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Abstract 
Holistic approaches to managing living marine resources, which consider the suite of ecological and 
environmental interactions affecting a population, are becoming increasingly common. Often, these approaches 
utilize predictive models that include ecosystem dynamics. However, the application of marine ecosystem 
modeling tools is generally limited due to the lack of formal reviews of the model's utility and performance, 
despite these practices being commonplace for single-species stock assessment models. Herein, we provide an 
account of our experience undergoing a formal review of a Gulf of Mexico end-to-end marine ecosystem model. 
Guided by lessons learned from the “guinea pigs'' preceding us, described by Kaplan and Marshall (2016), we 
crafted and implemented a two-phase project timeline consisting of an informal review with regional experts and 
a formal review with independent experts. While the outcome of our review was that the model was not yet 
ready for use, a list of necessary model refinements provided by the reviewers offered a clear path for the model 
toward operational use. We reflect upon the practical challenges, successes, and setbacks encountered during 
our experience, offering insights into structuring a marine ecosystem model review for future applications. 
Additionally, building upon previous recommendations, we provide a list of baseline standards for reviewing 
marine ecosystem model performance. Addressing the inherent challenges in the review of marine ecosystem 
models is crucial for unlocking their potential contributions to ecosystem-based management, and our 
recommendations outlined herein offer guidance for future reviews. 
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1.  Introduction 

There is growing appreciation that the management of living marine resources should shift from the traditional 
single-species approach to a more holistic approach, acknowledging that fishing is merely one element in the 
collection of natural and anthropogenic drivers that influence a population. Such an approach is often called 
Ecosystem-Based Fisheries Management (EBFM) (Brodziak and Link, 2002; Pikitch et al., 2004; Fogarty, 2014). 
To support EBFM, the predictive modeling tools utilized for research and advice must account for ecosystem 
interactions. This includes the development of more holistic fisheries stock assessment models that capture 
ecosystem dynamics (Lynch et al., 2018). In the USA, there has been notable progress in expanding single-species 
stock assessments to include ecosystem considerations (Marshall et al., 2019). Another avenue toward EBFM is 
the incorporation of information from more complex marine ecosystem models (MEMs). As delineated by 
Plagányi (2007), these include — but are not limited to — dynamic multispecies models (e.g., Gadget), dynamic 
system models (e.g., Ecopath with Ecosim), and spatially explicit dynamic system models (e.g., Atlantis). A 
notable success story from the Gulf of America (previously referred to as the Gulf of Mexico, hereafter 
abbreviated as GOM) is the inclusion of red tide mortality effects on population dynamics of economically 
important grouper species in the Southeast Data, Assessment, and Review (SEDAR) stock assessment process 
(SEDAR, 2019; SEDAR, 2021; Sagarese et al., 2021). In this case, an age-specific index of red tide mortality for 
gag grouper (Mycteroperca microlepis) was derived from the West Florida Shelf Ecopath-with-Ecosim (EwE) and 
Ecospace model (Vilas et al., 2023) and used to inform the potential effect of the 2021 red tide event on gag 
grouper during catch projections (SEDAR, 2021). This application is the first case in the GOM of a MEM 
contributing directly to the development of catch advice, giving inspiration for applications to other stocks and 
with other MEMs.  
 
A key factor limiting the application of MEMs for the development of fisheries management advice is the 
uncertainty regarding model utility and credibility (Link et al., 2010) in conjunction with the lack of model 
performance evaluations (Steenbeek et al., 2021; Craig and Link, 2023; Kempf et al., 2023), which also hinders 
the adherence to good modeling practices (Jakeman et al., 2024). Stock assessments undergo a formal review 
process to communicate technical details and evaluate methodology, ensuring that model results are providing 
the best available insights for effective management (Lynch et al., 2018). We defined a formal review as a 
structured evaluation process in which one or more qualified experts assess the scientific information to ensure 
its quality and credibility. The experts, who must be independent from the model's development and any 
affiliations with agencies or constituent groups, must conduct an impartial, objective review, free from conflicts 
of interest and external influence. Formal reviews in this context, and in our discussion below, typically involve 
panels of three or more experts who spend multiple days learning about model dynamics and questioning model 
developers; in this manner they exceed the scope of review, verification and assessment required for scientific 
journal publications (though such scientific journal reviews often precede the formal review panel). 
 
Formal reviews of MEMs are infrequent (Steenbeek et al., 2021; Craig and Link, 2023), though some cases have 
been documented. For example, the stochastic multi-species modeling methodology was reviewed by the 
International Council for the Exploration of the Sea (ICES) (ICES 2016, 2019c, 2023). An EwE model of the Irish 
Sea was reviewed informally (ICES 2018, 2019b) and formally (ICES, 2019c). Additionally, a formal review of 
multiple models of mixed complexity was attempted during the Atlantic menhaden stock assessment (SEDAR 
2020). Lastly, an Atlantis model of the California Current was formally reviewed through the National Oceanic 
and Atmospheric Administration’s (NOAA) Center of Independent Experts (CIE) (Kaplan and Marshall, 2016). 
Considering the need to formally review MEMs and the current rarity of formal reviews of MEMs, it is imperative 
to leverage these cases for progress. 
 
There is a diverse toolbox of MEMs available for the GOM (O’Farrell et al., 2017), including a biogeochemical 
end-to-end MEM of the Gulf of Mexico (GOM Atlantis). The GOM Atlantis model was developed to support EBFM 
(Ainsworth et al., 2015; Perryman et al., 2023b) and has been used to investigate the implications of oil pollution 
(Dornberger et al., 2023; Morzaria-Luna et al., 2022; Ainsworth et al., 2018), point-source nutrient introduction 
(Dornberger et al., 2023), ecosystem indicators (Masi et al., 2017), management strategy evaluation (Masi et al., 
2018), and climate change (Olsen et al., 2018). The Atlantis modeling framework is spatially explicit and built on 
dynamically integrated submodules for physical and biogeochemical processes, ecology, human uses, and 
management (Audzijonyte et al., 2019). Atlantis is a complex MEM, and its complexity can reach even higher 
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levels when optional features are activated (e.g., environmentally driven ecological responses, dynamic 
assessments). While increased complexity may improve ecological realism, it comes at the cost of increased 
model uncertainty (Collie et al., 2016).  
 
Our project executed a formal review of the GOM Atlantis model with the goal to assess the model's readiness 
for providing EBFM advice for GOM shrimp (penaeid) stocks. We conducted a formal review in a manner similar 
to a stock assessment review (Lynch et al., 2018), and leveraged experience from a previous Atlantis model 
review (Kaplan and Marshall, 2016). This was an extensive process for both modelers and reviewers which 
culminated with a list of necessary model refinements provided by the reviewers, offering a clear path for the 
GOM Atlantis model toward operational use in support of shrimp EBFM. Leveraging the experience described in 
Kaplan and Marshall (2016) was invaluable, underscoring the importance of sharing lessons learned to help 
advance the broader community by developing frameworks that assist both modelers in preparing for reviews 
and reviewers in executing them. In this paper, we overview our experiences and build upon the lessons learned 
by Kaplan and Marshall (2016), marking the transition from being test subjects (i.e., “guinea pigs”) towards 
establishing guides to support and streamline future MEM reviews. First, we overview the GOM Atlantis model 
review. Next, we summarize lessons learned, including: structuring a MEM formal review, standards for 
evaluating MEM performance, and accounting for uncertainty. Lastly, we provide supplementary details of our 
MEM review process to further contextualize our lessons learned. 
 

