices; an average of at least 5% positive annual observations over the time series being considered; and an average of at least 2 annual positive observations over the time series being considered. The RP agreed with the SAS that these were appropriate given the data limitations, the short time frame many monitoring programs encounter American shad (e.g., spring spawning runs), and the understanding that many stocks have experienced very low abundance levels during the time series. The RP notes that the use of power and sensitivity analyses in support of the trend analyses helps to address concerns that many arise from the stringency of these criteria. The use of the TC members’ recommendation takes advantage of the detailed knowledge and experience individuals have with specific monitoring programs.  For the trends in mean length analyses, the RP believes that the decision to only use data sets containing sex information and a minimum time series of 10 years with at least thirty fish sampled per year were included for analysis to be reasonable and well supported in the assessment report.
For catch curve analyses, two criteria were used to filter data sets for the analysis: a minimum of three age classes greater than or equal to age of full recruitment (see below) and at least 30 individuals across these age classes had to be observed for age. The RP agrees with the concern noted by the SAS that the criterion of at least three age classes was that this may systematically filter out data sets with periods of higher mortality. The RP considers the threshold for number of observed fish to be a practical decision given the sample sizes available for some populations, but notes that the negative bias in the mortality rate that can occur when using age-based catch curves for Alosa increases at low sample size (Section 3.3).  The RP also supports the decision that any monitoring programs with fewer than three consecutive years of data for a given sex and age structure were also dropped from the analysis, particularly given the precision of estimates from a single catch curve.
In addition to these wide-scale decision criteria, the SAS also had to make decisions about which data to include in models for each individual population, at times choosing to make decisions about whether or not to include a data series in a model based on whether it produced satisfactory results. This is also a reasonable approach because it provides a qualitative assessment of the consistency among various data sources available for the population. The basis for these decisions were also well described in the assessment report.
In summary, the RP commends the thorough review of both the available data sources provided by the SAS, as well as their justifications for decisions about whether or not to include data in this assessment.    

2c.    Consideration of data strengths and weaknesses (e.g., temporal and spatial scale, gear selectivities, ageing accuracy, sample size).   
There were some common strengths and weaknesses in the data gathered from fishery-dependent catch and fishery-independent surveys included in the stock assessment for the 23 river stocks and the ocean mixed stock fishery. The most common strength was that many of these datasets had relatively long time-series to observe trends in abundance and mortality. Some of these fishery landings records extend back through the mid to late 1800s. Unfortunately, the effort data associated with these landings records is much more recent, generally extending back only a few decades. Another strength of these data is that a wealth of biological and environmental covariate data has generally been collected along with the fishery-independent data, as well as some of the fishery-dependent data. These biological data include data on fish length, weight, sex, and collection of aging parts (scales or otoliths). Environmental data varied depending on the survey, but generally included water temperature, river flow, salinity, weather conditions, and tidal stage. These covariate data allowed the SAS to fit GLMs to standardize the catch indices and control for these covariates throughout the time series. Another common strength of many of these datasets is that they include information on both adult and juvenile populations. Where fisheries still exist, there is generally both fishery-dependent and fishery-independent survey data on the adult spawning population. Most of these surveys occur throughout the majority of the spawning season. Furthermore, for many stocks there are also surveys that include surveys on juvenile abundance (Table 1).
The two weaknesses of the datasets included in the stock assessment were: 1) most survey and catch data are indices and, alone, cannot be used to estimate true abundances, and 2) many of the surveys were designed to collect data on other species (i.e., striped bass or herring). The majority of the fishery-independent surveys that were used in the stock assessment annually sampled the same fixed index sites rather than using a stratified random sampling design. This poses a problem because it is probable that American shad will change their spatial distribution inter-annually depending on environmental conditions (Lee and Rock 2017). As a result, sampling the same fixed stations only allows the stock assessment the ability to estimate an index and to observe the trend in abundance, and mortality, through the time series. In contrast, if the surveys were to use a stratified random sampling design (perhaps with some fixed index sites) they could use an occupancy model to determine which sites were reasonable habitat for adults and juveniles. Related to this inability to estimate abundance, there is relatively little tagging data available for these surveys. Mark-recapture data provides a valuable piece of information necessary to estimate population abundances, especially over relatively short time periods when the population can be considered closed. However, the RP team acknowledges the challenges in tagging these sensitive juvenile American shad. A discussion about ways to incorporate tagging data into the stock assessment is provided in the research recommendations.
Another weakness of the dam passage datasets is that neither the dam passage efficiencies or the percentage of the population that spawns downstream of the dams has generally been estimated, which can bias the population estimates. Dam passage efficiency rates likely vary relative to dam discharge and river flow rates, but this rate is often unknown. Furthermore, it is likely that some proportion of the American shad population spawns downstream of many dams. For example, a population of American shad persisted and produced sustainable runs in the Connecticut River from the time the Holyoke Dam was built until fish passage was provided in 1975. This suggests that spawning may occur downstream of the dam in which case the fish lift count would not provide estimates of the true population size.
One final common weakness of the data in this stock assessment was that there was very little data pertaining to the recreational fishery catch. In general, it is thought that the recreational fishery for American shad has declined considerably in recent decades. However, for the most part the potential impact of these recreational fisheries on the population is not quantified, with the exception of a few creel surveys. Even these creel surveys are generally relatively limited in scope and often occur at a single access point.
Age determinations were based mostly on scales, a traditional method (Cating 1953).  Scale aging is known to underestimate true ages of older fish, and for this reason otoliths have become increasingly accepted as a more reliable chronometric structure in fishes.  A disadvantage of otoliths is that lethal sampling is necessary, which can be problematic in systems with depleted populations.  However, the Technical Committee has committed to acquiring otoliths for aging.  A comparison of aging known-age fish using scales vs. otoliths found that uncertainty from scale reading is about twice that of otoliths (Figure 2).  With more training, better otolith reading is likely, and workshops have been suggested as part of future work.
[image: https://lh5.googleusercontent.com/JtMutKgMPPJRkNO0tUTIVjBGrySMefFzJ-_BafzLrYH2AOaWokWWbR7ERIQtSxbPe441N6Sq9u3upCAAMPWAV4QDk-8K0oH_qFcswv4UrWzg-qtnbjuYOEcsPeCTGv3AXw]
Figure 2.  Accuracy and precision of otolith vs. scale age determinations from known-age fish, measured with CVs.  Acceptable CV is within 5% (dashed lines). Scale uncertainty is double that of otoliths.  Re-drawn from the assessment report.
  
The SAS provided a thorough evaluation of the age determination methods for both scales and otoliths, ultimately concluding that otoliths currently provide the better age determinations. The RP accepted this conclusion, while noting that an important use of age composition data is for estimating mortality rates.  Information about the age-at-maturity (available from both scales and possibly from otoliths) and number of previous spawnings (currently difficult to obtain from otoliths) can aid in mortality rate estimation by allowing an age class to be subdivided based on the age-at-maturity and the number of times a fish has previously spawned. These are key determinants of the survivorship to a given age because mature fish are subjected to increased mortality through exposure to in-river fisheries, passage and dams and the energetics associated with migration and spawning. This topic is discussed more fully in the research recommendations. 
A few other weaknesses regarding juvenile data were identified, which were also recognized by the SAS.  These included the fact that overall, juvenile (YOY) data were lacking for most of the southern semelparous stocks, and trends in juvenile abundances were unknown for most of the systems/stocks.  Some data sets, notably in the Hudson and Delaware, proved quite useful.  However, no juvenile index was felt to be adequate to aid in estimating juvenile mortality at sea, i.e., between the time of first egress from natal habitats and first return as spawners (note that evidence exists that subadults accompany adults to the spawning grounds;  Limburg 1998).  This has been set as a research recommendation by the SAS and is agreed as important by the RP.
Maturity data are only available currently from in-river surveys, and no information currently exists at sea. The RP recommends that the SAS consider taking advantage of the Northeast Area Monitoring and Assessment Program (NEAMAP) to sample adult maturity as well as genetic composition in mixed assemblages at sea.  
Additionally, the data on semelparous runs were somewhat more limited than for iteroparous runs, particularly how many individuals actually reach the spawning grounds and successfully reproduce. This is suggested as a research recommendation, for if such data existed, methods of analyses used on semelparous Pacific salmonids could be applied.

2d.      Calculation and/or standardization of abundance indices. 
The RP commends the thorough process by which abundance indices were compiled for the assessment. The TC presented a total of 175 series, which included YOY and adult surveys using various gears such as gillnets, seines, and electrofishing. Surveys that encountered shad were reported, although not all were designed to target the species. Recreational and commercial fishery CPUE datasets that encountered shad were also considered. The RP believes that the SAS and TC are the best qualified groups to determine the validity of the indices for shad. In many situations, regression models were used to standardize series to account for environmental covariates, when available, that may affect catchability. The RP believes these are best practice for standardizing suitable indices of abundance and standardizing them to control for catchability.
As a future research recommendation, the RP suggests that indices could be standardized using a hierarchical approach. For example, conditions in the Chesapeake Bay main stem, e.g., water flow and temperature, can affect catchability in individual river systems. Standardization approaches that include Bay-wide effects may be able to inform individual river systems that don’t have environmental covariates data.
2e.      Estimation of bycatch.	
Bycatch of shad in the assessment was primarily quantified for the mixed stock ocean fishery because bycatch in the rivers is rarely recorded. The Northeast Fisheries Observer Program (NEFOP) began in 1989, which provided incidental catch estimates in the mixed stock ocean fishery by fleet for 1989-2017. Fleets included in the analyses were those sampled by the NEFOP and were stratified by region fished (Mid-Atlantic versus New England), time (year and quarter), gear group, and mesh size. Using the combined ratio method (Wigley et al. 2007), the assessment subcommittee estimated the total incidental catch across all fleets during this time period. They found that both the total annual incidental catch and the corresponding estimates of precision (CV) varied substantially among years (Table 272, Figures 354 & 355). Unfortunately, because sufficient genetic information is not currently available, it was not possible to attribute this incidental catch to individual stocks. Using single nucleotide polymorphisms (SNPs) rather than microsatellites may provide increased ability to differentiate these stocks (see research recommendations). Furthermore, because coastwide estimates of absolute abundance were not available, it was not possible to estimate the discard mortality that these incidental catches represented.
 
Bycatch in state waters was largely unquantified. Known bycatch fisheries occur in New York and to a lesser degree, in the New England states (Maine to Massachusetts). In 2014, river herring and shad catch caps were implemented in both the Atlantic mackerel and herring fisheries to reduce river herring and shad bycatch. A mixed-stock bycatch fishery that includes American Shad occurs in Chesapeake Bay, but this bycatch is likely discarded and not quantified. The Delaware DFW discontinued monitoring American shad bycatch during the commercial Striped Bass season since no bycatch had been reported over a 10-year period from the Striped Bass Fishery. Virginia allows a bycatch only fishery for American Shad, but it was not clear if these data were reported and available for analysis. Because this discard in state waters was unquantified or undocumented, the assessment team generally could not include them in the models. However, in models that required discard mortality rates, the assessment subcommittee did a good job of documenting these methods. Since there are no studies on American shad discard mortality rates in commercial fisheries, the assessment assumed values based on generally observed fishing practices. A mortality rate of 100% was applied to commercial gill net discards while a rate of 20% was applied to commercial discards from pound nets. The lower pound net rate was because fish captured in pound nets are held impounded and can be released following minimal interaction with the gear.
In general, the RP felt that the analytical approaches, analyses, and estimates were the best possible, given the data.  The RP noted an improvement in bycatch data availability since the previous assessment.  The methods were well documented, and target fisheries were American shad bycatch were correctly selected.
 
