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The power of fishery-independent surveys for stock assessments and management decisions is in their consistency over time and space. Although the preference is to limit change to survey execution, such changes may be necessary. In multi-species surveys, changes that improve metrics for one species may be a detriment to survey performance for others. In 2010, the Southeast Reef Fish Survey (SERFS) was formed to better address sampling needs off the U.S. Southeast Atlantic coast by intensifying a historical chevron trap survey (MARMAP), especially at the northern and southern extent of the sampling range. We used several performance metrics (encounter rate, annual coefficient of variability, standard error, and relative abundance index values) to determine the impact of this change in survey coverage on trend estimates for three commonly encountered species with varying centers of distribution in the survey region. Gray Triggerfish (Balistes capriscus) is found throughout the range of both surveys (i.e. centrally-distributed), while White Grunt (Haemulon plumierii) and Red Snapper (Lutjanus campechanus) are centered near the northern and southern extent of the sampling range, respectively. For Gray Triggerfish, the survey intensification had no effect on encounter rate, but reduced the coefficient of variation and indicated that the historical index of relative abundance may have been overestimated. For White Grunt, the survey intensification slightly improved CV but did not affect the index of relative abundance value or encounter rate. For Red Snapper, SERFS increased encounter rates, reduced CV overall, and detected a population increase 5 years earlier than MARMAP. Overall, the intensification of the survey improved at least one performance metric for each species and showed few deleterious effects on performance, suggesting that intensification of the survey was a net-positive for the accurate estimation of population trends in several species of interest.
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1 Introduction

Well-regulated fisheries rely on information that can be used to monitor the status of the stock, interpret fisheries landings data, perform stock assessments, and develop regulations for managing fisheries resources (Apostolaki and Hillary, 2009; Hilborn et al., 2020; Gebremedhin et al., 2021). A key data input for these purposes is an index of relative abundance that reflects trends in the population and is proportional to the size of the stock (Hilborn and Walters, 1992). The utility of any fishery data in detecting trends, understanding variability, providing a baseline, and evaluating impacts of natural events or human-related activities, is dependent on consistency of the survey over space and time. Indices of relative abundance can be developed using data obtained by fishery-dependent or fishery-independent sources, but when fisheries are highly regulated, fishery-independent surveys are often the only method available to adequately characterize relative population size due to the limitations of economics, regulation, and recall on fishery-dependent data sources (Potts and Manooch III, 2002; Hamilton et al., 2016).

Marine fishery-independent surveys are often designed to simultaneously capture trends in abundance and life-history characteristics for several managed species concurrently due to cost and overlap of habitat utilization by numerous fishery targets (Dennis et al., 2015; Christiansen et al., 2020). While multi-species surveys are an efficient use of resources, indices of abundance for each target species may be more sensitive, or less sensitive, to population changes based on the relative sampling density in relation to species distribution. In addition, the geographic ranges of economically-important species may not follow previous survey boundaries, and their centers of distribution may change over time, necessitating the re-examination of the assumption of representative sampling for each target (Smart et al., 2020; O'Leary et al., 2021; Damiano, 2023). Surveys may be expanded or intensified due to a recognized need to increase available data for a particular species (Williams and Carmichael, 2009; Schrandt et al., 2021; Thompson et al., 2022), or they may be scaled back due to funding reductions (Zimney and Smart, 2022).

