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Policymakers in the northern Gulf of America have proposed various spatial closures in recent years as a management tool for the Gulf Menhaden Brevoortia patronus fishery. In this work, we aim to understand how the seasonal movement of the stock will impact the efficacy of spatial restrictions by examining the short-term impacts of simulated area closures of 1.6, 3.2, and 4.8 km adjacent to land on the commercial Gulf Menhaden fishery using commercial logbook data from 2006 to 2009 and 2011. We used bootstrap resampling (n = 1,000) of trip-level data to describe five descriptive metrics. These were the mean set-specific catch per unit effort (CPUE, metric tons, mt set-1), the mean number of sets deployed on each trip, the mean trip-specific CPUE (mt minute-1), the median distance (km) traveled to the first set, and the median distance (km) traveled among subsequent sets (for trips with at least two sets). We explored the impacts of closures by comparing the month-specific distributions of the descriptive metrics from all trips to those calculated using only those trips with all sets outside of a particular restricted area. Using the simulation, we evaluated the resulting spatial differences in fishing effort that would occur. The results of the simulation indicated that, in all restriction scenarios for all months, the spatial restrictions served to increase the travel distance to the first set and to reduce the mean number of sets taken. Set-specific and trip-specific CPUE are reduced in the restriction scenarios. We found that the reduction of total harvest (mt) for the 1.6 km restriction regime was 4.3 to 7.2%, 9.1 to 12.0% in the 3.2 km restriction regime, and 12.7 to 15.4% in the 4.8 km restriction regime. This work provides information about the impacts on the fishery that result from area closures. Such information is necessary to evaluate the efficacy and impacts of spatial closures for the Gulf Menhaden fishery.
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Introduction


The Gulf Menhaden Brevoortia patronus fishery is one of the largest and longest-operating fisheries in the United States. The fishery constitutes a substantial part of the total annual commercial landings (9.44% to 14.1%) in the United States (Vaughan et al., 2007). In addition to their role as a target of the fishery, the Gulf Menhaden stock in the northern Gulf of America (GoA) provides a variety of ecosystem services including transporting nutrients within marine food webs and supporting higher tropic level species (Deegan et al., 1990; Rabalais et al., 2002; Vaughan et al., 2007). Gulf Menhaden are characterized as “forage fish” (Geers et al., 2014; Sagarese et al., 2016a) because they are a food source for a variety of fishes of recreational and commercial importance (Oshima and Leaf, 2018; Leaf and Oshima, 2019), marine mammals, and birds in the GoA. Although Gulf Menhaden range from Veracruz, Mexico to Cape Sable, Florida (Nelson and Ahrenholz, 1986), they are most abundant in the waters of Louisiana and Mississippi (Lassuy, 1983) and this is the area where commercial fishing occurs (SEDAR, 2013). The stock’s presence in nearshore coastal waters is seasonal, the stock moves into the nearshore coastal zone in the spring and then moves offshore during the fall (Roithmayr and Waller, 1963).


The Gulf Menhaden fishery has been in operation since the late 1800s (Nicholson, 1978). Since its inception the fishing power has increased and the stock is now targeted by large (≤ 60 m) purse-seine vessels from ports located in Mississippi (n = 1) and Louisiana (n = 3 during the project period, 2006 to 2009 and 2011, Vaughan et al., 2007). The purse seine vessels target schools of Gulf Menhaden close to shore in water depths that allow the bottom of the purse seine net to make contact with the bottom. A total of 55% of the harvest occurred within three miles of shore, and 93% from within 10 miles of shore (Smith et al., 2002).


The fishing season starts on the third Monday of April and ends on 1 November annually (SEDAR, 2013). Fishing operations occur during daylight hours because some of the fishing activity is directed by spotter planes that locate schools of fish (Smith et al., 2002). State and local (county-level) governments have implemented various spatial restrictions and catch quotas on the fishery. Alabama allows fishing by purse seine south of a line stretching from South Rigolets to Bayou LaBatre Channel marker “19” and west of a line from this channel marker south to Dauphin Island. No fishing may occur in any waters within 1.6 km (one mile) of land in Alabama (SEDAR, 2013). Fishing in Mississippi is not allowed within 1.6 km (one mile) of the Mississippi barrier islands or the shores of two of the three counties on the state’s coast (Harrison and Hancock, SEDAR, 2013). A similar restriction was proposed by the third coastal county’s (Jackson County) Board of Supervisors, though it was not approved (Nelson, 2016a, 2016b). In Louisiana, areas landward of the “Inside-Outside Shrimp Line”, defined in Louisiana Revised Statutes 56:495 (http://legis.la.gov/legis), are closed to commercial Gulf Menhaden fishing. Exceptions to this restriction are in Breton and Chandeleur Sounds, defined in Louisiana Title 76 §307 (2014). An additional closed area at Grand Isle, LA, within 150 m (500 ft) from shore is enforced from the beginning of May to 15 September. The state of Texas prohibits fishing within 800 m (one-half mile) of shore. In addition to spatial restrictions, Texas and Florida also enforce quotas on the Gulf Menhaden harvest in their states’ waters. In March 2008, Texas established a Total Allowable Catch (TAC) on menhaden catches in the Texas Territorial Sea, defined as the waters off Texas out to nine nautical miles. The TAC is 31.5 million pounds per year, which is approximately the five-year average of harvest in Texas’ waters from 2002 to 2006. Florida enforces an annual quota from state waters of 1 million pounds per year on the commercial fishery for Gulf Menhaden inside the line that divides the inland and coastal waterways in Escambia and Santa Rosa counties (SEDAR, 2013).