3.      Evaluate the methods and models used to estimate population parameters (e.g., Z, biomass, abundance) and biological reference points, including but not limited to:
a.      Evaluate the choice and justification of the preferred model(s). Was the most appropriate model (or model averaging approach) chosen given available data and life history of the species?
b.      If multiple models were considered, evaluate the analysts’ explanation of any differences in results.
c.       Evaluate model parameterization and specification (e.g., choice of CVs, effective sample sizes, likelihood weighting schemes, calculation/specification of M, stock-recruitment relationship, choice of time-varying parameters, plus group treatment).
d.      Evaluate the diagnostic analyses performed, including but not limited to:
•        Sensitivity analyses to determine model stability and potential consequences of major model assumptions.
e.      Evaluate the methods used to characterize uncertainty in estimated parameters. Ensure the implications of uncertainty in technical conclusions are clearly stated.
The SAS used a wide variety of analytical tools to estimate population parameters and reference points, including: trend analyses (power analyses, ARIMA models and Mann-Kendall models); catch curve models to estimate total mortality rates; habitat assessment and simulation modelling; Thompson – Bell spawner biomass per recruit models; delay-difference models; and age structured assessment models (ASAP and SS3). The rationale for each approach was well described by the SAS; and each analysis provides different information to aid in the management of each shad stock depending on their unique characteristics, management situation, and data availability. 
The trend analyses provide information about whether survey abundance, mean length, and/or mean length-at-age are increasing or decreasing. These analyses provide information about whether populations are responding to management actions (e.g. fishery closures) since 2005. The Thompson-Bell spawning biomass per recruit model was used to develop instantaneous total mortality biological reference points for American shad, against which the estimates of the total mortality rates could be compared. The instantaneous total mortality rate was estimated using catch curve models. These models use age composition data from individual years. This is one of the most widely available data types for American Shad and provided a standard method that could be applied to many of the stocks. The habitat assessment and simulation modelling provided a mechanism to evaluate how dams, so prevalent in the catchments used by American shad (and generally across eastern North America), may have reduced the potential size of individual populations throughout their range. Finally, for stocks with open fisheries, three stock assessment models were used: delay-difference models (appropriate in the absence of age composition data); ASAP (a well-vetted, age-structured stock assessment package), and Stock Synthesis 3 (also a well-vetted, age-structured assessment model with a greater variety of options than ASAP). These models are designed to provide estimates of abundance, biomass and fishing mortality rates; and to provide estimates of stock status.
In-river American Shad fisheries harvest almost entirely mature fish as they are returning to the rivers to spawn. In some analyses, the SAS chose to treat selectivity based on maturity analogously to gear selectivity. While the RP accepted this approximation for this assessment, they noted that they are not the same. Gear selectivity is typically modelled using the separability assumption, Fa=saF , where the instantaneous fishing mortality rate for a given age class, Fa, is a function of the instantaneous fishing mortality rate for a fully-selected age class, F, and the age-specific selectivity, sa. In this situation, when F increases or decreases, the fishing mortality rate for the partially selected age classes also increases or decreases. However, this is not the situation when only mature fish are harvested; in this case the immature component of the age class remains unfished (it is not available to the fishery). The implications of this approximation are discussed further in the Sections 3.2, 3.3 and 3.6 below.  
The RP was impressed by the number of analytical methods undertaken by the SAS. The RP found that all the analyses are complementary, but address different questions. Comments pertaining to each specific model are provided below.          
3.1 Trend Analyses
Using the fishery-dependent catch data, and fishery-independent survey data, the trends in American shad abundance for each of the stocks along the Atlantic coast were analyzed with Mann-Kendall trend analysis. The purpose of the Mann-Kendall trend analysis (Mann 1945, Kendall 1975) is to assess if there is a monotonic upward or downward trend in abundances over time. This is similar to the more familiar linear regression model, which is generally used to test if the slope is different from zero. The difference between the Mann-Kendall and a linear regression is that the Mann-Kendall test is non-parametric, and therefore not restricted to the assumption of normality like the linear regression. This makes the Mann-Kendall more flexible for estimating these kinds of data. However, this does not mean that the Mann-Kendall test is assumption free. The following assumptions underlie the Mann-Kendall test:
· When no trend is present, the measurements are independent and identically distributed
· The measurement observations are unbiased and provide representative samples of the underlying population over time
The RP noted that because there is potential that both of these assumptions were violated, the Mann-Kendall tests conducted in the assessment should be viewed as exploratory analyses. The first assumption is likely violated because these fish are experiencing similar conditions within the same river through time. Thus, even though there may not be a trend, they are not completely independent from each other. For example, climate change can result in regional changes in temperature and precipitation patterns through time that could affect shad spawning and rearing habitat. Furthermore, as noted in the stock assessment report, some of the sampling methods have the potential to be biased. The fish passage observations, in particular, are known to be biased because shad do not generally migrate through fish passages effectively and are therefore not representative samples of the underlying population. Furthermore, as previously noted, some unknown proportion of the population may spawn downstream of the dams and it’s possible this proportion may change inter-annually. This would greatly bias these time-series. These uncertainties in the trend analysis were acknowledged in the assessment.
The RP recommends that future assessments take advantage of more advanced time-series analysis methods to account for potential non-stationarity in the data and the potential regional autocorrelation. The RP recommends that future assessments use the Box-Jenkins method (Box and Jenkins 1976) to analyze these time-series. The Box-Jenkins method is a systematic method of identifying, fitting, checking, and using an autoregressive, moving average (ARIMA) time-series model. The first step in this process is to determine if the time-series is a stationary stochastic process, implying that the mean and variance are constant throughout the time-series. Stationarity can be tested using the Augmented Dickey-Fuller test and the KPSS test. If the time-series exhibits non-stationarity, this can be corrected using a lagged time-series differencing or fitting a least squares regression and then fitting the Box-Jenkins model to the residuals of the regression. Once we have a stationary time series, the final step is to fit the ARIMA model with the most appropriate auto-regressive and moving average parameters.
Another alternative suggested by the RP for future assessments is to consider using a multivariate time-series analysis, such as Dynamic Factor Analysis (DFA).  DFA provides the ability to look for a set of common underlying processes among a large set of times series (Zuur et al. 2003). This approach has been recently used to separate the effects of smaller scale local drivers of salmonid population dynamics from regional and global drivers that are shared among populations (Jorgensen et al. 2016, Ohlberger et al. 2016). Since adult shad all migrate to the continental shelf during the winter months, it is intuitive that there will be common factors (e.g. North Atlantic Oscillation) that drive population dynamics of each of the river stocks. The DFA will provide a means to parse these regional and local sources of variability and potentially identify the scales of spatial autocorrelation between different stocks. A function to conduct DFA is available within the Multivariate Autoregressive State-Space (MARSS) modeling package in R (Holmes et al. 2012).