The South Carolina Department of Natural Resources has operated the Marine Resources Monitoring, Assessment, and Prediction Program (MARMAP) fishery-independent chevron trap survey in Atlantic waters off the southeastern United States since 1990 (Collins, 1990; Bubley et al., 2023). Anecdotal evidence suggested an increase in the Red Snapper, Lutjanus campechanus, population in the early 2000’s, during a period when the existing MARMAP survey showed low and stable population numbers (SEDAR, 2009; Williams and Carmichael, 2009). The center of distribution for Red Snapper occurs near the southern terminus of the survey range, where MARMAP sample coverage was relatively poor at the time. To enhance ongoing survey efforts, especially in relation to species with centers of distribution offset from the core of MARMAP sampling, additional resources were incorporated to form the Southeast Reef Fish Survey (SERFS) in 2010. The formation of SERFS increased the density of stations available for sampling through mapping efforts using modern tools such as multibeam bathymetry, submission of potential sampling sites by the fishing industry, and deployments of cameras to confirm potential bottom for reef fish, particularly in areas at the southern and northern extent of the range (Bacheler et al., 2017). The creation of SERFS also allowed the survey to approximately triple the number of chevron traps deployed each year, effectively increasing the breadth of habitat types sampled (Glasgow et al., 2021). The effects of chevron trap survey intensification on the Red Snapper index of relative abundance were explored during a subsequent regional stock assessment (Ballenger et al., 2014). Although similar trends in relative abundance were observed between the full time series (1990-2014) and a time series beginning in 2010 with the inception of the full SERFS effort (Ballenger et al., 2014), the decision was made to use the short, five-year time series (2010-2014) due to decreased uncertainty surrounding the estimates (SEDAR, 2017).

Now that more than a decade has passed since the inception of SERFS, sufficient data are available to explore the effect of the sampling intensification on species-specific indices of relative abundance for several commonly encountered reef fish species. While increasing survey effort may be predicted to result in equivalent or improved estimates of relative abundance over surveys with lower effort, this assumption should be examined on a case-by-case basis to determine appropriate actions. Retrospective analysis provides a means to assess potential biases and ascertain the most appropriate method of employing each single-species index of relative abundance for management decision-making, with options including statistical correction to ensure continuity of the data or breaking the time series, effectively excluding historical data (Brodie et al., 2022; Zimney and Smart, 2022). The decision for appropriate incorporation of an index of relative abundance may vary by species, depending on distribution, habitat use, or behavior (Brodie et al., 2022; Zimney and Smart, 2022). Because the length of the time series is essential for understanding current population levels in relation to long-term trends, care must be taken and a variety of factors must be weighed, before a decision is made.

To examine the effects of survey intensification on indices of relative abundance, we selected three model species. Species whose center of distributions were in the extremes of the survey range to the north (White Grunt, Haemulon plumierii) and south (Red Snapper) and one with a relatively even latitudinal distribution throughout the region (Gray Triggerfish, Balistes capriscus) were chosen to explore a variety of distribution patterns. The goal of this work is to examine an input used in the SEDAR (Southeast Data Assessment and Review) stock assessment process, to provide the best available data for upcoming U.S. federal stock assessments in the South Atlantic region. The results from the current study will be instrumental in understanding the utility of the increase in sampling density on the indices of relative abundance for target species with varying distribution patterns and population trends, while providing guidance on the incorporation of the chevron trap survey time series for upcoming assessments and management actions.




2 Materials and methods



2.1 Sample collections

Throughout the survey period (1990-2022), chevron traps were deployed on randomly selected monitoring stations from a universe of known low- to moderate-relief hard-bottom areas from April through October each year (Collins, 1990). The sampling area included waters of the continental shelf and shelf edge between Cape Hatteras, NC, and St. Lucie Inlet, FL (Figure 1). Although the potential geographic sampling range has not changed since 1990, sampling effort and concomitant sampling density have been a function of available funding. Prior to 2010, realized sampling was concentrated between 31°N and 34°N with substantially fewer deployments in the extreme northern and southern extent of the range. From 2010 to 2022, due to the formation of SERFS, the sampling universe was intensified to ensure that the overall sampling density was approximately even (Figure 1). In the most recent years, the R/V Palmetto, R/V Savannah, and NOAA Ship Pisces have primarily served as the research platforms. Station depths range from 14 to 110 m. Criteria for annual station selection included sampling without replacement and that all sampled stations were farther than 200 m away from all other sampled stations that year.