The Gulf Menhaden fishery is managed through the coordination efforts of the Gulf States Marine Fisheries Commission and no harvest limits are imposed in the state waters of Louisiana, Mississippi, or Alabama. These are the states in which most of the harvest occurs (SEDAR, 2018, 
Table 1
). In recent years, there has been increasing recognition of the role that forage fish populations play in provisioning upper trophic levels (Cury et al., 2011; Sagarese et al., 2016a). This, along with concerns about bycatch taken in the purse seine gear, are some of the primary concerns of recreational fishery stakeholders in the region. Shark and Red Drum bycatch has been a concern because of the co-occurrence of these taxa with the purse seine fishery (Powers et al., 2013; Drymon et al., 2020). Recent work (Raborn et al., 2025) to understand the magnitude and composition of bycatch in the state waters of Louisiana has indicated that the bycatch for all species was approximately 3.6% of the weight of the commercial fishery, below the 5% legal threshold for the state. Raborn et al. (2025) reported that Atlantic Croaker, Sand Seatrout, Spot, White Shrimp, Hardhead Catfish, and Gafftopsail Catfish made up the majority (89%) of incidentally catch fish. Red Drum, Black Drum, Gafftopsail Catfish, and Blacktip Sharks were most abundant species that were released. The industry continues to innovate and standardize methods to reduce mortality of incidentally caught species (F. Kuttel, Westbank Fishing LLC, personal communication) through the use of improvements in the excluder cage that serve to pump fish from the seine into the hold of the vessel.



Table 1 | 
Summary table of the month-specific number of trips, number of sets, number of participating vessels, and percent of annual harvest reported for each month from the five years of Captain’s Daily Fishing Report data (2006 to 2009, and 2011).





	Year

	Month

	Number of trips

	Number of sets

	Number of participating vessels

	Percent of annual harvest






	2006












	Apr
	204
	1,086
	36
	6.7%



	May
	617
	3,500
	37
	15.6%



	Jun
	629
	3,774
	38
	17.1%



	Jul
	592
	3,568
	38
	17.5%



	Aug
	759
	4,524
	38
	20.4%



	Sep
	612
	3,669
	38
	17.8%



	Oct
	297
	1,435
	38
	4.9%



	2007












	Apr
	215
	997
	33
	3.9%



	May
	423
	2,011
	38
	9.8%



	Jun
	607
	3,479
	40
	19.9%



	Jul
	698
	4,136
	39
	26.2%



	Aug
	635
	3,579
	39
	19.1%



	Sep
	582
	3,250
	39
	14.5%



	Oct
	359
	1,765
	39
	6.7%



	2008












	Apr
	236
	1,055
	39
	6.7%



	May
	436
	1,899
	39
	12.0%



	Jun
	586
	3,174
	38
	23.6%



	Jul
	579
	2,882
	39
	22.3%



	Aug
	446
	2,475
	39
	17.5%



	Sep
	285
	1,495
	39
	7.3%



	Oct
	467
	2,206
	39
	10.6%



	2009












	Apr
	164
	708
	38
	2.5%



	May
	572
	3,006
	39
	17.8%



	Jun
	703
	3,562
	39
	21.3%



	Jul
	527
	2,307
	39
	15.9%



	Aug
	640
	3,095
	39
	18.9%



	Sep
	643
	3,213
	38
	18.5%



	Oct
	275
	1,223
	38
	5.1%



	2011












	Apr
	183
	810
	37
	3.7%



	May
	512
	2,753
	37
	15.8%



	Jun
	539
	2,908
	36
	16.5%



	Jul
	565
	3,158
	36
	20.0%



	Aug
	618
	3,525
	36
	18.2%



	Sep
	489
	2,632
	36
	12.1%



	Oct
	503
	3,229
	36
	13.7%










User conflicts in the Atlantic Menhaden fishery in the U.S. mid-Atlantic are well documented (Blomo et al., 1988; Collins, 1997). The conflicts in the Gulf Menhaden fishery are similar; they are fundamentally centered on differences in opinion about how the commonly-held living marine resource should be allocated. Recreational fishers are primarily concerned with maintaining a forage base for sport fishes, reducing bycatch, and ensuring that their fishing experience does not include interactions with purse seine operations. To accomplish these goals, there is increased interest in using spatial closures.


It is not clear, however, what impacts such closures will have on the fishery’s realized harvest and how the spatial and temporal dynamics of the fleet may change with the imposition of spatial regulations. Confronted with spatial closures, fishers will alter their behavior to maximize the opportunities that remain available to them. Previous studies show both the benefits and unintended consequences of spatial closures as a fishery management tool (Abbott and Haynie, 2012). Benefits include habitat protection (Turner et al., 1999), increased biodiversity and biomass within spatial closure (Lester et al., 2009), reductions of bycatch (Hobday and Hartmann, 2006), and potential yield spillovers to open areas (Roberts et al., 2001; Gell and Roberts, 2003). However, spatial closures in multispecies environments can alter fishermen’s targeting behavior, potentially increasing the bycatch of species not intended for primary protection, thereby affecting overall ecosystem outcomes (Abbott and Haynie, 2012). Simulation models of fleet movement dynamics have been used to evaluate the spatial dynamics of fisheries and the impacts of proposed regulations. These include analyses to understand the efficacy of closures for reducing capture of undersized fish (Woods et al., 2018), minimizing effort displacement when areas are closed to reduce bycatch (Hoos et al., 2019), and understanding the tradeoffs between harvest and bycatch under different spatial closure types. In the Gulf Menhaden fishery, it is not clear how spatial closures will impact the total harvest of fish or how closures will impact the movement and efficiency dynamics of the purse seine fishery. An aspect of interest to us in this work is to understand how the seasonal movement of the stock will impact the efficacy of spatial restrictions. We hypothesize that spatial restrictions will result in increased travel distance from the vessels’ home port to the fishing grounds and this will impact harvest in two ways. The first is that increased travel to the fishing grounds will lead to a reduction in the number of sets that vessels will take on a trip because more time will be spent sailing to fishing areas. The second impact will be that by excluding fishing in preferred nearshore areas trip-specific and set-specific catch per unit effort will be reduced. In this work, we use a bootstrap simulation procedure to understand the impacts of candidate spatial closures on harvest and the movement and fishing dynamics of the commercial Gulf Menhaden fishery.