3.2 Thompson-Bell Spawner Biomass Per Recruit Model
The SAS chose to use a modified Thompson-Bell SBPR model to calculate per-recruit reference points. The model inputs include estimates of the natural mortality rates, fishery selectivity, maturity schedules, weight-at-age, and knowledge of the timing of fishing mortality, natural mortality and spawning relative to each other. SBPR values estimated for each of the three metapopulations (northern iteroparous, southern iteroparous, and southern semelparous) that were used for all stocks in each metapopulation. The RP considered this a practical decision given the data limitations for many of the stocks.
The SAS undertook many sensitivity analyses to evaluate model assumptions and data inputs, including an egg-per-recruit analysis (fecundity-at-age is substituted for weight-at-age), alternate assumptions about natural mortality rates and the relative timing of the fishing mortality, natural mortality and spawning. They found that the Z40% reference values were sensitive to the assumptions about life history parameters (e.g. natural mortality rates), but not to the relative timing. The RP considered these analyses to be very thorough  
The RP questioned whether the Thompson-Bell model fully matched anadromous Alosa life history and fisheries. Within this model, for a given fishing mortality rate, F, the number of fish at age a is given by:
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where c is the fraction of fishing mortality within a year before spawning, p is the fraction recruited to the gear at age a and d is the fraction of natural mortality within a year before spawning. The SBPR for a given level of F, SBPRF, is then calculated as:
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where Na is the number at age a, ma, is the age-specific maturity probability and wa is the mean weight at age a. Because the fisheries target mature fish, the SAS set pa equal to the proportion mature. The RP questioned this assumption and its effect on survivorship to a given age because for partially mature age classes, the immature component is not subjected to fishing pressure. For this reason, survivorship would better be calculated by tracking the mature and immature components separately, with the numbers-at-age calculated as the sum of the mature component of the previous age class (decremented by both fishing and natural mortality) and the immature component of the previous age class (decremented only by natural mortality). The RP noted that this issue was addressed in an SBPR model specific to Alosa life history (Gibson and Myers 2003a, 2004), which has been used in assessments for river herring (ASMFC 2012a,b; Gibson et al. 2017). Notwithstanding this issue, the RP accepted the Thompson-Bell model as a reasonable approximation for estimating BPR and accepted its use for the Northern and Southern iteroparous metapopulations.
The RP questioned the application of the Thompson-Bell model for the semelparous metapopulation, as well as the use of a Z-based reference point. Because all fish die after spawning, the natural mortality rate on mature fish after spawning is infinite, whereas the total mortality rate on immature fish is simply the natural mortality rate (this can be modelled using the Alosa-specific SPR model). The RP expressed a preference for a reference fishing mortality rate over a reference total mortality rate because of this difference in the natural mortality rates in the immature and mature components of each age class. An equivalent F-based reference point corresponding to Z40%, would be the fishing mortality rate that harvests 60% of the female spawner biomass annually. Exploratory analyses undertaken at the workshop showed that the Thompson-Bell model as applied did not return this value. For the reasons above, the RP did not accept the use of this model or the use of a Z-based reference point for these stocks.
For the delay-difference and SCAA models, the reference points used for status determination were calculated internally in the model. This ensures that the assumptions, e.g., selectivity, used in the reference point calculation are consistent with those in the estimation model. The RP believes that this is the best approach. For SCAA, the F40% reference point was the fishing mortality reference point, which was analogous to the Thompson-Bell model. The biomass proxy reference point is calculated from fishing at F40% and recruitment equal to the estimated mean recruitment. For the delay-difference model, only the exploitation rate was used for status determination. The exploitation rate at maximum sustainable yield (UMSY) was used as the reference point since density-dependence is built in and estimated in the model. 
3.3 Total Mortality Estimators (catch curves)
The SAS used catch curve models to estimate the instantaneous total mortality (Z) from the available age composition data, with the objective of having a standardized approach for generating total mortality estimates to compare against per-recruit reference points. Catch curves are likely the simplest age-structured model in that they use a single year of age composition data to estimate a single parameter, Z. They typically require the assumptions of constant, non-selective mortality rates for a closed population with constant recruitment (Ricker 1975), conditions that are not typically met for most species and assessments. It is also assumed that the sampling of the age structure and methods for ageing are unbiased. Catch curves are well-studied: several methods have been developed for fitting the models, and there has been extensive testing of the methods via simulation (e.g. Dunn et al. 2002; Smith et al. 2012; Millar 2014). Because of their restrictive assumptions, Quinn and Deriso (1999) recommended against the use of catch curves if alternative models are available. However, the RP considered the use of catch curves appropriate in this assessment because the method could be applied to all of the stocks for which age composition data are available, doesn’t require estimates of abundance or landings, doesn’t require a continuous time series, and can be applied in situations where fisheries are closed. Additionally, the SAS did use more complex models where appropriate in this assessment, the results of which were compared to the catch curve results.
The SAS used three methods to analyze catch curves: Chapman-Robson estimators (Chapman and Robson 1960), weighted linear regressions (Maceina and Bettoli 1998), and generalized linear mixed models with random intercepts (Millar 2015). This last method relaxes the assumption of constant recruitment. As discussed by the SAS, the Chapman-Robson estimator has proven reasonably robust to assumption violations, while weighted linear regression has been shown to perform about as well as the Chapman-Robson estimator under some configurations. The SAS presented the results from all methods, but chose to use the weighted linear regression results for their final status determinations. The RP accepted this as a practical decision.
The SAS chose not to develop estimates using repeat spawning data given concerns with the reliability of these data expressed by peer reviewers of the most recent river herring assessment (ASMFC 2012a,b) and through analyses within this assessment (see Section 2.c). The RP accepted this decision, particularly given many of the age composition datasets were developed by reading otoliths from which information about repeat spawning cannot be obtained. However, they noted that for datasets developed by reading scales, the uncertainties associated with interpreting spawning marks are not completely avoided by using only age data because age determinations from scales involves counting spawning marks on the scales.  
As described by the SAS, because most sampling occurs in-river during spawning runs and therefore only samples mature fish, the resulting mortality estimates contain no information on the mortality levels of juvenile fish which could be unsustainable even if mortality of spawning adults is sustainable. This is an important limitation to consider when applying these results and is well-described by the SAS. 
The RP agreed with the SAS decision not to split total mortality into fishing and natural mortality components due to uncertainty in other non-riverine fishing components of mortality (i.e., bycatch mortality, barrier mortality, water quality mortality). The SAS also correctly chose not to develop estimates for semelparous stocks because the age composition data would be highly reflective of the maturity schedule rather than mortality (fish in these stocks spawn once and then die).
While catch curves are a well-studied assessment model, simulation testing has been based on general marine fish data and life history. As discussed, age composition data collected for American Shad are almost entirely representative of mature fish, and immature fish that remain in the ocean are not subjected to the effects of in-river fisheries, dams or other stressors in fresh water. When fish mature over several age classes, the in-river abundance in a partially mature age class (x) is the sum of the number of fish that have matured at an earlier age that survived to age-x (the survivorship of which depends on when they matured) and the number of fish that are maturing at age-x (again with a different survivorship). During the review, the RP brought to the attention of the SAS a very-recent simulation analysis about the use of catch curves with Alosa life histories using alewife as the model species (Billard 2020). The analysis used a life cycle model to project numbers by age and previous spawning history forward through time. Variability was included in the stock-recruitment relationship and maturity schedules; and simulations were done with different fishing mortality rates and sample sizes. The simulations show both the high variability in catch curve estimates of Z given this life history, as well as a bias that exists because immature fish entering the spawning population at later ages are not subjected to the same mortality rate as mature fish (Figure 3). This bias becomes more prevalent as the mortality rate for mature fish increases and as sample size decreases. An alternative method of fitting the catch curve that partitions the data based on age-at-maturity and fits a separate intercept for each age-at-maturity and a common slope across each of these sub-groups (Billard 2020) reduces the variability in the estimates and nearly eliminates the bias. This second model can only be fit if there is information about the previous spawning history.  
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Figure 3. Boxplots comparing instantaneous total mortality rate (Z) estimates obtained using two methods of fitting catch curves using Poisson generalized linear models: using age as the independent variable (left column), and using the number-of-previous-spawnings and age-at-maturity as the independent variables (right column). The two rows show results using two simulated exploitation rates: 0.5 and 0.75. Catch curve regressions were fit to simulated data using sample sizes of all fish (Pop), 1,000, 500, 300, 200 and 100 fish, depicted on the X-axis of each panel. Each individual boxplot shows the results of 3,750 attempted estimates of Z for each sample size and exploitation rate combination. The horizontal solid line represents the true instantaneous total mortality rate in each panel. Adapted from Billard (2020).
The results of the Billard (2020) analyses are not immediately applicable to the American shad catch curve analyses due to differences in the maturity schedules, longevity and life history variability, however, given the process generating the numbers-at-age in the samples is very similar, a similar pattern would be expected. The RP did not recommend that the second catch curve model be used in this assessment because scale-based ages are not available for many of the stocks, and because of uncertainty in determining the previous spawning history (see Section 2.c). The analyses do illustrate how resolution of the age determination issues with scales could improve stock assessments for American shad as well as a bias to consider when interpreting the presented results.
The SAS provided 95% confidence intervals associated with each total mortality rate estimate, a method of characterizing uncertainty that the RP considered appropriate for this parameter. The RP noted that the confidence intervals were quite wide for most estimates. This uncertainty was not carried forward in the final status determinations, but should be considered when applying these results. 
Overall, the RP found that the catch curves methods used in this assessment were thoroughly explored by the SAS, that the limitations of the methods were well described in the Assessment Report, and that the decisions made by the SAS were practical given the available data and the issues with age determinations. The RP accepts the use of these models in this assessment for these reasons, but recommends caution when determinations indicate that mortality rates are below a threshold due to the potential bias and deviations from the true rates demonstrated via simulation. 
3.4 Habitat Assessment and Simulation Modelling
Dams have been recognized as a persistent threat to American shad migratory range and spawning potential since the 1830’s (Walburg and Nichols 1967; Limburg and Waldman 2009). In many river systems, dams are the greatest contributor to reduced spawning habitat and population declines (Beasley and Hightower 2000; Kocovsky et al. 2009). Because American shad are iteroparous through the northern portion of their range, they are subject to increased mortality at dams before and after spawning that can limit abundance and age structure. Although many dams have been retrofitted with fish passage improvements, their resulting passage efficiency has mostly been poor (Haro and Kynard 1997; Moser et al. 2000; Sprankle 2005; Haro and Castro-Santos 2012).
To address the role that dams play in limiting American Shad stock, the SAS used a habitat assessment and population simulation model (Stich et al. 2019). Historical spawning habitat was quantified for individual rivers by characterizing 21,113 dams and 485,618 river reaches based on river width, distance from seawater intrusion, and slope as a proxy to natural migration barriers. The determination of habitat was limited to reaches with channel widths greater than 15 m. The amount of habitat was also validated with the help of local experts to determine where natural barriers, environmental conditions, or water quality limit spawning habitat. Within each habitat reach, horizontal area was estimated using the equation:
A = 0.8 * wl,
Where l= mean segment length, w = mean reach segment width and the area estimate, A, is limited by a 20 % fluctuation in river level unavailable as habitat along the margins of rivers. Mean channel width, w, is  estimated as a function of the mean annual discharge, where,
w = k * Q * b
Here, Q = discharge, k and the exponent b are region specific coefficients. Ponds and lakes were not included in the analysis because American Shad do not use this type of habitat, although a landlocked shad population has existed in Millerton Lake, California in the upper San Joaquin drainage since 1955  (Hasselman et al. 2012). The model was used for 125 Atlantic Coast rivers ranging from the St. Johns River, Florida to the St. Lawrence River, Quebec. 
The SAS simulated the population of American Shad from each river using a model, anadrofish (Stich et al. 2020), developed with the software package R. The model was developed in response to the 2007 American Shad Stock Assessment Review to characterize dam-driven factors of M with the expectation that M currently exceeds F and is limiting population recovery. The model allows testing of population sensitivity to fishing, dam passage, and life-history parameters. Using the anadrofish model, American Shad spawning populations were simulated using life history parameters from the three metapopulations. Three broad habitat scenarios were modeled: 1) no dams or historical habitat, 2) current dams with no passage, and 3) existing dams with optimistically high passage efficiencies (e.g., 95 % juvenile survival).
Model results indicated that American shad have lost nearly 40 % of their range wide historical habitat to dam construction, but that retrofitting current dams to allow passage only results in small increases in spawner potential. Based on model output, the SAS found that American Shad habitat is 42, 30 and 28 % of what it was historically in the northern iteroparous, southern iteroparous, and semelparous metapopulation regions, respectively. The model also revealed that the use of optimistically high upstream and downstream fish passage rates at dams result in only small increases in spawner production potential relative to rivers that are wholly inaccessible upstream of dams (no passage). For example, in the Susquehanna River, Maryland, over 90 % of the spawning habitat is upstream of Conowingo Dam (rkm 16.1). Given optimistic values of adult upstream (50%) and downstream passage 20 % mortality from downstream iteroparous migrants at all dams, theoretical spawner numbers decrease from 7.5 million in undammed scenarios to about 0.5 million under current scenarios with only slight increases from dam retrofits. Therefore, retrofitting current dams provides marginal benefits compared to dam removal, especially those lower in river systems. 
Although the model has not been through extensive peer review, it is based on previously published models that were used to address dam-mediated effects on American shad spawning habitat (e.g., shadia; Stich et al. 2019). The large collection of river specific models and characterization of dams and river segments is impressive. The current anadrofish model has not been peer-reviewed, but continues to be refined. In particular, the model applies static passage efficiencies that could be refined, especially for downstream adult passage where little information is available.
The anadrofish model is river specific but, as applied here, relies on metapopulation life history parameters. Finer grained life history parameters might better reflect regional differences in fish passage efficiencies, though the overriding message is unlikely to change. Unlike the previously used shadia model, anadrofish does not allow for dam specific assessments of fish passage or climate-informed life-history estimates. Further with the respect to the 20% river fluctuation applied to the habitat area model, climate effects are likely to have unequal effects on discharge and subsequent spawning habitat area range wide.
The RP commends the SAS for investigating American Shad in relation to broad scale habitat modifications resulting from widespread dam construction. The habitat model was innovative and very informative regarding the benefits of fishways versus dam removal. Although some values might change for individual rivers when examined more closely, the approach is a good one for assessing impacts of anthropogenic activities other than fishing. These results are useful to managers in mitigating the effects of dams on a broad scale and for managing the deleterious effects of dams within individual rivers and river segments. 
The SAS analysis here examined the influence that dam removal could have on American shad across the landscape. Brown et al. (2013) found that total passage efficiency of shad on the Susquehanna, Connecticut, and Merrimack rivers was < 3%, and recommended dam removal where possible.  Recently, dam removal has been federally mandated for the sole purpose of restoring fisheries (Crane 2009). Over the coming decade nearly 300 dams will require relicensing across the United States, nearly half of these in the Northeast (Fox 2020). Relicensing of dams through the Federal Energy Regulatory Commission (FERC) offers opportunities to remove large mainstem dams that are particularly harmful to the recovery of American shad and other fishes (Chaffin and Gosnell 2017). This analysis underscores the need for opportunistic yet strategic dam removal as a viable option to rehabilitate American shad stocks.
3.5 Delay Difference Model
The RP views the SAS decision to use the delay-difference (DD) model as a practical choice given the data limitations for many of the stocks at hand. The DD model is of intermediate complexity to analyze catch and index data (without age or length composition) while also incorporating time lags between spawning and recruitment. Only the spawning biomass is modeled and there is the assumption that maturity is knife-edged at the age that corresponds to the length of 50% maturity (recruitment is defined at this age as well). The code for the DD was obtained from the DLMtool R package, which contains a suite of data-limited management procedures used for management strategy evaluation.
During the meeting, the code was modified to incorporate alternative assumptions about the depletion in the first year of the model. The default unfished assumption is unlikely to hold in these systems which have had long fishing histories long before that first year. Since density-dependence is built into the DD model, the initial state can have a strong effect on the magnitude and precision of biomass estimates. It is not likely that the initial depletion can be reliably estimated. Instead, likelihood profiling was used by the SAS during the meeting to explore initial depletion assumptions.
Uncertainty in the model fit was evaluated by sampling the covariance matrix of estimated parameters and generating confidence intervals in the estimated biomass and exploitation rate (U) time series. If the model could not reliably estimate the scale of the population, this would be manifested in large confidence intervals in biomass and a range of U anywhere between 0-1 and indicate poor performance. Sensitivity analyses would typically show increasing biomass estimates with larger values of M. Significant overlap in the confidence intervals with alternative values of M would suggest that model uncertainty is much more important than parameter uncertainty.
Together, these two steps (profiling and covariance matrix sampling) were used to evaluate assumptions in model structure and performance in order to determine whether the model was suitable for stock status determination. Within the model, the stock status can be determined by calculating the mean U/UMSY in the terminal 3 years, where UMSY is estimated from the model. The RP recommended this approach for the current assessment.
Overall, the RP felt that the current implementation of the DD model was at present suitable for shad, although several model improvements can be made for future assessments. For example, the DD currently models recruitment, spawning, pulse fishing, and natural mortality in this order within each time step. To reflect shad biology, the spawning and fishing steps should be reversed in the model (Carruthers et al. 2012). If spawning occurs after fishing, then the predicted recruitment, after accounting for time lags, from the Beverton-Holt model would be:
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instead of
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where R is the recruitment of age k, B is the spawning biomass at the beginning of year y and U is the exploitation rate.
The Panel also questioned the suitability of DD for semelparous stocks because the equations used to derive the delay-difference equations assume iteroparity (Hilborn and Walters 1992). Assuming the correct order of operations within the time step, the RP suggested that natural mortality to be near infinite in an updated model such that all mature fish die after spawning. Thus, all fishing would be limited to recruits that return to spawning grounds. While there is no guarantee of reliable model performance especially with the semelparous modification, the RP believes that these modifications are worth exploring as future research. Currently, the RP agrees with the SAS that the current DD model is not appropriate for semelparous stocks.  
The current implementation of DD is also conditioned on effort which is calculated as the ratio of the catch and index. This limits the model to years when both data types are available. In actuality, the catch series is much longer than the index series for most stocks. It would be appropriate to incorporate this longer catch time series and to condition the model on the catch. If past historical catches have been much larger than in recent times, then this catch history will provide a much different perspective on the stock productivity than with truncated catches.
While the DLMtool implementation of DD conditions on effort (effort is known and catch is predicted in the model), the companion package MSEtool contains a more flexible version of DD that can condition on the catch (catch is known and effort is predicted) and use a longer catch series. MSEtool also provides convenient tools such as likelihood profiling and retrospective analysis that facilitate the diagnostic procedures that the SAS undertook here. The RP recommends that the SAS consider MSEtool for future assessments and collaborate with the developers of the package to include features to better account for shad life history. 