Figure 1 | Distributions of: (A) MARMAP and (B) SERFS sampling effort throughout the range. Each dot indicates a single trap deployment during an example year of each survey.. The farthest north and farthest south sampling sites are at approximately the same latitude in each example, but density of sampling differs between the sampling designs, particularly in the northern and southern ends of the range.



Prior to deployment, chevron traps were baited with a combination of whole or cut clupeids (Brevoortia or Alosa spp., family Clupeidae; Collins, 1990). While traps soaked, bottom temperature (within 5 m of the bottom) was recorded using either a SEABIRD Conductivity Temperature Depth recorder or a VEMCO temperature logger. Traps were retrieved after approximately 90 minutes. After collection, all fishes were identified to species, and each species was counted.




2.2 Data analysis

Data were analyzed for the three federally managed species, Gray Triggerfish, White Grunt, and Red Snapper (Figure 2; Bubley et al., 2023). We used two datasets to explore the effect of the increased sampling that began in 2010. One was created using the current version of the sampling universe and encompasses all trap deployments meeting the above criteria over the 32-year time series (no sampling occurred in 2020 due to the COVID-19 global pandemic). This will be referred to as the “SERFS” dataset. The other dataset, referred here to as “MARMAP” was a subset of the SERFS dataset. This subset included stations that were known and sampled prior to 2010 and sampled again in 2010 or beyond, thus mimicking the situation if the sampling universe had not intensified, and the survey continued as it had prior to 2010. For each dataset, we calculated the total numbers of traps deployed each year and the proportion of traps that encountered each of the three selected species. Because the divergence in deployment rate began in 2010, we used t-tests to compare the annual encounter rates for each species from 2010 to 2022 between the SERFS and MARMAP datasets to test for impact of sampling intensification. Additionally, we used t-tests within the MARMAP dataset to test if the annual encounter rate differed between recent years (2010-2022) and older years (1990-2009), as a check for changes in population size rather than survey design (Sokal and Rohlf, 1994).




Figure 2 | Inverse distance weighted interpolation of chevron trap catches for (A) Gray Triggerfish, (B) White Grunt, and (C) Red Snapper, across the survey range in the most recent five years of sampling (Bubley et al., 2023). The total range of values is species specific. Blue indicates the lowest 20% of catches, red indicates the highest 20% of catches. Green, yellow, and orange are intermediate catch rates.



For each species and dataset (MARMAP and SERFS), we examined the Poisson, negative binomial, zero-inflated Poisson, and zero-inflated negative binomial (ZINB) error distributions for modeled indices of relative abundance using the FishyR package in R statistical software (Ballenger, 2022). Final error distribution (ZINB in all cases) and included covariates were selected by Akaike’s Information Criterion (AIC; Akaike, 1973). ZINB models are frequently used in stock assessments to standardize abundance for the chevron trap survey due to the nature of the survey targeting a suite of species (i.e. not every trap has the same likelihood of encountering the species of interest). Both the SERFS and MARMAP models relied on the independent covariates of latitude (°N), sampling day of year, sample depth (m), and bottom temperature (°C) to estimate changes in total abundance of each species over time (Figures S1 and S2). The covariates for the MARMAP model were taken only from those stations included in the MARMAP dataset, while the covariates for the SERFS model were taken from all stations. The covariate effects in the models were fit with polynomials informed by preliminary generalized additive models (GAMs), allowing continuous covariates to be related to abundance (catch per trap) of each species in a non-linear fashion (Figures S3–S8). Year was fitted as a fixed variable and soak time included as an offset. Maximum order of polynomial allowed were limited to 4 to maintain biological relevance and reduce processing time (Wood, 2011).

Coefficients of variation (CV) and standard error per year for each species and dataset (SERFS or MARMAP) were determined by bootstrapping with 5,000 iterations. Linear regression was used to compare the CV from the full data set against the total numbers of traps deployed each year. T-tests were used to compare the slopes of the regression lines for each species, and significance was determined using a Bonferroni correction (Sokal and Rohlf, 1994). All statistical analyses were conducting in R version 4.2.2 (R Core Team, 2022).