Materials and methods


The primary source of information used in this analysis is fishery-dependent data obtained from NOAA Fisheries and collected from the Gulf Menhaden fishery (Vaughan et al., 1996), called the Captain’s Daily Fishing Reports (CDFRs). These are logbook-type data that are voluntarily provided to NOAA Fisheries by the Gulf Menhaden fishing industry, and compliance with the data collection program is near 100% (SEDAR, 2013). The CDFR data were collected from the vessels operating from reduction plants located at Moss Point, Mississippi; Empire, Louisiana; Abbeville, Louisiana; and Cameron, Louisiana (
Figure 1
). The data consists of the spatial and temporal characteristics of a vessel’s fishing activity. CDFRs data were available to us from 2006 to 2009 and 2011 (the CDFR data for 2010 is not publicly available due to legal issues associated with the impacts to the fishery by the Deepwater Horizon oil spill that began on 20 April 2010). To our knowledge, this subset of data is representative of the current dynamics of the fishery, though there has been at least one plant closure, in Cameron, Louisiana. The CDFR are records of daily effort information from a single vessel and consist of a unique and anonymized vessel identification code, the reduction plant of departure and processing, the location (latitude and longitude) of each set, the time of day that each set was taken, and the estimated harvest of fish caught in each set (mt). Prior to analysis, we performed quality control on the CDFR data, and records for trips were excluded if data fields of location, estimated harvest, vessel identification, or reduction plant of departure were missing. Trip records with sets indicating zero metric tons of harvest were also removed as these were confounded with missing data for some records, these composed n = 125 records. Data from the entire trip was removed if any net set location was reported outside the spatial domain of the fishery from 94.694° W to 88.003° W and from 28.782° N to the coastlines of Texas, Louisiana, Mississippi, and Alabama in the northern Gulf of America. Using the location of the vessels’ port of departure and set locations, we calculated the distance traversed (km) between the port of departure and the first set taken on the trip and between successive sets as well as the total trip distance. We used the ‘gdistance’ library in R (van Etten, 2017) to construct a transition raster with impassible boundaries. The transition raster was used to calculate the minimum distance traversed by a vessel that must necessarily navigate around land. In addition, to qualitatively evaluate the spatial extent of the area fished by a vessel on a trip, we determined that grid squares (0.05° latitude × 0.05° longitude) that sets were made (
Figure 1
).


[image: Map of the northern Gulf of America coastline, highlighting coastal areas with numbered regions: 1. Cameron, Louisiana, 2. Abbeville, Louisiana, 3. Empire, Louisiana, and 4. Moss Point, Mississippi. Various other bays and sounds are labeled, including Vermilion Bay, Terrebonne Bay, Breton Sound, and Chandeleur Sound. Grid overlay displays shaded areas indicating data regions.]
Figure 1 | 
Study region in the northern Gulf of America. Shading of 0.05° × 0.05° dimension grid squares indicates the relative number of sets recorded in the grid square from years of the Captain’s Daily Fishing Report data used in this work. Darker shading indicates a greater relative number of sets. Approximate locations of reduction facilities are denoted with numbered points; 1. Cameron, Louisiana, 2. Abbeville, Louisiana, 3. Empire, Louisiana, and 4. Moss Point, Mississippi.




To describe the fishery and movement dynamics in the current regime we calculated five metrics. For each, we fit models to describe the underlying distribution and facilitate predictions. The first metric is the mean set-specific Catch per Unit Effort (CPUE, mt set-1) in each bootstrap sample. The mean CPUE, mt set-1 was determined by fitting a lognormal distribution to these values. The second metric is the mean number of sets per trip. The mean number of sets deployed on each trip was estimated by fitting a negative binomial PMF (
Figure 2B
):


