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Introduction

Despite a long history of fisheries research on resource productivity, the suitability of candidate harvest strategies continues to generate active debate and this field still demands ongoing investigation. Simple harvest strategies with constant reference points may be made operational through policies that implement constant catch, constant fishing mortality rate or constant escapement. A reference point for a performance indicator is a guidepost for decision making. Often it is a threshold that delineates a boundary between acceptable and unacceptable states of the performance indicator. Thompson (1999), referring to these as single parameter decision rules, described their historical development and compared their principal features. Rigorous implementation of constant catch policies can lead to collapse if the population biomass fluctuates below some threshold (May et al 1978) and has long been recognized as a risk prone strategy (Gulland 1974). In a recent review, Walters and Pearse (1996) discussed the advantages of constant fishing mortality rate policies in contrast to constant escapement policies. Proportional escapement policies (Sainsbury et al 2000) are equivalent to constant fishing mortality rate policies. Cod and haddock on Georges Bank have been managed using fishing mortality rate strategies, and only these are considered further.

Population dynamics theory suggests that exploiting a resource using a harvest strategy that prescribes a constant moderate fishing mortality rate should conserve productivity. Such a policy may not perform satisfactorily in practice however, because the rate of recovery for depleted populations may be slow and it affords little latitude for errors of assessment or environmentally driven fluctuations of productivity, particularly if these are temporally correlated (Shepherd 1981). Thompson (1999) also noted that single parameter rules may not be optimal, but full optimal control solutions can be "opaque" and "inaccessible". A practical compromise that extends single parameter rules is to specify the functional form of the strategy and then determine its reference points to satisfy the strategic goals. Strategies with functional forms that reduce the fishing mortality rate when the biomass is low perform better, in relation to both long term yield and conservation of the resource (DFO 1999, NRC 1998, Restrepo et al. 1998, Shepherd 1981).

Such a harvest strategy with one biomass reference point could be sufficient if there was confidence that the recruits per spawner does not decrease at low biomass, referred to as reproductive depensation. While convincing evidence for reproductive depensation is equivocal (Myers et al. 1995; Liermann and Hilborn 1997), Shelton and Healey (1999) concluded that depensation would generally be difficult to detect even if it did occur. Recovery from such a depleted state could be very protracted or perhaps not even possible (Hutchings 2000). In recognition of this, the Canadian policy on the Precautionary Approach advocates the identification of conditions that represent serious or irreversible harm by a second, lower biomass reference point. The two biomass reference points define three zones, Healthy, Cautious and Critical (CSAS 2006). Management actions should incorporate a progressive reduction of the fishing mortality reference in the Cautious zone as stock condition worsens and specify lowest practicable removals in the Critical zone. 

USA legislation pertaining to the Precautionary Approach requires that over-fishing be prevented and that over-fished stocks be rebuilt. Guidelines supporting the legislation propose a biomass reference for over-fished that is the greater of (1-M)BMSY or ½BMSY and a progressively reducing fishing mortality reference as biomass declines (Restrepo et al 1998). Over-fished stocks may require recovery plans that consider a biomass recovery target, a rebuilding timeframe and a rebuilding trajectory.

During the late 1990s and early 2000s, Canada and the USA developed a consistent management approach for the transboundary Atlantic cod and haddock resources on eastern Georges Bank. As part of that arrangement, the joint Canada/USA Transboundary Management Guidance Committee (TMGC) established a common harvest strategy for these management units:

Maintain a low to neutral risk of exceeding the fishing mortality limit reference (Atlantic cod: Fref = 0.18, haddock: Fref = 0.26). When stock conditions are poor, fishing mortality rates should be further reduced to promote rebuilding.

The strategy established by the TMGC respects the principles of the Precautionary Approach. The established fishing mortality reference satisfies the requirement for specification of a removal reference for over-fishing when the stock is not in an over-fished state. When the TMGC harvest strategy was being developed, there was some consideration of candidate biomass reference points. As there was some urgency to establish a workable common strategy and there was insufficient time to reconcile differences in the biomass reference points and their associated implied management actions, these aspects were not resolved. 