2. How we got here: an overview of the Gulf of Mexico Atlantis model review 

Leveraging lessons learned by Kaplan and Marshall (2016), we focused the review of the GOM Atlantis model 
on a specific application (providing EBFM advice for Gulf shrimp) to give the review clear context. To further 
direct the scope of the review, we concentrated on a general research topic (shrimp productivity scenarios) and 
limited diagnostic evaluations to shrimp groups and their major interacting species (key predators and food 
sources). Additionally, we developed and implemented a two-phase approach to execute the review. 
 
In the first phase, we subjected the existing GOM Atlantis model to an informal review with regional experts at 
the National Oceanic and Atmospheric Administration’s (NOAA) National Marine Fisheries Service (NMFS). The 
informal review was held over a series of six webinars, with approximately one webinar occurring every one to 
three months (spanning a total of about ten months). The objective of the informal review was to prepare for 
the formal review, specifically: (i) identify major species interacting with Gulf-shrimp species, (ii) discuss and 
develop model diagnostics, and (iii) evaluate and improve the model's realism. For the second phase, we 
conducted a formal review of the GOM Atlantis model with a panel of independent experts from NOAAs CIE 
program (Brown et al., 2006), which we opted to supplement with three external (non-NOAA) regional experts. 
The formal review was held over a three-day meeting which was open to the public (March 28-30, 2023). The 
objectives of the formal review were the following: (i) to evaluate the data, parameterization, and skill of the 
GOM Atlantis model, with emphasis on predicting stock dynamics and catch of penaeid shrimp groups (brown 
Farfantepenaeus aztecus; white, Litopenaeus setiferus; and pink, Farfantepenaeus duorarum) and their major 
interacting species, (ii) to identify the extent to which the GOM Atlantis model is suitable for incorporating 
environmental effects relevant to shrimp production, (iii) to determine the readiness of the model to conduct 
simulations that assess ecosystem-level impacts of climate change (e.g. representation of habitat changes, 
changes in environmental conditions, and tolerances of species), and (iv) to review recent updates to the Atlantis 
code base specific to the GOM Atlantis model which improves representation of seagrass dynamics.  
 
Ultimately, the CIE review panel concluded that GOM Atlantis is currently not ready for operational use in shrimp 
management but noted the model's potential to address such strategic questions. The reviewers provided a list 
of necessary model refinements, offering a clear path for the GOM Atlantis model toward operational use in 
support of shrimp EBFM. All documentation pertinent to the setup, execution, and results of the GOM Atlantis 
model review has been made available through a GitHub repository (Perryman, 2024). Our experience 
conducting the review shaped a set of lessons learned, which we share in the following section to support future 
MEM reviews.   
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3. Looking ahead: lessons learned from formally reviewing a marine 
ecosystem model 

This section presents key lessons learned from our experience reviewing the GOM Atlantis model. These insights 
are intended to support future efforts in reviewing MEMs, particularly in a formal review setting. We focus on 
three main areas: structuring the MEM formal review, standards for evaluating MEM performance, and 
addressing uncertainty. 

3.1  Structuring a marine ecosystem model formal review  

Targeted focus 

Concentrating the MEM review on a focal species and its key interacting groups allowed the review to dive 
deeper into the dynamics most critical to the project, rather than executing a surface-level examination across 
all the biological groups and fisheries represented in the MEM. Some MEMs simulate an extensive list of 
components. For example, GOM Atlantis includes 91 functional groups and 23 fishing fleets (Ainsworth et al., 
2015). For these MEMs, executing an extensive performance evaluation across all modeled components in a 
single review would be an unreasonable task for both modelers and reviewers. Through this application, we also 
learned that selecting focal model components is not straightforward. Collaborating with regional scientists 
during the informal review was valuable for selecting focal groups; however, regional scientists in the formal 
review later questioned these choices. This underscores the need to provide a strong justification for these 
selections. Additionally, preparing supplementary materials to facilitate the review of other groups and model 
components, should they be requested during the formal review, would be prudent. 
 

Two-phase approach 

Implementing an informal review with regional experts demonstrated considerable value in the preparation for 
formally reviewing a MEM. Other MEM reviews have executed similar two-phase approaches (e.g., ICES, 2018, 
2019b,c). Significant advantages of this approach include assistance in developing visuals to convey model 
diagnostics, which is important for the acceptance of complex modeling results (Rodriguez-Perez et al., 2023), 
and the efficient identification and prioritization of model refinements essential for achieving project 
milestones. Although our two-phase approach had its advantages, we have identified several revisions to the 
informal review process that could benefit future MEM reviews.  
 

First, model documentation was submitted for examination prior to the formal review (see Section 3), but this 
was not done for the informal review. Offering this documentation at the start of the informal review would 
have been helpful to the regional experts involved. Second, while the informal structure allowed for dynamic 
discussions, adding more structure through clear objectives from the outset could result in greater outputs. For 
instance, a formal review with regional experts, particularly managers, could help the modeling team identify 
the most relevant applications and uncertainties for the formal review. Lastly, the experts participating in the 
informal review found it challenging to keep up with model changes over the extended timeline. A shortened 
informal review timeline could benefit participants; however, interactions with a regional team of experts should 
continue beyond the informal review process, putting the recommendation for frequent engagement 
(Townsend et al., 2019; Craig and Link, 2023) into practice. This underscores the importance of carefully 
considering the review timeline (discussed further below).  
 

Regional Expertise 

During the formal review, the insights regarding local ecosystem dynamics provided by three supplemented 
regional experts proved invaluable to the CIE reviewers, who were less familiar with the GOM ecosystem. With 
respect to the evaluation of the model, our experience suggests that regional reviewers are well-suited to 
evaluate region-specific parameters and data (e.g., group spatial/temporal trends, diets, fleet dynamics, 
environmental patterns). Conversely, CIE reviewers are well-suited to evaluate general dynamics and model 
assumptions (e.g., model stability, natural mortality, productivity). This division of labor between regional and 
CIE reviewers could improve the evaluation process, ensuring comprehensive scrutiny of both localized nuances 
and broader ecosystem dynamics. Additionally, the formal review was enriched by the insightful regional 
feedback provided by public attendees. Future MEM reviews should ensure public participation (e.g., through 
virtual access and engagement; Abas et al., 2023), not only to tap into regional expertise but also to promote 
communication and instill confidence among stakeholders.  
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Careful consideration of timeline 

Based on our experiences, the formal review process for a MEM would benefit from following a more interactive 
and longer timeline than that of fisheries stock assessments. In the GOM, stock assessment reviews are managed 
under the SEDAR process, typically involving a week-long workshop with a panel of independent expert 
reviewers. A week-long in-person workshop has proven adequate for reviewing data inputs, model 
configuration, and uncertainty analyses of a stock assessment, however attempting a formal review of the GOM 
Atlantis model in a similar manner proved difficult, despite focusing the scope of the review to components 
pertinent to penaeid shrimp rather than the entirety of GOM Atlantis dynamics. Challenges included having 
ample time to properly introduce reviewers to the pertinent dynamics, for reviewers to thoroughly examine and 
discuss the many diagnostics, and to produce additional model output to follow up on any requests from the 
reviewers. Similar challenges were noted following a recent Atlantic menhaden (single species) stock assessment 
which also considered ecological reference points (Howell et al., 2021; Reum et al., 2021).  
 