[image: Five histograms labeled A to E show different data distributions. Histogram A depicts a right-skewed distribution with observations up to 100. Histogram B shows a right-skewed distribution with values up to 15. Histogram C features a sharp peak at the start, decreasing gradually. Histogram D shows a bimodal distribution with peaks around 50 and 100. Histogram E exhibits a steep decline with values primarily concentrated below 20, gradually tapering off. Each histogram includes density on the y-axis and observations on the x-axis.]
Figure 2 | 
The density of bootstrapped (n = 1,000) values of state variables of trips from July (displayed for visualization). (A) is the distribution of the observed set-specific Catch per Unit Effort (CPUE, mt set-1) modeled with a lognormal PDF, (B) is the distribution of the sets per trip modeled with a negative binomial PMF. (C) is the trip-specific CPUE (mt minute-1) modeled using a Gamma PDF. (D, E) are the distance traveled to the first and subsequent sets (set number ≥ 2) with vertical lines representing the 50th percentiles of the distributions.
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The parameter r is the number of successes, k is the number of failures, and p is the probability of success. The mean value of the number of sets deployed per trip is 
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. The third metric is the mean set-specific CPUE (mt set-1) per trip. The mean trip-specific catch-per-effort (mt minute-1) was modeled using a Gamma PDF (
Figure 2C
):
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The denominator for the trip-specific CPUE is the number of minutes for each set. The Gamma PDF has two parameters: α, the shape parameter and β, the rate parameter. The Gamma function (α) is a generalization of the factorial (n-1)! for all real numbers. The mean estimate of trip-specific CPUE is 
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. Finally, we described two movement metrics to understand how travel distance was impacted. First is the distance traveled to the first set and the second is the distance traveled between subsequent sets after the first set was made (set number ≥ 2). Because no probability density functions fit these data well, we applied empirical estimates directly from bootstrapping: the median of the bootstrap samples (
Figures 2D, E
).


We explored the impacts of spatial restrictions, including the current regime, and then simulated an additional 1.6 km (one mile), 3.2 km (two mile), and 4.8 km (three mile) restriction adjacent to land, using a bootstrap approach with 1,000 simulations. The number of sampled trips in each month is equal to the number of trips taken by the fishery in each month (April to October) in the current restriction regime using the year-aggregated data. The inventory of year-aggregated Captain’s Daily Fishing Report data includes 16,616 trips that comprise 82,326 individual sets (
Table 1
). Each bootstrap sample comprises 16,616 (sampled with replacement) trips. For each simulation of the restriction regimes, we removed trips with at least one set that occurred within an area of spatial restriction.


We evaluated the impacts of the simulated closures on the five metrics by comparing the 95% intervals (2.5th to 97.5th percentiles) of each summary statistic with those derived from bootstrap resampling of the trips from the current restriction regime. We calculated a month-specific overlap of each summary statistic. The overlap index (%) is calculated by determining the percent of those summary statistics that are within the bounds of 2.5th and 97.5th percentiles of the restriction scenario and the current restriction scenarios. We evaluated spatial differences in fishing effort under each restriction regime by examining the difference (positive and negative anomalies) in the number of sets in each grid square (0.05° latitude × 0.05° longitude) relative to that of the current restriction regime. Finally, to understand the aggregate impact of the restriction regimes, we calculated the 2.5th, 50th, and 97.5th quantiles of the percent change in the total harvest (mt) between the simulated restrictions and the current restriction regime.







Results


Gulf Menhaden fishing effort (number of sets) in the northern Gulf of America is allocated throughout the coastal zone (
Figure 1
). Relatively large numbers of sets are made between Galveston Bay and Vermillion Bay, in the area of Barataria Bay, Breton and Chandeleur Sound, and Mississippi Sound. These areas are adjacent to the locations of the reduction facility ports at Cameron, Abbeville, and Empire in Louisiana and Moss Point, Mississippi. We did not detect contrast among year-specific patterns for the data used in this analysis (2006 to 2009, and 2011, 
Table 1
) in the number of trips, the number of sets, the number of participating vessels, or the distribution of harvest as a percent of total among years. In each year, the number of trips and sets is maximum from June to September. The number of trips and sets made were greatest in Louisiana state waters and the second greatest effort in the fishery is allocated in Mississippi’s waters (
Tables 2A, B
). Fishing effort in Texas and Alabama is comparatively small (
Figure 1
).



Table 2 | 
Evaluation of the (A) number of trips and (B) number of sets made within distance to land of 1.6, 3.2, and 4.8 km in the northern Gulf of America from the Captain’s Daily Fishing Report.





	A




	Area

	Number of trips made within area

	Number of trips made within each state




	Alabama

	Mississippi

	Louisiana

	Texas






	1.6 km
	6,025
	2
	277
	5,701
	107



	3.2 km
	10,075
	6
	926
	9,100
	338



	4.8 km
	12,388
	14
	1,260
	11,156
	507



	B




	1.6 km
	14,812
	3
	472
	14,258
	139



	3.2 km
	31,714
	8
	2,036
	29,316
	695



	4.8 km
	45,548
	21
	3,813
	41,151
	1,374







The total number of sets in these data is 16,616 trips comprising 82,326 sets.




We qualitatively evaluated the distribution of the statistics derived from fitting the PDF, PMF, and estimated medians. The lognormal PDF used to model set-specific CPUE (mt set-1, 
Figure 2A
) and the Gamma PDF used to model trip-specific CPUE (mt min-1, 
Figure 2C
) fit the data well. The negative binomial PMF underestimated the number of sets in a trip when the trip had few (one or two) sets (
Figure 2C
). The distance traveled to the first set of the day was variable and ranged from short (< 10 km) to long (> 100 km) distances (
Figure 2D
). The distance between sets, after the first set was taken, exhibited a decrease in density with increasing distance, representing long distance travel was rare but existed (
Figure 2E
).


Given the current restriction regime, we found that the set-specific CPUE increased from April and has a peak in the middle of the season (July) and is lowest in September (
Figure 3
). The greatest overlap in set-specific CPUE was between the current and the 1.6 km restriction regime in June to August. The overlap is minimum (16%) in April. The mean set-specific CPUE per trip in the 1.6 km restriction in the early (April and May) and late (September and October) months of the season exceeds that of the current restriction regime for these months. Similar patterns in monthly set-specific CPUE were observed in the 3.2 km restriction regime. The set-specific CPUE in the 4.8 km restriction regime was greater and had 0% overlap with that of the current restriction regime in April. In June and July, the set-specific CPUE in the 4.8 km restriction regime was reduced relative to that of the current restriction regime and the overlap was 0%.