The pre-agreed rules may not fully comply with Canadian and USA guidelines for implementation of the Precautionary Approach because they do not specify how a poor stock condition is determined. The purpose of this paper is to stimulate discussion for consideration of developing the necessary candidate biomass reference points for the transboundary resources of Atlantic cod and haddock on eastern Georges Bank. Establishment of biomass reference points could enhance the common Canada/USA harvest strategy established by TMGC by clarifying when stock conditions are poor and specifying the responsive management action less ambiguously. Agreement on biomass reference points may require compromises to national practice, but cannot violate national legislation or policy.

Methods

Production Dynamics
Investigation of harvest strategies aimed at conserving resource productivity requires characterization of productivity in response to alternative F harvest rates. The primary processes that comprise the production response are somatic growth, mortality and recruitment (Beverton and Holt 1957). As we are evaluating harvest strategies, the fisheries exploitation pattern by age is also a factor.

Methods of studying production dynamics can be classified according to whether they treat the individual processes explicitly as distinct quantities, the dynamic pool models, or whether they deal with the net effect of these processes as a collective aggregate, the surplus production models. Dynamic pool models are challenging to apply because they rely on an explicit stock-recruit relationship. Data for marine fish populations often do not convincingly support any of the suite of parametric stock-recruit models that have been proposed. Surplus production models are appealing because they are less demanding of information and provide the response of yield to F and B directly. However, they have some serious drawbacks. Although modern techniques do not assume that the data represent equilibrium conditions, a major criticism of simpler fitting methods, they generally assume that the population follows a logistic growth model that is symmetric. Results from dynamic pool models indicate that asymmetry is more likely. Generalized surplus production models with asymmetric growth have been developed but it is often found that the additional shape parameter is poorly determined and can make estimation unstable. Perhaps a more critical drawback of surplus production models is that they imply a significant increase in natural mortality at high biomass as a density dependent compensation (Shepherd 1982). Estimates of current population status are generally based on age structured models that make the more parsimonious assumption of constant natural mortality for the range of biomass considered. Evidence for an increase in natural mortality as biomass increases is not available. Comparing estimates of current status to reference points derived from models that are inconsistent in their assumptions is not justifiable. Accordingly, dynamic pool models are favored for derivation of references points for Atlantic cod and haddock on eastern Georges Bank.

The use of dynamic pool models to investigate the response of yield to alternative harvest strategies has long been recognized (Beverton and Holt 1957). Shepherd (1982) and Sissenwine and Shepherd (1987) elaborated on the application and interpretation of results from dynamic pool models. In essence, the yield response is derived by merging the effects of mortality, somatic growth and maturation modeled by yield and biomass per recruit dynamics with the effects of recruitment modeled by a stock recruitment relationship. Each fishing mortality rate is associated with a characteristic biomass per recruit derived from the yield per recruit analysis. A straight line through the origin with a slope equal to the inverse of the biomass per recruit intersects the stock recruitment relationship at the equilibrium point characteristic for that fishing mortality rate. This equilibrium recruitment and biomass can be combined with yield per recruit results to obtain the yield response as a function of F and B.

The fit of recruitment and biomass data to parametric stock and recruitment relationships is often, at best, very poor. To deal with this impediment, Clark (1991) studied the yield response over the plausible range of Beverton-Holt and Ricker stock and recruitment relationships for typical groundfish life history parameters. Unfortunately, recruitment and biomass data for marine fish populations is often inadequate to support even entertaining any form of parametric stock recruitment relationship. In the absence of a reasonable fit to a parametric stock recruitment relationship, non-parametric descriptions of available observations (Cook 1998, Evans and Rice 1988, Getz and Swartzman 1981) can be used in a simulation environment to investigate the response of stocks to alternative harvest strategies (Overholtz et al 1986). Such simulations can become very complex and interpretation of results is limited to the conditions that are simulated.

Biomass Reference Points

The identification of biomass reference points would be greatly facilitated by the existence of clearly demarcated “breakpoints”, “step changes” or “bifurcations” in production dynamics, or more specifically, to the stock-recruit relationship. However, changes in productivity appear to be continuous and often, obvious thresholds that can serve as unequivocal boundary points cannot be readily identified. Nevertheless, analysis of production dynamics can provide insights that can guide the specification of practical candidates for reference points. Guidelines have been established in both Canada and the USA for the determination of biomass reference points.