3 Results

Numbers of MARMAP stations sampled between 1990 and 2009 ranged from 224 to 404 annually with a median of 303 (Table 1). The highest concentration of traps during this period was deployed near the center of the geographic range, with less coverage near the northern and southern extent of the range (Figure 1A). Beginning in 2010, total potential sampling stations were increased through extensive habitat exploration, resulting in an approximately evenly distributed sampling effort from north to south (Figure 1B). Total numbers of SERFS stations sampled between 2010 and 2022 ranged from 731 to 1,883 annually with a median of 1,479 (Table 1). Within the MARMAP dataset, the numbers of traps remained below 500 per year throughout the time series, ranging from 319 to 489 with a median of 428 between 2010 and 2022 (Table 1).


Table 1 | Total numbers of traps deployed under two fishery-independent sampling scenarios.



Encounter rate between the MARMAP and SERFS sampling since 2010 varied among species. While the difference in encounter rate between MARMAP and SERFS sampling was not significant for Gray Triggerfish (t = -1.37, p = 0.18) or White Grunt (t = 0.49, p = 0.62), the difference was significant for Red Snapper (t = -4.49, p < 0.001; Table 1; Figure 3). Red Snapper encounter rate nearly doubled with the intensification of sampling (0.07 versus 0.13 in the MARMAP vs SERFS sampling). However, this comparison is confounded by potential increases in Red Snapper relative abundance during the period. For the second encounter rate comparison (MARMAP 1990-2009 versus MARMAP 2010-2022; Figure 4), encounter rates varied significantly for both Gray Triggerfish (t = 4.2, p = 0.001) and Red Snapper (t = -4.0, p = 0.002), but did not differ for White Grunt (t = 1.6, p = 0.1).




Figure 3 | Proportion of traps encountering three species: (A) Gray Triggerfish, (B) White Grunt, and (C) Red Snapper under two conditions: MARMAP (data from traps deployed from 2010 to 2022 that would have been deployed even if there was no increase in sampling effort), and SERFS (full complement of traps 2010-2022). Median is the line inside the box, the edges of the box are 25th and 75th percentiles. Whiskers represent the 95% confidence interval. Dots represent samples outside of 95% confidence. T-test results are shown.






Figure 4 | Proportion of traps encountering three species: (A) Gray Triggerfish, (B) White Grunt, and (C) Red Snapper under two conditions: full complement of trap deployments between 1990 and 2009, traps deployed from 2010 to 2022 that would have been deployed even if there was no increase in sampling effort. Median is the line inside the box, the edges of the box are 25th and 75th percentiles. Whiskers represent the 95% confidence interval. Dots represent samples outside of 95% confidence. T-test results are shown.



All species demonstrated a significant, decreasing linear relationship between CV for ZINB-modeled annual index of relative abundance and sample size using all available trap deployments (SERFS dataset; Figure 5). Coefficient of Variation in each species showed the largest amount of variation at low numbers of annual trap deployments (below 500 traps per year). In addition, CV varied considerably among species at low sample size with Red Snapper having the highest annual CV and Gray Triggerfish having the lowest. As number of samples increased, total variability was reduced in all three species, and CV became more similar among species. All linear models were significant, and each accounted for between 35 and 68% of variability for the species (Table 2; Figure 5). T-tests with Bonferroni correction (α = 0.017) indicated that the slope for Red Snapper was different from the slopes for Gray Triggerfish (t = -8.65, p < 0.001) and White Grunt (t = -11.39, p < 0.001), but slopes for White Grunt and Gray Triggerfish did not differ significantly (t = -2.38, p = 0.021).




Figure 5 | Coefficient of variation for three species as a function of total numbers of trap deployments per year. Species are Gray Triggerfish (B. capriscus), White Grunt (H. plumierii) and Red Snapper (L. campechanus). Each line represents a linear regression of coefficient of variation as a function of traps per year. Gray shaded areas are standard error for each regression.