Under SEDAR, the assessment process for new analytical approaches (‘benchmark’ assessments) is organized 
around a series of workshops with both regional and independent experts, focusing on analyzing and reviewing 
datasets, developing and refining quantitative population analysis, and conducting an overall review. Extending 
the MEM formal review timeline to something similar could be challenging for independent experts who often 
must travel to attend in-person meetings. However, the CIE review program consists of three types: desk (a brief 
virtual call for reviewers to ask questions), virtual panel (a full panel review held virtually), and in-person panel 
(a full panel review held in person). While fully virtual reviews are possible for stock assessments, they can 
reduce the time for reviewers to fully grasp the scope of the review (Lynch et al., 2018). Given the complexity of 
MEMs and the varying expertise levels of reviewers and attendees, a fully virtual formal review modeled after a 
SEDAR benchmark assessment is unlikely to be feasible for a MEM. Therefore, rather than being exclusively in-
person or fully virtual, the formal MEM review process could effectively combine both formats. 
 

For example, prior to the in-person workshop, an introductory virtual webinar could be held. This time could 
serve as to familiarize the reviewers with the scope of the review, the MEM, and introduce the submitted 
documentation. After a brief period of time (e.g., a couple of weeks), the in-person workshop could be held. 
Since introductory presentations have recently occurred, the in-person workshop could immediately commence 
the in-depth review of the model diagnostics and uncertainty, along with starting an inventory of any panel 
requests for additional analyses. Following the in-person workshop, a final virtual webinar could be held to serve 
as a follow-up on any panel requests and any final deliberation. We acknowledge that expanding the review 
process of a MEM may introduce additional logistical obstacles, such as increased time, effort, and expenses. 
Additionally, an extended time commitment may reduce the available pool of qualified reviewers. Similar to 
stock assessments, these challenges warrant consideration to ensure quality and credibility in the tools being 
used to develop fisheries management decisions (Lynch et al., 2018). Careful thought is necessary to develop a 
MEM formal review structure and timeline that strikes a balance between feasibility and productivity.  
 

Concise summaries of model information 

Formal reviewers are obligated to examine all documents submitted for the review, which can be numerous and 
lengthy. Our experiences illuminated the value of a succinct presentation of materials. Organizing information 
on the model's structure, development, parameterization and behavior into easily digestible summaries 
facilitates the comprehensive review process. This, in turn, improves the prospects for the model to be accepted 
in management applications. For example, throughout the review of GOM Atlantis, particular attention was paid 
to the fisheries subroutine and harvest, which offers a broad range of features (Audzijonyte et al., 2017b, 2019). 
Ultimately, the review resulted in updated parameterizations (following the informal review) and recommended 
improvements to fleet dynamics (following the formal review). These discussions, however, as well as 
discussions of other modeled subroutines, would have been better facilitated and streamlined with some sort 
of subroutine summary.  
 

Summary protocols should be extended beyond model output diagnostics to also review individual components 
(e.g. species-level input data as well as output diagnostics) of the model, especially those directly pertinent in 
the review. For example, in the southeast region, “one-pagers” summarizing the utilized data and analysis results 
have become popular amongst stakeholders, as they succinctly summarize the key aspects of an analysis without 
requiring one to read an entire technical document. For a MEM review, “one-pagers” (or multiple-pages 
depending upon the content) could be prepared for each functional group relevant to the question at hand to 
summarize model inputs and outputs pertinent to the evaluation standards (see Section 3.2), allowing reviewers 
and interested stakeholders to easily and quickly identify potential issues in need of addressing. For example, 
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10 one-pagers could have been developed for this application covering Gulf shrimp, their major predators, and 
their prey.  
 
Although not explicitly followed in this application, recent years have seen the development of protocols for 
summarizing MEMs that are aimed at enhancing transparency and reproducibility while providing a concise 
model overview. Examples include three screening questions proposed by Grimm et al. (2020b), the ODD 
protocol (Overview, Design concepts, Details; Grimm et al., 2006, 2010, 2020a), and the OPE protocol 
(Objectives, Patterns, Evaluation; Planque et al., 2022). Grimm et al. (2020b) proposed three critical questions 
for evaluating MEMs: the model's purpose, organization, and evidence of functionality. While these questions 
offer simplicity and effectiveness, the ODD protocol provides additional details on model design. Originally 
developed for agent-based models, the ODD protocol is increasingly used in the MEM community, leading to 
the development of the complementary OPE protocol by Planque et al. (2022), which includes evaluation 
procedures. Future model reviews should more formally and directly consider these protocols, even though 
some recommendations are similar to those items detailed in Kaplan and Marshall (2016). 

3.2  Standards for evaluating marine ecosystem model performance 

Evaluating MEM performance is necessary to foster confidence in its operational use (Steenbeek et al., 2021; 
Craig and Link, 2023; Kempf et al., 2023). This process is often referred to as model skill assessment or validation, 
which evaluates how well a model reflects the true system (Olsen et al., 2016). However, because true system 
dynamics cannot be directly measured, model performance evaluation is instead based on how well outputs fit 
to observational data (Stow et al., 2009). While there is uncertainty in both observational data and MEMs, 
together they offer a better depiction of reality (Skogen et al., 2021). 
 
MEM performance is evaluated using metrics and characteristic signatures, for which there is a growing library. 
Stow et al. (2009) reviewed metrics and approaches for evaluating model skill assessment, specifically regarding 
ecological or biogeochemical MEMs coupled to a physical model. Link (2010) proposed a set of rigorous and 
uniform standards by which the foundation of all ecological models and related applications for any system can 
be assessed (termed the PREBAL diagnostics). Bennet et al. (2013) reviewed numerical, graphical and qualitative 
methods for assessing model performance techniques across various fields of environmental modeling. Kaplan 
and Marshall (2016) proposed credibility and quality control standards for end-to-end models. Hipsey et al. 
(2020) reviewed methods for evaluating the performance of aquatic ecosystem models. The ICES working group 
on multispecies assessment methods (WGSAM) proposed standardized criteria for consistent review of models 
(ICES, 2019c), which inspired a framework with guiding questions designed for specific, practical, and adaptable 
skill assessments of models for EBFM (Kempf et al., 2023). How one evaluates MEM performance, including the 
choice of metrics and methods of evaluation, depends on the MEM itself, the application scope, and 
observational data/information available (Stow et al., 2009; Bennett et al., 2013; Planque et al., 2022). For 
example, focusing model development and the review on Gulf shrimp and relevant species during review 
allowed a deep dive into model parameters, which will help guide future model refinements. A baseline set of 
standards for reviewing MEM performance improves efficiency, reduces ambiguity, and builds a foundation for 
interactive improvement.  
 