3.6 Age Structured Assessment Models (ASAP and SS3)
The RP commends the SAS for the development of statistical catch-at-age (SCA) models where appropriate as a major methodological advancement in the assessment of shad stocks. Although SCA models were considered in systems for which there were active fisheries, many of these fisheries were for semelparous stocks. The RP agreed with the SAS decision to avoid using the SCA model for semelparous stocks since the model assumes iteroparous behavior in the age structure of the population. The utility of the age data and the appropriate assessment methods for semelparous shad stocks given the current data available remains an open and ongoing area of research that was not resolved during the review meeting.
SCA models were presented for the Potomac and Albemarle Sound systems. Growth, maturity, and natural mortality from the metapopulation analysis were incorporated in both assessments. Model estimates included selectivity, mean recruitment, and initial abundance. A thorough evaluation of model performance was provided, including sensitivity analysis, retrospective analysis, and likelihood profiling of mean recruitment. SSB estimates were most sensitive to the choice of maturity ogive (Maki vs. JoeZ methods) and natural mortality, with higher SSB predictably from either earlier maturity and higher natural mortality. The stock status was determined by calculating F40% internally in the assessment model as the FMSY proxy, and the SSB proxy calculated by assuming mean recruitment while fishing at F40%. The RP agrees with this approach for the SCA assessments.
The SAS noted difficulty in interpreting juvenile abundance in the model since those age classes do not appear in the data. The current models assume juvenile survival from YOY to age-3, the first age seen in the fishery data, has been constant through time. Presumably, it is possible to estimate age-3 abundance from the fishery data alone. Then, if the YOY indices were known without error, juvenile survival could be estimated. However, the current models did not converge when the YOY indices were removed, indicating that there is not enough information to potentially determine juvenile survival.
Retrospective behavior between the two assessments varied widely. The Potomac assessment exhibited severe retrospective bias. When the terminal four years of data were removed, the model estimated that the stock had not been overfished at all, whereas we infer that the stock had always been overfished and remained so when all years of data were considered. This implies that the model was not able to estimate the stock size consistently over time. The RP suggested that the catch and indices have increasing trends since 2000 and that these trends do not provide appropriate contrast to reliably estimate the stock size. The likelihood profile for the mean recruitment parameter was also very flat, with a clear minimum bound needed to support observed catches, but no apparent maximum bound. The profile provided additional evidence to support this line of thinking. The Albemarle assessment had better retrospective behavior with relatively low magnitude of Mohn’s rho.
The SAS noted that the selectivity ogive should match or be greater than maturity ogive since only mature fish return. The RP agreed with this diagnostic procedure as a straight face test for appropriate model performance. This did not appear to be a problem for Albemarle assessment, but the Potomac assessment estimated selectivity between the Maki and JoeZ maturity ogives.
The RP noted two issues related to the SCA model with respect to shad life history. First, it is possible that the removals of partially recruited age classes, as computed with the Baranov catch equation, exceed their availability. Availability is tied to maturity, but the catch does not discriminate between immature and mature animals. In both the SS3 and ASAP models, immature fish and mature fish are both assumed available to the fishery, whereas fisheries occurring during the spawning run harvest almost exclusively mature fish. The separability assumption used in these models does not accurately estimate the age-specific fishing mortality rates because the fishing mortality rate on the immature component of an age class does not scale up and down with increasing or decreasing apical F. If only mature fish are harvested, the remaining spawner biomass would be overestimated if a portion of the harvested fish are assumed in the model to be immature.  
The SAS considered the use of statistical catch-at-age models that are specific to Alosa life history (Gibson and Myers 2003b, 2004) and have been used in river herring assessments in the past (ASMFC 2012a,b). These models differ from typical marine fishery models; rather than modelling the numbers-at-age as a two dimensional array (time and age), they are modelled as a three dimensional array including number of repeat spawnings (time, age, number of repeat spawnings). Using this structure, the different mortality scenarios experienced by mature and immature fish can be modelled separately, addressing many of the issues discussed above. 
The RP agreed with the SAS decision not to use the Alosa-specific models, recognizing that the previous models developed for Alosa may not be compatible with the available data from the stocks assessed here. These models require accurate previous spawning composition data, and given the issues described with reading scales as well as their limited availability particularly from the Potomac, they may not be appropriate for American shad at this time (addition of plus groups to address this issue be explored). Thus, the RP believes that the SAS decision to use well-vetted models such as SS3 and ASAP were appropriate for the task at hand. 
The RP has three research recommendations with regards to the SCAA:
1. Evaluate by simulation whether and when the simple SCAA models that do not account for shad availability break down. Presumably bias in SSB and F estimates increase when the fishing mortality is high, but estimates may be robust within a range of fishing scenarios. 
2. Address Alosa life history in current models. For example, separate fishing areas can be modeled within Stock Synthesis to keep mature and immature fish separate. The RP believes might be the best path forward particularly if the scale reading issues remain unresolved.
3. Develop a model specific to shad life history and current data availability. This is the most flexible option for the SAS but requires the most time investment for upkeep and quality control, as well as additional data collection, i.e., spawning marks.
 
4.      For each stock unit, recommend best estimates of biomass, abundance, and exploitation from the assessment for use in management, if possible, or specify alternative estimation methods.
The RP believes that the best interpretation of the assessment results are well described in the Assessment Report. As described by the SAS, the abundance trend data were of varying time series and none are believed to contain information on the historical productivity potential to compare to current conditions. As such, increasing trends in abundance do not necessarily represent favorable abundance levels in the terminal year of this assessment, and do not provide estimates of biomass. The RP also believes that the SAS provided appropriate guidance on interpreting the total mortality rate estimates from the catch curve analyses for the iteroparous stocks. These cannot be interpreted as fishing mortality rates, although if sustainable may indicate that fishing mortality rates are sustainable, albeit without quantifying the actual fishing mortality rate. 
Total mortality rates for each stock with an accepted catch curve analysis are provided in Table 2. The RP agrees with the SAS that these estimates are best interpreted in the context of their wide confidence intervals, and notes that there may be a bias associated with the estimation method (Section 3.3). 
While the delay difference model used in this assessment can in theory provide estimates of biomass and exploitation rates, the implementation for the semelparous stocks was not accepted. For iteroparous stocks, the RP agrees with SAS recommendations about interpreting the delay difference model results. The model is best used to estimate mortality status in terms of U/UMSY. Although the DLMtool package can be used to provide TAC estimates, setting catch recommendations using the median value of TAC from 100 model simulations would be inappropriate in the absence of management objectives.
Similarly, while the SCA models used for the Potomac and Albemarle Sound stocks can provide estimates of biomass, abundance and fishing mortality rates, the RP agreed that the output from the Potomac model in its current form should not be used to provide these estimates. The RP accepted the SCA analysis for the Albemarle Sound stock. As described in the Assessment Report: “Over the modeled time series, spawning stock biomass increased from a low of 25.1 metric tons in 2000 to a high of 63.3 metric tons in 2009, and has averaged 50.6 since 2010. Terminal year SSB was estimated to be 49 metric tons with a corresponding 90% confidence interval of 39.6-66.0 metric tons.” Patterns in fishing mortality were described as: “Estimated fully-recruited fishing mortality generally decreased over the time series, ranging from a high of 3.96 in 2003 to a low of 0.35 in 2016 (Table 226, Figure 287). Terminal year fishing mortality was estimated to be 0.48 with a corresponding 90% confidence interval of 0.30-0.67.” The RP accepts these conclusions, while noting there may be an issue with the calculation of SSB (Section 3), the effect of which was not fully explored during the peer review meeting.     

       
Table 2. Summary of the three-year average adult instantaneous total mortality rate estimates for female American shad from 11 stocks. Estimates should be interpreted in the context of the confidence intervals for the individual year estimates from which these averages are calculated (Table 33 in the Assessment Report).
	
