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 44 
Abstract 45 

Many ecosystem-based fisheries management (EBFM) measures and restoration projects 46 

have been implemented to address the stressors that have negatively affected the United States 47 

(U.S.) Gulf of Mexico (GOM). Ecosystem simulation models are useful tools for tackling EBFM 48 

and restoration questions. Here, we review the current status of ecosystem modeling efforts for 49 

the U.S. GOM and whole GOM large marine ecosystem and identify future needs to address 50 

EBFM and restoration in these regions. Existing ecosystem models of the GOM are diverse, 51 

ranging from simple conceptual and qualitative models to biogeochemical-based end-to-end 52 

models and coupled and hybrid model platforms. Many models have focused on understanding 53 

the structure and functioning of GOM ecosystems and the impacts of EBFM measures such as 54 

bycatch reduction strategies and marine protected areas. By contrast, a small number of 55 

ecosystem models have been used specifically to address the other EBFM issues of the GOM 56 

and to assess restoration efforts (e.g., marsh restoration). The demands for EBFM and state and 57 

gulf-wide restoration activities will both be increasing in the GOM. Therefore, there is a critical 58 

need to better employ and enhance existing ecosystem models of the GOM, and to develop new 59 

ecosystem models, to more comprehensively address the different EBFM and restoration needs 60 

in the region. We provide suggestions to facilitate this endeavor. The development of consistent 61 

libraries of ecosystem models and gap analyses such as ours will help fisheries scientists to 62 

effectively tackle specific resource management questions in the different marine regions of the 63 

world.    64 

Keywords: ecosystem modeling, ecosystem-based fisheries management, restoration, gap 65 

analysis, Gulf of Mexico  66 
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Introduction 67 

The Gulf of Mexico (GOM) large marine ecosystem (LME) is home to a diversity of 68 

natural habitats, including wetlands, marshes, coral and oyster reef habitats, and artificial 69 

habitats, such as oil platforms and artificial reefs (Fig. 1). The GOM provides many ecosystem 70 

services, including seafood, oil and gas, recreational opportunities, and infrastructure protection 71 

(Gulf Coast Ecosystem Restoration Task Force 2011; Karnauskas et al. 2013; National Research 72 

Council 2014). Many of these services are inter-connected with the habitats and associated biota. 73 

Annual fisheries landings in the U.S. GOM amount to 589,700 metric tons (Karnauskas et al. 74 

2013) and represent about one-third of the total U.S. seafood harvest (Gulf Coast Ecosystem 75 

Restoration Task Force 2011). Primary fisheries in the U.S. GOM include shrimp, oyster 76 

(Crassostrea virginica), blue crab (Callinectes sapidus), menhaden (Brevoortia spp.), red 77 

snapper (Lutjanus campechanus), gag grouper (Mycteroperca microlepis), red grouper 78 

(Epinephelus morio) and mackerel (Scomberomorus spp.) fisheries (Karnauskas et al. 2013). The 79 

shrimp trawl and menhaden purse seine fisheries generate, respectively, the highest revenues and 80 

highest landings (by weight) in the U.S. GOM (Vaughan et al. 2007; Karp et al. 2011). Fisheries 81 

in the U.S. GOM Exclusive Economic Zone (EEZ) are managed under the Magnuson-Stevens 82 

Fishery Conservation and Management Act (MSFCMA) that aims to prevent overfishing (see 83 

Glossary), rebuild overfished stocks, maximize long-term fisheries benefits, and ensure safety 84 

and sustainability in seafood (MSFCMA 2007). The GOM is also home to over 90% of the U.S. 85 

offshore oil and gas production and 23% of U.S. crude oil production (Gulf Coast Ecosystem 86 

Restoration Task Force 2011; Karnauskas et al. 2013). Finally, tourism in the U.S. GOM 87 

supports over 800,000 jobs (Gulf Coast Ecosystem Restoration Task Force 2011) and brings $20 88 

billion to the U.S. economy per year (Karnauskas et al. 2013).  89 
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 Traditionally, fisheries management has been conducted on a single-species basis in the 90 

GOM and throughout the world (Christensen and Walters 2011; Fogarty 2014; Hyder et al. 91 

2015). However, the strong interconnectedness of resources, processes and stressors in the GOM 92 

calls for the added consideration of broader fisheries impacts on ecosystem components, 93 

motivating an ecosystem approach to fisheries management (EAFM) and a move toward 94 

ecosystem-based fisheries management (EBFM) (FAO 2008). Patrick and Link (2015) define 95 

EAFM as the “inclusion of ecosystem factors into a (typically single species) stock focus to 96 

enhance our understanding of fishery dynamics and to better guide stock-focused management 97 

decisions” and EBFM as “recognizing the combined physical, biological, economic, and social 98 

tradeoffs for managing the fisheries sector as an integrated system, specifically addressing 99 

competing objectives and cumulative impacts to optimize the yields of all fisheries in an 100 

ecosystem.” EAFM provides additional tools for fisheries managers to assess and manage marine 101 

populations that are strongly influenced by species interactions and abiotic environmental 102 

factors, while EBFM is necessary to manage the collateral impacts of fishing, evaluate 103 

interactions between fisheries, and ensure the sustainability of the marine ecosystem as a whole. 104 

EAFM and the broader EBFM efforts in the U.S. GOM include the implementation of marine 105 

protected areas (MPAs), measures to reduce bycatch, culling programs, and the integration of 106 

ecosystem considerations into single-species stock assessments (Online Resource 1).  107 

Due to the substantial dependence of humans on the resources of the GOM, and the 108 

continuing population growth and coastal development, the GOM is also under strong and 109 

increasing anthropogenic pressures other than fishing (Karnauskas et al. 2013). In 2010, the 110 

Deepwater Horizon (DWH) blowout in the GOM resulted in the largest oil spill in U.S. history 111 

(Bjorndal et al. 2011; Roberts 2012). Negative impacts on the environment and GOM coastal 112 
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communities included an economic blow to the fishing industry due to fishery closures and 113 

consumer concern about seafood safety following the oil spill (Upton 2011). The detrimental 114 

impacts of the DWH oil spill have required the U.S. Government to call for long-term plans to 115 

mitigate the effects of anthropogenic pressures and other stressors that have negatively affected 116 

the GOM (Online Resource 2), and to bring the region back to healthy environmental and 117 

economic conditions (Gulf Coast Ecosystem Restoration Task Force 2011; Upton 2011; National 118 

Research Council 2014). Thus, over the recent years, a diversity of large research programs has 119 

been implemented in the GOM, including the Environmental Protection Agency (EPA)’s Gulf 120 

Coast Ecosystem Restoration Task Force (Gulf Coast Ecosystem Restoration Task Force 2011), 121 

the Gulf of Mexico Research Initiative (GoMRI) (Anonymous 2015), and the NOAA’s 122 

RESTORE Act (Resources and Ecosystems Sustainability, Tourist Opportunities, and Revived 123 

Economies of the Gulf Coast States Act) Science Program (NOAA 2015). All these research 124 

programs complement large restoration activities that are in progress as a result of the DWH oil 125 

spill, as well as ongoing major efforts initiated prior to DWH, such as the plan put forth by the 126 

state of Louisiana for addressing land loss (Coastal Protection and Restoration Authority of 127 

Louisiana 2012). There are also action plans established by the Hypoxia Task Force to address 128 

the nutrient loading issue in the northwestern GOM (Hypoxia Task Force 2015) (Online 129 

Resource 1). The scope and level of activity related to restoration includes a wide range of 130 

actions that affect many different aspects of the GOM ecosystems and habitats and will increase 131 

dramatically over the next decades (National Academies of Sciences and Medicine 2016).   132 

Ecosystem simulation models can be a useful tool for achieving EBFM and for aiding in 133 

the design and evaluation of restoration activities. Ecosystem models provide an understanding 134 

of the relationships between different types of drivers and pressures and resulting states in an 135 
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ecosystem, as well as the implications and trade-offs of fisheries management and restoration 136 

efforts at multiple spatial and temporal scales (Plagányi 2007; Christensen and Walters 2011; 137 

Collie et al. 2016). A number of ecosystem models, such as Ecopath with Ecosim (EwE) 138 

(Walters et al. 1997; Pauly et al. 2000; Christensen and Walters 2004), OSMOSE (Shin and Cury 139 

2001, 2004; Grüss et al. 2016c) and Atlantis (Fulton et al. 2004; Fulton et al. 2007; Fulton et al. 140 

2011a) applications (Online Resource 3), have been developed for the GOM for either the whole 141 

LME or for its many subsystems including the continental shelf, estuaries, bays and coral reefs 142 

(see Geers (2012) for a partial review of EwE models). These models have been designed to 143 

address certain research questions and are not necessarily applicable to other questions related to 144 

EBFM and restoration in the GOM (Online Resource 1). For instance, ecosystem models 145 

designed to explore the dynamics of lower trophic level functional groups (i.e., groups of species 146 

that share similar life-history traits and ecological niches) may not appropriate for investigating 147 

the impacts of EBFM measures on higher trophic level functional groups. Therefore, there is a 148 

need to make a detailed inventory of ecosystem models of the GOM, so as to be able to better 149 

use or modify existing models or to develop new models to address specific EBFM and 150 

restoration objectives (Pikitch et al. 2004; Plagányi 2007; FAO 2008; NOAA 2015; Collie et al. 151 

2016). 152 

 In the present paper, we review the current status of ecosystem modeling efforts in the 153 

GOM and identify future needs to address EBFM and restoration activities related to EBFM in 154 

the region. We first propose updated terminologies of ecosystem models and review the 155 

purposes, capabilities, use, and main findings of ecosystem models in the GOM. Subsequently, 156 

we discuss how existing ecosystem models of the GOM could be better employed and, 157 

eventually, enhanced to more comprehensively address EBFM and restoration needs in the 158 
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region. We also discuss how ecosystem-modeling approaches not currently implemented in the 159 

GOM may provide useful insights to EBFM and restoration programs and projects. For practical 160 

reasons, the present paper focuses on the U.S. GOM, including the GOM side of the Florida 161 

Keys, and on the GOM LME as a whole.  162 

   163 

Ecosystem modeling efforts in the Gulf of Mexico: current status 164 

 Ecosystem models are capable of delivering insights into the potential effects of fishing 165 

and other stressors and into the effects of management measures under an ecosystem perspective 166 

(Plagányi et al. 2007; Fulton 2010). Ecosystem models complement single-species modeling 167 

approaches by taking into consideration the impacts that trophic interactions and abiotic 168 

environmental influences on species dynamics may have on the effects of stressors and 169 

management measures (Hollowed et al. 2000a; Latour et al. 2003). Ecosystem models vary in 170 

terms of structure, assumptions and complexity and are used to address a variety of ecological 171 

situations and ecosystem management objectives (Plagányi et al. 2007; Fulton 2010; Shin et al. 172 

2010; Espinoza-Tenorio et al. 2012).  173 

 174 

Terminologies for classifying ecosystem models 175 

Terminology based on model structure  176 

An extensive terminology of ecosystem models based on their structure was provided by 177 

Plagányi (2007). We propose an updated version of this terminology (Table 1) based on Plagányi 178 

(2007), Fulton (2010) and Espinoza-Tenorio et al. (2012): 179 

(1) Conceptual and qualitative models, which represent the ecosystem of interest 180 

qualitatively using simple depictions that show the ecosystem’s components or connections; such 181 
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models are often the first step towards the development of quantitative ecosystem models 182 

(Dambacher et al. 2003; Marzloff et al. 2011; Kelble et al. 2013). 183 

(2) Extensions of single-species models, which simply add a few additional features such 184 

as the influence of the abiotic environment to existing models. These extensions often remain 185 

single-species analyses with the effect of the environment or other factors incorporated as an 186 

effect on the vital rates of the focal species (Hollowed et al. 2000b; Clark et al. 2001). 187 

(3) Dynamic multispecies models, which represent a limited number of species or 188 

functional groups that are most likely to exhibit large interactions with the species of focal 189 

interest (Livingston and Jurado-Molina 2000; Kinzey and Punt 2009; Begley 2012; Plaganyi et 190 

al. 2014). 191 

(4) Aggregated (or whole ecosystem) models, which attempt to consider all trophic levels 192 

to explore energy flows among ecosystem components; these models typically represent a large 193 

number of species or functional groups (Odum 1983; Pauly et al. 2000; Bartell 2003; Christensen 194 

and Walters 2004; Fulford et al. 2010; Steenbeek et al. 2016).  195 

(5) Biogeochemical-based end-to-end models, which consider both bottom-up and top-196 

down interactions via the representation of a very large number of nutrient components, 197 

planktonic organisms, fish, and other top predators (Fulton et al. 2004; Fulton et al. 2007; Fulton 198 

et al. 2011a; Kishi et al. 2011; Rose et al. 2015).  199 

(6) Coupled and hybrid model platforms, which also consider both bottom-up and top-200 

down interactions through the coupling or combination of different types of model platforms 201 

(Gray et al. 2006; Houle et al. 2012; Travers-Trolet et al. 2014; Grüss et al. 2016c).  202 

 203 

Terminology based on the model major purpose  204 
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Ecosystem models can also be categorized as: (1) conceptual models whose goal is to 205 

develop an understanding of processes in the study ecosystem; (2) strategic models, or models 206 

that deliver strategic advice to resource management, i.e., advice that relates to broad 207 

management issues such as ecosystem services and biodiversity objectives; or (3) tactical 208 

models, or models that provide short-term advice that directly leads to management actions such 209 

as setting an annual quota (FAO 2008; Plaganyi et al. 2014; Collie et al. 2016).  210 

 211 

Overview of the current status of ecosystem modeling in the Gulf of Mexico 212 

 We conducted a search on the ISI Web of ScienceTM and Google to identify the ecosystem 213 

models of the GOM. We supplemented this search through email exchanges with ecosystem 214 

modelers of the GOM. A total of 45 ecosystem models, which differ in their purposes, study 215 

area, structure, assumptions and components, were identified (Table 2 and Online Resource 4).  216 

Strategic ecosystem models, which address broad management issues (e.g., the ecosystem 217 

impacts of rebuilding policies), were the most common type in the GOM (82%). Only 16% of 218 

the ecosystem models of the GOM provided tactical advice for short-term management 219 

objectives, and these were extensions of single-species assessment models (ESAMs). Only one 220 

conceptual model for the GOM has been published, which was the ecosystem-based 221 

management (EBM)-DPSER model designed by Kelble et al. (2013). The integration of 222 

ecosystem considerations into stock assessments for EBFM was the issue most addressed by 223 

ecosystem models of the GOM (16%), followed by fishing pressures suited for a sustainable 224 

marine ecosystem (11%), reduction of bycatch (11%), MPAs (9%), and changes to water flow 225 

(9%). Single examples of models addressed EBFM/restoration issues including mitigation of the 226 

impacts of invasive species, management strategy evaluation (MSE) integrating ecosystem 227 
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considerations, and management of nutrient loads. 228 

Ecosystem models were generally developed for ecological regions within a specific U.S. 229 

state, with only 9% covering the entire GOM LME (Fig. 2a). Florida ecosystems have received 230 

the most attention (38%), followed by Louisiana (12%), Texas (2%), Alabama (2%), and 231 