In the following, we outline a set of baseline standards to consider when reviewing MEM performance. This list 
is based on our experience executing the recommendations from Kaplan and Marshall (2016), developing 
diagnostics through the informal review, and evaluating diagnostics through the formal review, as well as the 
consideration of the growing literature. There is no one metric that comprehensively captures all discrepancies 
between model outputs and observations (Stow et al., 2009; Olsen et al., 2016). Not only should a set of metrics 
be considered when evaluating MEM performance, but each modeled component should have its own collection 
of metrics. Our recommended set of baseline standards encompass evaluation criteria for (i) individual biological 
groups (Table 1), (ii) community structure (Table 2), (iii) modeled fisheries (Table 3), (iv) environment and group 
responses (Table 4), and (v) spatially explicit models (Table 5). We broadly outline our recommended set of 
baseline standards in the text, and provide tables that summarize examples of quantitative assessment 
methods, visual diagnostics, and reflections from our application (if applicable). Our recommendations serve as 
a base, and we advocate for customization to tailor to individual models and applications (Hipsey et al., 2020; 
Planque et al., 2022). Additionally, standards may need evaluation at various temporal and spatial scales. Any 
deviations from a standard should be explained to distinguish model weaknesses from exceptions (Link, 2010; 
Kaplan and Marshall, 2016). 
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i) Standards for the assessment of individual biological groups  

While it is ideal to achieve these standards for all simulated biological groups, this can be challenging for end-
to-end MEMs (Kaplan and Marshal, 2016; Pethybridge et al., 2019). A MEM review should meet these standards 
for biological groups pertinent to the model application The acceptance of any deviations should be left to the 
discretion of the review panel. 

a. Biomass trends persist and are relatively stable. This standard is two-fold. First, no functional group 
should go extinct. Second, a simulation with no fishing and constant environmental forcing (no 
stochasticity) should result in no significant trends in forecasted biomass for the majority of vertebrate 
species/groups. These are general rules to demonstrate model stability, but any exceptions should be 
described (Kaplan and Marshall, 2016).  

b. Biomass trends display temporal patterns that qualitatively match data/expectation. This standard is 
two-fold. First, modeled biomass trajectories for a historical period should reasonably align with 
available data. Second, modeled biomass trajectories should reproduce patterns of temporal variability, 
including magnitude and timing (e.g., migration, recruitment). Demonstrating that a model properly 
reflects temporal trends in biomass is essential to establish reasonable population dynamics (Kaplan 
and Marshall, 2016). 

c. Length/Weight at age qualitatively matches data/expectation. Demonstrating that a model properly 
allocates resources to growth and appropriately scales it with size/age is essential to establish 
reasonable population dynamics (Hipsey et al., 2020; Kaplan and Marshall, 2016). 

d. Natural mortality decreases with size/age and is consistent with expectations. Demonstrating that a 
model properly handles natural mortality and appropriately scales it with size/age is essential to 
establish a reasonable representation of life history and productivity (Kaplan and Marshall, 2016).  

e. Productivity reference points qualitatively match expectations. Demonstrating that a model properly 
reflects the equilibrium relationships between catch and biomass is essential to establish a reasonable 
representation of stock productivity (Ainsworth et al., 2015; Kaplan and Marshall, 2016).  

 

Table 1: Recommended baseline standards for evaluating the performance of individual biological groups, including 
assessment methods, reflections from our experience reviewing a marine ecosystem model (MEM), visual diagnostic 
examples, and literature examples other than Perryman et al. (2023b). 

Assessment methods Reflections from our experience Visual diagnostics examples Examples 

Biomass trends persist and are relatively stable 

Persistence can be 
achieved when 
biomass is greater 
than 1% of initial 
biomass (Kaplan and 
Marshall, 2016). 

The formal review considered a table 
indicating pass/fail, enabling a quick, 
foundational assessment across all 
groups.  

 Ortega-
Cisneros et 
al. (2017). 

Relative stability can 
be assessed visually 
with time series, and 
quantitatively with 
thresholds.  
 
In the case of Atlantis, 
the threshold range 
±20-50% of initial 
conditions is 
commonly used 
(Horne et al., 2010; 
Audzijonyte et al., 
2017a; Pethybridge et 
al., 2019). 

The model should be simulated to 
equilibrium. For age-structured groups, 
cohorts should be examined 
individually.  
 
In Atlantis, vertebrate groups utilize 
nitrogen as the “currency”, so 
evaluation should include biomass, 
abundance, and weight to avoid 
concealing underlying trends 
(Pethybridge et al., 2019). This was 
observed during the formal review of 
GOM-Atlantis, where apparent stability 
in biomass for red snapper (Lutjanus 
campechanus) masked opposing trends 
in abundance and weight (Perryman et 
al., 2023b). 

 

McGregor et 
al. (2019); 
Pethybridge 
et al. (2019). 
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Table 1 (continued) 

Assessment methods Reflections from our experience Visual diagnostics examples Examples 

Biomass trends display temporal patterns that qualitatively match data/expectation 

Visual inspection of 
time series, 
quantitative 
inspection of a 
combination of error 
metrics, and/or 
quantitative 
inspection of a 
correlation coefficient 
(Hipsey et al., 2020). 

Ainsworth et al. (2015) presented visual 
comparisons of model outputs against 
observational data for the historical 
GOM Atlantis model. The formal review 
was of the “2016+” GOM-Atlantis 
model, a projection model which lacks a 
historical simulation. 

 

Olsen et al. 
(2016); 
McGregor et 
al. (2019). 

The formal review considered visuals 
displaying annual variability, which 
allowed the inspection of the spawning 
seasonality of shrimps, and tables 
summarizing movement 
parameterizations, which allowed the 
inspection of migration dynamics. 

 

 

Length/Weight at age qualitatively matches data/expectation 

Visual inspection of 
the length-weight 
relationship, length-
weight at age and/or 
size distribution 
histogram (Hipsey et 
al., 2020). 
 
Ideally, this should be 
achieved for the 
majority of vertebrate 
groups (Kaplan and 
Marshall, 2016). In 
the case of Atlantis, 
the threshold range 
±50% of initialization 
has been used (Horne 
et al., 2010). 

The formal review considered visuals 
depicting decadal model outputs 
against a region of acceptance (± 50% of 
initialization). These images sparked 
considerable discussion, underscoring 
the importance. Although the region of 
acceptance offered a quasi-skill 
assessment, reviewers encouraged 
future evaluations to prioritize 
comparisons against data. 

 

McGregor et 
al. (2019). 
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Table 1 (continued) 

Assessment methods Reflections from our experience Visual diagnostics examples Examples 

Natural mortality decreases with size/age and is consistent with expectations 

Visual inspection, 
ideally by plotting 
natural mortality 
(including predation) 
as a function of age 
(Kaplan and Marshall, 
2016; Hipsey et al., 
2020). 

In Atlantis, natural mortality is a 
combination of components (e.g., 
predation, density dependence, 
environmental impacts; Audzijonyte et 
al., 2019). Currently, Atlantis does not 
quantitatively report natural mortality 
for groups (Audzijonyte et al., 2017a). 
To evaluate this standard, the formal 
review considered visuals comparing 
abundance-at-age over time against the 
criteria that younger groups should 
have higher abundance than older 
groups. These images sparked 
considerable discussion, underscoring 
the importance. 
 