[image: Figure 3 Alt-Text – Histogram panels show density distributions of mean harvest inmetric tons per set, across varying kilometer restrictions (1.6, 3.2, and 4.8 km) and months (April to October). Each panel includes percentages indicating overlap with current regime patterns.]
Figure 3 | 
Month-specific distribution of set-specific CPUE (mt set-1) from bootstrap samples. Restriction regimes are in columns and months in rows. The dashed vertical lines are the 2.5 and 97.5 percentile values of the set-specific CPUE from the bootstrapped samples of the current restriction regime. The numbers on the top right indicate the proportion of bootstrap samples in the restriction scenarios that lie between 2.5 and 97.5 percentile values in the current scenario, and thereafter.




The mean number of sets per trip exhibited variation and differed from that observed in each of the restriction regime simulations (
Figure 4
). The mean number of sets in each trip, in the current restriction regime, varied from a low of 4.7 in April to greater than 5.2 in May to October. We found that the imposition of each of the three simulated spatial restrictions served to reduce the mean number of sets per trip and the overlap was 0% for all months, for all simulated restriction regimes.


[image: Histogram grid comparing the density of the mean number of sets per trip under three restriction levels: 1.6 km, 3.2 km, and 4.8 km, for each month from April to October. Each histogram shows a consistent peak with dashed lines markingthresholds; 0 percent indicates complete separation (no overlap) of restriction and current scenario.]
Figure 4 | 
Month-specific distribution of the mean number of sets taken each trip from bootstrap samples. Restriction regimes are in columns and months in rows. The dashed vertical lines are the 2.5 and 97.5 percentile values of the mean number of sets taken each trip from the bootstrapped samples of the current restriction regime.




Estimates of trip-specific CPUE (mt minute-1) indicated variability and contrast in estimates depending on the restriction regime (
Figure 5
). The greatest mean trip-specific CPUE is found from June to August for all restriction regimes evaluated. There is similarity between trip-specific CPUE between the current regime and the simulated 1.6 km restriction regime. For the 3.2 km and 4.8 km restriction regimes, there was reduced trip-specific CPUE in June and July and these exhibited minimal overlap with the CPUE of the current regime (0 to 1.1%). The trip-specific CPUE of the 4.8 km regime in April was greater and had 0% overlap with the trip-specific CPUE of the current regime.


[image: A grid of histograms displaying mean catch per unit effort (CPUE) in metric tons per minute of set for different months and fishing restriction distances: 1.6 km, 3.2 km, and 4.8 km. Vertical dashed lines mark specific CPUE values. Percentages indicate the proportion of data within certain ranges. Each row corresponds to a month from April to October, and each column represents a restriction distance. Density values are on the vertical axis.]
Figure 5 | 
Month-specific distribution of the mean trip-specific CPUE (mt min-1) from bootstrap samples. Restriction regimes are in columns and months in rows. The dashed vertical lines are the 2.5 and 97.5 percentile values of the mean trip-specific CPUE of the bootstrapped samples of the current restriction regime.




Our analysis of vessel movement indicated that the restriction regimes were impactful to (
Figure 6
). The distance traveled to the first set in the 1.6 km restriction regime was similar to the distance traveled in the current restriction scenario (overlap of 9.4 to 95.1%) for all months except October, where the overlap was 0%. The impact of the 3.2 km restriction regimes served to increase travel distance to the first set in all months and resulted in 0% overlap for all months except in the 3.2 km restriction for July, where the overlap was 80.1%. The 4.8km restriction regime increased travel distance to the first set, such that there was no overlap in any month.


[image: Histogram grid showing density distributions of median travel distance across months from April to October under three restriction levels: 1.6 kilometers, 3.2 kilometers, and 4.8 kilometers. Percentages indicate the proportion of data falling within certain criteria, ranging from zero percent to ninety-five point one percent. Vertical dashed lines signify thresholds within each histogram.]
Figure 6 | 
Month-specific distribution of the 50th percentile of the distance (km) traveled from the port of origin to the first set of the day from bootstrap samples. Restriction regimes are in columns and months in rows. The dashed vertical lines are the 2.5 and 97.5 percentile values of the 50th percentile of the distance (km) traveled from the port of origin to the first set of the day of the bootstrapped samples of the current restriction regime.




The distance traveled statistic between successive sets (set 2+) exhibited much less contrast for each simulated restriction regime relative to the current restriction scenario (
Figure 7
). The overlap index of the distance traveled for the 1.6 km and current restriction regime ranged from 6.2 to 91.6%. We observed similarity in the distance traveled for the 3.2 km and the current restriction regime, ranging from 14.3 to 93.9%. Except for August in the 4.8 km restriction regime, overlap with the current restriction regime was high, ranging from 13.7 to 94.7%.


[image: Sixteen histograms displaying the distribution of median travel distances to a set, ranging from 1.6 km to 4.8 km restrictions, over months from April to October. Each panel shows density along the y-axis, with varying percentages labeled. Vertical dashed lines indicate median reference points.]
Figure 7 | 
Month-specific distribution of the 50th percentile of the distance (km) traveled between successive sets (set 2+) from bootstrap samples. Restriction regimes are in columns and months in rows. The dashed vertical lines are the 2.5 and 97.5 percentile values of the 50th percentile of the distance (km) traveled between successive sets (set 2+) of the bootstrapped samples of the current restriction regime.