Mississippi (0%).  232 

The majority of ecosystem models of the GOM have, at least in part, included a 233 

trophodynamic structure (61%; Fig. 2b). A single ecosystem model (“Atlantis-GOM”; Ainsworth 234 

et al., 2015) used a trophodynamic approach to simulate the dynamics of invertebrate functional 235 

groups and an age-structured approach for the vertebrate functional groups.  236 

Aggregated (whole ecosystem) models, such as EwE applications, dominated the 237 

ecosystem models of the GOM (58%), followed by extensions of single-species models (22%), 238 

dynamic multispecies models (7%), coupled and hybrid model platforms (7%), and conceptual 239 

and qualitative models (4%) (Fig. 2c). A single biogeochemical-based end-to-end model 240 

(Atlantis-GOM) was identified. 241 

 Nearly all of the ecosystem models represented pelagic-demersal (91%) and benthic 242 

(82%) functional groups, and included fish functional groups (91%). More than 50% of 243 

ecosystem models explicitly considered invertebrates, phytoplankton groups, marine plants and 244 

detritus, whereas marine mammals, sea turtles and seabirds were included in less than 50% of the 245 

models (Fig. 2d). Among the key species or species groups represented, shrimps were explicitly 246 

considered (i.e., as an individual functional group) in the majority of the models (73%), while 247 

other key species such as mackerels, blue crab, red snapper, menhaden, gag grouper, red grouper 248 

and jellyfish were explicitly considered in more than 20% of the models. Oysters were explicitly 249 

considered in three models, while lionfish (Pterois spp.) was explicitly considered only in the 250 
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EwE model of Chagaris et al. (2015a). The influence of the abiotic environment on marine 251 

organisms was frequently represented, to various degrees, in the models of the GOM (71%), 252 

whereas fishing fleet dynamics (fishers’ movement) were only simulated in 24% of the models. 253 

  254 

Conceptual and qualitative models 255 

 Two ecosystem models of the GOM belonged to the category of conceptual and 256 

qualitative models: (1) the EBM-DPSER model, a conceptual DPSIR (driver-pressure-state-257 

impact-response) model of the Florida Keys and Dry Tortugas ecosystem that integrated 258 

ecosystem services instead of impacts (Kelble et al. 2013); and (2) a loop analysis, which used a 259 

qualitative representation of the Galveston Bay (Texas) food web to evaluate the ecosystem’s 260 

response to sustainable fishing of blue crab and the management of nutrient loads (Carey et al. 261 

2014) (Table 2 and Online Resource 4). In actuality, a number of other conceptual and 262 

qualitative models have been developed in the GOM, but they were either part of the quantitative 263 

modeling process or reported in the gray literature (Swannack et al. 2012; Rose and Sable 2013). 264 

 Conceptual and qualitative models are useful operational tools for guiding any EBFM 265 

effort or restoration activity in that they integrate knowledge of ecosystem components while 266 

focusing management attention upon the most important aspects of the ecosystem under 267 

consideration. Conceptual and qualitative models are also easily communicated and their 268 

presentation is familiar to many model users, resource managers, and other stakeholders. 269 

However, their potential is limited to providing qualitative or semi-quantitative insights, which 270 

are not always sufficient, into the potential impacts of management measures. 271 

 272 

Extensions of single-species models 273 
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 Among the ten extensions of single-species models identified that aim to incorporate 274 

ecosystem considerations, such as natural mortality due to red tides, seven were extensions of 275 

single species assessment models or ESAMs (Hart 2012; GDAR 2013; ICCAT 2013; Muller and 276 

Taylor 2013; SEDAR 2013, 2014, 2015), and three were extensions of single-species individual-277 

based models or ESIBMs (Butler IV 2003; Roth et al. 2008; Creekmore 2011) (Table 2 and 278 

Online Resource 4).  279 

The purpose of ESAMs is to improve the accuracy of stock assessment models to better guide 280 

single-species fisheries management. By integrating ecosystem considerations, ESAMs can 281 

improve the fits of stock assessment models to time series data, provide more accurate estimates 282 

of stock status relative to reference points, and provide more realistic projections of stock 283 

dynamics under proposed management tactics (SEDAR 2013, 2014, 2015). However, there 284 

remains little formal consideration of when and how environmental factors should be considered. 285 

The incorporation of ecosystem processes in stock assessments is generally viewed with caution 286 

throughout the U.S. (Patrick and Link 2015), largely due to concerns about data limitations 287 

(Christensen and Walters 2011; Patrick and Link 2015). Also, observed correlations between 288 

environmental indices and processes (e.g., recruitment) may be due to chance (see, e.g., Myers 289 

(1998); Hare et al. (2015)), and the use of model outputs as inputs for subsequent models may 290 

introduce unknown biases (Brooks and Deroba 2015).  291 

 292 

 ESIBMs have the ability to integrate data across hierarchical scales of organization and 293 

can yield ecological insights useful to single-species stock assessments. ESIBMs also have the 294 

potential to yield insights useful to EBFM and restoration activities, yet none of the ESIBMs of 295 

the GOM (Butler IV 2003; Roth et al. 2008; Creekmore 2011) were developed to specifically 296 
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address EBFM or restoration questions. 297 

 298 

Dynamic multispecies models 299 

The only dynamic multispecies models in the GOM were: (1) a spatially explicit, 300 

dynamic, multispecies model, which was developed to investigate the effects of no-take MPAs in 301 

the Florida Keys (Ault et al. 2005); and (2) the MICEs (Models of Intermediate Complexity for 302 

Ecosystem assessment) developed by Gaff et al. (2000) and Sable et al. (unpublished data) 303 

(Table 2 and Online Resource 4). The MICE of Gaff et al. (2000), which is called ALFISH, is a 304 

spatially-explicit model aiming to evaluate the impacts of alternative water regulation scenarios 305 

in the Florida Everglades under the Central and South Florida Comprehensive Project Review 306 

Study. The MICE of Sable et al. (unpublished data) is a spatially-explicit model of a tidal marsh 307 

community, which was designed to investigate how enhanced marsh degradation imposed on 308 

individuals can be scaled to population and community responses, but which has not been 309 

employed to assess the impacts of EBFM or proposed restoration measures. 310 

MICEs focus on a few species or functional groups that are most likely to have 311 

significant interactions with the species of focal interest (Plaganyi et al. 2014) (Online Resource 312 

3). MICEs integrate the best characteristics of single-species models of relative simplicity and 313 

the ability to use standard statistical methods for estimating model parameters, but also consider 314 

broader ecosystem considerations that depend on the management objectives being addressed. 315 

Their complexity is intermediate between that of single-species models and that of end-to-end 316 

models in terms of the number of components and processes explicitly considered (Plaganyi et 317 

al. 2014). The main advantages of existing MICEs within the GOM is that they offer a 318 

sophisticated representation of abiotic environmental influences on marine organisms, which 319 
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allows a realistic simulation of water levels and water regulation in the case of Gaff et al. (2000) 320 

and marsh degradation in the case of Sable et al. (unpublished data).  321 

 322 

Aggregated (whole ecosystem) models 323 

Of the 26 aggregated (whole ecosystem) models identified for the GOM, three were 324 

energy flow models, 22 used the EwE modeling platform (four of them were Ecopath models, 11 325 

were EwE models, and seven were Ecospace models), and one used the CASM (Comprehensive 326 

Aquatic System Model) approach (Table 2 and Online Resources 3 and 4).  327 

Energy flow models were the first ecosystem models developed for the GOM and were 328 

used to address the issue of bycatch in shrimp fisheries (Browder 1982; Sheridan et al. 1984; 329 

Martinez et al. 1996). These models initiated energy flow modeling in the GOM. However, they 330 

were based on limited empirical data (i.e., biomasses and diets) and are thus difficult to validate. 331 

The four Ecopath models of the GOM (Browder 1993; Christian and Luczkovich 1999; 332 

Robinson et al. 2015; Sagarese et al. 2017) focused on evaluating the structure of ecosystems of 333 

the region and were not used to explore the impacts of EBFM or restoration measures (Table 2 334 

and Online Resource 4).   335 

EwE models of the GOM include ecosystem models for the West Florida Shelf (WFS) 336 

developed by Chagaris and Mahmoudi (2013), Chagaris et al. (2015a, 2015b), Gray (2014) and 337 

Sagarese et al. (2015). Chagaris and Mahmoudi (2013)’s EwE model focused on managed reef 338 

fish. The purpose of this model was to estimate the natural mortality rate of young-of-the-year, 339 

juveniles and adults of gag grouper from 1950 to 2009, so as to support gag grouper stock 340 

assessment. Chagaris et al. (2015b) updated the model of Chagaris and Mahmoudi (2013) to 341 

simulate, among other things, the ecosystem impacts of rebuilding gag grouper or reducing 342 
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longline fishing effort, so as to support EBFM on the WFS. Chagaris et al. (2015a)’s EwE model 343 

buillt upon the model of Chagaris et al. (2015b) and was created to explore the impacts of 344 

measures to mitigate lionfish invasion in the WFS ecosystem over a 30 year-period. Finally, the 345 

purpose of the EwE models of Gray (2014) and Sagarese et al. (2015) was to provide an index of 346 

natural mortality due to red tides for inclusion in the stock assessment for gag grouper and red 347 

grouper, respectively. 348 

Other EwE models of the GOM include the models of Carlson (2007), Walters et al. 349 

(2008) and de Mutsert et al. (2012). The EwE model of Carlson (2007) focused on the 350 

Apalachicola Bay, Florida and was designed to evaluate fishing and MPA scenarios. Walters et 351 

al. (2008) developed an EwE model for the whole U.S. GOM and, among other things, explored 352 

the consequences of a reduction of bycatch mortalities by the shrimp fishery and evaluated the 353 

implications of changes in the fishing mortality rate of long-lived fish species, forage fish species 354 

or menhaden. Finally, by contrast with the other EwE models of the GOM, the model of de 355 

Mutsert et al. (2012) focused on a restoration issue; this model was designed to evaluate changes 356 

in the fish and shellfish community caused by changes in salinity due to freshwater diversion (to 357 

restore marsh) in the Breton Sound estuary, Louisiana. 358 

 Among the seven Ecospace models in the GOM, three were employed to address EBFM 359 

or restoration issues: (1) the model of Walters et al. (2010) for the U.S. GOM; (2) the model of 360 

Chagaris (2013) for the WFS; and (3) the model of de Mutsert et al. (2015) for the Louisiana 361 

coastal zone. Walters et al. (2010)’s Ecospace model was constructed from Walters et al. 362 

(2008)’s EwE model, and was used to explore the effects of a reduction of bycatch mortalities by 363 

the shrimp fishery and of the implementation of MPAs forbidding shrimp trawling. The 364 

Ecospace model of Chagaris (2013) was constructed from the model of Chagaris et al. (2015b) 365 
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and was used to examine different MPA scenarios. Finally, the Ecospace model of de Mutsert et 366 

al. (2015) was developed to inform the Louisiana Coastal Protection and Restoration Authority 367 

about the consequences of changes to water flow in the Louisiana coastal zone. An important 368 

feature of de Mutsert et al. (2015)’s model is that it utilized Ecospace’s habitat capacity model to 369 

simulate local changes in percent wetland, and its effect on biota, over time. 370 

 The EwE modeling approach benefits from a graphical user interface and from a dynamic 371 

user community (Coll et al. 2015; Colleter et al. 2015). Ecopath, EwE and Ecospace models have 372 

been developed for the GOM ecosystems addressing a range of stressors, natural processes and 373 

management objectives (Table 2). However, these models also have their limitations. These 374 

models are strongly driven by the inputted diet matrices, which have, in general, been developed 375 

using limited diet data with sparse spatial and temporal coverage. Sagarese et al. (2017) 376 

constructed a diet matrix for their Ecopath model based on a recently developed probabilistic 377 

approach using maximum likelihood estimation to quantify trophic interactions within the GOM 378 

(Sagarese et al. 2016a; Tarnecki et al. 2016). Specification of the diet matrix remains one of the 379 

major uncertainties in configuring an EwE model. The issue of the Ecopath diet matrix is 380 

exemplified by the outcomes of the bycatch reduction scenarios simulated with the EwE model 381 

of Walters et al. (2008) and the Ecospace model of Walters et al. (2010) (Table 2). Even 382 

relatively small changes in diet fractions in these model led to the depletion of major prey groups 383 

such as juvenile fishes; this is concerning because the diet patterns assumed in Ecopath often rely 384 

on data inadequate for estimation (Walters et al. 2010). EwE models should be evaluated by 385 

means of appropriate diagnostics. For example, the Ecopath model of Sagarese et al. (2017) was 386 

evaluated using the PREBAL diagnostics of (Link 2010) as well as diagnostics from Darwall et 387 

al. (2010). Another criticism of the EwE models of the GOM is that the calibration to multiple 388 
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time series data has been too limited (Althauser 2003; Okey et al. 2004; Vidal and Pauly 2004; 389 

Carlson 2007; de Mutsert et al. 2012).  390 

CASM is a trophodynamic modeling approach similar to Ecospace (Bartell 2003; Fulford 391 

et al. 2010). Some of the major differences between CASM and Ecospace are that the temporal 392 

dynamics of the populations represented in CASM are simulated using a bioenergetics-based 393 

process-oriented approach, and that fish movement patterns are not represented in CASM. 394 

Because it does not represent fish movement patterns, CASM is a “pseudo spatial” modeling 395 

platform and, therefore, the dynamics of its individual spatial units are analyzed in isolation as 396 

separate small point locations spread out within the model domain. CASM applications can be 397 

forced by fields of abiotic environmental parameters (e.g., surface light intensity, water 398 

temperature) and can be coupled to a landscape model, e.g., for evaluating the impacts of 399 

nutrient loading and toxic trace elements.  400 

Currently, only one operational version of CASM is available in the GOM (Dynamic 401 

Solutions 2016). This implementation of CASM for the Mississippi River Delta was constructed 402 

for assessing the impacts of freshwater and sediment diversion on economically and ecologically 403 

important fish and invertebrate species to inform the Louisiana Coastal Protection and 404 

Restoration Authority. 405 

CASM is a relatively sophisticated modeling approach that is suited to the evaluation of 406 

the effects of freshwater and sediment diversion projects in the GOM and similar restoration 407 

issues. The main limitation of this modeling approach is that it does not consider fishing and, 408 

therefore, cannot contribute to fisheries management in the face of significant changes in salinity 409 

due to diversion projects. Moreover, CASM does not simulate animal movement because only a 410 

0-dimensional (point) version is presently available for the GOM and so it is limited to questions 411 
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that can be feasibly addressed with a well-mixed assumption about the organisms. 412 

 413 

Biogeochemical-based end-to-end models 414 

 The Atlantis-GOM model (Ainsworth et al. 2015) was the only biogeochemical-based 415 

end-to-end model in the GOM (Table 2 and Online Resources 3 and 4). Atlantis-GOM was 416 

primarily designed to investigate the consequences of the DWH oil spill and to provide insights 417 

into the potential impacts of EBFM and restoration actions as part of NOAA’s GOM Integrated 418 

Ecosystem Assessment (IEA) program (Ainsworth et al. 2015). While the model has the 419 

potential to tackle many EBFM and restoration issues, none of these applications is yet 420 

published. Also, additional work remains on Atlantis-GOM, namely increased data collection 421 