Although this approach allowed the 
evaluation of natural mortality 
dynamics, ultimately, reviewers 
recommended developing a method to 
quantitatively ascertain natural 
mortality from Atlantis. These metrics 
are not only important for model review 
but also constitute a crucial input for 
stock assessment. 

 

McGregor et 
al. (2019). 

Productivity reference points qualitatively match expectations 

Visual inspection 
comparing 
equilibrium 
relationships resulting 
from the MEMs 
against available stock 
assessments. For 
most groups (or 80% 
of biomass summed 
across all vertebrate 
groups) the 
productivity should 
qualitatively match 
productivity from 
stock assessments or 
life history theory 
(Ainsworth and 
Walters, 2015; Kaplan 
and Marshall, 2016).  

Some MEMs have tools to predict 
equilibrium relationships (e.g., Ecosim 
allows the prediction of equilibrium 
yield for individual groups; Walters et 
al., 2005). For models lacking such tools, 
productivity can be evaluated by 
simulating the equilibrium response of 
biomass across a range of fishing rates. 
 
The assessment processes for Gulf 
penaeid stocks are currently being re-
evaluated during a research track 
assessment, which is reconsidering 
model structure and how to best 
estimate reference points for this 
annual crop. Because of this, direct 
comparison of stock assessment 
estimates to Atlantis outputs were not 
feasible. Thus, during the formal review, 
Atlantis outputs were compared against 
outputs from a selection of EwE models.  

 

Ainsworth et 
al. (2015); 
Rovellini et 
al. (2024). 
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ii) Standards for the assessment of community structure 

a. Trophic interactions and realized diets qualitatively match expectations. Demonstrating that a model 
properly represents predator-prey dynamics is essential to establish a reasonable representation of 
system ecology (Kaplan and Marshall, 2016). This is exceptionally important given the significant 
influence that dietary parameterization has on model dynamics (Perryman et al., 2020). 

b.  Community structure qualitatively matches expectations. Demonstrating that a model properly reflects 
community dynamics (food web organization, trophic structure, biodiversity) is essential to establish a 
reasonable representation of ecosystem function (Hipsey et al., 2020). Additionally, properties 
pertaining to ecosystem community structure should be properly captured as MEMs can synergize with 
ecosystem indicators to support Ecosystem-Based Management (EBM) (Tam et al., 2019). 

 

 
Table 2: Recommended baseline standards for evaluating the performance of the community structure, including assessment 
methods, reflections from our experience reviewing a marine ecosystem model (MEM), visual diagnostic examples, and 
literature examples. 

Assessment methods Reflections from our experience Visual diagnostics examples Examples 

Trophic interactions and realized diets qualitatively match expectations 

Visual inspection of 
plots or time-series or 
plots that show 
variance (Kaplan and 
Marshall, 2016; 
Hipsey et al., 2020). 
 
If the observational 
data are available, 
one should consider 
predator 
compositions for prey 
in addition to prey 
compositions for 
predators. 
 
Temporal diet 
dynamics should be 
considered as diets 
realized in-model may 
drift throughout a 
simulation. 

The formal review considered visuals 
displaying the average species-specific 
prey compositions from simulation year 
1 (quasi-parametrization) against 
average compositions throughout years 
40-50 (quasi-equilibrium). These images 
distinguished juvenile and adult diets.  
 
These images sparked considerable 
discussion, underscoring the 
importance. We received a number of 
recommendations, such as considering 
spatially explicit predator-prey 
dynamics as to identify possible regional 
biases in either the observational data 
and/or model data.  
 
For predators with complex dietary 
linkages, although species-specific 
evaluations allow for detailed 
assessments, guild-specific evaluations 
may be acceptable and more easily 
digestible (e.g., Fulton et al., 2007). 
 

 

Fulton et al. 
(2007). 

 

Porobic 
Garate 
(2019). 

Community structure qualitatively matches expectations 

Hipsey et al. (2020) 
highlighted properties 
that assess modeled 
community structure 
(e.g., PREBAL 
diagnostics; Link 
2010). Compilations 
of ecological 
indicators also offer 
methods for assessing 
ecological 
organization (Olsen et 
al., 2016; Coll and 
Steenbeek, 2017; 
Hipsey et al., 2020). 

The formal review, proof-of-concept 
PREBAL diagnostics were shown as tools 
for developing PREBAL diagnostics with 
Atlantis outputs are still under 
development (Perryman et al., 2023b). 
The reviews encouraged the completion 
of such tools.  

 

McGregor et 
al. (2019). 
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iii) Standards for the assessment of modeled fisheries 

Evaluations of MEMs often focus on metrics for biological groups and community dynamics (Tables 1-2). While 
these criteria are undoubtedly crucial for evaluating a model, it's imperative to not overlook the evaluation of 
simulated fisheries. This aspect is particularly significant as it demonstrates the model's utility as a tool for 
testing fisheries management scenarios and providing advice for fisheries management. If applicable, fisheries 
outputs should be partitioned by categories pertinent to the system/application (e.g., landings, discards). 

a. Catches qualitatively match data/expectation. This standard is two-fold. First, modeled catch 
trajectories for a historical period should reasonably align with available data. Second, forecasted 
catches should qualitatively agree with expectations. Demonstrating that a model properly represents 
catches is essential to establish a reasonable representation of ecosystem dynamics and function 
(Hipsey et al., 2020). 

b.  Catch structure qualitatively matches expectations. Demonstrating that a model properly represents 
catch structure (catch-at-age, fleet catch compositions) is essential to establish a reasonable 
representation of ecosystem dynamics and function (Hipsey et al., 2020).  

 
 
Table 3: Recommended baseline standards for evaluating the performance of modeled fisheries, including assessment 
methods, reflections from our experience reviewing a marine ecosystem model (MEM), visual diagnostic example, and 
literature examples.  

Assessment 
methods 

Reflections from our experience Visual diagnostics examples Examples 

Catches qualitatively match data/expectation 

Visual inspection 
of time series or 
the computation 
of a user-
determined 
combination of 
error metrics 
(Hipsey et al., 
2020). 

The formal review did not cover 
historical model fitting, as the current 
application was focused on the second 
stage of model development - honing 
the present-day model for shrimp 
perturbation scenarios.  
 
Note, there is value in considering 
catches both in relative terms (rate) and 
absolute terms (tons). Considering rates 
is useful in terms of evaluating stock 
productivity, while the model’s ability to 
match catch tonnage lends confidence 
that the scale of simulated stock sizes is 
adequate to support the magnitude of 
catches. 

 

Olsen et al. 
(2016). 

The formal review considered a table 
that compared modeled average 
catches against the comparable recent 
observation data. This table 
distinguished commercial landings, 
commercial discards, recreational 
landings, recreational discards, and 
fishing mortality (Perryman et al., 
2023b). While this condensed a lot of 
information into one medium, visuals 
would facilitate the evaluation process. 
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Table 3 (continued) 

Assessment 
methods 

Reflections from our experience Visual diagnostics examples Examples 

Catch structure qualitatively matches expectations 

Catch structure 
refers to how 
catches are 
arranged and 
relate between 
parts of the 
system. Visual 
inspection can 
consist of time-
series or plots that 
show variance. 
Additionally, there 
are a variety of 
catch indicators 
that can be 
validated against 
observation data 
(Olsen et al., 
2016; Coll and 
Steenbeek, 2017; 
Hipsey et al., 
2020). 