	 
	3-year average instantaneous total mortality rate estimates
	 

	System
	 
	Year
	Estimate
	Z40%

	Merrimack
	 
	2016
	1.25
	1.00

	Connecticut
	 
	2017
	1.4
	1.00

	Hudson
	 
	2017
	0.59
	1.07

	Delaware
	 
	2017
	1.3
	1.07

	Nanticoke
	 
	1996
	0.71
	1.07

	Susq & Upper Ches
	 
	2016
	1.09
	1.07

	Potomac
	 
	2017
	1.1
	1.07

	Rappahannock
	 
	2017
	0.50
	1.07

	York
	 
	2017
	0.53
	1.07

	James
	 
	2015
	0.76
	1.07

	Albemarle Sound
	 
	2017
	0.74
	1.07


    	The SAS developed a unique approach for assessing potential abundance via an analysis of the theoretical effects of dams and fish passage on the spawner potential of American shad stocks, described here in Section 3.4. Based on this analysis, coastwide production potential is more than 72.8 million spawners per year compared with the no passage scenario of just under 42.8 million spawners, a reduction of 41%. It is estimated that fishway passage coastwide may alleviate the spawner potential by less than 3 million fish annually. The RP agrees with the SAS conclusion that this is evidence that even with extensive fish passage efforts, dams represent a fixed constraint of about 37% on the fishery potential of American shad.
5.      Evaluate the choice of reference points and the methods used to determine or estimate them. Recommend stock status determination from the assessment, or, if appropriate, specify alternative methods/measures for management advice.
5.1 Choice of Reference Points
Biological reference points (BRP's) are reference levels, based on the biological characteristics of a fish stock and the characteristics of its fishery, used in the determination of the status of the stock and its fishery. They are used to gauge whether specific management objectives are being achieved and provide both the link between stock assessment and management objectives (Caddy and Mahon 1995), and a basis for risk analysis of management actions (Punt and Hilborn 1997). The goals of many fishery stock assessments are to determine whether a stock is in a depressed state (e.g. is in an overfished state), and whether mortality rates are at appropriate levels (e.g. whether overfishing is occurring). As such, the SAS assessed these American shad stocks from two perspectives: abundance and mortality. The SAS considered BRP’s based on spawner-recruit, dynamic pool and production models.
With respect to mortality, the SAS chose to use a spawner biomass per recruit (SBPR) model. This model is appropriate for estimating reference mortality rates, but does not provide reference points associated with biomass or abundance. Given both the data limitations (e.g. lack of spawner-recruit relationships) and the choice of total mortality rate estimators as one of the main assessment approaches (these models match well) the RP agreed that this was a good decision.  While SBPR models do not require a spawner-recruit relationship, the choice of an appropriate reduction in the SBPR to use as the reference level requires some assumptions about productivity. The SAS choose Z40% (the total mortality rate that reduces the spawner biomass per recruit to 40% its level in the absence of anthropogenic mortality) as the reference level. Most fishery stock assessments use a SBPR level defined as a fishing mortality rate. The RP agreed with the SAS decision to use the total mortality rate (rather than a fishing mortality rate) in recognition that human activities other than fisheries (e.g. hydroelectric development; water quality issues) contribute to the mortality of American shad. Mortality status was defined as sustainable if mortality was less than or equal to the reference point or unsustainable if mortality was greater than the reference point. The RP accepted the use of Z40% for the iteroparous populations, but as discussed under TOR 3.2, did not accept the use of a Z-based reference point for the semelparous stocks.
The RP supports the decisions and advice regarding the interpretation for the total mortality estimators provided by the SAS in the assessment report. For example, if total mortality rate estimates were not available in the last three years, the SAS made an objective decision to report the most recent estimates, but determined that mortality status is unknown. The SAS also provided an important caveat with respect to interpreting the results from the total mortality estimators: the status determination only applies to the adult mortality rates. Even if the adult mortality rate is sustainable, abundance could decline if the mortality rate for immature fish is not sustainable, or if reproduction is somehow inhibited.
With respect to abundance, the SAS used three sources of information for determining status: the trend analyses, the analyses of habitat availability and dams, and, where possible, the results from the delay-difference and SCAA models. The RP agreed with the SAS that the development of reference points for the trends analyses was not practical because none of the existing time series contain sufficient information about the historical productivity potential to compare to current conditions. As discussed in the assessment report, the trends analyses are best used to evaluate whether abundance has increased or decreased since the beginning of the respective monitoring program (i.e., start year abundance) or the implementation of a significant coastwide management change (i.e., 2005 abundance when the ocean intercept fishery was closed), not to make conclusions on abundance status. The RP agrees with this approach, and that the development of reference points for the trend analyses given the current information would have been inappropriate for this assessment. Similarly, the habitat/dams analyses provide an overview of the productivity potential that has been lost due to dams, but that a paradigm for developing reference points against which these results can be compared (at least on a coastwide scale) has not yet been developed. 
The delay-difference and SCAA models (Potomac and Albemarle Sound) provide estimates of biomass and comparison against the unfished biomass and the biomass at MSY are outputs of these models, both calculated using standard equations. As discussed in Section 3, initial depletion is a key parameter in the delay-difference model, and the equations used to calculate the spawner biomass in the SCAA models may lead to its overestimation. While TAC estimates were calculated with output from the delay-difference models, the SAS was not comfortable setting catch recommendations, choosing instead to use them to assess the mortality status. The RP agreed this approach would work and recommended using U/UMSY ratios to more directly determine fishing mortality rate status. The RP agrees with the decisions made by the SAS about interpreting the analyses pertaining to abundance, as well as their decisions regarding the development of reference points associated with these analyses. These are well-justified in the assessment report.
Where appropriate, the SAS reviewed system-specific management plans and their associated reference points. These included systems that had a Sustainable Fishery Management Plan (SFMP) in place, and two systems (Hudson and Potomac) that had reference points as well.  These were generally tailored to the specific histories of monitoring programs, ranging from CPUE data to more elaborate schemes.  For example, the Connecticut River has three benchmark criteria that were included in the assessment.
 Overall, the RP believes the approach taken by the SAS with respect to reference points was sound and thoroughly developed. The approach provided a way of assessing many stocks consistently, while at the same time considering the differences in the life history, data availability and needs for the differences stocks included in the assessment. 
5.2 Status Determinations
Stock status was determined using catch curve, delay-difference, and statistical catch-at-age models. Trends in mean length were reported in order to use somatic growth as an indicator of the health of the stock; these results are provided in the Assessment Report but are not summarized here. The catch curve was the most consistent method used, and it was the only method for status determination in many systems.
For the Connecticut River, the catch curve and delay-difference model provided different interpretations of stock status. Since the two methods use different data, the quality of the data and the underlying assumptions in each method should guide the decision to choose the appropriate model for status determination. Additional non-fishing components of mortality are reflected in the age composition but that information can only be inferred in the catch and index data alone conditional on the value of M. Along with the additional complexity with initial depletion assumption in the DD model, the RP agrees with the SAS preference of the catch curve. 
The RP also agrees with the SAS regarding the DD assessment for the Neuse River. Although there appears to be high uncertainty in biomass estimates, biomass status was not determined here. The recent declines in catches suggest a reduction in mortality, as inferred in the model, and the confidence interval in the recent exploitation rate is reasonable. In contrast, the Tar-Pamlico assessment had clear diagnostic issues and was rejected by the SAS.
The RP agrees with the SAS that the final status determination for the Potomac is best based on the catch curve analysis. While catch curve analysis should be the primary model for determining stock status in the Potomac, the SCA could be used to support the results of the catch curve notwithstanding retrospective issues. The biomass status is currently unknown since no other method with biomass status determination was put forth. 
The RP supports the SAS decision that the Albemarle Sound SCA assessment be used to determine stock status, but notes there is uncertainty associated with the status determination based on the model, particularly the calculation of spawner biomass (Section 3).    
Stock status is considered unknown in systems for which these methods were not accepted or data were not available. The RP highlights that the additional analyses, such as the habitat simulation and trends analysis, are still informative and highly relevant for shad management even if status determination was not feasible. For example, management has acted to reduce juvenile mortality despite the unknown status of juvenile mortality. Additionally, the historical narratives provide a perspective that is not captured in the current status determination models. The RP believes that, regardless of whether status determinations were feasible or not, the full suite of methods employed in the assessment together with the additional documentation, can be used to guide management decisions about these shad populations.
The RP accepts the status determinations by the SAS as described in the Assessment Report, or when modified, in the Report Addendum. These status determinations for abundance and mortality for the stocks included in this assessment are summarized in Table 3. 
The trend analyses for young-of-the-year abundance (2005-2017) indicated increasing trends for 2 stocks, a declining trend for 1 stock, no trend for 7 stocks, 1 stock with conflicting results, and 12 stocks without data. With respect to adult abundance trends from 2005 to 2017, 2 stocks showed increasing trends, 11 stocks showed no trends, none of the stocks showed declining trends, 7 showed conflicting results and 3 stocks did not have data.
Mortality status for juvenile shad could not be determined for any stock. For adult mortality status, reference total mortality rates were available for all but one stock. Of 9 stocks for which status determinations could be made, 5 stocks had sustainable mortality rates and 4 stocks had unsustainable mortality rates. Three other stocks have recent data that are informative about mortality rate status: 1 of these indicated sustainable mortality rates and the other 2 unsustainable rates. Status for the remaining 11 stocks was not successfully determined. The RP believes the results of these determinations are best interpreted in the context of the wide confidence intervals associated with the individual mortality rate estimates and the potential for bias associated with their estimation.
Abundance or biomass status determinations were successfully made for one stock. The Albemarle Sound was determined not to be in an overfished state. Data to determine abundance or biomass reference points are unavailable for the majority of the stocks, precluding the ability to make abundance status determinations even when counts are available. The RP supports the decisions made by the RP in this regard.    


Table 3. Summary of the status determinations pertaining to abundance and mortality rates by stock. 
	
	
	
	
	
	Total Mortality Rate Status
	
	Abundance Status

	System
	Methods
	Trends Analysis
	
	Juvenile
	Adult BRP
	Adult Status
	
	BRP
	Status

	Merrymeeting Bay
	Index trend analysis
	YOY: No trend detected 2005-2017
Adults: No data
	
	NA
	Z40%
	NA
	
	NA
	NA

	Merrimack
	Index trend analysis, total mortality
	YOY: No data
Adults: Increasing trend detected from 2005-2017
	
	NA
	Z40%
	NA; most recent data indicate unsustainable
	
	NA
	NA

	Pawcatuck
	Index trend analysis
	YOY: No data
Adults: Increasing trend detected from 2005-2017
	
	NA
	Z40%
	NA
	
	NA
	NA

	Connecticut
	Index trend analysis, total mortality, delay-difference model
	YOY: No trend detected from 2005-2017
Adults: Conflicting trends detected between two indices from 2005-2017 (one increasing, one no trend)
	
	NA
	Z40%
	Unsustainable.
	
	NA
	NA

	Hudson
	Index trend analysis, total mortality
	NA
	
	NA
	Z40%
	Sustainable
	
	NA
	depleted

	Delaware
	Index trend analysis, total mortality
	YOY: No trends detected from 2005-2017 (2 indices)
Adults: Conflicting trends detected from 2005-2017 between indices (one increasing, one no trend)
	
	NA
	Z40%
	Unsustainable
	
	NA
	NA

	Nanticoke
	Index trend analysis, total mortality
	YOY: Declining trend detected from 2005-2017
Adults: No trends detected from 2005-2017 (two indices)
	
	NA
	Z40%
	Unsustainable
	
	NA
	NA

	Susq & Upper Ches
	Index trend analysis, total mortality, surplus production model
	YOY: No trend detected from 2005-2017
Adults: No trends detected from 2005-2017 (two indices)
	
	NA
	Z40%
	NA; most recent data indicate unsustainable
	
	NA
	NA

	Patuxent
	Index trend analysis
	YOY: No data
Adults: No trend detected from 2005-2014
	
	NA
	Z40%
	NA
	
	NA
	NA

	Potomac
	Index trend analysis, total mortality, statistical catch-at-age model
	YOY: no trend detected 2005-2017
Adults: no trends detected 2005-1017 (2 indices)
	
	NA
	Z40%
	Unsustainable
	
	NA
	NA

	Rappahannock
	Index trend analysis, total mortality
	YOY: Increasing trend detected from 2005-2017
Adults: No trends detected from 2005-2017 (two indices)
	
	NA
	Z40%
	Sustainable
	
	NA
	NA

	York
	Index trend analysis, total mortality
	YOY: Conflicting trends detected from 2005-2017 (one increasing, two no trends)
Adults: No trend detected from 2005-2017
	
	NA
	Z40%
	Sustainable
	
	NA
	NA

	James
	Index trend analysis, total mortality
	YOY: No trends detected from 2005-2017
Adults: No trends detected from 2005-2017 (three indices)
	
	NA
	Z40%
	NA; Most recent estimates indicate sustainable
	
	
	

	Albemarle Sound
	Index trend analysis, total mortality, statistical catch-at-age model
	YOY: increasing from 2005-2017
Adults: conflicting trends detected from 2005-2017 (two no trends, one increasing)  
	
	NA
	Z40%
	Sustainable
	
	SSB40%
	Not overfished

	Tar-Pamlico
	Index trend analysis, total mortality, delay-difference model
	YOY: No data
Adults: No trends detected from 2005-2017
	
	NA
	Z40%
	Unknown
	
	NA
	NA

	Neuse
	Index trend analysis, delay-difference model
	YOY: No data
Adults: Conflicting trends detected from 2005-2017 (one increasing, one no trend)
	
	NA
	d-d. UMSY
	Sustainable
	
	NA
	NA

	Cape Fear
	Index trend analysis, delay-difference model
	YOY: No data
Adults: Increasing
	