(e.g., biomass estimates, spatial distributions, diet composition) and better calibration. During the 422 

calibration process of Atlantis-GOM to date, some functional groups experienced large decreases 423 

under a "no fishing" scenario, suggesting a problem caused by over-predation, reduced 424 

productivity, or both, whereas some functional groups collapsed in the presence of fishing 425 

(Ainsworth et al. 2015).   426 

 427 

Coupled and hybrid model platforms 428 

 Coupled and hybrid model platforms identified for the GOM are all variants of an OSMOSE 429 

model of the WFS called “OSMOSE-WFS”, which has been developed within NOAA’s GOM 430 

IEA program (Table 2 and Online Resources 3 and 4) (Grüss et al. 2015; Grüss et al. 2016b; 431 

Grüss et al. 2016c). The two first versions of OSMOSE-WFS were designed to estimate size- 432 

and age-specific natural mortality rates for gag and red grouper, for use in single-species stock 433 

assessments, and to evaluate the ecosystem impacts of fishing scenarios for red grouper to 434 
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provide information to the GOM Fishery Management Council (Grüss et al. 2015; Grüss et al. 435 

2016c). The third and last version of OSMOSE-WFS was two-way coupled to a management 436 

procedure within an MSE framework. Analyses were then performed to evaluate harvest quota 437 

strategies for red grouper in the face of episodic events of natural mortality (due to, e.g., red tides 438 

or oil spill) (Grüss et al. 2016b). All versions of the OSMOSE-WFS model were validated using 439 

the pattern-oriented modeling approach of Grimm et al. (2005) and employed a specific 440 

algorithm ensuring that the fishing mortality rates provided in the model output were identical to 441 

fishing mortality rates provided to the model. 442 

 443 

Future needs to address ecosystem-based fisheries management and restoration activities  444 

 A diversity of ecosystem models has been developed for the U.S. GOM and GOM LME 445 

between 1983 and the present, and these models have been used to tackle a number of EBFM 446 

and ecosystem restoration issues. Based on our review, we can identify several improvements 447 

that would further the EBFM and restoration questions that can be addressed by these models. 448 

More ecosystem models have been designed for Florida than for other regions of the GOM, yet 449 

regions like the northwestern GOM are facing critical EBFM and restoration issues (e.g., marsh 450 

restoration and freshwater diversion). Also, ecosystem models of the GOM have paid less 451 

attention to restoration issues than to EBFM issues. In this section, we discuss how existing 452 

ecosystem models of the GOM could be better employed and, eventually, enhanced to more 453 

comprehensively address EBFM and restoration needs in the region. In addition, we identify 454 

additional ecosystem models recommended for development. 455 

 456 

Conceptual and qualitative models 457 
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 Conceptual and qualitative models such as those of Kelble et al. (2013) and Carey et al. 458 

(2014) are useful in illustrating and developing an understanding of the components and 459 

connections of the ecosystem of interest. Such models should ideally be used for any EBFM or 460 

restoration project of the GOM, in particular as a first step towards the development of more 461 

complex, quantitative ecosystem models (FAO 2008; Swannack et al. 2012; Hyder et al. 2015; 462 

Rose et al. 2015). For example, to address the specific questions of habitat and water quality 463 

restoration and marine mammal recovery that are central in the state of Alabama (Online 464 

Resource 1), an EBM-DPSER model or a loop analysis with the following components could be 465 

employed: "Oil activities", "Invasive species", “Fishing”, "Marsh", "Barrier island", "Oyster 466 

reef", “Seagrass”, "Marine mammal", “Fish”, "Water quality", "Storm protection", "Marsh 467 

restoration", "Barrier island restoration", "Oyster reef restoration", “Seagrass restoration”, 468 

"Marine mammal recovery program", "Water quality restoration", and “Fisheries management”. 469 

Conceptual models have been used with other major ecosystem restoration efforts (e.g., 470 

DiGennaro et al., 2012). 471 

 472 

Quantitative ecosystem models 473 

 To best use and enhance quantitative ecosystem models in the GOM, it is recommended 474 

that the following approach be used for each unique topic and set of goals: (1) identify the 475 

critical questions and/or management goals that need to be answered and addressed; (2) 476 

determine the required features that the ecosystem model should have to approach these 477 

questions/goals; (3) determine the existing ecosystem models that could be used and identify 478 

how these existing models should be enhanced; and (4) determine possible new ecosystem 479 

models to tackle the questions and goals. For a more detailed description of best practices in 480 
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ecosystem modeling, the reader is referred to Rose et al. (2015). Characteristics of ecosystem 481 

models that must be considered for any particular EBFM or restoration issue include: (1) the 482 

appropriate spatial domain and spatial resolution; (2) the appropriate temporal extent and time 483 

step; (3) which ecosystem components must be included such as environmental processes, fleet 484 

dynamics, and species or life-stages of species that must be modeled as separate model 485 

components; (4) whether data are available to parameterize modeled processes accurately; and 486 

(4) how the model can be validated and tested. In many cases, important EBFM and restoration 487 

questions could be addressed using existing models, or using existing models with a finer spatial 488 

or temporal scale, better data inputs, including additional functional groups, life stages, or 489 

processes.   490 

 491 

Integration of ecosystem considerations into stock assessments 492 

 ESAMs have the potential to improve the accuracy of stock assessment outcomes for 493 

many species of the U.S. GOM and should, therefore, see more widespread use in the GOM in 494 

the future. However, ESAMs require careful consideration as to whether the added complexity 495 

from environmental linkages is justified. In general, including an environmental driver because 496 

of a hypothesized mechanism for the impact is preferable to testing many variables looking for 497 

correlations (Punt et al. 2014). Further, it is necessary to also conduct simulation analyses to 498 

determine: (1) for which species of the U.S. GOM ecosystem considerations are necessary (i.e., 499 

how are ecosystem factors already captured in modeled processes?); (2) how best to 500 

parameterize ecosystem considerations; and (3) the cost of a false positive relationship and 501 

including an ecosystem covariate in an assessment model when no such relationship exist in 502 

reality (e.g., Hare et al. 2015). Ecosystem models more complex than ESAMs have the potential 503 
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to provide ecosystem parameters to ESAMs if they represent species and processes that can yield 504 

outputs constituting relevant inputs to ESAMs.  505 

 506 

Management strategy evaluation integrating ecosystem considerations  507 

 NOAA Fisheries recently laid out a Gulf of Mexico Regional Action Plan (GMRAP) in 508 

accordance with NOAA Fisheries Climate Science Strategy (Link et al. 2015), which calls, 509 

among other things, for MSE studies evaluating the impacts of harvest control rules implemented 510 

for individual species under climate change scenarios. The ecosystem models used for 511 

conducting these kinds of MSE studies should simulate the population dynamics of the species of 512 

interest over multiple years, and represent (either explicitly or implicitly) the influence of 513 

climatic changes on the vital rates of the species of interest. If an MSE is needed to evaluate the 514 

impacts of harvest control rules for a specific species under the assumption that climatic changes 515 

affect the survival of that species, then it would be relevant to employ an ESAM representing the 516 

effects of climatic changes on natural mortality to conduct that MSE. If it is assumed that climate 517 

change affects vital rates other than survival rates (i.e., growth, reproduction or movement rates), 518 

then it will be appropriate to use an ecosystem model other than an ESAM (e.g., an ESIBM, a 519 

MICE or a more complex ecosystem model, depending on the requirements of the MSE study). 520 

For example, to investigate the performance of harvest control rules implemented for red grouper 521 

or gag grouper in the face of climate change, the MSE framework developed for OSMOSE-WFS 522 

and reported in Grüss et al. (2016b) could be employed, provided that new capacities are 523 

introduced into the OSMOSE modeling platform to allow abiotic environmental parameters to 524 

affect relevant vital grouper rates. The Atlantis-GOM model integrates MSE capabilities and 525 

could be enhanced to more accurately simulate climate change scenarios either using adjusted 526 
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oceanographic data or output from climate models with sufficient variation to capture inter-527 

annual variation (Ainsworth et al. 2015).  528 

 529 

Fisheries management in a context of red tides 530 

In addition to using ecosystem models to evaluate how red tides would affect the inputs 531 

(e.g., natural mortality rates) of single-species models, ecosystem models can also be used to 532 

examine how red tides would affect community and food web responses.  The EwE model 533 

developed by Gray (2014), and later modified to include red grouper by Sagarese et al. (2015), 534 

delivered estimates of natural mortality rates due to red tide to the stock assessments of red and 535 

gag groupers. Such a model could also be used to examine food web and fisheries responses to 536 

red tide, and could be expanded into an Ecospace model to incorporate the spatio-temporal 537 

patterns of red tides.  538 

 539 

Bycatch reduction  540 

 The ecosystem model developed by Walters et al. (2008, 2010) is appropriate for 541 

reexamining the issue of reducing bycatch in the GOM shrimp fisheries in that it models all the 542 

necessary system components including detritus from shrimp trawl bycatch. However, the diet 543 

matrix of Walters et al. (2008)’s EwE model should be improved, with additional diet data 544 

stemming from genetics and dietary studies and using probabilistic approaches such as those 545 

employed by Sagarese et al. (2016a) and Tarnecki et al. (2016) to represent more accurate 546 

trophic interactions. Size spectrum models are another potential means to reexamine the 547 

consequences of measures aiming to reduce bycatch in U.S. GOM shrimp fisheries (Houle et al. 548 

2012). The issue of bycatch in the menhaden purse seine fishery also deserves some attention in 549 
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future ecosystem modeling efforts in the GOM (Rester and Condrey 1999; Vaughan et al. 2007; 550 

Karp et al. 2011; Sagarese et al. 2016b).  551 

 552 

Marine protected areas 553 

 The GOM Fishery Management Council frequently requests investigations of the 554 

potential impacts of MPAs, particularly of whether MPAs can rebuild stocks without reducing 555 

fisheries yields and whether they can have some indirect negative effects on fish and fisheries. 556 

An ecosystem model suited for addressing these issues should: (1) consider spatial heterogeneity 557 

in habitat quality; (2) have the potential to simulate the movements of marine organisms (to 558 

represent “spillover” from MPAs) and spatial age structure; and (3) represent fishing fleet 559 

dynamics to be able to simulate reasonable spatial patterns of fishing effort following the 560 

implementation of MPAs. Ecospace has the potential to represent spatial age structure for multi-561 

stanza populations using an individual-based modeling approach, and fishing fleet dynamics 562 

using a simple “gravity model” (Christensen et al. 2008; Walters et al. 2010). Suprenand et al. 563 

(2015) added an Ecospace component to the Walters et al. (2010) model, which has a higher 564 

spatial resolution and better characterizes the habitats of the U.S GOM (Table 2). The spatio-565 

temporal data framework and the habitat capacity model could be introduced in Suprenand et al. 566 

(2015)’s Ecospace model, so as to improve the representation of spatio-temporal changes in 567 

habitat attributes in the model. Then, the enhanced Suprenand et al. (2015)’s Ecospace model 568 

could be employed to explore the direct and indirect impacts of existing and new MPAs for fish 569 

stocks and fisheries yields in the U.S. GOM.   570 

 571 

Mitigation of the impacts of invasive species 572 



25 
 

 Only one ecosystem model, Chagaris et al. (2015a)’s EwE model for the WFS, evaluated 573 

the potential impacts of actions to mitigate lionfish invasion in the GOM. An Ecospace model 574 

exploring the effects of  measures for mitigating lionfish invasion is under development for the 575 

north-central GOM (David Chagaris, University of Florida, personal communication). However 576 

additional ecosystem models that simulate spatial overlap between predators and prey, and can 577 

represent the pressure exerted on the lionfish populations by the sponsored derbies and culling 578 

programs are needed in many other regions of the GOM impacted by the invasion (e.g., the 579 

western GOM, the Florida Keys). The invasion of Australian spotted jellyfish (Phylloriza 580 

punctate) is another important issue in the north-central GOM (Online Resource 2; Sheehy and 581 

Vik, 2010; Robinson et al. 2015).  582 

 583 

Mitigation of oil spill effects 584 

The DWH oil spill has been shown to have affected the vital rates of the different life 585 

stages of marine organisms of the GOM, including the survival of fish larvae (Goodbody-586 

Gringley et al. 2013). Therefore, ecosystem models addressing the issue of the mitigation of oil 587 

spill effects should ideally simulate the full life cycle of marine organisms. The Atlantis-GOM 588 

model was primarily developed to assess the consequences of the DWH oil spill (Ainsworth et 589 

al. 2015). Recent studies establishing relationships between exposure to oil and larval 590 

recruitment, natural mortality and growth were conducted specifically to enhance the Atlantis-591 

GOM model (Dornberger et al. 2016). After these relationships and an improved diet matrix 592 

(Tarnecki et al. 2016) have been fed into Atlantis-GOM and the model has been recalibrated, it 593 

will be possible to use Atlantis-GOM to analyze the impacts of efforts to mitigate oil spill effects 594 

in the GOM LME.  595 
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 596 

Habitat restoration 597 

Ecosystem models guiding habitat restoration efforts necessarily need to be dynamic and 598 

spatial and must have the capacity to simulate changes in the structure and surface area of the 599 

physical habitat through time. The currency of these models (e.g., age or size-structured for some 600 

species) is dependent upon the life stages using the habitat of interest. For instance, marsh 601 

habitats serve as nursery for many fish and shellfish species, such as blue crab and brown shrimp 602 

(Farfantepenaeus duorarum) (Minello et al. 2012); thus, ecosystem models aiming to explore the 603 

impacts of marsh restoration and representing, say, blue crab, should distinguish between the 604 

juvenile and adult stages of the species. The processes represented (i.e., survival, growth, 605 

reproduction, and movement) depend on how changes in the physical habitat are assumed to 606 

influence the ecology of the species or functional groups represented in the ecosystem model. 607 

Many existing ecosystem models have the capacity to evaluate the consequences of 608 

habitat restoration efforts in different GOM ecosystems or will have this capacity once enhanced 609 

(Althauser 2003; Vidal and Pauly 2004; Roth et al. 2008; de Mutsert et al. 2015; Lewis et al. 610 

2016). For instance, the spatially-explicit MICE of Sable et al. (unpublished data) for the 611 

northern GOM represents habitat (channel, creek, marsh edge, marsh interior or pond) and 612 

simulates hourly variations in water depth in each habitat cell based on the elevation of the 613 

habitat cells which is related to the distance from marsh edge. In this model, the mortality for 614 

juveniles and adults of grass shrimp (Palaemonetes pugio) and blue crab is multiplied by habitat-615 

specific multipliers to reflect added predation refuge in the vegetated habitats. Thus, the MICE of 616 

Sable et al. (unpublished data) is available for assessing the effects of the restoration of marshes 617 

on grass shrimp and blue crab production in the northern GOM.  618 
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The Ecospace model for Barataria Bay, Louisiana by Lewis et al. (2016) employs the 619 

methodology presented in de Mutsert et al. (2015), which uses Ecospace’s habitat capacity 620 

model to simulate changes in the physical habitat through time. Lewis et al. (2016)’s model was 621 

designed to ascertain whether a given relationship between marsh edge and effective search rate 622 

could precisely hindcast the historical biomasses of functional groups of Barataria Bay (Table 2). 623 

This model could be utilized to guide marsh restoration activities in Barataria Bay.  Althauser 624 