The informal review considered fleet-
specific catch compositions, which 
resulted in some model refinements. 
Visuals were provided to the formal 
review, but there was not enough time 
to delve into a rigorous formal review 
during the workshop.  
 
For mixed fisheries with diverse 
catches, evaluations may benefit from 
structuring the visuals so that key 
species are identified while the 
remaining organisms are classified by 
guilds.  
 
One should consider the distribution of 
a species' catch amongst the simulated 
fisheries in addition to fleet-specific 
catch compositions. 

 

 

 Formal reviewers recommended the 
consideration of presenting fleet 
selectivities and catch-at-age 
distributions, considering the 
importance of catch-at-age for some 
stock assessment methods. 

 

 

 
 
iv) Standards for environment and group responses 

There is growing interest in using MEMs to gain insight and advice regarding the potential impacts of changing 
environments on ecosystems and management (Bryndum-Buchholz et al., 2020; Tittensor et al., 2021; Morell et 
al., 2023; Perryman et al., 2023a). A model review of such an application should include the evaluation of the 
handling of the environment, environmental changes, and subsequent responses from the biological groups. 
Below are some baseline standards based on the review from Hipsey et al. (2020).  

a. The handling of physical components should qualitatively match expectations. Demonstrating that a 
model properly represents key physical components (e.g., temperature) is essential to establish a 
reasonable representation of the environment. 

b. The handling of water quality and biogeochemistry should qualitatively match expectations. 
Demonstrating that a model properly represents key biogeochemical components (oxygen, nutrients, 
organic matter, pollutants) is essential to establish a reasonable representation of the environment, 
nutrient cycling and/or sediment processes.  
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c. The handling of group responses to the environment should qualitatively match expectations. 
Demonstrating how groups respond to environmental changes is essential to establish the model as a 
reasonable tool for testing scenarios of changing ocean conditions.  

 
 
Table 4: Recommended baseline standards for evaluating the performance of the environment and group responses, including 
assessment methods, reflections from our experience reviewing a marine ecosystem model (MEM), visual diagnostic example, 
and literature examples.  

Assessment 
methods 

Reflections from our experience Visual diagnostics examples Examples 

The handling of physical components should qualitatively match expectations 

Visual inspection 
of time-series to 
evaluate temporal 
patterns, a 
combination of 
error metrics, 
and/or correlation 
coefficients 
(Hipsey et al., 
2020). 

In both the informal and formal 
reviews, this aspect was not 
addressed. However, it should receive 
attention moving forward, given the 
interest in exploring the impacts of 
changing environmental conditions. 
 
In Atlantis, temperature is one of the 
most influential physical components, 
potentially impacting bioenergetics, 
movement, recruitment, and 
assimilation efficiency (Audzijonyte et 
al., 2017a, 2019). The handling of 
temperature should therefore be 
considered in any review. In addition 
to highly influential physical 
components, those essential to 
addressing the research question(s) 
should also be considered.  

 

Xue et al. (2013). 

The handling of water quality and biogeochemistry should qualitatively match expectations 

Visual inspection of 
time-series to 
evaluate temporal 
patterns, a 
combination of 
error metrics, 
and/or correlation 
coefficients (Hipsey 
et al., 2020). 

In both the informal and formal 
reviews, this aspect was not 
addressed. However, it should receive 
attention moving forward, given the 
interest in exploring the impacts of 
changing environmental conditions. 
 
Hipsey et al. (2020) summarized 
pertinent components to consider 
(e.g., oxygen, nutrients, organic 
matter, pollutants). Those highly 
influential in the MEM and/or 
pertinent to management should be 
considered. For instance, oxygen is 
often of focus given it is crucial to 
nutrient cycling and sediment 
processes, such as the GOM ‘dead 
zone’ (e.g., de Mutsert et al., 2016). 

 

Fennel et al. 
(2011); Feng et al. 
(2019). 
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Table 4 (continued) 

Assessment 
methods 

Reflections from our experience Visual diagnostics examples Examples 

The handling of group responses to the environment should qualitatively match expectations 

Hipsey et al. (2020) 
summarized a 
variety of 
properties to 
consider when 
assessing modeled 
ecosystem 
responses to stress, 
some of which 
focus on population 
responses. 
Assessment is 
specific to 
individual cases and 
the responses being 
modeled. 

The informal review revealed that 
there is much interest in exploring the 
impacts of changing environmental 
conditions on shrimp populations in 
the GOM. For the formal review, 
“proof-of-concept” scenarios were 
presented to showcase features 
exploring temperature and salinity 
sensitivity on shrimp movement and 
temperature sensitivity on shrimp 
recruitment. While these proof-of-
concept results were encouraging, the 
formal review panel recommended 
additional development and vetting of 
the model (at large) before the proof-
of-concept scenarios could be 
formally vetted. 

 

 

 
 
v) Standards for spatially explicit models 

Spatially explicit MEMs are tasked with the additional responsibility of reflecting observed spatio-temporal 
patterns (Steenbeek et al., 2021). Evaluating these spatial patterns is essential for validating both the MEM itself 
and its appropriateness for an intended application. Ecosystem processes occur at various spatial scales, while 
spatially explicit MEMs are constructed for a specific scale, sometimes constrained by the available data. 

a. Spatial patterns for biological groups are consistent with data/expectations. Demonstrating that a 
model properly reflects spatial trends in group biomass is essential to establish reasonable population 
dynamics. Additional metrics pertinent to modeled groups and/or community structure should be 
considered if applicable (e.g., predator-prey dynamics, biodiversity). 

b. Spatial patterns for modeled fisheries are consistent with data/expectations. Demonstrating that a 
model properly reflects spatial trends in catch is essential to establish reasonable ecosystem function, 
and the model's utility as a tool for testing fisheries management scenarios (e.g., marine protected 
areas).  

c.  Spatial patterns of environmental components are consistent with data/expectations. Demonstrating 
that a model properly reflects spatial trends in key environmental components (e.g., temperature, 
oxygen) is essential to establish a reasonable representation of the environment, and the model's utility 
as a tool for testing scenarios of changing ocean conditions.  

3.3  Account for uncertainty 

In conjunction with performance evaluation, uncertainty analysis is a valuable element to include in a review of 
a MEM (Kaplan and Marshall, 2016). Considering uncertainty can enhance performance evaluation (e.g., 
comparing a full range of possible outcomes against observations) and demonstrate impacts to model outputs 
(i.e., prediction capabilities; Steenbeek et al., 2021). Assessing uncertainty can be particularly complicated for 
MEMs considering the increased parameterization and data demands (Link et al., 2012; Geary et al., 2020; 
Steenbeek et al., 2021). The GOM Atlantis model, for instance, required about 48 hours of computation time to 
simulate 50 years of ecosystem dynamics (even more on other machines). Computational limitations pose a 
major restriction on the assessment of model uncertainty, for which solutions are needed (e.g., a technical 
remote execution framework that supports the simultaneous execution of multiple simulations; Steenbeek et 
al., 2021). Below, we outline three methods to consider to account for uncertainty: perturbation analysis on a 
selection of parameters, model emulation, and bounded scenarios. 
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• Perturbation analysis on a selection of parameters: Model uncertainty is traditionally assessed by 
analyzing how perturbations to inputs influence model outputs (e.g., sensitivity analysis). A full 
sensitivity analysis is considered unattainable for models such as Atlantis due to the complexity, run 
time, and data storage demands (Gaichas et al., 2012). However, it has been shown that sensitivity 
analysis on a selection of parameters is attainable through perturbation exercises, including model 
initialization (McGregor et al., 2020), parameters associated with key processes (e.g., Ortega-Cisneros 
et al., 2017; Sturludottir et al., 2018; Hansen et al., 2019; de Gamiz-Zearra et al., 2024), or parameters 
often tuned during calibration (e.g., Bracis et al., 2020). Parameters should be selected to focus a model 
review to areas of uncertainty pertinent to the application.  