The spatial distribution of contrast in sets indicated that the candidate restriction regimes each had impacts on the spatial allocation of sets. The 1.6 km restriction results in increases in the concentration of fishing effort relative to the current restriction regime in the Chandeleur and Breton Sounds and in the region adjacent to and east of Atchafalaya Bay toward Galveston Bay (
Figure 8A
). The 1.6 km restriction resulted in reduced sets allocated, relative to the current restriction scenario, in Mississippi Sound, coastal areas in Chandeleur and Breton Sounds, adjacent to Barataria Bay, and in the nearshore region adjacent and east of Atchafalaya Bay toward Galveston Bay (
Figure 8B
). As the zone of restriction increased to 3.2 km and 4.8 km, the spatial extent of positive anomalies in Mississippi, Chandeleur, and Breton Sounds are reduced (
Figures 8C, E
), and the allocation of seats is increased in the region west of Terrebonne Bay. Reductions in nearshore harvest occur throughout the region (
Figures 8D, F
).


[image: Maps showing positive and negative anomalies along a coastal region at different distance restrictions: 1.6 km, 3.2 km, and 4.8 km. Latitude ranges from 29.0 to 30.0 and longitude from -94 to -88. Each panel distinguishes anomaly types and distances.]
Figure 8 | 
Spatial distribution of positive (A, C, E) and negative (B, D, F) anomalies of sets in the 1.6 km, 3.2 km, and 4.8 km restriction regimes relative to the set allocation of the current spatial restriction regime. The quartiles of the observations are presented where the colors white (1st quartile of records), light gray (2nd quartile of records), dark gray (3rd quartile of records), and black (4th quartile) are the increase (positive anomalies) or decrease (negative anomalies) of sets using 0.05° × 0.05°-dimension grid squares.




The restriction regimes resulted in a reduction in total harvest. The 95% confidence interval on the percent reduction in total harvest for the 1.6 km restriction regime was 4.3 to 7.2% and for the 3.2 km restriction regime, the 95% interval on the percent reduction of total harvest was 9.1 to 12.0%. The 4.8 km restriction regime resulted in the largest percent change in harvest, the 95% interval was a 12.7 to 15.4% reduction.







Discussion


Understanding the movement and harvest dynamics of fishers is necessary if managers are to make informed decisions about amending or instituting restrictions (Little et al., 2004) and understanding the behavior of fishers is often overlooked in this context (Hilborn, 1985). Although the current, state-based harvest control policies of the Gulf Menhaden fishery include spatial restrictions and quotas, it is spatial restrictions that serve as the primary harvest control mechanism for the fishery because the majority of sets are taken in Louisiana’s and Mississippi’s state waters. In recent years, only a small proportion of effort has been allocated to the state waters of Florida and Texas. In this work, we analyze the harvest and movement dynamics of the Gulf Menhaden fishery to understand the impacts of additional candidate spatial closures on the fishery. Such an analysis is relevant given recent efforts to implement spatial restrictions, notably Louisiana House Bill No. 535 (http://legis.la.gov/legis) presented in the 2021 legislative session. This legislation proposed to create an exclusion zone for commercial Gulf Menhaden fishing that begins at the coastal boundary and extends one-half mile (0.8 km) seaward from land. In addition to the one-half-mile exclusion zone, an additional exclusion zone of two miles (3.2 km) is proposed between Caminada Pass and Barataria Pass. Spatial exclusion zones have been proposed in Mississippi’s state waters. In 2016, the Mississippi Commission on Marine Resources, the body charged with instituting policy on fishing in the state, opposed a request from Jackson County, Mississippi, supervisors to restrict commercial Gulf Menhaden fishing within one mile of the shoreline. Spatial restrictions in the coastal zone, especially for the Gulf Menhaden fishery, will likely continue to be an approach that regulatory authorities will consider. Our analysis, using 1.6 to 3.2 km restrictions, is intended to understand the impact of using a range of restrictions from those similar to those currently employed and proposed (~1.6 km) and more restrictive (> 1.6 km) closed areas.


The benefits to the ecosystem using spatial restrictions on the Gulf Menhaden fishery are not well understood. The deleterious ecosystem impacts of mobile ground gear have been documented (Dimarchopoulou et al., 2018) as well as the positive impacts of marine protected areas for some demersal species (Williams et al., 2010; Huvenne et al., 2016). In the nearshore soft bottom environment in the northern Gulf of America, it is unclear what benefits, in terms of the reduction of impacts of the benthic environment, might occur from the exclusion of purse seine fishing. Similarly, it is not clear what the benefits of spatial restrictions may be in reducing the impacts of incidental bycatch. Previous work (de Silva et al., 2001) on the interaction between Gulf Menhaden purse seine gear and the bycatch of sharks (families Carcharhinidae and Sphyrnidae) indicates that an annual bycatch of approximately 30,000 sharks occurred during two seasons of Gulf Menhaden fishing (1994 and 1995). There was a high temporal pattern in the bycatch, with the greatest shark interactions occurring early in the fishing season (April and May). There are observations of catch per unit effort of Red Drum and a suite of shark species in areas where the purse seine fishery operates (Powers et al., 2013; Drymon et al., 2020). It is not clear, however, how differences in the catchability of the gears used to target these fishes, primarily longline, compared to that of a purse seine. Purse seine gears are considered non-selective in terms of size-selectivity (Marçalo et al., 2018). However, from a species composition perspective, work in the Mediterranean purse seine fishery targeting small pelagics indicated that discarded quantities were 2.2 to 4.6% of the total catch (Tsagarakis et al., 2012).