The progressive reduction of the fishing mortality reference occurs at the Bover-fished reference for the USA guidelines and at the boundary of the Healthy and Cautious zones (Bupper) for the Canadian guidelines. Functionally, therefore, Bover-fished and Bupper are equivalent. However, candidate values for these may differ as they are derived from different principles. Bover-fished is based on maximum sustainable yield concepts. Based on typical production dynamics over a range of plausible demographic parameters, it was suggested that (1-M)BMSY or ½BMSY could serve as a robust biomass reference point. Bupper is typically determined from the stock recruitment relationship. It has been proposed that a practical candidate for Bupper is the biomass below which the chance of good recruitment is reduced. Stock recruit data are typically represented with recruitment on the abscissa and biomass on the ordinate. While concave stock recruit relationships are possible, convex forms are more typical and considered the norm. The convex forms may either attain a maximum or may be asymptotic. The biomass at which the maximum recruitment is achieved or where recruitment begins to asymptote may be taken as Bupper. Fitting either parametric or non-parametric models to recruitment and biomass data is challenging and generally contentious. Often, satisfactory, though subjective, identification of Bupper can be made from examination of the empirical scatter plot of recruitment and biomass data without the attendant criticisms associated with model fitting.

A Critical zone defined by a second biomass reference is not integral to the legislated USA requirements. The Critical Zone warns of high potential for serious risk. From a biological perspective there does not appear to be a completely non-arbitrary method of determining the point at which serious harm can be considered to have taken place in the absence of convincing evidence for a depensatory response in the recruitment or production function. Therefore it is inevitable that there will be some subjectivity in the determination of this limit reference point. Various practical, but arbitrary, proxies have been put forth as candidates for a biomass limit reference point. For example, Myers et al. (1994) advocate a limit reference point corresponding to the stock biomass that produces 50% of the maximum predicted average recruitment. A number of alternative methods for determining Blimit were considered by a national DFO working group on the Precautionary Approach (DFO 2004). Four “biological statements” defining the Blimit threshold were considered:

· Brecovery is the lowest biomass from which there was previously a sustained recovery. This definition is founded on the notion that we simply do not know how the production processes might change if the biomass declines to levels that have not been previously observed.

· Serebryakov’s method is used to find B50/90, the biomass corresponding to the intersection of the 90th percentile of recruits per spawner and the median recruitment. This definition relies on a requirement to generate arbitrary median recruitment under favorable (an arbitrary percentile) larval and juvenile survival conditions.

· Brpoor is the highest biomass for which the probability of recruitment being less than the 10th percentile of observed recruitment is less than 10%. This definition establishes an arbitrary “poor” recruitment based on observed values and uses predicted density distributions of recruitment given biomass, to obtain a biomass associated with an arbitrary percentile.

· B50%Rmax is the biomass corresponding to 50% of maximum recruitment implied by a stock recruitment relationship. This definition arbitrarily establishes “poor” recruitment as 50% of the predicted maximum from a fit. This proxy may be computed using various parametric forms and non-parametric techniques. It is prudent to explore several of these methods and often at lease a Beverton-Holt, a Ricker and a non-parametric approach are attempted.

Management Response

A harvest strategy is not complete upon identification of biomass reference points. The management response in the zones defined by the biomass reference point must be specified. Several classes of response have been employed:

· Simple specification of a suitable F in each zone

· Specification of a ‘rebuilding plan’ with a biomass recovery target and a time horizon

· Consideration of transient short-term biomass change, B, when establishing harvest

A harvest strategy may incorporate one or a combination of these and other management responses to change in biomass relative to the biomass reference point(s).
Discussion

In each application, experience, judgment and knowledge of stock specific circumstances are important in the evaluation of biomass reference points. Religious adherence to rigid guidelines for establishing reference points may lead to impractical rules. Further, it is good practice to consider the “biological reasonableness” of other population quantities implied by the dynamics implied for the candidate biomass reference points (e.g. the Fmsy, Bmsy and MSY yield that would be obtained from synthesizing the fitted stock recruit relationship with yield per recruit results) and the relative magnitude of the lower biomass threshold in relation to the other reference points in the harvest strategy. Finally, all of these procedures rely to a greater or lesser extent on stationarity of the production processes. Suspected changes in the productivity regime, due either to environmental conditions or population and fishery dynamics, need to be taken into account when interpreting results.
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