• Model emulation: Model emulation involves developing a computationally efficient surrogate model for 
a complex model. As long as the emulator outputs are similar to those from the complex model, it 
provides an efficient means to perform sensitivity analyses for computationally intensive environmental 
models (Ryan et al., 2018; Aleksankina et al., 2019). Examples include Morzaria-Luna et al. (2018), which 
demonstrates using a statistical emulator of GOM Atlantis as a means to quantify uncertainty in diet 
estimates, and Ni et al. (2023), which demonstrates using neural networks to capture key dynamics in 
an Atlantis model of the Norwegian and Barents Seas. During the formal review, we overviewed the 
application presented by Morzaria-Luna et al. (2018), and the formal review panel found this 
methodology capable of providing some estimates of model uncertainty. The growing field of artificial 
intelligence may provide additional opportunities for model emulation (Heymans et al., 2018; Perryman 
et al., 2023a). 

• Bounded scenarios: Despite the merits of the above approaches, significant computational demands 
still persist. For instance, de Gamiz-Zearra et al. (2024) dedicated an extensive Morris screening 
approach to explore model sensitivity of the Bay of Biscay Atlantis model, requiring 390 simulations in 
that dedicated publication. Bounded scenarios offer an approach in lieu of a sensitivity analysis (Kaplan 
and Marshall, 2016; Audzijonyte et al., 2019; Hansen et al., 2019; Bracis et al., 2020). This entails testing 
scenarios that represent extreme sets and/or combinations of parameter perturbations that still 
produce realistic results. This approach limits the number of runs (i.e., computation time and needed 
storage space) while allowing some estimate of uncertainty. During the formal review, we overviewed 
bounded scenarios, and the formal review panel found this methodology capable of providing some 
estimates of model uncertainty. Scenarios can explore either pulse (i.e. temporary) or press (i.e. 
sustained) parameter perturbations. 

 
Although parameter and initialization uncertainty were of focus during the formal review, uncertainties for 
MEMs have been generalized into the following additional categories: internal variability, process, structural, 
and scenario/future (Payne et al., 2016; Geary et al., 2020). Parameter uncertainty is often of focus (Steenbeek 
et al., 2021) but, depending on the context of the review, other forms of model uncertainty may need to be 
addressed. For instance, scenario/future uncertainty is likely to dominate under a long-term climate change 
context (Cheung et al., 2016), and MEMs are therefore being increasingly tested under alternate future scenarios 
for emissions or ocean physics (Liu et al., 2025; Nilsen et al., 2025). A MEM review could examine scenario/future 
uncertainty by examining not only the structural pathways simulating future ocean conditions, but also model 
predictions under future ocean conditions (e.g., scenario analysis; Hodgson et al., 2018). Additionally, structural 
uncertainty of MEMs is of growing interest, and one novel way of handling this is ensemble modeling. As 
demonstrated by Spence et al. (2018) in the North Sea, this approach jointly considers structurally dissimilar 
models, accounting for prior information, fit, and discrepancies between models. A review of multiple MEMs is 
challenging (SEDAR, 2020), so a MEM review could examine structural uncertainty through general comparisons. 
For example, during the formal review, we compared shrimp productivities from GOM Atlantis against those 
from a selection of EwE models (Perryman et al., 2023b). 
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Table 5: Recommended baseline standards for evaluating the performance of spatially explicit models, including assessment 
methods, reflections from our experience reviewing a marine ecosystem model (MEM), visual diagnostic example, and 
literature example.  

Assessment 
methods 

Reflections from our 
experience 

Visual diagnostics examples Examples 

Spatial patterns for biological groups are consistent with data/expectations 

Visual inspection of 
spatial distribution 
maps, quantitative 
inspection of a 
correlation 
coefficient, and/or 
quantitative 
inspection of 
absolute error. 
 
Distribution maps 
should be evaluated 
against survey data 
and/or regional 
expert opinion, at 
relevant temporal 
and spatial ranges. 

For many groups in GOM 
Atlantis, spatial biomass 
distributions were 
parameterized based on 
statistical models (summary 
provided in Perryman et al., 
2023b). The informal review 
considered Gulf-wide spatial 
distribution maps for focal 
species, which resulted in 
some refinements to the 
spatial parameterization.  
 
 

 

Ortega-Cisneros et al. 
(2017). 

Spatial patterns for modeled fisheries are consistent with data/expectations 

Visual inspection of 
spatial distribution 
maps, quantitative 
inspection of a 
correlation 
coefficient, and/or 
quantitative 
inspection of 
absolute error. 
 
Distribution maps 
should be evaluated 
against survey data 
and/or regional 
expert opinion, at 
relevant temporal 
and spatial ranges. 

The spatial ranges of fleets 
in GOM Atlantis have been 
parameterized based on 
exclusive economic zones 
(EEZs) and marine protected 
areas (MPAs) (Ainsworth et 
al., 2015). The informal 
review considered Gulf-
wide spatial distribution 
maps of catches from the 
individual fleets, which 
resulted in some 
refinements and updates 
(Perryman et al., 2023b).  

 

Perryman et al. (2023b). 
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Table 5 (continued) 

Assessment 
methods 

Reflections from our 
experience 

Visual diagnostics examples Examples 

Spatial patterns of environmental components are consistent with data/expectations 

Visual inspection of 
spatial distribution 
maps, quantitative 
inspection of a 
correlation 
coefficient, and/or 
quantitative 
inspection of 
absolute error. 
 
Distribution maps 
for any 
environmental 
components (e.g. 
bathymetry, 
temperature, 
oxygen, species 
movement 
responses, etc.) 
should be evaluated 
against data and/or 
regional expert 
opinion. 

In both the informal and 
formal reviews, this aspect 
was not addressed. 
However, it should receive 
attention moving forward, 
given the interest in 
exploring the impacts of 
changing environmental 
conditions. 
 

 

Xue et al. (2013). 

 
 

4.  Digging deeper: supplementary details of the of the Gulf of Mexico Atlantis 
model review 

4.1  Informal review with regional experts 

The informal review consisted of regional experts with first-hand knowledge of the GOM, the project focal 
species (penaeid shrimp), MEMs, and/or EBFM approaches. To focus the GOM Atlantis review, putting the 
recommendation from Kaplan and Marshall (2016) into practice, the regional experts involved in the informal 
review helped identify the major interacting species (predators and food sources) for the penaeid shrimp groups. 
Given that GOM Atlantis is a relatively large model with 91 biological groups and 23 fishing fleets (Ainsworth et 
al., 2015), identifying these groups set the stage for the discussions during the informal review. The informal 
nature of the meetings made them highly interactive, fostering open, detailed, and dynamic discussions on the 
model's diagnostics and realism. 
 