In this work we focus on leveraging existing fishery-dependent data to understand the implications of closures to the fishery in the short term without accounting for how closure may increase fish productivity or reduce bycatch, and with the assumption that the trips with sets in closed areas will shift to accessible areas. We hypothesized that the imposition of spatial restrictions would result in increased travel distance from the vessels’ home port to the fishing grounds. This would impose limitations on effort, resulting in a reduction in the number of sets that vessels can make during the fishing day, a decrease in the movement distance between successive sets, and a decrease in catch per unit effort (CPUE). Our primary findings presented in this work generally support this claim: We found that the travel distance to the first set was increased, especially in the 3.2 km and 4.8 km restriction scenarios. Set-specific and trip-specific CPUE are generally reduced but exhibit similarity with those of the current restriction regime, primarily in the 3.2 km and 4.8 km restriction scenarios. The patterns are likely due to the seasonal movement of the stock into and out of the coastal zone in the early and later parts of the fishing season, which are the times of the year during which the stock is moving inshore (in the spring) and offshore (in the fall). We recognize that the analysis of overlap that we have performed may be sensitive to the models used to summarize the distribution of count variables and to provide point estimates of continuous variables. Our choice of using the negative binomial distribution to model the number of sets that vessels can make during the fishing day is positively biased. Our use of the median value of the movement distance between successive sets may result in biases as well.


Our description of the spatial dynamics of the fishery coincides with those provided by others (Smith et al., 2002; Langseth et al., 2014) who have described the nearshore nature of the fishery. The purse seine gear is deployed in shallow water and fishers prefer to have the lead line (the bottom of the purse seine) on or in the soft sediment of the bottom when harvesting fish. In a spatial analysis of the fishery, Smith et al. (2002) reported that 55% of the harvest occurred within three miles (4.8 km) of shore and 93% of harvest came from within 10 miles (16.1 km) of shore. Thus, imposition of restrictions of one to three miles (1.6 to 4.8 km) around all land in the region has an impact on the number of observed trips and sets that can be made, especially in Louisiana and Mississippi state waters. The fishery targets the stock (age-1 and age-2 y, SEDAR, 2013, 2018) in the nearshore coastal zone as the stock migrate seasonally inshore. The fishery has a temporal component with a relatively consistent peak occurring in June to September. Fish move offshore in the fall and winter to spawn, but the timing and extent of offshore movement varies. Previous work has shown that age-0 Gulf Menhaden move from Lake Pontchartrain, Louisiana in August or September (Suttkus, 1956). The greatest migration of juveniles from estuaries at Port Aransas, Texas, occurred from November through May (Copeland, 1965). Individuals move offshore to spawn and recent work (Brown-Peterson et al., 2017) has shown that the winter, offshore reproductive season is protracted, lasting 5.5-months (October to March) in the north-central GoA. The intra-annual analysis of trip and harvest magnitude provide insight into the interaction of the timing and extent of the seasonal movement dynamics of the stock in the coastal zone and the fishery. For each year examined, the number of trips and harvest are maximum in June to September indicating that the catchability of the stock is maximized in the nearshore at that time.


We found that the models used to describe the harvest and movement dynamics differed in their fit to the data. The underestimate of the set numbers when the set numbers are low can become problematic in assessment of the new restriction scenarios. The set numbers for the restriction scenario tend to be low. Conversely, the overestimate when set numbers are high can become a problem in the current scenario when set numbers tend to be higher. Both may contribute to the 0% overlaps of set numbers between current and new restriction scenarios. The impact of this overestimate of the number of multi-set trips may affect the analysis of the relationships of the set distance and trip distance variables, and could serve to deflate the impact of successful, single-set trips.


Our analysis indicated that the distance traveled from the reduction plant to the location of the first set was highly variable. This result indicates that vessels, during the season, target the stock throughout its nearshore range, some taking very long, > 100 km, movement to the first set of the trip. The role of spotter planes has been well documented (Ruttan and Tyedmers, 2007); between 65 and 75% of all the sets made in the Gulf Menhaden fishery through the mid-1990s were directed by spotter plane (Smith, 1991; Smith et al., 2002). Smith (1991) noted that spotter planes fly over the fishing grounds prior to the next day’s fishing and direct the fishing fleet to areas of high concentration of Gulf Menhaden. The observed long-distance travel to the first set of the trip is likely an effect of the spotter plane’s direction to these locations. Spotter planes are able to survey large swaths of the fishing grounds to detect the stock. Similarly, once vessels have made the first set there is a high probability that they will move only very short distances in making subsequent sets, either exploiting the same school of fish or moving to schools of fish in the area.


Our analysis of the statistics of the current restriction regime indicates that harvest and movement dynamics vary during the fishing season. The difference in statistics among the restriction regime scenarios and months allows an understanding of the interaction of the seasonal movement of the stock and the fishery. Our observation that the implementation of a 1.6 km restriction regime resulted in a greater mean harvest per set in the early part of the fishing season indicates that the stock has not yet moved into the nearshore in the early spring and has moved out of the coastal zone by the early fall. However, in the summer months, each of the restriction regimes resulted in reduced mean harvest per set. Our analysis of the number of sets taken per trip indicates that for all months, for all restriction regimes, fishers expend less effort per trip. An aspect of this analysis that we did not consider because of the nature of the bootstrap simulation is the impact of the compensatory behavior of the fish. Fish schools may exhibit density dependence in their spatial distribution. In situations of nearshore exclusion, the greater unfished density could result in the redistribution of schools into an open area. The fine-scale movement of menhaden schools is not well understood, and it is not clear to what extent aggregation behavior represents shoaling (independent movement by fish in the simple aggregation of fish attracted to stimuli) and schooling, the mutual attraction of individual fish to one another (Pavlov and Kasumyan, 2000).