(2003)’s EwE model, which was developed to evaluate how the Weeks Bay (Alabama) food web 625 

may respond to different river flow scenarios, could be turned into an Ecospace model and 626 

applied to other relatively small estuaries to simulate the consequences of seagrass, oyster reef 627 

and marsh habitats through time, so as to support habitat restoration activities in Alabama 628 

(Online Resource 1). Another relevant new model for guiding habitat restoration in GOM 629 

ecosystems would be an Ecospace model for the Texas coastal zone, which would use the 630 

methodology reported in de Mutsert et al. (2015) to provide insights into the potential 631 

consequences of marsh and oyster reef restoration in Texas (Online Resource 1).  632 

Assessing the effects of habitat restoration activities at the scale of the entire northern 633 

GOM could start with the InVitro modeling approach (Gray et al. 2006). InVitro is a highly 634 

sophisticated three-dimensional, dynamic, individual-based modeling approach, whose 635 

components are all ‘agents”; these agents are numerous and include, among others, fish and 636 

crustaceans, sea turtles, benthic communities, seagrass meadows, mangroves, fisheries, and 637 

“catastrophic agents” (such as storms/cyclones) (Gray et al. 2006) (Online Resource 3). InVitro 638 

considers flora (e.g., mangrove forests, seagrass meadows) in the form of "polyorganism agents", 639 

which are two- or three-dimensional patches represented via polygons. Therefore, an InVitro 640 

model the northern GOM could simulate the impacts of habitat restoration in the region by 641 
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altering the attribute values of existing polygons of polyorganism agents and by adding new 642 

polygons to polyorganism agents. 643 

 644 

Artificial reefs 645 

 The GOM Fishery Management Council also requested studies assessing the effects of 646 

artificial reefs, especially their potential to improve fisheries yields without substantially 647 

decreasing the biomasses of some marine species.  Ideally, an ecosystem model addressing these 648 

issues should represent fishing fleet dynamics to be able to simulate how fishers reallocate their 649 

fishing effort as new artificial reefs are created and fish re-distribute themselves. The beginnings 650 

of such a model is provided by Campbell et al. (2011) who simulated individuals of five fish 651 

species as they moved among a two-dimensional spatial grid of different arrangements of open 652 

and reef cells; feeding opportunities and predator protection were enhanced when individuals 653 

were in reef-designated cells. 654 

 655 

Nutrient loading/hypoxia mitigation 656 

During summer, the nutrients brought to the GOM by the Mississippi and Atchafalaya 657 

Rivers results in severe hypoxic conditions in Louisiana and Texas, which can have impacts on 658 

fish and shellfish (Rabalais et al. 2002; Hypoxia Task Force 2015). To guide efforts to mitigate 659 

nutrient loading/hypoxia in the northwestern GOM, spatially-explicit ecosystem models with a 660 

fine temporal resolution (i.e., with a monthly or smaller time step) should be employed, with the 661 

ability to simulate the impacts of varying dissolved oxygen levels on the vital rates of juveniles 662 

and adults of species or functional groups. The Ecospace model of de Mutsert et al. (2016) for 663 

the Louisiana coastal zone can separate the negative impact of nutrient loading on dissolved 664 
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oxygen concentrations and their positive impact of primary production, to ultimately assess the 665 

net effects of hypoxia on the biomass and catches of functional groups in the Louisiana coastal 666 

zone and shelf (Table 2). It would be interesting to compare the results of de Mutsert et al. 667 

(2016) with the individual-based model of Atlantic croaker (Micropogonias undulatus) 668 

population dynamics in response to hypoxia by Creekmore (2011) to determine how food web 669 

interactions (Ecospace versus population model) affect the croaker population response to 670 

reduced nutrient loadings and improved hypoxia.   671 

 672 

Freshwater diversion 673 

Ecosystem model simulations are needed to evaluate the impacts of freshwater diversion 674 

for restoring natural hydrologic flows in Louisiana (Coastal Protection and Restoration Authority 675 

of Louisiana 2012). Dynamic spatial ecosystem models with a fine temporal resolution (e.g., 676 

with a daily or monthly time step) are preferred to be able to analyze the effects of freshwater 677 

diversion under different gradients of salinity just after, during, and post releases. These models 678 

should be age-, size- or stage-structured to capture the differing effects of changes in salinity on 679 

the vital rates of juveniles of some fish and shellfish species that inhabit estuarine systems and 680 

their adults that occur in marine habitats.  A version of CASM developed by Dynamic Solutions 681 

(2016) for the Mississippi River Delta region is available but it is presently a series of separate 682 

point models spread out within the estuary, which limits how movement affects the responses. 683 

The EwE model of de Mutsert et al. (2012) has been applied to assessing diversion effects at a 684 

monthly time; this model could be expanded into an Ecospace model. Some combination of this 685 

Ecospace model and the CASM developed by Dynamic Solutions (2016) seems appropriate to 686 
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allow for the explicit treatment of spatial variation and movement at fine enough spatial scales 687 

and temporal resolution. 688 

 689 

Discussion 690 

Some EBFM-related measures and multiple restoration projects have already been 691 

implemented in the U.S. GOM. Bycatch reduction strategies and MPAs have been employed and 692 

therefore many of the existing ecosystem models of the GOM have been developed to address 693 

issues relating to the structure and functioning of ecosystems and the impacts of bycatch 694 

reduction strategies and MPAs (Table 2). The GOM is a highly diverse ecosystem that is 695 

strongly influenced by environmental and anthropogenic factors (Fautin et al. 2010; National 696 

Ocean Service 2011), suggesting that ecosystem modeling that can account for bottom-up and 697 

top-down effects should play a large role. Our review identified a surprisingly small number of 698 

examples of ecosystem models being used specifically to address many of the EBFM issues of 699 

the GOM and to assess restoration efforts. EBFM endeavors such as ESAMs (seven ecosystem 700 

models), MSEs integrating ecosystem considerations (one ecosystem model) and simulations to 701 

evaluate the impacts of efforts to mitigate invasive species such as lionfish (one ecosystem 702 

model) have been initiated only recently. Many of the restoration projects in the GOM are also 703 

recent, particularly the large diversion and habitat restoration projects in Louisiana, which 704 

explains why a limited number of ecosystem models have been designed to specifically tackle 705 

GOM restoration issues. The demands for EBFM and state and gulf-wide restoration activities 706 

will both be increasing in the GOM (National Academies of Sciences and Medicine 2016). 707 

Therefore, there is a critical need to better employ and enhance existing ecosystem models of the 708 

GOM, and to develop new ecosystem models, to more comprehensively address the different 709 
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EBFM and restoration needs in the region.   710 

Our review of existing ecosystem models of the GOM revealed that these models are 711 

diverse, ranging from simple conceptual and qualitative models to biogeochemical-based end-to-712 

end models (Fig. 2). As is the case elsewhere in the world (Fulton 2010; Christensen and Walters 713 

2011), most ecosystem models of the GOM have been used for strategic analyses, such as 714 

providing information and long-term assessments of alternative management actions. While most 715 

existing ecosystem models of the GOM account for abiotic environmental influences on 716 

functional groups, very few represent fishing fleet dynamics (i.e., fishers’ movement). There has 717 

also been a focus of the ecosystem modeling for ecological regions near the eastern GOM 718 

(Florida). This is partly a result of funding opportunities and the availability of the well-studied 719 

WFS. Many of the models included representations of both pelagic-demersal and benthic species 720 

or functional groups, which reflects that GOM ecosystems are strongly influenced by the benthic 721 

component (Fautin et al. 2010). However, marine mammals, sea turtles and seabirds were often 722 

not explicitly considered in existing models. 723 

We see an opportunity for a surge in ecosystem modeling to address the demands of 724 

EBFM in the GOM and to assist in the design and performance evaluation of the many 725 

restoration projects being implemented and planned in the region. Conceptual models and loop 726 

analysis could be employed in support of many of the EBFM and restoration issues, primarily for 727 

communication and as early step in the development of quantitative ecosystem models (FAO 728 

2008; Swannack et al. 2012; Hyder et al. 2015; Rose et al. 2015). These conceptual models 729 

should be prepared within a common format (e.g., DiGennaro et al., 2012) to ensure effective use 730 

across modelers, resource managers, other stakeholders, ecosystems and models.  731 

Ecosystem modeling, like all ecological modeling, must be question driven. The tendency 732 
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or appearance that certain models are being used because they are available or known by the 733 

modelers must be avoided. However, the existing models provide an excellent database as a 734 

foundation for developing models into the future. Many of the questions to be addressed about 735 

EBFM and restoration overlap with the questions addressed by the earlier existing models. Our 736 

review provides a modeling inventory as ecosystem modeling for the GOM goes forward; such 737 

inventories are an important step in adapting and modifying existing models and developing new 738 

models to address the new resource management questions (Rose et al. 2015). Given the ongoing 739 

restoration efforts, and the influx of new funds for restoration from the DWH oil spill, ecosystem 740 

modeling should be used to help scale-up the ecological responses across multiple restoration 741 

projects to get to regional-level benefits (National Academies of Sciences and Medicine 2016).  742 

When abiotic environmental factors or trophic interactions are shown to be important, 743 

ESAMs can be used within the stock assessment process, essentially to meet the 744 

recommendations of the revised MSFCMA (MSFCMA 2007) and the Marine Fisheries Stock 745 

Assessment Improvement Plan (Mace et al. 2001). More complex ecosystem models should be 746 

better employed, improved or designed in the future to address specific EBFM and restoration 747 

questions. Candidate issues include the potential impacts of marsh and oyster reef restoration, 748 

effects of artificial reefs, the control of invasive species such as the lionfish, and the assessment 749 

and scaling-up of restoration actions within and across regions (Online Resource 1). 750 

There are several issues related to ecosystem modeling that span all modeling efforts 751 

whose careful attention would benefit the use of ecosystem modeling as it goes forward in the 752 

GOM. These issues are: (1) enhancing the calibration and validation processes of ecosystem 753 

models of the GOM and examining the behavior of these models in more detail; (2) allowing 754 

empiricists, resource managers and other stakeholders to properly understand and review the 755 
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strengths and limitations of ecosystem models and to contribute to these models, which requires 756 

detailed descriptions of model assumptions; and (3) fostering capacity building and the 757 

maintenance of ecosystem models.  758 

Firstly, the calibration of ecosystem models using empirical data needs to be improved in 759 

both quality (e.g., measurements of multiple biota) and quantity (e.g., longer time series) (FAO 760 

2008; Steele et al. 2013; Rose et al. 2015). Also, ecosystem models that aim to support fisheries 761 

management should be calibrated to historical time series and demonstrate that they can 762 

adequately replicate historical trends, so as to lend confidence to the predictions derived from 763 

these models (Christensen and Walters 2011). Validation is another important step to complete 764 

before ecosystem models are used to answer certain questions (Steele et al. 2013; Rose et al. 765 

2015). Diagnostics such as the PREBAL diagnostics of Link (2010) should become standard 766 

procedures for ecosystem models such as EwE, CASM and Atlantis models, while individual-767 

based models such as OSMOSE and InVitro applications should be assessed using the pattern-768 

oriented modeling approach of Grimm et al. (2005). Finally, the behavior of ecosystem models 769 

must be scrutinized and well understood before these models are used to explore scenarios. 770 

Sensitivity and uncertainty analyses, and the examination of alternative process formulations, are 771 

useful tools to evaluate the validity and robustness of the outcomes from ecosystem models 772 

(Lehuta et al. 2010; 2013; Collie et al. 2016; Peck et al. 2016). Model behavior should also be 773 

studied under “extreme” scenarios, such as high fishing and extreme abiotic environmental 774 

pressures. Determining that an ecosystem model can be used to examine scenarios that involve 775 

previously unobserved conditions is critical as ecosystem models receive more consideration by 776 

resource managers (Rose 2012).  777 

Secondly, stronger interactions among ecosystem modelers, empiricists, resource 778 
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managers and other stakeholders will be necessary in the GOM in the future (Espinoza-Tenorio 779 

et al. 2012; Hyder et al. 2015; Rose et al. 2015). The constitution of multidisciplinary teams 780 

involving ecosystem modelers, data collectors and statisticians in continued communication will 781 

ensure that the inputs provided to ecosystem models rely on the best available information (Rose 782 

2012; Hyder et al. 2015). Moreover, long-term exchanges between ecosystem modelers and 783 

managers and other stakeholders are necessary for ecosystem modeling predictions to be 784 

properly considered and interpreted by managers. These exchanges have to start at the time 785 

where conceptual and qualitative models are designed and continue throughout the project, so as 786 

to make sure that the ecosystem models under development capture all the important resources, 787 

processes and stressors of the ecosystem of interest (Espinoza-Tenorio et al. 2012; Swannack et 788 

al. 2012; Rose et al. 2015). Such interactions and communication requires an investment of time 789 

but they will ensure the transparency of ecosystem modeling efforts in the GOM, caution when 790 

ecosystem models are gradually constructed, and trust between scientists and managers and other 791 

stakeholders (Rose 2012; Swannack et al. 2012). The extensive review and quality control of the 792 

Atlantis model of the U.S. West coast for use of its outputs in resource management is an 793 

example to follow in the GOM (Kaplan and Marshall 2016).  794 

Lastly, there is a critical need for capacity building in the GOM and for viewing 795 

ecosystem modeling as an iterative and adaptive process. Conceptual models, loop analysis and 796 

ESAMs are tools that are easy to communicate and can be fairly easily used by a large number of 797 

users (especially conceptual models and loop analysis). In contrast, aggregated (whole 798 

ecosystem) models, biogeochemical-based end-to-end models and coupled and hybrid model 799 

platforms are highly complex, involve many assumptions, concepts and large computational 800 

costs, and require years of experience to be fully understood and their limitations appreciated 801 
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(Espinoza-Tenorio et al. 2012; Rose and Sable 2013; Hyder et al. 2015). In the future, more 802 

scientists of the GOM should be trained in the use of sophisticated modeling platforms such as 803 

EwE, Atlantis, InVitro and OSMOSE to foster the effective development and utilization of 804 

applications of these platforms for addressing EBFM and restoration needs as data collection 805 

improves. Such efforts would be greatly facilitated by the creation of a graphical user interface, a 806 

user guide and a web interface to query parameters for Atlantis, InVitro and OSMOSE. Beyond 807 

capacity building, maintenance of ecosystem models is also important. Our review provides a 808 

small step towards the development of an ecosystem modeling database. Similar to circulation 809 

models used in physical oceanography, ecosystem models should be viewed as iterative and 810 

adaptive tools, which need to be updated as new information and data become available 811 

(Christensen and Walters 2011; Espinoza-Tenorio et al. 2012; Swannack et al. 2012; Rose et al. 812 

2015; Peck et al. 2016). 813 

Several ecosystem components were underrepresented in the current ecosystem models of 814 

the GOM and should be given more consideration in future ecosystem modeling efforts. These 815 

ecosystem components include marine mammals, sea turtles and seabirds (i.e., very-high-816 

trophic-level organisms), which can all have a very large impact on food web dynamics in the 817 

