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Abstract

Atlantic reef fishes off the southeastern United States support a multispecies fishery
important to both commercial and recreational fleets. Productivity of this reef-fish complex is
driven to a large degree by recruitment of new individuals into their respective populations. In
this study, we analyzed patterns in time series of annual recruitment of ten Atlantic reef-fish
species, primarily snappers and groupers, that have been the subject of separate single-species
stock assessments. Our focus was on identifying patterns in autocorrelation of recruitment
within species and on uncovering patterns in correlation across species. We found that
autocorrelation of recruitment deviations was evident in the majority (9/10) of species with a
dominant lag of one year. Pairwise correlations between species were both positive and negative.
Principal component analysis revealed two general groups of species: those that exhibited lower-
than-expected recruitment in recent years and those that did not exhibit such low recruitment
(either near expected or higher-than-expected). These results point toward common drivers of
recruitment (e.g., environmental, ecological, exploitation) in this complex of reef-associated
fishes, and they are a critical first step for developing hypotheses of underlying mechanisms.
Additionally, they have practical importance for stock assessments that forecast recruitment

when forming fishery management advice.
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1. Introduction

Recruitment is a fundamental driver of population dynamics in marine fishes.
Consequently, fishery science has devoted much attention over the past century toward
understanding fluctuations in recruitment (Hjort, 1926; Ricker, 1954; Beverton and Holt, 1957;
Thorson et al., 2014; Haltuch et al., 2019). Such efforts have practical importance, as the
processes controlling recruitment are critical for gauging stock status and for predicting how
populations will respond to management actions (Sharma et al., 2019; Van Beveren, 2021). The
importance of understanding recruitment patterns is evident in many geographic regions (e.g.,
Friedland et al., 2009; Caselle et al., 2010; Ottmonn et al., 2018; Robitzch and Berumen, 2020),
and the southeastern United States is no exception.

The southeast United States continental shelf is one of 50 large marine ecosystems
(LMESs) recognized worldwide (Sherman and Duda, 1999; Craig et al., 2021). This LME is
temperate in climate, spanning Atlantic waters from southern Florida to Cape Hatteras, North
Carolina. It is characterized by high productivity, largely as a result of inputs from Gulf Stream
upwelling and from the Albemarle-Pamlico Sound, the second largest estuary in the United
States. In turn, this high productivity supports sizeable fisheries, including commercial fleets and
the most active recreational fishing sector in the United States (Shertzer et al., 2019). Much of
this commercial and recreational fishing effort targets reef-associated fishes, such as snappers
and groupers (Coleman et al., 1999).

Reef-associated fishes in this region are federally managed by the South Atlantic Fishery
Management Council as part of their Snapper Grouper Fishery Management Plan

(https://satmc.net; website includes a map of the region). The Plan currently includes 55 species,
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of which approximately 25% have been the subject of formal stock assessments. The primary
goals of those assessments are to estimate management quantities, such as population and fishing
status, and to provide advice for setting future catch levels. Additionally, each assessment
provides annual estimates of recruitment over multiple decades.

To date, recruitment estimates from those reef-fish stock assessments have primarily been
considered on a species-by-species basis without any evaluation of time-series properties or
cross-species relationships. However, comparing temporal patterns of recruitment across species
can help identify common underlying mechanisms, such as similar responses to environmental
drivers or exploitation (Bunnell, 2016; Hollowed et al., 2001; Szuwalski et al., 2014). Similarly,
the presence of autocorrelation in recruitment time series can help better identify specific
external drivers of recruitment (Thorson et al., 2014; Rindorf et al., 2020) and, if properly
accounted for, can improve the short-term forecasts from assessment models that are used for
catch advice (Johnson et al, 2016; Van Beveren et al., 2021).

Here, we evaluate time series of recruitment estimated by stock assessments of reef-
associated fishes in the Southeast United States Continental Shelf LME. We have three primary
goals: 1) to test for autocorrelation within each species’ recruitment time series, 2) to test for
correlation between species, and 3) to identify common patterns across species. Our methods
synthesize decades of recruitment in this complex of marine fishes and could be utilized in other
regions where properties of recruitment time series are of interest. We conclude by summarizing

the practical implications of our findings for stock assessment and fishery management.