Continuous improvements have been made to GOM Atlantis since its introduction in 2015 (Ainsworth et al., 
2015), and the engaging sessions throughout the informal review resulted in additional improvements that 
progressed the model's realism. A portion of these refinements related to ecological configurations such as 
group abundances, distributions, and predator-prey linkages, but there was a targeted focus on the 
configurations of fishing fleets with respect to the spatial dynamics and annual catches. For instance, prior to 
the informal review, GOM Atlantis handled discarding (catch discarded back to the ecosystem) indirectly for a 
selection of species. The informal review identified the explicit incorporation of discarding to be a high priority 
task but acknowledged that it would require extensive effort. As a starting point, the internal review supported 
the explicit incorporation of dead discarding from fleets pertinent to the focal and key groups: the recreational 
fisheries (all discarded species), and the commercial shrimp fishery (juvenile red snapper, Lutjanus 
campechanus, and Atlantic croaker, Micropogonias undulatus). Dead discards were prioritized due to the 
influence that the recycled biomass may have on the focal penaeid shrimp groups, however reviewers 
throughout the entire model review process stressed the importance of explicitly integrating live discards. 
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Diagnostics developed throughout the informal review were based on the standards for evaluating the 
performance of end-to-end MEMs recommended by Kaplan and Marshall (2016) (see Section 3.2, all standards 
under list (i) and standard (ii.a)). Additional diagnostics were developed with regional experts to complement 
the model improvements accomplished throughout the informal review (see Section 3.2, all standards under list 
(iii) for both landings and discards, standard (v.a) and standard (v.b). The interactive sessions aided in refining 
diagnostics (e.g., graphs, charts, tables) that were ultimately used for the performance evaluation in the formal 
review. 
 
Concurrently with the informal review, we elected to develop an updated technical document of the GOM 
Atlantis model (Perryman et al., 2023b). This document serves as an overview of the current state of the GOM 
Atlantis model, including a report of the model improvements and diagnostics resulting from the informal 
review. Additionally, this document served as an informative guide to the GOM Atlantis model for the formal 
review.  

4.2  Formal review with independent experts 

For the formal review, three reviewers were provided by NOAA's CIE program. Following NOAA guidelines (Lynch 
et al., 2018), the CIE-selected reviewers were not involved in fisheries within the GOM region and had expertise 
in MEMs, processes affecting marine ecosystems, and/or stock assessment. The formal review panel was 
supplemented with three regional, external (non-NOAA) experts to provide the CIE reviewers with knowledge 
on GOM ecology and fisheries. In addition to their regional expertise, the regional external reviewers had 
expertise in formal model reviews through the Gulf of Mexico Fishery Management Council’s Scientific and 
Statistical Committee (SSC). In the USA, all Fisheries Management Councils use recommendations from their 
respective SSC to establish fishery management policies or directives. Including reviewers with SSC experience 
into the formal review was a practical consideration, as uptake of MEM outputs will hinge on managers 
understanding and then utilizing modeled outcomes. 
 
In conjunction with model performance evaluation, model uncertainty and sensitivity are valuable elements to 
include in a MEM review (Kaplan and Marshall, 2016; Steenbeek et al., 2021; Kempf et al., 2023). For the formal 
review, we prepared scenarios to review model sensitivities related to penaeids and their major interacting 
species, as well as scenarios to review the handling of model uncertainty pertinent to penaeids. Due to limited 
time and computational resources, we prepared bounded scenarios (see Section 3.3). To review model 
sensitivities related to penaeids and their major interacting species, we compared the equilibrium responses of 
shrimp groups in the GOM Atlantis model with those in a selection of GOM-based EwE models and assessed 
bounded scenarios illustrating the sensitivity of shrimp biomass to perturbations in prey biomass. To review the 
handling of model uncertainty pertinent to penaeids, we presented an overview of a diet uncertainty analysis 
by Morzaria-Luna et al. (2018), along with an assessment of bounded scenarios demonstrating the impact of (i) 
shrimp biomass initialization on focal and key groups and (ii) seagrass biomass on focal and key groups. 
 
Materials were provided to the review panel two weeks prior to the formal review. These included the 
foundational GOM Atlantis NOAA technical memorandum (Ainsworth et al., 2015), the updated GOM Atlantis 
NOAA technical memorandum (Perryman et al., 2023b; though unpublished at the time), all published work that 
used or improved the GOM Atlantis model, an agenda for the formal review, the terms of reference (TOR) for 
the formal review, a document detailing the roles of the CIE reviewers and rules of the formal review, and an 
evaluation template for the CIE reviewers.  
 
The meeting structure was based on perspectives from Kaplan and Marshall (2016). The first day consisted of a 
series of presentations overviewing the motivation and goals of the review, the Atlantis end-to-end modeling 
framework, the GOM Atlantis model configuration and applications, and updates leading up to the informal 
review of the GOM Atlantis model. The second day consisted of a series of presentations on the ecology of 
penaeid shrimp groups, model improvements resulting from the informal review, diagnostics regarding penaeids 
and their major interacting species groups (see Section 3.1), model sensitivities regarding penaeids and their 
major interacting species groups, and the handling of model uncertainty pertinent to penaeids. The third day 
was reserved for final discussions with the formal review panel, review panel deliberation, and report writing. 
All documentation pertinent to the setup, execution, and results of the GOM Atlantis model review have been 
made available through a GitHub repository (Perryman, 2024).  
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5. Conclusions 

Formulating fisheries management advice based on the best available scientific information is a commitment 
being made by numerous countries and intergovernmental organizations, such as the European Commission 
(European Commission, 2023), ICES (ICES, 2019a), and the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO; Fulton et al., 2020). This commitment echoes the principles advocated by the Magnuson-
Stevens Fishery Conservation and Management Reauthorization Act of 2006 (MSRA) in the United States, 
highlighting a global consensus on the importance of evidence-based decision-making in sustainable fisheries 
management. Formal review, as outlined in the US next-generation stock assessment implementation plan by 
Lynch et al. (2018), is crucial for meeting this mandate. While some aspects of reviewing single-species stock 
assessment models may be applicable to reviewing MEMs, strategic adaptation is essential based on the MEMs 
complexity and intended use. Fortunately, in the US, the CIE review system allows for such flexibility. The review 
process for MEMs presents challenges, but the recommendations provided herein may help guide future 
reviews. Confronting these challenges is crucial for MEMs to adhere to good modeling practices (Jakeman et al., 
2024) and fully realize their potential contributions to EBFM, such as serving as operating models for conducting 
Management Strategy Evaluation (MSE) (Townsend et al., 2019; Kaplan et al., 2021). Although increasing in 
frequency (Perryman et al., 2021), MSE guidelines state that operating models for use in MSE should be validated 
prior to use (ICES, 2019d). In the Southeast US, complex MEMs such as Atlantis are being recognized as promising 
operating models for conducting MSE because of their ability to capture species interactions and better 
represent population dynamics (Peterson and Walter, 2023).  
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