GOM (Rose et al. 2010). In addition, only a few existing ecosystem models of the GOM 818 

consider fishing fleet dynamics, while one ecosystem model represents interactions between 819 

resources and managers through the use of a MSE framework (the OSMOSE-WFS model 820 

presented in Grüss et al. (2016b)). Humans are other “very-high-trophic-level organisms” that 821 

can have a very large impact on food webs and should be given more consideration in ecosystem 822 

models of the GOM in the future (Fulton 2010; Rose et al. 2010; Fulton et al. 2011b). Existing 823 

models of fisher decision-making could be linked to ecosystem models (e.g. Saul and Die, 2016). 824 
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The improvement of the MSE framework designed for OSMOSE-WFS and the development of 825 

MSE frameworks for Ecospace and Atlantis models will allow a better integration of the human 826 

dimension via explicit representation of the fishers’ dynamics and situation-specific 827 

incorporation of the stock assessment process and management decisions. 828 

It is important to emphasize that a major pressing need to improve ecosystem modeling 829 

capabilities in the GOM is the collection of data for model development (e.g., parameterizing 830 

trophic interactions from diet studies), calibration (e.g., fitting model predictions of biomass to 831 

observed biomass trends), and validation (e.g., comparing model predictions of biomass with 832 

observed trends). Whether ecosystem models are conceptual or of higher complexity, each 833 

modeling framework integrates various sources of data and, as a result, model outputs are only as 834 

reliable and as realistic as the process formulations, input data, and spatial and temporal 835 

assumptions. Key data limitations within the GOM include estimates of absolute or relative 836 

abundance, spatial distributions, environmental and habitat associations and diet compositions. 837 

For example, results from EwE, CASM and Atlantis models are reliant upon the input diet 838 

matrix, as this information is the primary driver of ecosystem dynamics and can result in 839 

conclusions likely to be heavily challenged. We recommend that the diet matrix of the different 840 

EwE, CASM and Atlantis models of the GOM should be constructed or reconstructed with the 841 

best possible diet data stemming from genetics and/or dietary studies and using probabilistic 842 

approaches such as those employed by Sagarese et al. (2016a). The diet information contrains the 843 

degree of predation interactions and connectance within the food web that determines higher-844 

order propreties such as system resilience (Masi et al. 2014; Sagarese et al. 2017). There are 845 

several ongoing projects in the GOM to compile existing data on diets, spatial distributions of 846 

functional groups and other key inputs to ecosystem models, and new data collections are also 847 
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needed to address key uncertainties in the models (Grüss et al. 2016a; Tarnecki et al. 2016). 848 

One important direction for future ecosystem modeling efforts in the GOM is the multi-849 

model approach, which consists of using several ecosystem models that differ greatly in their 850 

structure and assumptions to tackle the same research questions (FAO 2008; Fulton 2010; 851 

Espinoza-Tenorio et al. 2012; Steele et al. 2013; Hyder et al. 2015). All ecosystem models have 852 

their qualities and flaws and, as a result, there is no “best” ecosystem model, even to address a 853 

particular research issue (Fulton 2010; Espinoza-Tenorio et al. 2012). Using a multi-model 854 

approach therefore deals with the issue of the conceptual, structural and predictive uncertainties 855 

of ecosystem models (Fulton 2010; Peck et al. 2016). In particular, if several ecosystem models, 856 

despite their different structure and assumptions, provide consistent and converging results, then 857 

one can have more confidence in their predictions and in supporting specific management 858 

measures (FAO 2008; Espinoza-Tenorio et al. 2012).  859 

In the present paper, we focused on the U.S. GOM and GOM LME. The GOM is one of 860 

the largest LMEs of the world (National Ocean Service 2011), and is expecting to see increasing 861 

use of EFBM and large-scale restoration efforts. The situation is ripe for the use of ecosystem 862 

modeling. However, ecosystem modeling efforts in the Mexican and Cuban GOM were not 863 

considered in this review, for two main reasons. Firstly, we wanted to conduct a comprehensive 864 

review of ecosystem modeling efforts in the U.S. GOM and GOM LME as a whole, and use the 865 

review to outline some pressing questions that would benefit from more modeling and highlight 866 

some issues that will facilitate the use of the models in the U.S. GOM and GOM LME. Such a 867 

large endeavor deserved its own paper. Secondly, locating the published literature to identify 868 

ecosystem models of the Cuban GOM and, to a lesser extent, ecosystem models of the Mexico 869 

GOM, proved challenging. With Cuba, the political climate has long inhibited trans-boundary 870 
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collaboration. Especially because the U.S. embargo with Cuba has been recently relaxed, it 871 

would be advantageous to expand the work conducted here to the Mexican and Cuban GOM.  872 

While our focus in the present paper was on the GOM, many of the models, questions, and issues 873 

apply to other systems. We hope that consistent libraries of ecosystem models will be developed 874 

through collaborative efforts between ecosystem modelers, empiricists, resource managers and 875 

other stakeholders for effectively tackling specific resource management questions in the 876 

different marine regions of the world (FAO 2008; Hyder et al. 2015). 877 

 878 

Funding: This study was funded by the National Oceanic and Atmospheric Administration’s 879 

RESTORE Act Science Program under award NA15NOS4510233 to the University of Miami.    880 

Conflict of Interest: The authors declare that they have no conflict of interest.    881 

References 882 

Abelson A, Halpern BS, Reed DC et al (2016) Upgrading marine ecosystem restoration using 883 
ecological-social concepts. Bioscience 66:156−163. doi: 10.1093/biosci/biv171 884 

Ainsworth CH, Schirripa MJ, Morzaria-Luna HN (2015) An Atlantis ecosystem model for the 885 
Gulf of Mexico supporting integrated ecosystem assessment. U.S. Dep. Commer., NOAA 886 
Tech. Memo. NMFS-SEFSC-676, Miami. doi: 10.7289/V5X63JVH 887 

Althauser LL (2003) An ecopath/ecosim analysis of an estuarine food web: seasonal energy flow 888 
and response to river-flow related perturbations. MS Thesis, Louisiana State University 889 

Anonymous (2008) Glossary. In: Pitcher T, Morato T, Hart P, Clark M, Haggan N, Santos R 890 
(eds) Seamounts: ecology, fisheries & conservation. Blackwell Publishing Ltd, Oxford, 891 
pp 489−497. doi: 10.1002/9780470691953.gloss 892 

Anonymous (2015) Gulf of Mexico Research Initiative: improving society's ability to 893 
understand, respond to, and mitigate the impacts from oil spills. Gulf of Mexico Research 894 
Initiative. http://gulfresearchinitiative.org/wp-895 
content/uploads/2015_GoMRI_BrochureFinal.pdf. Accessed 15 November 2016 896 

Ault JS, Bohnsack JA, Smith SG, Luo JG (2005) Towards sustainable multispecies fisheries in 897 
the Florida, USA, coral reef ecosystem. B Mar Sci 76:595−622 898 

Bartell SM (2003) A framework for estimating ecological risks posed by nutrients and trace 899 
elements in the Patuxent River. Estuaries 26:385−396. doi: 10.1007/bf02695975 900 

Begley J (2012) Gadget user guide. Marine Research Institute, Reykjavik. 901 
http://www.hafro.is/gadget/files/userguide.pdf. Accessed 15 November 2016 902 

Benkwitt CE (2015) Non-linear effects of invasive lionfish density on native coral-reef fish 903 
communities. Biol Invasions 17:1383−1395. doi: 10.1007/s10530-014-0801-3 904 



39 
 

Bjorndal KA, Bowen BW, Chaloupka M et al (2011) Better science needed for restoration in the 905 
Gulf of Mexico. Science 331:537−538 906 

Blackhart K, Stanton DG, Shimada A (2006) NOAA Fisheries Glossary. U.S. Dep. Commer., 907 
NOAA Tech. Memo. NMFS-F/SPO-69, Silver Spring. 908 
https://www.st.nmfs.noaa.gov/st4/documents/FishGlossary.pdf. Accessed 15 909 
November 2016 910 

Brooks EN, Deroba JJ (2015) When "data" are not data: the pitfalls of post hoc analyses that use 911 
stock assessment model output. Can J Fish Aquat Sci 72:634−641. doi: 10.1139/cjfas-912 
2014-0231 913 

Browder JA (1983) A simulation model of a near-shore marine ecosystem of the north-central 914 
Gulf of Mexico. In: Turgeon KW (ed) Marine ecosystem modelling – Proceedings from a 915 
Workshop Held April 6–8, 1982 in Frederick Maryland. pp 179−222 916 

Browder JA (1993) A pilot model of the Gulf of Mexico continental shelf. In: Christensen V, 917 
Pauly D (eds) Trophic models of aquatic ecosystems. ICLARM Conference Proceedings 918 
26, Manila. pp 279–284 919 

Butler IV MJ (2003) Incorporating ecological process and environmental change into spiny 920 
lobster population models using a spatially-explicit, individual-based approach. Fish Res 921 
65:63–79. doi: 10.1016/j.fishres.2003.09.007 922 

Campbell MD, Rose K, Boswell K, Cowan J (2011) Individual-based modeling of an artificial 923 
reef fish community: effects of habitat quantity and degree of refuge. Ecol Model 924 
222:3895–3909. doi: 10.1016/j.ecolmodel.2011.10.009 925 

Carey MP, Levin PS, Townsend H et al (2014) Characterizing coastal foodwebs with qualitative 926 
links to bridge the gap between the theory and the practice of ecosystem-based 927 
management. ICES J Mar Sci 71:713–724. doi: 10.1093/icesjms/fst012 928 

Carlson J (2007) Modeling the role of sharks in the trophic dynamics of Apalachicola Bay, 929 
Florida. In: McCandless CT, Kohler NE, Pratt JR HL (eds) Shark nursery grounds of the 930 
Gulf of Mexico and the East Coast Waters of the United States. American Fisheries 931 
Society, Bethesda, pp 281–300 932 

Chagaris D, Mahmoudi B (2013) Natural mortality of gag grouper from 1950 to 2009 generated 933 
by an Ecosim model. Southeast Data Assessment and Review, SEDAR33-DW07. North 934 
Charleston. http://sedarweb.org/sedar-33-data-workshop. Accessed 15 November 935 
2016 936 

Chagaris DD (2013) Ecosystem-based evaluation of fishery policies and tradeoffs on the West 937 
Florida Shelf. Dissertation, University of Florida 938 

Chagaris DD, Binion S, Bodanoff A et al (2015a) Modeling lionfish management strategies on 939 
the West Florida Shelf: workshop summary and results. University of Florida, 940 
Gainesville. https://www.flseagrant.org/wp-941 
content/uploads/Modeling_lionfish_management_strategies_WestFL_shelf.pdf. 942 
Accessed 15 November 2016 943 

Chagaris DD, Mahmoudi B, Walters CJ, Allen MS (2015b) Simulating the trophic impacts of 944 
fishery policy options on the West Florida Shelf using Ecopath with Ecosim. Mar Coast 945 
Fish 7:44–58. doi: 10.1080/19425120.2014.966216 946 

Christensen V, Walters C, Pauly D, Forrest R (2008) Ecopath with Ecosim version 6 user guide. 947 
Lenfest Ocean Futures Project, University of British Columbia, Vancouver. 948 
ftp://download.ecopath.org/Help/Ewe%20User%20Guide%206.pdf. Accessed 15 949 
November 2016 950 



40 
 

Christensen V, Walters CJ (2004) Ecopath with Ecosim: methods, capabilities and limitations. 951 
Ecol Model 172:109–139. doi: 10.1016/j.ecolmodel.2003.09.003 952 

Christensen V, Walters CJ (2011) Progress in the use of ecosystem modeling for fisheries 953 
management. In: Christensen V, MacLean J (eds) Ecosystem approaches to fisheries: a 954 
global perspective. Cambridge University Press, Cambridge, pp 189–205 955 

Christian RR, Luczkovich JJ (1999) Organizing and understanding a winter's seagrass foodweb 956 
network through effective trophic levels. Ecol Model 117:99–124. doi: 10.1016/s0304-957 
3800(99)00022-8 958 

Clark ME, Rose KA, Levine DA, Hargrove WW (2001) Predicting climate change effects on 959 
Appalachian trout: combining GIS and individual-based modeling. Ecol Appl 11:161–960 
178. doi: 10.2307/3061064 961 

Coastal Protection and Restoration Authority of Louisiana (2012) Louisiana’s Comprehensive 962 
Master Plan for a Sustainable Coast. Coastal Protection and Restoration Authority of 963 
Louisiana, Baton Rouge. 964 
https://www.doi.gov/sites/doi.gov/files/migrated/deepwaterhorizon/adminrecor965 
d/upload/CPRA-Louisiana-s-Comprehensive-Master-Plan-for-a-Sustainable-Coast-966 
2012.pdf. Accessed 15 November 2016 967 

Coll M, Akoglu E, Arreguin-Sanchez F et al (2015) Modelling dynamic ecosystems: venturing 968 
beyond boundaries with the Ecopath approach. Rev Fish Biol Fisher 25:413–424. doi: 969 
10.1007/s11160-015-9386-x 970 

Colleter M, Valls A, Guitton J, Gascuel D, Pauly D, Christensen V (2015) Global overview of 971 
the applications of the Ecopath with Ecosim modeling approach using the EcoBase 972 
models repository. Ecol Model 302:42–53. doi: 10.1016/j.ecolmodel.2015.01.025 973 

Collie JS, Botsford LW, Hastings A, Kaplan IC, Largier JL, Livingston PA, Plagányi É, Rose 974 
KA, Wells BK, Wener FE (2016) Ecosystem models for fisheries management: finding 975 
the sweet spot. Fish Fish 17:101–125. doi: 10.1111/faf.12093 976 

Creekmore SB (2011) Modeling the population effects of hypoxia on Atlantic croaker 977 
(Micropogonias undulatus) in the northwestern Gulf of Mexico. MS Thesis, Louisiana 978 
State University  979 

Dambacher JM, Luh HK, Li HW, Rossignol PA (2003) Qualitative stability and ambiguity in 980 
model ecosystems. Am Nat 161:876–888. doi: 10.1086/367590 981 

Darwall WRT, Allison EH, Turner GF, Irvine K (2010) Lake of flies, or lake of fish? A trophic 982 
model of Lake Malawi. Ecol Model 221:713–727. doi: 10.1016/j.ecolmodel.2009.11.001 983 

de Mutsert K, Cowan JH, Walters CJ (2012) Using Ecopath with Ecosim to explore nekton 984 
community response to freshwater diversion into a Louisiana Estuary. Mar Coast Fish 985 
4:104–116. doi: 10.1080/19425120.2012.672366 986 

de Mutsert K, Lewis K, Buszowski J, Steenbeek J, Milroy S (2015) 2017 Coastal Master Plan 987 
Modeling: C3-20-Ecopath with Ecosim. Coastal Protection and Restoration Authority of 988 
Louisiana, Baton Rouge 989 

de Mutsert K, Steenbeek J, Lewis K, Buszowski J, Cowan JH, Christensen V (2016) Exploring 990 
effects of hypoxia on fish and fisheries in the northern Gulf of Mexico using a dynamic 991 
spatially explicit ecosystem model. Ecol Model 331:142–150. doi: 992 
10.1016/j.ecolmodel.2015.10.013 993 

DiGennaro B, Reed D, Swanson C, Hastings L, Hymanson Z, Healey M, Siegel S, Cantrell S, 994 
Herbold B (2012) Using conceptual models in ecosystem restoration decision making: an 995 