Our finding of a marked increase in travel distance to the first set for the 3.2 km and 4.8 km restriction regimes indicates that the costs associated with vessel movement will increase, perhaps substantially. Of consideration to the fishing industry are the imposed cost of movement to the first set and among subsequent sets of the trip. Economic costs to the fishing industry are comprised of fixed and variable costs (Daurès et al., 2013). Variables costs, such as fuel, are linked to fishing effort, whereas fixed costs are constant and not impacted by the level of fishing effort (e.g., wages, repairs, and maintenance). For many fisheries, fuel costs are a major constraint to their profitability (Daurès et al., 2013; Parker et al., 2015). Parker et al. (2015) documented that fleet-specific fuel costs range from 5.5 to 34.9% of total operating revenues and reported that the cost of fuel and lubricants in purse seine fleets is estimated to be 10.8% of total revenue. In addition to the increased costs to the fishery, the environmental impacts of energy consumption have received increased attention in fishery operations (Schau et al., 2009) although small pelagic fisheries (like Gulf Menhaden) are among the least environmentally impactful ways to obtain animal protein (Hilborn et al., 2018). We find that the distance traveled between successive sets (set 2+) exhibited much less contrast for each simulated restriction regime relative to the current restriction scenario, likely as a result of the aggregation dynamics of the stock in the coastal zone and the improvements in fishing power as a result of spotter planes and communication among vessel captains. The Gulf Menhaden fishery is currently composed of two vertically integrated fishing concerns where vessels are either owned or leased, thus there is likely extensive cooperation among fishing captains.


The exclusion of fishing in the nearshore coastal zone under the various restriction regimes evaluated, serves to concentrate the intensity of fishing (allocation of sets) to regions peripheral to the exclusion areas in the nearshore. In each of the scenarios there is a positive reallocation of sets west of Terrebonne Bay, Louisiana. We show that there is a reduction in total harvest and the magnitude of the reduction in harvest is dependent on the size of the restriction zone. Our analysis of the spatial impacts of restrictions indicate that fishers will likely allocate their effort to regions just adjacent to the restriction region. Previous work (Kellner et al., 2007) has shown that the strategy of ‘fishing the line’ or fishing immediately outside a region restricted to fishing is an optimal strategy for fishers exploiting the spillover of living marine resources from marine protected areas. Because we did not model the movement dynamics of the stock, in response to fishing, our estimates of the spatial analysis of the intensity of fishing may be more uniformly distributed than what may happen in practice. An implication of the change in spatial allocation is the impacts on the monitoring system of the fishery. The model used for the assessment of Gulf Menhaden is an age-structured model that uses fishery-dependent estimates of age composition for the determination of selectivity (SEDAR, 2018) and are the only information about age composition of the stock. Altering the spatial patterns of the fishery through restriction may impact the continuity of the estimates of age composition in ways that are not well understood.


In this work we use simulation of five years of data to understand the impacts to the fishery of candidate spatial closures. We find that the magnitude of the reduction in harvest could be large and for the 4.8 km restriction, result in a decrease to the harvest of 12.7 to 15.4%. A primary consideration of the impact of proposed regulations, not evaluated here, is that vessels originating from different plants will be impacted by spatial closures differently due to the spatial and temporal distribution of the stock in the region. Our analysis did not examine the plant-specific impacts of regulations and presupposes that fishers will exploit the entire range of the stock. Because of the vertically integrated nature of the fishery, where most vessels have ‘home’ ports, it is likely that some fishers will be more deleteriously impacted than others by spatial regulation because of the location of their plant relative to the distribution of the stock. Spatial closures are thus a regulation that will have asymmetric impacts on fishers. We note that an implicit assumption in this analysis is that for those trips that would have been excluded because of spatial restrictions, the fishers would make a trip outside the restriction zone. If excluded trips are not reallocated outside the restriction zone, then the estimates in the magnitude of harvest we report would be biased. Thus, the magnitude in reduction in harvest that we report should be considered minimum estimates given the assumptions used in the analysis. Changes in the distribution of the reduction factories (the Cameron, Louisiana factory is now permanently closed), the quality of the data used in this work (the CDFR data were not originally digitally recorded but are now recorded digitally), and uncertainty about the distribution of the stock in areas that are not currently fished are all sources of uncertainty in the data used in the modeling approach and impact the estimates in the reduction of harvest.


Another issue to resolve before implementing fishery regulations is to understand the impacts on the resource and the management system. Our work shows that the fishers will have to make longer movements, depending on the month, and that set-specific CPUE will be reduced. The restriction on effort, imposed by the spatial restriction, will impact fishers by necessitating greater fuel and perhaps maintenance costs. Given the status determination in recent years that the stock is not overfished and that overfishing is not occurring, evidence of other benefits to the ecosystem is the primary motivation for closures. There continues to be significant information gaps in the primacy of Gulf Menhaden in predator diets. These aspects should be explored prior to making regulatory changes, especially in Louisiana’s state waters where most of the harvest is made. An additional need is to better understand the needs and desires of recreational and commercial fishers in the region, through investigation of the sociological and human dimensions of resource use. A management strategy that considers fisher behavior should be explored to maximize outcomes for the larger fishing community that includes recreational and commercial participants and the sustainability of the resource.
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