Table 2 | Regression parameters for bootstrapped coefficient of variation (CV) as a function of numbers of traps per year for each of three species: Gray Triggerfish (B. capriscus), White Grunt (H. plumierii), and Red Snapper (L. campechanus).



The change in the sampling frame for the trap survey impacted indices of relative abundance in different ways among the species examined. The overall shape of the index of relative abundance was similar between models for Gray Triggerfish (Figure 6A), but the annual mean estimate was higher using the MARMAP dataset than the SERFS dataset for the early part of the time series. Once the sampling frame was intensified (after 2010), the SERFS estimate overlapped with, or tended to be higher than the MARMAP estimate, with standard errors overlapping throughout this most recent period. The White Grunt estimated index of relative abundance did not differ in shape or value between the MARMAP and SERFS models, and the standard error overlapped across the entire time series (Figure 6B). Red Snapper indices of relative abundance overlapped throughout the period 1990 to 2009 (Figure 6C). However, once sampling increased after 2010, the estimates diverged markedly. The SERFS model reflected the increase in Red Snapper abundance as early as 2010 and continued through the end of the time series. The MARMAP model, on the other hand, did not reflect an increase in Red Snapper abundance until 2014 and standard error between the data sets did not overlap until 2021. Although the SERFS model detected the increase in Red Snapper reported elsewhere better than the MARMAP model, the standard errors between 2010 and 2019 were higher in the SERFS model than the MARMAP model (Figure 6C).




Figure 6 | Indices of relative abundance from 1990 to 2022 derived from individuals captured in chevron traps for three species, (A) Gray Triggerfish (B. capriscus), (B) White Grunt (H. plumierii) and (C) Red Snapper (L. campechanus), using two zero-inflated negative binomial models. The SERFS model includes environmental covariates and catch information for all chevron traps deployed throughout the survey timespan. The MARMAP model includes only information from chevron traps deployed at sites that had initially been included in the sampling frame prior to 2010. Mean values each year are represented by dots. The shaded areas are standard error for each model each year.



When summarizing the effect of increased sampling on the performance metrics for each species, we found 89% beneficial or neutral results. For Gray Triggerfish, CV improved with increased sampling, but encounter rate and standard error for the indices of relative abundance were neutral. For White Grunt, the same pattern was observed. For Red Snapper, encounter rate increased between the surveys using the same years of data and CV declined with increasing sample size while the standard error for the index increased. Both relative abundance index value (SERFS vs. MARMAP) and encounter rate between early and late MARMAP time periods decreased for Gray Triggerfish. Both metrics were neutral for White Grunt, and both increased for Red Snapper (Table 3).


Table 3 | Summary of performance metrics for the representation of population trends in three species using two fishery-independent survey designs.






4 Discussion

The current work suggests that increased sampling intensity of an existing multi-species survey can improve detection of a species occupying under-represented geographic locations while showing no negative impacts on the detection of other species. We showed improvements to both probability of capture and annual CV for Red Snapper with increased sampling intensity in areas where Red Snapper are known to be abundant. Meanwhile, we showed no negative impact on probability of capture or CV for White Grunt or Gray Triggerfish. The only metric examined with a detrimental effect on performance for Gray Triggerfish (encounter rate assuming the MARMAP survey design) was most likely due to population decline and not survey design. The Red Snapper standard errors were larger with the intensified design than historically once the population showed a marked increase in abundance. In summary, over 80% of metrics examined were positive or neutral, suggesting that gains outweigh losses in the survey intensification.