41 
 

example from the Sacramento-San Joaquin River Delta, California. San Francisco 996 
Estuary and Watershed Science 10:1–15 997 

Dornberger L, Ainsworth C, Gosnell S, Coleman F (2016) Developing a polycyclic aromatic 998 
hydrocarbon exposure dose-response model for fish health and growth. Mar Pollut Bull 999 
109:259–266. doi: 10.1016/j.marpolbul.2016.05.072 1000 

Dynamic Solutions (2016) Development of the CASM for evaluation of fish community impacts 1001 
for the Mississippi River Delta management study. Model setup, calibration and 1002 
validation for existing conditions. Report for the Louisiana Coastal Protection and 1003 
Restoration Authority, Contract Number 2503-13-42, task Number 9, Baton Rouge 1004 

Espinoza-Tenorio A, Wolff M, Taylor MH, Espejel I (2012) What model suits ecosystem-based 1005 
fisheries management? A plea for a structured modeling process. Rev Fish Biol Fisher 1006 
22:81–94. doi: 10.1007/s11160-011-9224-8 1007 

Food and Agriculture Organization (FAO) (2008) Fisheries Management 2. The ecosystem 1008 
approach to fisheries. 2.1 Best practices in ecosystem modeling for informing an 1009 
ecosystem approach to fisheries. FAO, FAO Fisheries Technical Guidelines for 1010 
Responsible Fisheries No. 4, Suppl. 2, Add. 1, Rome. 1011 
http://www.fao.org/docrep/011/i0151e/i0151e00.htm Accessed 15 November 1012 
2016 1013 

Fautin D, Dalton P, Incze LS et al (2010) An overview of marine biodiversity in United States 1014 
Waters. Plos One 5: e11914. doi: 10.1371/journal.pone.0011914 1015 

Fogarty MJ (2014) The art of ecosystem-based fishery management. Can J Fish Aquat Sci 1016 
71:479–490. doi: 10.1139/cjfas-2013-0203 1017 

Fulford RS, Breitburg DL, Luckenbach M, Newell RIE (2010) Evaluating ecosystem response to 1018 
oyster restoration and nutrient load reduction with a multispecies bioenergetics model. 1019 
Ecol Appl 20:915–934. doi: 10.1890/08-1796.1 1020 

Fulton EA (2010) Approaches to end-to-end ecosystem models. J Marine Sys 81:171–183. doi: 1021 
10.1016/j.jmarsys.2009.12.012 1022 

Fulton EA, Link JS, Kaplan IC et al (2011a) Lessons in modelling and management of marine 1023 
ecosystems: the Atlantis experience. Fish Fish 12:171–188. doi: 10.1111/j.1467-1024 
2979.2011.00412.x 1025 

Fulton EA, Parslow JS, Smith ADM, Johnson CR (2004) Biogeochemical marine ecosystem 1026 
models II: the effect of physiological detail on model performance. Ecol Model 173:371–1027 
406. doi: 10.1016/j.ecolmodel.2003.09.024 1028 

Fulton EA, Smith ADM, Smith DC (2007) Alternative management strategies for Southeast 1029 
Australian Commonwealth Fisheries: stage 2: quantitative management strategy 1030 
evaluation. Australian Fisheries Management Authority Report, Canberra. 1031 
http://atlantis.cmar.csiro.au/www/en/atlantis/mainColumnParagraphs/02/text_fil1032 
es/file/AMS_Final_Report_v6.pdf. Accessed 15 November 2016 1033 

Fulton EA, Smith ADM, Smith DC, van Putten IE (2011b) Human behaviour: the key source of 1034 
uncertainty in fisheries management. Fish Fish 12:2–17. doi: 10.1111/j.1467-1035 
2979.2010.00371.x 1036 

Gaff H, DeAngelis DL, Gross LJ, Salinas R, Shorrosh M (2000) A dynamic landscape model for 1037 
fish in the Everglades and its application to restoration. Ecol Model 127:33–52. doi: 1038 
10.1016/s0304-3800(99)00202-1 1039 

Gulf Data Assessment and Review (GDAR) (2013) GDAR 01 Stock Assessment Report- Gulf of 1040 
Mexico Blue Crab vol GSMFC Number 215. Gulf States Marine Fisheries Commission, 1041 



42 
 

Ocean Springs. 1042 
http://www.gsmfc.org/publications/GSMFC%20Number%20215.pdf. Accessed 15 1043 
November 2016 1044 

Geers T, Pikitch E, Frisk M (2014) An original model of the northern Gulf of Mexico using 1045 
Ecopath with Ecosim and its implications for the effects of fishing on ecosystem structure 1046 
and maturity. Deep-sea Res Pt II 129:319–331. doi: 10.1016/j.dsr2.2014.01.009 1047 

Geers TM (2012) Developing an ecosystem-based approach to management of the Gulf 1048 
menhaden fishery using Ecopath with Ecosim. MS Thesis, Stony Brook University 1049 

Goodbody-Gringley G, Wetzel DL, Gillon D, Pulster E, Miller A, Ritchie KB (2013) Toxicity of 1050 
deepwater horizon source oil and the chemical dispersant, corexit® 9500, to coral larvae. 1051 
Plos One 8: e45574. doi: 10.1371/journal.pone.0045574 1052 

Gray AM (2014) Karenia brevis harmful algal blooms: their role in structuring the organismal 1053 
community on the West Florida Shelf. MS Thesis, University of South Florida 1054 

Gray R, Fulton E, Little R, Scott R (2006) Ecosystem model specification within an agent based 1055 
framework. CSIRO, North West Shelf Joint Environmental Management Study Technical 1056 
Report Number 16, Hobart  1057 

Grimm V, Berger U, Bastiansen F, Eliassen S, Ginot V, Giske J, Goss-Custard J et al (2006) A 1058 
standard protocol for describing individual-based and agent-based models. Ecol Model 1059 
198:115–126. doi: 10.1016/j.ecolmodel.2006.04.023 1060 

Grimm V, Revilla E, Berger U, Jeltsch F, Mooij WM, Railsback SF, Thulke H-H, Weiner J, 1061 
Wiegand T, DeAngelis DL (2005) Pattern-oriented modeling of agent-based complex 1062 
systems: lessons from ecology. Science 310:987–991. doi: 10.1126/science.1116681 1063 

Grüss A, Babcock EA, Sagarese SR, Drexler M, Chagaris DD, Ainsworth CH, Penta B, deRada 1064 
S, Sutton TT (2016a) Improving the spatial allocation of functional group biomasses in 1065 
spatially-explicit ecosystem models: Insights from three Gulf of Mexico models. B Mar 1066 
Sci 92: 473-496. doi: 10.5343/bms.2016.1057 1067 

Grüss A, Harford WJ, Schirripa MJ, Velez L, Sagarese SR, Shin Y-J, Verley P (2016b) 1068 
Management strategy evaluation using the individual-based, multispecies modeling 1069 
approach OSMOSE. Ecol Model 340:86–105. doi: 10.1016/j.ecolmodel.2016.09.011 1070 

Grüss A, Schirripa MJ, Chagaris D, Drexler M, Simons J, Verley P, Shin Y-J, Karnauskas M, 1071 
Oliveros-Ramos R, Ainsworth CH (2015) Evaluation of the trophic structure of the West 1072 
Florida Shelf in the 2000s using the ecosystem model OSMOSE. J Marine Sys 144:30–1073 
47. doi: 10.1016/j.jmarsys.2014.11.004 1074 

Grüss A, Schirripa MJ, Chagaris D, Velez L, Shin Y-J, Verley P, Oliveros-Ramos R, Ainsworth 1075 
CH (2016c) Estimating natural mortality rates and simulating fishing scenarios for Gulf 1076 
of Mexico red grouper (Epinephelus morio) using the ecosystem model OSMOSE-WFS. 1077 
J Marine Sys 154:264–279. doi: 10.1016/j.jmarsys.2015.10.014 1078 

Gulf Coast Ecosystem Restoration Task Force (2011) Gulf of Mexico Regional Ecosystem 1079 
Restoration Strategy. Gulf Coast Ecosystem Restoration Task Force. 1080 
ftp://140.90.235.78/pub/data.nodc/coris/library/NOAA/CRCP/other/non_crcp_pu1081 
blications/EPA_GulfCoastReport_Full_Dec2011.pdf. Accessed 15 November 2016 1082 

Hare JA, Brooks EN, Palmer MC, Churchill JH (2015) Re‐evaluating the effect of wind on 1083 

recruitment in Gulf of Maine Atlantic Cod (Gadus morhua) using an environmentally‐1084 
explicit stock recruitment model. Fish Oceanogr 24:90–105. doi: 10.1111/fog.12095 1085 



43 
 

Hart RA (2012) Stock assessment of white shrimp (Litopenaeus setiferus) in the US Gulf of 1086 
Mexico for 2011. U.S. Dep. Commer., NOAA Tech. Memo. NMFS-SEFSC-637, 1087 
Galveston 1088 

Hollowed AB, Bax N, Beamish R, Collie J, Fogarty M, Livingston P, Pope J, Rice JC (2000a) 1089 
Are multispecies models an improvement on single-species models for measuring fishing 1090 
impacts on marine ecosystems? ICES J Mar Sci 57:707–719. doi: 1091 
10.1006/jmsc.2000.0734 1092 

Hollowed AB, Ianelli JN, Livingston PA (2000b) Including predation mortality in stock 1093 
assessments: a case study for Gulf of Alaska walleye pollock. ICES J Mar Sci 57:279–1094 
293. doi: 10.1006/jmsc.1999.0637 1095 

Houle JE, Farnsworth KD, Rossberg AG, Reid DG (2012) Assessing the sensitivity and 1096 
specificity of fish community indicators to management action. Can J Fish Aquat Sci 1097 
69:1065–1079. doi: 10.1139/f2012-044 1098 

Hyder K, Rossberg AG, Allen JI, Austen MC, Barciela RM, Bannister HJ, Blackwell PG, 1099 
Blachard JL, Burrows MT et al (2015) Making modelling count - increasing the 1100 
contribution of shelf-seas community and ecosystem models to policy development and 1101 
management. Mar Policy 61:291–302. doi: 10.1016/j.marpol.2015.07.015 1102 

Hypoxia Task Force (2015) Mississippi River/Gulf of Mexico Watershed Nutrient Task Force 1103 
2015 Report to Congress. Environmental Protection Agency. 1104 
https://www.epa.gov/sites/production/files/2015-1105 
10/documents/htf_report_to_congress_final_-_10.1.15.pdf. Accessed 15 November 1106 
2016 1107 

International Commission for the Conservation of Atlantic Tunas (ICCAT) (2013) Report of the 1108 
2013 Atlantic Swordfish Stock Assessment Session. ICCAT Document Number SCI-036 1109 
/ 2013. 1110 
https://www.iccat.int/Documents/Meetings/Docs/2013_SWO_ASSESS_REP_ENG.pd1111 
f. Accessed 15 November 2016 1112 

Kaplan IC, Marshall KN (2016) A guinea pig's tale: learning to review end-to-end marine 1113 
ecosystem models for management applications. ICES J Mar Sci. doi: 1114 
10.1093/icesjms/fsw047 1115 

Karnauskas M, Schirripa MJ, Kelble CR, Cook GS, Craig JK (2013) Ecosystem status report for 1116 
the Gulf of Mexico. U.S. Dep. Commer., NOAA Tech. Memo. NMFS-SEFSC-653, 1117 
Miami 1118 

Karp WA, Desfosse LL, Brooke SG (2011) U.S. National Bycatch Report First Edition. U.S. 1119 
Dep. Commer., NOAA Tech. Memo. NMFS-F/SPO-117C, Silver Spring 1120 

Kelble CR, Loomis DK, Lovelace S, Nuttle WK, Ortner PB, Fletcher P, Cook GS, Lorenz JJ, 1121 
Boyer JN (2013) The EBM-DPSER conceptual model: integrating ecosystem services 1122 
into the DPSIR Framework. Plos One 8: e70766.  doi: 10.1371/journal.pone.0070766 1123 

Kinzey D, Punt AE (2009) Multispecies and single-species models of fish population dynamics: 1124 
comparing parameter estimates. Nat Resour Model 22:67–104. doi: 10.1111/j.1939-1125 
7445.2008.00030.x 1126 

Kishi MJ, Ito S, Megrey BA, Rose KA, Werner FE (2011) A review of the NEMURO and 1127 
NEMURO.FISH models and their application to marine ecosystem investigations. J 1128 
Oceanogr 67:3–16. doi: 10.1007/s10872-011-0009-4 1129 



44 
 

Latour RJ, Brush MJ, Bonzek CF (2003) Toward ecosystem-based fisheries management: 1130 
Strategies for multispecies modeling and associated data requirements. Fisheries 28:10–1131 
22. doi: 10.1577/1548-8446(2003)28[10:tefm]2.0.co;2 1132 

Lehuta S, Mahevas S, Le Floc'h P, Petitgas P (2013) A simulation-based approach to assess 1133 
sensitivity and robustness of fisheries management indicators for the pelagic fishery in 1134 
the Bay of Biscay. Can J Fish Aquat Sci 70:1741–1756. doi: 10.1139/cjfas-2013-0066 1135 

Lehuta S, Mahevas S, Petitgas P, Pelletier D (2010) Combining sensitivity and uncertainty 1136 
analysis to evaluate the impact of management measures with ISIS-Fish: marine 1137 
protected areas for the Bay of Biscay anchovy (Engraulis encrasicolus) fishery. ICES J 1138 
Mar Sci 67:1063–1075. doi: 10.1093/icesjms/fsq002 1139 

Levin PS, Fogarty MJ, Murawski SA, Fluharty D (2009) Integrated ecosystem assessments: 1140 
developing the scientific basis for ecosystem-based management of the ocean. Plos Biol 1141 
7:23–28. doi: 10.1371/journal.pbio.1000014 1142 

Lewis KA, de Mutsert K, Steenbeek J, Peele H, Cowan Jr JH, Buszowski J (2016) Employing 1143 
ecosystem models and geographic information systems (GIS) to investigate the response 1144 
of changing marsh edge on historical biomass of estuarine nekton in Barataria Bay, 1145 
Louisiana, USA. Ecol Model. doi: 10.1016/j.ecolmodel.2016.01.017 1146 

Link JS (2010) Adding rigor to ecological network models by evaluating a set of pre-balance 1147 
diagnostics: a plea for PREBAL. Ecol Model 221:1580–1591. doi: 1148 
10.1016/j.ecolmodel.2010.03.012 1149 

Link JS, Griffis R, Busch S (2015) NOAA Fisheries climate science strategy. U.S. Dep. 1150 
Commer., NOAA Tech. Memo. NMFS-F/SPO-155, Silver Spring 1151 

Livingston PA, Jurado-Molina J (2000) A multispecies virtual population analysis of the eastern 1152 
Bering Sea. ICES J Mar Sci 57:294–299. doi: 10.1006/jmsc.1999.0524 1153 

Mace PM, Bartoo NW, Hollowed AB et al. (2001) Marine fisheries stock assessment 1154 
improvement plan. U.S. Dep. Commer., NOAA Tech. Memo. NMFS-F/SPO-56, Silver 1155 
Spring 1156 