	NA
	d-d. UMSY
	Unknown
	
	NA
	NA

	Winyah Bay
	Index trend analysis, delay-difference model
	YOY: No data
Adults: Conflicting trends
	
	NA
	d-d. UMSY
	Unknown
	
	NA
	NA

	Santee-Cooper
	Index trend analysis, delay-difference model
	YOY: No data
Adults: Conflicting
	
	NA
	d-d. UMSY
	Unknown
	
	NA
	NA

	ACE Basin
	Index trend analysis, power analysis, delay-difference model
	YOY: No data
Adults: No trend
	
	NA
	d-d. UMSY
	Unknown
	
	NA
	NA

	Savannah
	Index trend analysis, delay-difference model
	YOY: No data
Adults: No trends
	
	NA
	d-d. UMSY
	Unknown
	
	NA
	NA

	Altamaha
	Index trend analysis, delay-difference model, tag-recapture population model
	YOY: No data
Adults: Conflicting trends detected from 2005-2017 between indices (one increasing, one no trend)
	
	NA
	d-d. UMSY
	Unknown
	
	NA
	NA

	St Johns
	Index trend analysis
	YOY: No trends detected from 2005-2017
Adults: Increasing trend detected from 2005-2017
	
	NA
	NA
	Unknown
	
	NA
	NA



Both fishery dependent and fishery independent data for making coastwide status determinations. Fishery dependent data were available from agencies reporting incidental ocean catches (Delaware, New Jersey, North Carolina, as well as Canada).  Data were analyzed by fleet, estimating total (retained + discarded) catches and coefficients of variation, extending from 1989-2017.  A notable drop in catches began in 2001 and essentially continued for the remainder of the record (Table 272).  Also, a downward trend can be discerned since 2005 (Figure 355b).  Neither mortality rates nor specific stocks could be identified due to lack of abundance and genetic information, respectively.  Due to the way that multiple fisheries are managed (essentially together), American shad incidental catches could not be attributed to specific fisheries.
Fisheries independent data sources included state coastal trawl surveys (ME-NH, RI, CT, NJ, DE) as well as two NOAA surveys (the Northeast Area Monitoring and Assessment Program (NEAMAP) and the NE Fisheries Science Center Bottom Trawl Survey).  Trend data were presented.  Additionally, mixed-stock Bayesian models were explored; these examined abundance indices at small spatial scales from available surveys.  A goal of this last was to test whether the data were suitable for aggregation to metapopulation scale for regional status estimation.  This turned out not to be the case, as within-region differences in process error indicated differences among stocks within metapopulations and thus scaling up was deemed inadvisable.
Nevertheless, spatial trends were discernible (e.g., draft Assessment Report Figure 370-371), with increased abundances in the Gulf of Maine and New England, and declines to the south.  
In addition, the SAS concluded that, despite 9 of 13 trawl surveys being credibly above 2005 index values, the trends observed were longer term, and that "from a coastwide metapopulation perspective, ...American shad relative abundance in trawl surveys had no response to the closure of the ocean intercept fishery in 2005." (draft Assessment Report p. 460).
The RP believes that the strengths and weakness of these datasets are well described in the draft Assessment Report and accepts the conclusions drawn by the SAS with respect to the coastwide metapopulation. 
	
6.      Review the research, data collection, and assessment methodology recommendations provided by the TC and make any additional recommendations warranted. Clearly prioritize the activities needed to inform and maintain the current assessment, and provide recommendations to improve the reliability of future assessments.   
The RP accepts and agrees with all the research, data collection, and assessment methodology recommendations made by the SAS in the report, and has some additional suggestions to build upon those recommendations. 
Data Collection Recommendations
· As the SAS notes, tagging studies should be conducted to improve understanding of repeat spawning and improve mortality estimates. These tagging studies should include studies on the potential effects of the tags on mortality and behavior.
· In addition to examining errors between aging structures (otoliths and scales), additional analyses should be conducted to explore and describe any geographic, or environmentally, based challenges in aging these fish. For example, there may be a higher likelihood that otoliths are vateritic, or just more difficult to read, in Southern stocks.
· Maturity status should be assessed from fish captured in both marine and river surveys. Assessing maturity status in the spring ocean surveys (where both mature and immature fish are available) should provide a more accurate means to develop a maturity ogive than sampling from the river (where only the mature fish are available).
· Researchers should explore using telemetry tagging technologies as they are developed (e.g. acoustic, archival, satellite) to determine skip spawning behavior and iteroparity rates.
· In populations with hatchery reared fish, these data should be used to estimate YOY abundance and mortality rates. As described in the assessment report, there are multiple ways to mark these fish, including parentage based mating designs, temperature manipulations in early development stage, associated hatchery support (long-term, moderate priority). These mark-recapture data can then be used to estimate mortality rates or combined with a habitat analysis (see recommendation below) to estimate abundance.
· Juvenile surveys should be changed to stratified random designs, with some fixed index sites, where possible. This will provide the necessary data to assess when juvenile shad populations have changed spatial distributions in response to changing environmental characteristics. Furthermore, this design will allow researchers to fit occupancy models and other capacity models (e.g. limiting factor analysis, unit characteristic method, Ecosystem diagnosis and treatment) to extrapolate indices to population abundances.
· Researchers should assess the status and approach of broodstock genetics and stocking for hatchery based programs to ensure they are not producing any inbreeding or outbreeding depression. If possible, broodstock for any hatchery programs should only come from local populations of wild fish and their genetics should be tested prior to mixing gametes to ensure maximum genetic variability.
· In addition to monitoring in-river commercial catch, harvest, and discards in all systems with open fisheries, all recreational fisheries should also be monitored. Monitoring programs should collect total catch, effort, size, individual weight, and age data at a minimum. These surveys should be in operation in systems with requested fisheries before opening fisheries. 
Assessment Methodology Recommendations
· Better define stock recruit relationships between the YOY indices and the spawning survey indices.
· Provide estimates of juvenile mortality rates. This may require exploring improving linkages to other data sources such as ocean trawl surveys with improved designs (e.g., genetic stock assignments). 
· Ensure biological sampling efforts (e.g., otoliths and scales) are representative (potential stock structure shifts within collection year) for analyses of the intended outputs and their uses in assessments.
· Explore the use of additional models (SS3, or a life-cycle model such as Stich et al.) for potential application in analyses of semelparous shad stocks. This may require developing a completely new approach or building off what has been done for other species (e.g. Pacific salmon and alewife). Determine what is an acceptable level of precision for modelling (e.g. MSE use). 
· Future trend analyses should include approaches that account for within time series shifts, account for changes in stationarity (i.e. within time-series process error). Explore use of multivariate time series analysis to investigate population trends and covariance among stocks within a region.
· The SAS should explore using spatio-temporal models that account for the spatial autocorrelation of dynamics and processes (e.g., Z and recruitment) between different stocks. Using a spatio-temporal model could aid in defining the different stock groups for management purposes. One way to fit such a model is by using the vector autoregressive spatial temporal (VAST) package available in R (Thorson 2019). 
· Explore the development of fish tagging program(s) with a primary objective of deriving tagging/return based mortality estimates to compare to other estimation methods.
Future Research Recommendations
· Explore implications of climate change on life history and ecology (in-river predator-prey relationships, recruitment success, movements and migrations, range shift, dam operations/FERC licenses, interactions with various fisheries).
· Related to this, conduct studies to quantify the impacts of novel predators (introduced, or invasive due to climate change) on juvenile stages of shad and river herring within rivers and estuaries.  This is likely to be a growing issue over the next decade and, together with dams, may pose one of the greatest threats to stock re-building.
· Conduct maturity studies (ogive development) designed to accommodate the unique challenges American shad (i.e., segregating mature and immature) poses on traditional monitoring programs. This information will also improve understanding of fishery selectivity as it relates to age at maturity, by in-river fisheries and monitoring programs. (long-term high priority)
· Conduct fish passage research at barriers with adults for both upstream and downstream migration and movements and with juveniles for downstream as discussed in Section 1.1.9.5 Fish Passage.
· Develop experimental fish passage studies to examine and define passage issues and to develop and explore potential new or modified measures to improve fish passage designs and operations.
· Continue to conduct research on the ecological effects of dam removals and habitat restoration.
· Conduct research on using environmental DNA (eDNA) to quantify the abundance of juveniles and adult shad. Recent research has shown that this technology can be used to quantify the abundances of salmonids in Alaska, Washington, and California.
In addition to the above recommendations, the RP also encourages continued work to better quantify the age-at-maturity and number-of-previous-spawnings information using scales and/or otoliths, or a combination of both. Further subdivision of the age composition data by age-at-maturity and the number previous spawnings, or else by age-at-maturity with an assumption that shad spawn each year after maturing (the effect of skipping years is negligible), allows an age class to be subdivided based on age-at-maturity and the number of times that fish have previously spawned. These factors are key determinants of the survivorship to a given age because mature fish are subjected to increased mortality resulting from becoming available to in-river fisheries, passage at dams and the energetics associated with spawning migrations and spawning. As such, age-at-maturity and previous spawning data are very useful for stock assessments for Alosa. The issues associated with treating selectivity based on maturity the same as gear selectivity (Section 3), reference point estimation (Section 3.2), the bias in the catch curve analyses (Section 3.3), and the issues with calculating spawner biomass in the statistical-catch-at-age models (Section 3.6) would all be alleviated if previous spawning information can be incorporated into the analyses. However, the RP notes that these comments are only valid if the ages and previous spawning information are representative. If the accuracy of age and previous spawning determinations from scales can be improved, the resulting data could significantly improve assessments for Alosa species, although it is not clear if this is possible at this time. The best scheme might be to use otoliths for age and maturity determination, and use scales for minimum estimates of repeat spawning (and a check on age-at-maturity). 

7.      Recommend timing of the next benchmark assessment and update, if necessary, relative to the life history and current management of the species.
As recommended by the SAS, the RP agrees that another benchmark should be completed no later than ten years from now, i.e. 2030, to ensure that not as much time passes as between the last two assessments, to maintain some institutional memory.  The RP also concurs that a staggered approach, sequencing in stocks, could make the assessment easier.  That said, the actual sequence will require some thought: for example, choose representative systems along the latitudinal gradient, 7-8 per year for three years; or select according to perceived acuity, or by model class.  For example, the first round of the next benchmark could start with those systems for which enough data are available to allow for some of the more complex analyses.
Additionally, the RP asks that the SAS consider whether 2005 is still an appropriate benchmark year (as effect of the management action of at-sea closure is unclear), or whether objectives/benchmarks need to be revised to address climate change, dam removals, and other pressures in terms of target levels for shad.
 
8.      Prepare a peer review report summarizing the panel’s evaluation of the stock assessment and addressing each peer review term of reference. Develop a list of tasks to be completed following the workshop. Complete and submit the report within 4 weeks of workshop conclusion.   
This peer review report completes this TOR.