Despite the broad geographic range of Gray Triggerfish, annual CV values indicate that an increase in total chevron trap effort (i.e. increased sample size) improved our uncertainty estimates. Encounter rates with SERFS were higher than MARMAP during the same period (although not significantly), while the comparison between encounter rates for MARMAP before and after 2010 indicated a decrease in encounter probability likely due to the overall population decline. Because the MARMAP sampling frame did overlap with the center of abundance for Gray Triggerfish, there was no difference in the timing of observed abundance changes. If we had maintained the MARMAP sampling design, we would have seen a decrease in encounter rate and a decreasing trend in the index of relative abundance. The differences in the overall scale of the index of relative abundance before the survey intensification could be due to the increased specificity of the independent covariates (latitude, sampling day of year, sampling depth, and bottom temperature) informing the model in the SERFS design improving estimate accuracy. The MARMAP design could have been impacted by hyperstability in that it was primarily indexing fish in their core habitat. Including sites in the SERFS design less likely to hold Gray Triggerfish, the index seemed to be more sensitive to a population decline beginning near the margins of suitability for the species (Crecco and Overholtz, 1990; Hilborn and Walters, 1992; Sarah et al., 2015). Overall, the full SERFS time series is likely appropriate to use for Gray Triggerfish with the caveat that the potential overestimate in the historical period should be examined more thoroughly.

White Grunt was included in the study because of the known center of abundance in the northern fringe of the sampling range, which had low sampling intensity prior to 2010. However, differences between the SERFS and MARMAP datasets were minimal for this species, suggesting that despite the mismatch in spatial extent, the MARMAP survey may have been adequately capturing trends in White Grunt abundance over time. Although sampling density in the northern portion of the survey was lower prior to 2010 than after, these results suggest that sampling density was sufficient for White Grunt, possibly due to the consistency of spatial use by this species in that area. The increase in sampling effort to the south where White Grunt do not typically occur could have been detrimental to estimates for this species because of the high likelihood of extra zeroes increasing zero inflation and not being informative (Zuur et al., 2009). However, we did not observe any metric to be negatively impacted. In fact, White Grunt annual CV benefitted from increased sample size. The results here support that an index of relative abundance for White Grunt can and should use the full time series and SERFS sampling domain.

Red Snapper have been undergoing a population recovery over the last 10 to 15 years (SEDAR, 2021); however, the detection of this recovery in the chevron trap survey varied across the survey area. The SERFS dataset reflected an increase in Red Snapper abundance as early as 2010, while the increase did not become apparent in the MARMAP dataset until 2014, and this time lag appears to continue through the end of the time series. The discrepancy in detection is most likely due to the process through which Red Snapper have been undergoing population recovery, consistent with ideas on the interaction between abundance and spatial extent, in particular the basin model (Mccall, 1990), in which both abundance and distribution change in concert. Mostly likely, Red Snapper initially began recovering in the core area of their distribution in the southern region of the survey and, as density increased in that area, fish spilled over into additional areas throughout the region (Alcala et al., 2005). While the original MARMAP survey design might be able to detect early signs of population decline by means of local depletions (Lluch-Belda et al., 1989; Atkinson et al., 1997; Warren, 1997; Mcfarlane et al., 2002), the MARMAP design did not detect the Red Snapper recovery until sufficient range expansion had occurred in the species to reach the region of most intense sampling. The primary recommendation from SEDAR 41 to truncate the index of relative abundance using only SERFS sampling (or split the index of relative abundance into two time periods) is likely appropriate in future assessments based on the results presented here (SEDAR, 2017).

The analyses shown here suggest that the increase in sampling density was an effective tool for monitoring the increase in population density for a recovering species and did not negatively impact the ability of the survey to index relative abundances of other species of interest. In fact, uncertainty metrics in a species assumed to be adequately sampled by the MARMAP survey were improved by the inclusion of additional stations. Many fishery-independent surveys have not been updated due to a concern that the change will negatively impact the quality of the data. However, this study demonstrates that improvements in detection and model fit are both strengthened by the increase in station density, even if the total range of the potential survey stations changes little. For the three species examined here, we observed net positive or neutral impacts to indices of relative abundance performance, though we did not examine length or age compositions which typically accompany an index for stock assessment purposes. The method used here: comparing the estimates produced by the data that “would have been” to the estimates produced by the data that currently is, can be a powerful tool to understand whether a survey change made a major difference in the accuracy and appropriateness of the data being provided to produce management advice.
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