Martinez EX, Nance JM, Zimmerman RJ (1996) A model of assessment for ecological 1157 
interactions among living marine resources in the Gulf of Mexico: implications for 1158 
bycatch management and shrimp production. Report to the Gulf of Mexico Fishery 1159 
Management Council: Executive Summary. United States Department of Commerce, 1160 
National Oceanic and Atmospheric Administration, National Marine Fisheries Service, 1161 
Southeast Fisheries Science Center, Galveston Laboratory, Galveston 1162 

Marzloff MP, Dambacher JM, Johnson CR, Little LR, Frusher SD (2011) Exploring alternative 1163 
states in ecological systems with a qualitative analysis of community feedback. Ecol 1164 
Model 222:2651–2662. doi: 10.1016/j.ecolmodel.2011.03.040 1165 

Masi MD, Ainsworth CH, Chagaris D (2014) A probabilistic representation of fish diet 1166 
compositions from multiple data sources: a Gulf of Mexico case study. Ecol Model 1167 
284:60–74. doi: 10.1016/j.ecolmodel.2014.04.005 1168 

Minello TJ, Rozas LP, Baker R (2012) Geographic variability in salt marsh flooding patterns 1169 
may affect nursery value for fishery species. Estuar Coast 35:501–514. doi: 1170 
10.1007/s12237-011-9463-x 1171 

Magnuson-Stevens Fishery Conservation and Management Act (MSFCMA) (2007) Magnuson-1172 
Stevens Fishery Conservation and Management Act. United States Department of 1173 
Commerce, National Oceanic and Atmospheric Administration, National  1174 

 Marine Fisheries Service.  1175 



45 
 

 http://www.nmfs.noaa.gov/sfa/magact/MSA_Amended_2007%20.pdf. Accessed 15 1176 
November 2016 1177 

Muller RG, Taylor RG (2013) The 2013 stock assessment update of common snook, 1178 
Centropomus undecimalis. Fish and Wildlife Conservation Commission, Fish and 1179 
Wildlife Research Institute, IHR 2014-004, St. Petersburg 1180 

Myers RA (1998) When do environment–recruitment correlations work? Rev Fish Biol Fisher 1181 
8:285–305. doi: 10.1023/A:1008828730759 1182 

National Academies of Sciences Engineering Medicine (2016) Effective monitoring to evaluate 1183 
ecological restoration in the Gulf of Mexico. The National Academies Press, Washington. 1184 
doi: 10.17226/23476 1185 

National Ocean Service (NOS) (2011) The Gulf of Mexico at a glance: a second glance. United 1186 
States Department of Commerce, National Oceanic and Atmospheric Administration, 1187 
Washington 1188 

National Research Council (NRC) (2014) The Gulf Research Program: a strategic vision. 1189 
National Academies Press, Washington 1190 

National Oceanic and Atmospheric Administration (NOAA) (2015) NOAA RESTORE Act 1191 
Science Program-Science Plan. National Oceanic and Atmospheric Administration. 1192 
https://restoreactscienceprogram.noaa.gov/wp-1193 
content/uploads/2015/05/Science-Plan-FINAL.pdf. Accessed 15 November 2016 1194 

Odum H (1983) Systems ecology: an introduction. Wiley, New York 1195 
Okey TA, Vargo GA, Mackinson S, Vasconcellos M, Mahmoudi B, Meyer CA (2004) 1196 

Simulating community effects of sea floor shading by plankton blooms over the West 1197 
Florida Shelf. Ecol Model 172:339–359. doi: 10.1016/j.ecolmodel.2003.09.015 1198 

Patrick WS, Link JS (2015) Myths that continue to impede progress in ecosystem-based fisheries 1199 
management. Fisheries 40:155–160. doi: 10.1080/03632415.2015.1024308 1200 

Pauly D, Christensen V, Walters C (2000) Ecopath, Ecosim, and Ecospace as tools for evaluating 1201 
ecosystem impact of fisheries. ICES J Mar Sci 57:697–706. doi: 10.1006/jmsc.2000.0726 1202 

Peck MA, Arvanitidis C, Butenschön M et al (2016) Projecting changes in the distribution and 1203 
productivity of living marine resources: a critical review of the suite of modelling 1204 
approaches used in the large European project VECTORS. Estuar Coast Shelf S. doi: 1205 
10.1016/j.ecss.2016.05.019 1206 

Pikitch EK, Santora C, Babcock EA et al. (2004) Ecosystem-based fishery management. Science 1207 
305:346–347. doi: 10.1126/science.1098222 1208 

Plagányi ÉE (2007) Models for an ecosystem approach to fisheries. Food & Agriculture 1209 
Organization, FAO Fisheries Technical Paper 477, Rome 1210 

Plaganyi EE, Punt AE, Hillary R et al (2014) Multispecies fisheries management and 1211 
conservation: tactical applications using models of intermediate complexity. Fish Fish 1212 
15:1–22. doi: 10.1111/j.1467-2979.2012.00488.x 1213 

Punt AE, A'mar T, Bond NA, Butterworth DS, de Moor CJ, De Oliveira JAA, Haltuch MA, 1214 
Hollowed AB, Szuwalski C (2014) Fisheries management under climate and 1215 
environmental uncertainty: control rules and performance simulation. ICES J Mar Sci 1216 
71:2208–2220. doi: 10.1093/icesjms/fst057 1217 

Rabalais NN, Turner RE, Scavia D (2002) Beyond science into policy: Gulf of Mexico hypoxia 1218 
and the Mississippi River. Bioscience 52:129–142. doi: 10.1641/0006-1219 
3568(2002)052[0129:bsipgo]2.0.co;2 1220 



46 
 

Rester JK, Condrey RE (1999) Characterization and evaluation of bycatch reduction devices in 1221 
the Gulf menhaden fishery. N Am J Fish Manage 19:42–50. doi: 10.1577/1548-1222 
8675(1999)019<0042:CAEOBR>2.0.CO;2 1223 

Roberts C (2012) The ocean of life: the fate of man and the sea. Viking, New York 1224 
Robinson KL, Ruzicka JJ, Hernandez FJ, Graham WM, Decker MB, Brodeur RD, Sutor M 1225 

(2015) Evaluating energy flows through jellyfish and gulf menhaden (Brevoortia 1226 
patronus) and the effects of fishing on the northern Gulf of Mexico ecosystem. ICES J 1227 
Mar Sci 72:2301–2312. doi: 10.1093/icesjms/fsv088 1228 

Rose K, Sable S (2013) 2017 Coastal master plan: strategy for selecting fish modeling 1229 
approaches. Coastal Protection and Restoration Authority, Baton Rouge  1230 

Rose KA (2012) End-to-end models for marine ecosystems: are we on the precipice of a 1231 
significant advance or just putting lipstick on a pig? Sci Mar 76:195–201. doi: 1232 
10.3989/scimar.03574.20B 1233 

Rose KA, Allen JI, Artioli Y, Barange M, Blackford J, Carlotti F, Cropp R et al (2010) End-to-1234 
end models for the analysis of marine ecosystems: challenges, issues, and next steps. Mar 1235 
Coast Fish 2:115–130. doi: 10.1577/c09-059.1 1236 

Rose KA, Sable S, DeAngelis DL, Yurek S, Trexler JC, Graf W, Reed DJ (2015) Proposed best 1237 
modeling practices for assessing the effects of ecosystem restoration on fish. Ecol Model 1238 
300:12–29. doi: 10.1016/j.ecolmodel.2014.12.020 1239 

Roth BM, Rose KA, Rozas LP, Minello TJ (2008) Relative influence of habitat fragmentation 1240 
and inundation on brown shrimp Farfantepenaeus aztecus production in northern Gulf of 1241 
Mexico salt marshes. Mar Ecol Prog Ser 359:185–202. doi: 10.3354/meps07380 1242 

Sagarese SR, Gray AM, Ainsworth CH, Chagaris D, Mahmoudi B (2015) Red tide mortality on 1243 
red grouper (Epinephelus morio) between 1980 and 2009 on the West Florida Shelf. 1244 
Southeast Data Assessment and Review (SEDAR), SEDAR42-AW01, North Charleston. 1245 
http://sedarweb.org/sedar-42-assessment-workshop. Accessed 15 November 2016 1246 

Sagarese SR, Lauretta MV, Walter JF (2017) Progress towards a next-generation fisheries 1247 
ecosystem model for the northern Gulf of Mexico. Ecol Model 345:75–98. doi: 1248 
10.1016/j.ecolmodel.2016.11.001 1249 

Sagarese SR, Nuttall MA, Geers TM, Lauretta MV, Walter III JF, Serafy JE (2016a) Quantifying 1250 
the trophic importance of gulf menhaden within the Northern Gulf of Mexico Ecosystem. 1251 
Mar Coast Fish 8:23–45. doi: 10.1080/19425120.2015.1091412 1252 

Sagarese SR, Nuttall MA, Serafy JE, Scott-Denton E (2016b) Review of bycatch in the Gulf 1253 
menhaden fishery with implications for the stock assessment of red drum. Southeast Data 1254 
Assessment and Review (SEDAR), SEDAR49-DW-04, North Charleston. 1255 
http://sedarweb.org/docs/wpapers/S49_DW_04_Red%20drum%20bycatch_final.pdf. 1256 
Accessed 15 November 2016 1257 

Saul S, Die D (2016) Modeling the decision-making behavior of fishers in the reef fish fishery 1258 
on the West Coast of Florida. Hum Dimens Wildl 21:567–586. doi: 1259 
10.1080/10871209.2016.1198853 1260 

Southeast Data Assessment and Review (SEDAR) (2013) SEDAR 31: Gulf of Mexico Red 1261 
Snapper Stock Assessment Report. Southeast Data Assessment and Review, North 1262 
Charleston. http://sedarweb.org/sedar-31. Accessed 15 November 2016 1263 

Southeast Data Assessment and Review (SEDAR) (2014) SEDAR 33: Gulf of Mexico Gag 1264 
Stock Assessment Report. Southeast Data Assessment and Review, North Charleston. 1265 
http://sedarweb.org/sedar-33. Accessed 15 November 2016 1266 



47 
 

Southeast Data Assessment and Review (SEDAR) (2015) SEDAR 42: Gulf of Mexico Red 1267 
Grouper Stock Assessment Report. Southeast Data Assessment and Review, North 1268 
Charleston. http://sedarweb.org/sedar-42. Accessed 15 November 2016 1269 

Sheridan P, Browder J, Powers J (1984) Ecological interactions between penaeid shrimp and 1270 
bottomfish assemblages. In: Gulland JA, Rothschild BJ (eds) Penaeid shrimps - their 1271 
biology and management. Fishing News Books Limited/Blackwell Scientific Publication, 1272 
Oxford, pp 235–254 1273 

Shin YJ, Cury P (2001) Exploring fish community dynamics through size-dependent trophic 1274 
interactions using a spatialized individual-based model. Aquat Living Resour 14:65–80. 1275 
doi: 10.1016/s0990-7440(01)01106-8 1276 

Shin YJ, Cury P (2004) Using an individual-based model of fish assemblages to study the 1277 
response of size spectra to changes in fishing. Can J Fish Aquat Sci 61:414–431. doi: 1278 
10.1139/f03-154 1279 

Shin YJ, Travers M, Maury O (2010) Coupling low and high trophic levels models: towards a 1280 
pathways-orientated approach for end-to-end models. Prog Oceanogr 84:105–112. doi: 1281 
10.1016/j.pocean.2009.09.012 1282 

Steele JH, Aydin K, Gifford DJ, Hofmann EE (2013) Construction kits or virtual worlds; 1283 
Management applications of E2E models. J Marine Sys 109:103–108. doi: 1284 
10.1016/j.jmarsys.2011.10.016 1285 

Steenbeek J, Buszowski J, Christensen V et al (2016) Ecopath with Ecosim as a model-building 1286 
toolbox: source code capabilities, extensions, and variations. Ecol Model 319:178–189. 1287 
doi: 10.1016/j.ecolmodel.2015.06.031 1288 

Steidinger K, Vargo GA (1988) Marine dinoflagellate blooms: dynamics and impacts. In: Lembi 1289 
CA, Waaland JR (eds) Algae and human affairs. Cambridge University Press, 1290 
Cambridge, pp 373–401 1291 

Steidinger KA, Haddad K (1981) Biological and hydrographic aspects of red tides. Bioscience 1292 
31:814–819. doi: 10.2307/1308678 1293 

Suprenand PM, Drexler M, Jones DL, Ainsworth CH (2015) Strategic assessment of fisheries 1294 
independent monitoring programs in the Gulf of Mexico. Plos One 10: e0120929. doi: 1295 
10.1371/journal.pone.0120929 1296 

Swannack TM, Fischenich JC, Tazik DJ (2012) Ecological modeling guide for ecosystem 1297 
restoration and management. Engineer Research and Development Center, 1298 
Environmental Laboratory Technical Report 12-18. 1299 
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA1300 
572123. Accessed 15 November 2016 1301 

Tarnecki JE, Wallace AA, Simons JD, Ainsworth CH (2016) Progression of a Gulf of Mexico 1302 
food web supporting Atlantis ecosystem model development. Fish Res 179:237–250. doi: 1303 
10.1016/j.fishres.2016.02.023 1304 

Travers-Trolet M, Shin YJ, Field JG (2014) An end-to-end coupled model ROMS-1305 
N(2)P(2)Z(2)D(2)-OSMOSE of the southern Benguela foodweb: parameterisation, 1306 
calibration and pattern-oriented validation. Afr J Mar Sci 36:11–29. doi: 1307 
10.2989/1814232x.2014.883326 1308 

Upton H (2011) The deepwater horizon oil spill and the Gulf of Mexico fishing industry. 1309 
Congressional Research Service. Congressional Research Service Report for Congress. 1310 
http://fpc.state.gov/documents/organization/159014.pdf. Accessed 15 November 1311 
2016 1312 



48 
 

Vaughan DS, Shertzer KW, Smith JW (2007) Gulf menhaden (Brevoortia patronus) in the US 1313 
Gulf of Mexico: fishery characteristics and biological reference points for management. 1314 
Fish Res 83:263–275. doi: 10.1016/j.fishres.2006.10.002 1315 

Vidal L, Pauly D (2004) Integration of subsystems models as a tool toward describing feeding 1316 
interactions and fisheries impacts in a large marine ecosystem, the Gulf of Mexico. 1317 
Ocean Coast Manage 47:709–725. doi: 10.1016/j.ocecoaman.2004.12.009 1318 

Walters C, Christensen V, Pauly D (1997) Structuring dynamic models of exploited ecosystems 1319 
from trophic mass-balance assessments. Rev Fish Biol Fisher 7:139–172. doi: 1320 
10.1023/a:1018479526149 1321 

Walters C, Christensen V, Walters W, Rose K (2010) Representation of multistanza life histories 1322 
in Ecospace models for spatial organization of ecosystem trophic interaction patterns. B 1323 
Mar Sci 86:439–459 1324 

Walters C, Martell SJD, Christensen V, Mahmoudi B (2008) An ecosim model for exploring 1325 
Gulf of Mexico ecosystem management options: Implications of including multistanza 1326 
life-history models for policy predictions. B Mar Sci 83:251–271  1327 