 Advisory Report
[bookmark: _wojhj7q6nxt8]A. Status of stocks: Current and projected, where applicable
The Review Panel (RP) concluded that the status of American shad stocks is highly variable in the U.S.A. Many stocks remain at low levels (e.g. the Hudson), whereas, at the other end of the spectrum, the RP accepted the Stock Assessment Subcommittee’s conclusion that the Albemarle Sound stock was not in an overfished state and that overfishing was not occurring for this stock.  The coastwide metapopulation abundance was determined to be depleted based on the decline in coastwide landings since the 1950s by more than an order of magnitude as well as the lack of response observed in the abundance trends (Executive Summary, page viii). 
 Trend analyses played an important role in this assessment in order to determine whether abundance has increased, decreased or remained the same since the last assessment.  Of 11 stocks with young-of-the-year abundance indices, the trend analyses for young-of-the-year abundance (2005-2017) indicated: increasing trends for 2 stocks; a decreasing trend for 1 stock; no trend for 7 stocks; and 1 stock with conflicting results. Over the same time period, of 20 stocks with adult abundance indices, the trend analyses for adult abundance indicated: increasing trends for 2 stocks; no stocks with a decreasing trend; no trend for 11 stocks; and 7 stocks showed conflicting results.
 Total mortality estimators were used to assess whether the adult total mortality of iteroparous stocks (stocks where fish spawn in more than one year during their lives) is above or below stock assessment benchmarks. This approach differs from many stock assessments where the emphasis is on fishing mortality, but is appropriate for American shad because many of the stock specific fisheries are closed and other factors influence their survival. From the draft stock assessment Executive Summary, p. vi: “Average adult mortality during the last three years of the assessment time series (2015-2017) was greater than respective regional per-recruit reference point for three stocks (Delaware, Potomac, and Connecticut), less than or equal to reference points for four stocks (Hudson, Rappahannock, York, and Albemarle Sound), and unknown for all remaining stocks.”
Many factors influence the abundance and productivity of American shad stocks and their relative influence varies among stocks. These include: combinations of historical overfishing; loss of access to habitat due to damming the main stems and tributaries of rivers; mortality from passing through hydroelectric turbines water quality issues; and possibly ecological factors (e.g. parasites, disease, competition predation) acting in the freshwater and marine environment that are not well understood but could potentially limits a stock’s response to management actions taken to rebuild populations.
Of note in this assessment is an analysis of the theoretical effects of dams and fish passage on the spawner potential of American shad stocks. From the draft stock assessment Executive Summary, p. vii: “This approach allowed the comparison of three broad scale scenarios: i) historical or “intact” rivers, ii) worst case scenario with current dams and “no passage”, and iii) dams with imposed realistic up- and downstream passage to best reflect the “status quo.” Changes in available habitat are reported by system and coastwide. Based on this modeling exercise, coastwide production potential is more than 72.8 million spawners per year compared with the no passage scenario of just under 42.8 million spawners, a reduction of 41%. It is estimated that fishway passage coastwide may alleviate the spawner potential by less than 3 million fish annually. This is evidence that even with extensive fish passage efforts, dams represent a fixed constraint of about 37% on the fishery potential of American shad.”
 B. Stock Identification and Distribution
The Review Panel concluded that the hierarchical approach taken for stock identification in this assessment was both consistent with knowledge of the ecology of American shad and practical given the data limitations for some stocks. Stocks were assessed on an individual river system basis when data were available. In some instances, there was a need for a broader system definition (e.g., Merrymeeting Bay, Albemarle Sound, Upper Chesapeake Bay, Winyah Bay, ACE Basin) when datasets could not be attributed to specific rivers. Additionally, three regional metapopulations were defined to share life history traits among system-specific stocks when there were data limitations for individual stocks. These are: the semelparous metapopulation (Florida to the Cape Fear River, NC), the southern iteroparous metapopulation (stocks north of the Cape Fear River to the Hudson River, NY), and the northern iteroparous metapopulation (stocks north of the Hudson River). At the broadest scale, stocks were aggregated and treated as a coast-wide, mixed-stock metapopulation when data sets that could not be attributed to system-specific stocks. In addition to being a practical way to address data limitations, the Review Panel considered this hierarchical approach to be useful because these larger groupings become important for questions where straying and meta-population structure become key determinants of overall productivity and abundance (e.g. recovery planning purposes); whereas for other questions (e.g. fisheries assessment) stock definitions at the individual population are more important.  
[bookmark: _a08fgn2mm7wa]C. Management Unit
Specific management units were not reviewed as part of this assessment. The Review Panel supports the Stock Assessment Subcommittee’s perspective that species assessment and management should occur at the river system level, consistent with the 2007 Peer Review Report (ASMFC 2007b).
D. Landings
Commercial landings consist of the ocean, mixed-stock (OMS) component and in-river component. Landings for in-river components are documented for most stocks (see Table 2.1). Estimates of OMS incidental catch can be highly uncertain due to low observer coverage. Recreational landings are more sparse and unavailable for most stocks. The NMFS MRIP survey is primarily designed to interview off-shore fishing trips in federal waters and does not target in-river angling effort.  Recreational creel surveys are limited in scope and often occur at a single access point. Coastwide landings are provided on a state-by-state basis and available from NOAA Fisheries databases. Often these landings cannot be partitioned into individual stock components. Although there are numerous gaps and missing records, these landings provide a perspective on the large magnitude of catches in prior decades and centuries relative to today. Coastwide landings have reduced since the 2005 closure of the ocean-intercept fishery and have been below half a million pounds during 2015-2017.
E. Data and Assessment
The SAS compiled and vetted a very large amount of data for the 23 stocks included in this assessment. As described in the draft Assessment Report (page 62): “Data was provided on numerous fishery-independent data sets as part of our canvassing of data for the assessment. This included 100 individual fishery-independent survey data sets and 17 fish lift/passage counts for consideration of the development of relative abundance indices (Section 2.3.1 and Table 15-Table 20). These, along with an additional 57 (41commercial – Table 14; 16 recreational – Table 13) fishery-dependent data sets submitted for possible index development, were assessed as to whether they met the criteria developed by the SAS for evaluating available data.” These data are thoroughly described on a stock-by-stock basis in Section 3 of the draft Assessment Report. 
An impressive variety of analytical tools were used in this assessment, including:
1. 	Power analyses to calculate the probability of detecting trends in the abundance indices,
2. 	Autoregressive integrated moving average (ARIMA) analysis of trawl survey relative abundance indices,
3. 	Mann-Kendall trend analysis to detect trends in each survey index of abundance and to detect temporal trends in mean length and mean length-at-age,
4. 	A modified Thompson-Bell spawning biomass per recruit (SBPR) model to estimate total mortality rate reference points,
5. 	Total mortality estimators (catch curves) to estimate total mortality rates,
6. 	Delay difference models to evaluate the status of some stocks,
7. 	Habitat assessment and simulation modeling to evaluate the effects of dams and fish passage,
8. 	Statistical catch-at-age models to evaluate the status of two stocks, and
9. 	Models utilizing mark-recapture tagging data. 
These models are fully described in the methods section of the draft Assessment Report. Review Panel comments are provided in Section 3 of the Review Panel Report.   

F. Biological Reference Points
Catch curve analyses, which provide estimates of total mortality rates (Z), played a large role in this assessment. A Thompson Bell spawner-biomass-per-recruit (SBPR) model was used to estimate biological reference points against which the total mortality rate estimates could be compared. The Review Panel considered this a reasonable approximation for the iteroparous stocks while noting that the recruitment dynamics in this model do not quite match those of American shad (Section 3). They did not accept the use of a Z-based reference point for the semelparous stocks (Section 5). 
The total mortality rate that reduces the SPBR to 40% of its level in the absence of anthropogenic mortality (Z40%) was chosen as the reference level for evaluating status based on total mortality. This value is more conservative that the Z30% value used in the 2007 assessment (ASMFC 2007a), which is considered appropriate given the lack of evidence that the coastwide metapopulation is rebuilding. The final Z40%  reference points from the SBPR models for the two regions are: northern iteroparous = 1.00; and southern iteroparous = 1.07.
 For the delay difference and statistical catch at age models, biological reference points equating either to MSY or F40%, respectively, were used to determine the status stocks analyzed with these models. These are standard methods that are appropriate for these analyses.
G. Fishing Mortality
Fishing mortality rates are available for the Albemarle Sound from this assessment. The results for this stock indicate that the fishing mortality rate for this stock generally decreased over the time series and were below the reference point in the terminal year (draft Assessment Report, page 354). Exploitation rates for the Connecticut River and the Neuse River are also available from the delay-difference assessments. Further model development and analyses are needed to provide estimates of the fishing mortality rates for the other stocks with open commercial fisheries. For the iteroparous stocks, evidence about whether fishing mortality rates are appropriate is provided by the catch curve analyses: if the total mortality rate estimate is below the reference point, then a fishing mortality rate estimate will likely also be below the corresponding reference point. Confidence intervals associated with the individual estimates should be considered (draft Assessment Report Table 33) if making this type of inference. For most of the iteroparous populations, there has been a moratorium on commercial harvest of American shad since the late 1990s; therefore, fishing mortality is expected to be a small component of total mortality.
H. Recruitment
Where available, young-of-the-year abundance time series were used to evaluate whether recruitment is increasing. The trend analyses for young-of-the-year abundance (2005-2017) indicated increasing trends for 2 stocks; a declining trend for 1 stock; no trend for 7 stocks; and 1 stock with conflicting results. 
I. Spawning Stock Biomass
Temporal patterns in spawning stock biomass (SSB) was estimated using statistical catch at age models for two stocks, with delay difference models for two more stocks, and the trend in the index of abundance was assessed for a larger number of stocks (20). The SSB in the Connecticut River declined from 1990-2010, but has been recovering since 2010 based on results from a delay-difference model fit to fish lift data. A delay difference model was also used to estimate the SSB in the Neuse River, and indicated that it has remained relatively constant since 2000. However, there was a large amount of uncertainty in these estimates throughout the time-series. A statistical catch-at-age (SCAA) model for the Potomac River found that the SSB has been relatively constant since 1999. Only trends in SSB, not magnitude and biomass status, were considered since a retrospective analysis indicated that this model had a tendency to overestimate spawning stock biomass and underestimate fishing mortality. Another SCAA model for the Albemarle sound indicates that the spawning stock biomass increased from a low in 2000 to a high in 2009, with more acceptable retrospective behavior in the model. With respect to adult abundance trends from 2005 to 2017, 2 stocks showed increasing trends, 11 stocks showed no trends, none of the stocks showed declining trends, 7 showed conflicting results and 3 stocks did not have data.
J. Bycatch
Bycatch of American shad occurs in both the mixed stock ocean fishery and in state waters. Shad bycatch in the mixed stock ocean fishery has been quantified in this assessment using data collected by the Northeast Fisheries Observer Program (NEFOP), which has provided incidental catch estimates for 1989-2017. Known bycatch fisheries occur in New York and the New England States. In 2014, river herring and shad catch caps were implemented in both the Atlantic mackerel and herring fisheries to reduce river herring and shad bycatch in these states. Unlike the bycatch in the ocean fishery, the bycatch in state waters is largely unquantified. The Delaware Department of Fisheries and Wildlife discontinued monitoring American shad bycatch during the commercial striped bass season since no bycatch had been reported over a 10-year period from the Striped Bass Fishery. A mixed stock bycatch fishery occurs in Chesapeake Bay, but this bycatch is largely discarded and not quantified. There are no studies on American shad discard mortality rates in commercial fisheries, so values had to be assumed in this assessment based on generally fishing practices. A discard mortality rate of 100% was applied to commercial gill net discards. A rate of 20% was applied to commercial discards from pound nets to estimate post release mortalities, as these fish are held impounded and can be released following minimal interaction with the gear.
K. Other Comments
The RP considers this assessment to be a major advancement in the assessment of American shad stocks. The amount of new data is noteworthy and the level of new analyses takes this assessment up a significant level from prior benchmarks. Of particular note are the facts that two systems (Potomac and Albemarle Sound) had sufficient data to attempt the use of statistical catch at age (SCA) models, and that for the first time, a coastwide habitat assessment of continental waters was undertaken with specific reference to dams and passage as impediments to sustainable stocks.  Overall, this assessment is a valuable contribution to our knowledge-base for this species. 