1328 



49 
 

Glossary  1329 

Overfishing: situation where a fish population is subjected to a fishing mortality rate higher than 1330 

that resulting in maximum sustainable yield (Blackhart et al. 2006) 1331 

Overfished status: situation where the spawning stock biomass of a fish population is below its 1332 

spawning stock biomass at maximum sustainable yield (Blackhart et al. 2006) 1333 

Ecosystem approach to fisheries management (EAFM): EAFM provides additional tools for 1334 

fisheries managers to assess and manage marine populations that are strongly influenced by 1335 

species interactions and/or abiotic environmental factors. Patrick and Link (2015) define EAFM 1336 

as the “inclusion of ecosystem factors into a (typically single species) stock focus to enhance our 1337 

understanding of fishery dynamics and to better guide stock-focused management decisions”.  1338 

Ecosystem-based fisheries management (EBFM): EBFM focuses on fisheries. Patrick and 1339 

Link (2015) define EBFM as “recognizing the combined physical, biological, economic, and 1340 

social tradeoffs for managing the fisheries sector as an integrated system, specifically addressing 1341 

competing objectives and cumulative impacts to optimize the yields of all fisheries in an 1342 

ecosystem.” 1343 

Ecosystem-based management (EBM): EBM is interested in all sectors of activities, including 1344 

fisheries. EBM considers the biological, physical and socio-economic complexities of managing 1345 

marine ecosystems to find the management actions most appropriate to optimize ecosystem 1346 

structure and functioning while maintaining the delivery of ecosystem services to humans 1347 

(Patrick and Link 2015). 1348 

Integrated ecosystem assessment (IEA): IEA is an incremental approach and “formal synthesis 1349 

and quantitative analysis” of the relevant natural and socioeconomic factors as they relate to 1350 

management objectives. Scientific understanding aids management choices and is guided by 1351 
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changing ecosystem objectives (Levin et al. 2009).  1352 

Functional groups: groups of species that share similar life-history traits and ecological niches. 1353 

Functional groups also usually share similar body size ranges and exploitation patterns. 1354 

Drivers: overarching stressors that cause ecosystem change and lead to a cascade of other 1355 

stressors.  1356 

Pressures: stressors caused or intensified by drivers that afflict the ecosystem and change its 1357 

state.  1358 

States: stressors that describe the status of the ecosystem and/or communities resulting from 1359 

pressures created or intensified by drivers.  1360 

Marine protected areas (MPAs): marine zones where fishing activities and other human 1361 

extractive activities are partially (“partial-take MPAs”) or totally prohibited (“no-take MPAs” or 1362 

“marine reserves”), year-round or seasonally, except when these activities are performed for 1363 

scientific purposes. 1364 

Restoration: process of assisting the recovery of damaged, degraded, or destroyed ecosystems 1365 

(Abelson et al. 2016). 1366 

Driver-Pressure-State-Impact-Response (DPSIR) model: conceptual modeling framework 1367 

that depicts how human society affects a marine ecosystem through the use of cause and effect 1368 

relationships among driver, pressure, state, impact and response indicators (Kelble et al. 2013) 1369 

Trophodynamic models: models that represent food webs and energy budgets, and no or very 1370 

few non-trophic processes (Anonymous 2008). 1371 

Individual-based models: simulation models that describe individual agents, which represent 1372 

individual organisms or groups of organisms (“super-individuals”) that function as individuals as 1373 

the lowest level of the modeled system (Grimm et al. 2006) 1374 
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Mediation (in Ecopath with Ecosim): an interaction in which a third party organism prevents 1375 

or assists a predator-prey interaction (Chagaris 2013). 1376 

Management strategy evaluation (MSE): process simulating alternative management strategies 1377 

to identify those strategies that are robust to natural variation and uncertainties and that can 1378 

balance conservation and exploitation objectives. MSE essentially relies on the two-way 1379 

coupling of an operating model mimicking the real world with a management procedure deciding 1380 

of management actions such as harvest quotas.  1381 

Calibration: the fitting of trends predicted by the model to observed trends in time series (e.g., 1382 

relative or absolute biomass, fishing effort, fishing mortality, fisheries catch) to increase 1383 

confidence in model results (Latour et al. 2003). 1384 

Validation: comparison of trends predicted by the model to an independent time series (e.g., 1385 

relative or absolute biomass, fishing effort, fishing mortality, fisheries catch) not utilized in 1386 

model calibration (Latour et al. 2003). 1387 

1388 
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Tables 1389 

Table 1. Terminology of ecosystem models based on their structure. The different ecosystem 1390 

modeling approaches mentioned in this table are extensively described in Online Resource 3 1391 

Category of ecosystem model Ecosystem modeling approaches Reference publications 

(1) Conceptual and 

qualitative models 

● Conceptual model ● Kelble et al. (2013)  

 ● Loop analysis ● Dambacher et al. (2003);  

Marzloff et al. (2011) 

(2) Extensions of single-

species models  

● Extensions of single-species 

assessment models (ESAMs) 

● Hollowed et al. (2000b) 

 ● Extensions of single-species 

individual-based models (ESIBMs) 

● Clark et al. (2001) 

(3) Dynamic multispecies 

models 

● MSVPA (multispecies virtual 

population analysis) and MSFOR 

(multispecies forward simulation) 

● Livingston and Jurado-Molina 

(2000); Kinzey and Punt (2009) 

 ● Gadget (Globally applicable Area 

Disaggregated General Ecosystem 

Toolbox) 

● Begley (2012) 

 ● MICE (Model of Intermediate 

Complexity for Ecosystem assessment) 

● Plaganyi et al. (2014) 

(4) Aggregated (or whole 

ecosystem) models 

● Energy flow model ● Odum (1983) 

 ● Ecopath with Ecosim (EwE) ● Pauly et al. (2000); Christensen and 

Walters (2004);  

Steenbeek et al. (2016) 

 ● CASM (Comprehensive Aquatic 

System Model)  

● Bartell (2003); Fulford et al. (2010) 

(5) Biogeochemical-based 

end-to-end models 

● Atlantis ● Fulton et al. (2004); Fulton et al. 

(2007); Fulton et al. (2011a)  

 ● NEMURO models (NEMURO.FISH 

and NEMUROMS.FISH) 

● Kishi et al. (2011); Rose et al. (2015) 

(6) Coupled and hybrid 

model platforms 

● OSMOSE (Object-oriented Simulator 

of Marine ecOSystems Exploitation) 

● Shin and Cury (2001, 2004); 

Travers-Trolet et al. (2014); Grüss et 

al. (2016c) 

 ● InVitro ● Gray et al. (2006) 

 ● Size spectrum model ● Houle et al. (2012) 

1392 
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Table 2. Main purpose of some of the ecosystem models of the United States (U.S.) Gulf of 1394 

Mexico (GOM) and GOM large marine ecosystem (LME). The ecosystem models that 1395 

addressed ecosystem-based fisheries management and/or restoration questions are highlighted in 1396 

grey. An extensive description of each ecosystem model of the GOM and its major results is 1397 

provided in Online Resource 4. 1398 
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Ecosystem model Modeling approach Main purpose 

Kelble et al. (2013) Conceptual model ● Evaluating the response of pressures and/or states and/or ecosystem services to management scenarios in 

the Florida Keys and Dry Tortugas 

Carey et al. (2014) Loop analysis (qualitative 

model) 

● Evaluating the response of the Galveston Bay (Texas) ecosystem to sustainable fishing of blue crab 

(Callinectes sapidus) and the management of nutrient loads 

Butler IV (2003) Extension of single-species 

individual-based model 

(ESIBM)  

● Investigating the impacts of environmental events on spiny lobster (Panulirus argus) recruitment in the 

Florida Keys 

Roth et al. (2008) ESIBM ● Evaluating brown shrimp (Farfantepenaeus aztecus) production in the northwestern GOM, under 

different marsh fragmentation and inundation scenarios 

Creekmore (2011) ESIBM ● Assessing the effects of hypoxia on Atlantic croaker (Micropogonias undulates) dynamics in the 

northwestern GOM 

Ault et al. (2005) Dynamic multispecies 

model 

● Exploring the impacts of no-take marine protected areas (MPAs) for species such as red snapper 

(Lutjanus campechanus), gag grouper (Mycteroperca microlepis) and red grouper (Epinephelus morio) in 

the Florida Keys 

Gaff et al. (2000) 

(ALFISH) 

Model of Intermediate 

Complexity for Ecosystem 

assessments (MICE) 

● Evaluating the impacts of alternative water regulation scenarios in the Florida Everglades under the 

Central and South Florida Comprehensive Project Review Study 

Sable et al. (unpublished 

data) 

MICE ● Investigating how enhanced marsh degradation imposed on individuals can be scaled to population and 

community responses in the northern GOM 

Browder (1982) Energy flow model ● Evaluating the effects of reducing the discarded bycatch of the shrimp fishery of the north-central GOM, 

with a focus on reducing the quantity of the bycatch and catching a smaller quantity of fish 

Sheridan et al. (1984) Energy flow model ● Exploring the effects of reducing the discarded bycatch of the shrimp fishery in the northern GOM 

Martinez et al. (1996) Energy flow model ● Assessing the effects of reducing the discarded bycatch of the shrimp fishery of the northern GOM, 

looking at finfish release and size effects 

Robinson et al. (2015) Ecopath ● Assessing changes in the productivity of the north-central GOM ecosystem in response to changes in the 

consumption rates of Gulf menhaden (Brevoortia patronus) and jellyfish and to changes in the catch rates 

of forage fish 

Sagarese et al. (2017) Ecopath ● Developing a next-generation fisheries ecosystem model to address issues such as bycatch in key 

fisheries 

Althauser (2003) Ecopath with Ecosim (EwE) ● Investigating the structure of the Weeks Bay (Alabama) food web, and the responses of the food web to 

bottom-up perturbations 

Okey et al. (2004) EwE ● Evaluating the potential effects of shading by phytoplankton blooms on community organization on the 

West Florida Shelf (WFS) 

Gray (2014) EwE ● Assessing the response of the WFS ecosystem to red tide (Karenia brevis) blooms, with a focus on gag 

grouper 

Sagarese et al. (2015) EwE ● Assessing the response of the WFS ecosystem to red tide blooms, with a focus on red grouper 

Chagaris and Mahmoudi 

(2013) 

EwE ● Estimating natural mortality rates for young-of-the-year, juveniles and adults of gag grouper on the WFS 

from 1950 to 2009 
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Chagaris et al. (2015b) EwE ● Simulating the impacts of fishing and environmental scenarios, including Reef Fish Fishery Management 

Plan Amendment 30B (which aims to rebuild gag grouper) and Amendment 31 (which 

reduces effort in the longline fishery), in the WFS ecosystem 

Chagaris et al. (2015a) EwE ● Assessing changes in the biomasses of reef fish functional groups of the WFS ecosystem in response to 

(1) changes in lionfish catch rates and (2) changes in the fishing mortality exerted on reef fish functional 

groups 

Carlson (2007) EwE ● Investigating how relative changes in fishing mortality on sharks and MPAs affect the structure and 

function of the Apalachicola Bay (Florida) ecosystem 

Walters et al. (2008) EwE ● Assessing the responses of the northern GOM ecosystem to changes in fisheries and primary productivity 

de Mutsert et al. (2012) EwE ● Simulating the effects of salinity changes caused by freshwater diversion on species biomass 

distributions of estuarine nekton in the Breton Sound (Louisiana) estuary 

Geers et al. (2014) EwE ● Examining the impact of fisheries, particularly the Gulf menhaden fishery, on the structure and maturity 

of the north-central GOM ecosystem 

Vidal and Pauly (2004) Ecospace ● Synthesizing Ecopath models into a single integrated, spatially explicit model for the entire GOM large 

marine ecosystem (LME), from which various inferences on the ecological functioning of, and fisheries 

impacts on the LME can be drawn 

Walters et al. (2010) Ecospace ● Developing an Ecospace model for the northern GOM for evaluating policies such as MPAs 

Suprenand et al. (2015) Ecospace ● Evaluating the information produced from 14 fisheries independent monitoring programs in the northern 

GOM 

Chagaris (2013) Ecospace ● Identifying ecological tradeoffs that arise through predator-prey interactions, tradeoffs between 

conflicting management objectives, and tradeoffs associated with MPAs in the WFS ecosystem 

de Mutsert et al. (2015) Ecospace ● Developing an Ecospace model for the Louisiana coastal zone that has the potential to evaluate the 

impacts of scenarios of changes to water flow and wetland restoration scenarios 

de Mutsert et al. (2016) Ecospace ● Developing an ecosystem model for the Louisiana coastal zone that is able to separate the effects of 

nutrient loading on secondary production from those of hypoxia and to evaluate net effects of hypoxia on 

fish biomasses and fisheries landings 

Lewis et al. (2016) Ecospace ● Determining if a suitable response mechanism between the organisms inhabiting the Barataria Bay 

(Louisiana) estuary and marsh edge distance could be developed 

Dynamic Solutions 

(2016) 

Comprehensive Aquatic 

System Model (CASM) 

● Assessing the consequences of freshwater and sediment diversion for economically and ecologically 

important fish and invertebrate species of the Mississippi River Delta 

Ainsworth et al. (2015) 

(Atlantis-GOM) 

Atlantis ● Developing an Atlantis model for the whole GOM LME that has the potential to be employed to examine 

the consequences of resource management scenarios and the impacts of many different abiotic 

environmental events (e.g., climate change and harmful algal blooms) 

Grüss et al. (2015) 

(OSMOSE-WFS) 

OSMOSE ● Exploring the trophic structure of the WFS in the 2000s and estimating size-specific natural mortality 

rates for gag grouper 

Grüss et al. (2016c) 

(update of OSMOSE-

WFS) 

OSMOSE ● Evaluating natural mortality rates and fishing scenarios for the red grouper population of the WFS 
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Grüss et al. (2016b) 

(update of OSMOSE-

WFS) 

OSMOSE ● Applying the management strategy evaluation (MSE) framework to the OSMOSE-WFS model to 

conduct an evaluation of harvest quota strategies for red grouper in a context of episodic events of natural 

mortality 
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Figure captions 1401 

Fig. 1 Map of the Gulf of Mexico (GOM). Important features are labeled. LA = Louisiana - MS 1402 

= Mississippi - AL = Alabama. The black dashed-dotted line delineates the United States 1403 

exclusive economic zone  1404 

 1405 
 1406 
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Fig. 2 Forty-five ecosystem models were identified for the U.S. Gulf of Mexico (GOM) and 1407 

GOM Large Marine Ecosystem (LME). These ecosystem models differ greatly in (a) their 1408 

study area, (b) their structure, (c) the model type to which they belong based on the first 1409 

terminology of ecosystem models that we established in the present study, and (d) the key 1410 

ecosystem components they represent.  1411 

1412 

1413 
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Electronic supplementary material 1414 

Online Resource 1. Overview of ecosystem-based fisheries management (EBFM) efforts 1415 

and restoration programs and projects related to EBFM in the United States (U.S.) Gulf of 1416 

Mexico (GOM)   1417 

 1418 

Online Resource 2. Overview of stressors in the Gulf of Mexico (GOM) 1419 

 1420 

Online Resource 3. Main features of existing ecosystem modeling approaches 1421 

 1422 

Online Resource 4. Features and main results of the existing ecosystem models of the 1423 

United States (U.S.) Gulf of Mexico (GOM) and GOM large marine ecosystem (LME)  1424 

 1425 
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