Sources of Information / Literature Cited
ASMFC. 2007a. American Shad Stock Assessment for Peer Review. Washington, D.C.
ASMFC. 2007b. Terms of Reference & Advisory Report to the American Shad Stock Assessment Peer Review, July 16-20, 2007.  Stock Assessment Report No. 07-01 of the Atlantic States Marine Fisheries Commission, Arlington, VA.
ASMFC 2012a. Stock Assessment Report No. 12-02 of the Atlantic States Marine Fisheries Commission River Herring Benchmark Stock Assessment Vol. I.
ASMFC 2012b. Stock Assessment Report No. 12-02 of the Atlantic States Marine Fisheries Commission River Herring Benchmark Stock Assessment Vol. II.
Beasley, C. A., and J. E. Hightower. 2000. Effects of a low-head dam on the distribution and characteristics of spawning habitat used by Striped Bass and American Shad. Transactions of the American Fisheries Society 129: 1316–1330.
Billard, M. 2020. Two simulation approaches for evaluating catch curve models as an assessment method for river herring. Master of Science Dissertation. Department of Biology, Acadia University, Wolfville, Nova Scotia, Canada.  
Box, G. E. P., and G. M. Jenkins.  1976. Time Series Analysis: Forecasting and Control. Holden-Day, San Francisco.
Brown, J.J., K. E. Limburg, J. R. Waldman, K. Stephenson, E. P. Glenn, F. Juanes, and A. Jordaan.  2013.  Fish and hydropower on the U.S. Atlantic coast: failed fisheries policies from half-way technologies.  Conservation Letters 6(4): 280-286.  
Caddy, J. F., and R. Mahon. 1995. Reference points for fisheries management. FAO Fisheries Technical Paper 347. Rome, Italy.
Carruthers, T, C. J. Walters, and M. K. McAllister. 2012. Evaluating methods that classify fisheries stock status using only fisheries catch data. Fisheries Research 119-120: 66-79.
Cating, J. P. 1953. Determining age of Atlantic shad from their scales. U.S. Fish Wildlife Service. Fishery Bulletin 54(85): 187-199.
Chaffin, B. C., and H. Gosnell. 2017. Beyond mandatory fishways: federal hydropower relicensing as a window of opportunity for dam removal and adaptive governance of riverine landscapes in the United States. Water Alternatives 10: 819–839.
Chapman, D. G. and D. S. Robson. 1960. The analysis of a catch curve. Biometrics 16: 354–368.
Crane, J. 2009. “Setting the river free”: The removal of the Edwards dam and the restoration of the Kennebec River. Water History 1(2): 131–148.
Cushman, E. L., H. K. Evans, G. R. Moyer, M. E. Raley, A. S. Williams, and T. L. Darden. 2019. Development of a standardized molecular tool and estimation of genetic measures for responsible aquatic-based fisheries enhancement of American shad in North and South Carolina. Transactions of the American Fisheries Society 148: 148-162.
Dunn, A., R. I. C. C. Francis, and I. J. Doonan. 2002. Comparison of the Chapman– Robson and regression estimators of Z from catch-curve data when non-sampling stochastic error is present. Fisheries Research 59: 149–159.
Fox, E. L. B.  2020. A transdisciplinary approach to decision support for dams in the northeastern U.S. with hydropower potential. Doctoral dissertation, University of Maine, Orono, ME.
Gibson, A. J. F., and R. A. Myers. 2003a. A meta-analysis of the habitat carrying capacity and the maximum lifetime reproductive rate of anadromous alewife in eastern North America. p. 211-221. In K. E. Limburg, and J.R. Waldman [ed.] Biodiversity and Conservation of Shads Worldwide. American Fisheries Society Symposium Series. American Fisheries Society, Bethesda, MD.
Gibson, A. J. F., and R. A. Myers. 2003b. A statistical, age-structured, life history based, stock assessment model for anadromous Alosa. p. 275-283. In K. E. Limburg, and J.R. Waldman [ed.] Biodiversity and Conservation of Shads Worldwide. American Fisheries Society Symposium Series. American Fisheries Society, Bethesda, MD. 
Gibson, A.J.F. and R.A. Myers. 2004. Estimating reference fishing mortality rates from noisy spawner-recruit data. Canadian Journal of Fisheries and Aquatic Sciences 61: 1771-1783.
Gibson, A. J. F., H. D. Bowlby, and F. M. Keyser. 2017. A Framework for the Assessment of the Status of River Herring Populations and Fisheries in DFO’s Maritimes Region. Canadian Science Advisory Secretariat Research Document 2016/105. Fisheries and Oceans Canada, Ottawa.
Hanski, I. 1999. Metapopulation dynamics. Nature 396: 41-49.
Hanski, I. 2004. Metapopulation theory, its use and misuse. Basic and Applied Ecology 5: 225-229.
Haro, A., and T. Castro-Santos. 2012. Passage of American Shad: paradigms and realities. Marine and Coastal Fisheries 4(1): 252–261.
Haro, A., and B. Kynard. 1997. Video evaluation of passage efficiency of American Shad and Sea Lamprey in a modified ice harbor fishway. North American Journal of Fisheries Management 17(4): 981–987.
Hasselman, D. J., D. Ricard, and P. Bentzen. 2013. Genetic diversity and differentiation in a wide ranging anadromous fish, American shad (Alosa sapidissima), is correlated with latitude. Molecular Ecology 22: 1558-1573.
Hasselman, D. J., R. A. Hinrichsen, B. A. Shields, and C. C. Ebbesmeyer. 2012. The rapid establishment, dispersal, and increased abundance of invasive American Shad in the Pacific Northwest. Fisheries 37: 103–114.
Hilborn, R., and Walters, C. 1992. Quantitative Fisheries Stock Assessment: Choice, Dynamics and Uncertainty. Chapman and Hall, New York.
Holmes, E. E., E. J. Ward, and K. Wills.  2012.  MARSS: Multivariate autoregressive state-space models for analyzing time-series data. R Journal 4(1): 11–19.
Jorgensen, J. C., E. J. Ward, M. D. Scheuerell, and R. W. Zabel. 2016. Assessing spatial covariance among time series of abundance.  Ecology and Evolution 6: 2472–2485.
Kendall, M. G. 1975. Rank Correlation Methods, 4th edition.  Charles Griffin, London.
Kocovsky, P. M., R. M. Ross, and D. S. Dropkin. 2009. Prioritizing removal of dams for passage of diadromous fishes on a major river system. River Research and Applications 25(2): 107–117.
Lee, L. M., and J. E. Rock. 2017. The forgotten need for spatial persistence in catch data from fixed-station surveys. Fishery Bulletin 116(1): 69-74. 
Limburg, K. E. 1998. Anomalous migrations of anadromous herrings revealed with natural chemical tracers. Canadian Journal of Fisheries and Aquatic Sciences 55: 431-437.
Limburg, K. E., and J. R. Waldman. 2009. Dramatic declines in North Atlantic diadromous fishes. BioScience 59(11): 955–965.
Mann, H. B. 1945. Non-parametric tests against trend. Econometrica 13: 163-171.
Maceina, M. J., and P. W. Bettoli. 1998. Variation on largemouth bass recruitment in four mainstream impoundments of the Tennessee River. North American Journal of Fisheries Management 18: 998-1003.
McBride, M. C., T. V. Willis, R. G. Bradford, and P. Bentzen. 2014. Genetic diversity and structure of two hybridizing anadromous fishes (Alosa pseudoharengus, Alosa aestivalis) across the northern portion of their ranges. Conservation Genetics 15: 1281-1298.
Melvin, G. D., M. J. Dadswell, and J. D. Martin. 1986. Fidelity of American shad, Alosa sapidissima (Clupeidae), to its river of previous spawning. Canadian Journal of Fish and Aquatic Science 43: 640-646.
Millar, R. B. 2014. A better estimator of mortality rate from age-frequency data. Canadian Journal of Fisheries and Aquatic Sciences 72: 364-375.
Moser, M. L., A. M. Darazsdi, and J. R. Hall. 2000. Improving passage efficiency of adult American Shad at low-elevation dams with navigation locks. North American Journal of Fisheries Management 20: 376–385.
Ohlberger, J., M. D. Scheuerell, and D. E. Schindler. 2016. Population coherence and environmental impacts across spatial scales: a case study of Chinook salmon. Ecosphere 7: e01333. https://doi.org/10.1002/ecs2.1333.
Palkovacs, E. P., D. J. Hasselman, E. E. Argo, S. R. Gephard, K. E. Limburg, D. M. Post, T. F. Schultz, and T. T. Willis. 2013. Combining genetic and demographic information to prioritize conservation efforts for anadromous alewife and blueback herring. Evolutionary Applications 7: 212-226.
Punt, A. and R. Hilborn. 1997. Fisheries stock assessment and decision analysis: the Bayesian approach. Reviews in Fish Biology and Fisheries 7: 35-63.
Quinn, T. J. and R. B. Deriso. 1999. Quantitative Fish Dynamics. New York: Oxford University Press.
Ricker, W. E. 1975. Computation and interpretation of biological statistics for fish populations. Fisheries Research Board of Canada Bulletin 191.
Smith, M. W., A. Y. Then, C. Wor, G. Ralph, K. H. Pollock, and J. M. Hoenig. 2012. Recommendations for catch-curve analysis. North American Journal of Fisheries Management 32(5): 956-967.
Sprankle, K. 2005. Interdam movements and passage attraction of American Shad in the lower Merrimack River main stem. North American Journal of Fisheries Management 25(4): 1456–1466.
Stevenson, C. H. 1899.  The shad fisheries of the Atlantic coast of the United States.  Pages 101-269 in U.S. Commission of Fish and Fisheries, Part XXIV.  Report of the Commissioner for the year ending June 30, 1898.  Government Printing Office, Washington, D.C.
Stich, D. S., T. F. Sheehan, and J. D. Zydlewski. 2019. A dam passage performance standard model for American shad. Canadian Journal of Fisheries and Aquatic Sciences 76: 762–779.
Stich, D. E. 2020. Anadrofish. R package for modeling anadromous fish population responses to freshwater habitat changes. Available:https://github.com/danStich/anadrofish.
Then, A.Y., J. M. Hoenig, N. G. Hall, D. A. Hewitt, and E. Jardim. 2015. Evaluating the predictive performance of empirical estimators of natural mortality rate using information on over 200 fish species. ICES Journal of Marine Science 72: 82-92. 
Thorson, J. T. 2019. Guidance for decisions using the Vector Autoregressive Spatio-Temporal (VAST) package in stock, ecosystem, habitat and climate assessments. Fisheries Research 210: 143-161. 
Waldman, J., K A. Wilson, M. Mather, and N. P. Snyder. 2016. A resilience approach can improve anadromous fish restoration. Fisheries 41(3): 116-126.
Walburg, C. H., and P. R. Nichols. 1967. Biology and management of the American Shad and status of the fisheries, Atlantic Coast of the United States, 1960. Page 105. Bureau of Commercial Fisheries, Special Scientific Report Fisheries-No. 550. 
Wigley, S. E., P. J. Rago, K. A. Sosebee, and D. L. Palka. 2007. The analytic component to the Standardized Bycatch Reporting Methodology Omnibus Amendment: sampling design end estimation of precision and accuracy (2nd edition). U.S. Department of Commerce, Northeast Fisheries Science Center Reference Document 07-09; 156 p. 

Zuur, A. F., R. J. Fryer, I. T. Jolliffe, R. Dekker, and J. J. Beukema. 2003. Estimating Common Trends in Multivariate Time Series Using Dynamic Factor Analysis. Environmetrics 14(7): 665–85.

image6.png
Instantaneous Mortality Rate

Wihoutspawring Wit Spowring
History Hitory

Hiiidil
LR e

ISR

05

Exploitation Rate

Tt

gggegge ggggge
Sample Size




image7.png
aB,(1-U,)
Rywe=17 BB,(1—U,)




image8.png
R _ aBb,
kT 1468,




image1.png
Metrictons

American Shad Commercial Landings, 1950-2018
2500

o
1880 1950 190 1970 1980 1990 2000 2010 2020 2030




image2.png
Table 2.1. Major data types available for the 23 American Shad stocks included in this assessment.
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Fish Independent
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