2. Materials and methods
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2.1 Time series of recruitment estimates

To obtain time series of recruitment estimates, we accessed the most recent stock
assessments of ten species in this complex of Atlantic reef fishes. The species analyzed were
black sea bass (Centropristis striata; SEDAR, 2018a), gag grouper (Mycteroperca microlepis;
SEDAR, 2021a), gray triggerfish (Balistes capriscus; SEDAR, 2016), greater amberjack (Seriola
dumerili; SEDAR, 2020a), red grouper (Epinephelus morio; SEDAR, 2017), red porgy (Pagrus
pagrus; SEDAR, 2020b), red snapper (Lutjanus campechanus; SEDAR, 2021b), scamp grouper
(Mycteroperca phenax; SEDAR, 2021c), snowy grouper (Hyporthodus niveatus; SEDAR,
2021d), and vermilion snapper (Rhomboplites aurorubens; SEDAR, 2018b). All species were
assessed using the Beaufort Assessment Model, an integrated, age-structured formulation
(Williams and Shertzer, 2015; Li et al., 2021).

For each species, we analyzed recruitment deviations estimated (in log space) by the
relevant stock assessment. For one of the species (black sea bass), deviations represented
recruitment of age-0 fish, and for the other nine species, deviations corresponded to age-1
recruits. This difference in recruitment age for black sea bass does not preclude analysis, as
recruitment strength should be apparent at age-0 or age-1 given that recruitment deviations are
estimated from established cohorts (Rindorf et al., 2020). However, for temporal consistency,
deviations for black sea bass were shifted one year later, such that all ten time series represent
age-1 recruits. Recruitment deviations are similar to statistical residuals, in the sense that they
represent variation from expected values. Our use of deviations, therefore, puts all species on a
similar scale, centered on 0.0 and generally in the range of [-1,1]. Use of deviations also
accounts for variation in recruitment due to changes in spawning potential, as an underlying

spawner-recruit relationship (e.g., Beverton-Holt model) determines the expected values from
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which the recruitment deviations are computed. A positive deviation represents higher-than-
expected recruitment given the current spawning potential (e.g., spawning biomass or population
fecundity), and a negative deviation represents lower-than-expected recruitment given the
current spawning potential. After extracting time series of recruitment deviations, we analyzed

each for autocorrelation within species and temporal correlation between and among species.

2.2 Recruitment autocorrelation

For each of the ten species, recruitment autocorrelation was estimated to measure
similarities between the time series and lagged versions of itself (Chatfield and Xing, 2019). The
available years across species ranged from 1974 to 2019, but for any given species, the time
series duration depended on the latest available stock assessment (mean duration of 38.4 yr,
range of 27-44 yr). The autocorrelation for each species was calculated in R using the acf
function with a maximum lag maximum of 15 years (R Core Team, 2022). Similarly, we
computed partial autocorrelation using the pacf function in R. Similar to standard
autocorrelation, partial autocorrelation measures the effect of lagged values, but additionally
controls for the effects of all “other” possible lags. Because the dominant lag among species was
1 year (see Results), we plotted the lag-1 time series against the original time series to visually

inspect the patterns in variability including possible outliers.

2.3 Recruitment correlation between and among species
Pairwise Pearson correlation coefficients were computed using the cor.test function in R
applied to time series of recruitment deviations, to examine correlation between species (R Core

Team, 2022). Given 10 species, there were 45 unique pairs. For each pair, the minimum and
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maximum year of analysis was determined by the earliest and latest year available for both
species. For visualization, we plotted each pair as a scatter plot with linear regression.

To explore potential groupings and relationships among all species, we used principal
component analysis (PCA; Jolliffe and Cadima, 2016) on years that were common across all ten
species (1990 to 2014). As is common practice, the recruitment deviations for each species were
standardized for PCA by subtracting their mean and dividing by their standard deviation. PCA
was based on Euclidean distance (similarity) and implemented with the R package factoextra
(Kassambara and Mundt, 2020). In addition to groupings of species, we applied PCA to examine
groupings of years, i.e., years that showed similarity in recruitment patterns across species. For

visualization, we applied hierarchical clustering and show groupings of years with a dendrogram.

3. Results

3.1 Recruitment autocorrelation

All 10 species demonstrated positive autocorrelation at a lag of 1 year (Fig. 1). Indeed, nine
of these 10 autocorrelation coefficients were statistically significant, with vermilion snapper the
only exception. Three of the species—gag, scamp, and snowy grouper—demonstrated positive
correlation coefficients for lags from 1 year to about 10 years, and then negative correlation
coefficients for longer lags, suggesting a cyclic pattern of recruitment on a decadal time scale.
Greater amberjack also showed a cyclic pattern, but on a shorter time scale (~4 years). Partial
autocorrelation coefficients supported the findings of positive autocorrelation at a lag of 1 year

and, again, all coefficients were statistically significant except for vermilion snapper (Fig. 1).
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Regressing each time series of deviations on a lagged version of itself showed a wide
range of variability across species (Fig. 2). Linear regression explained a minimum of 1.6% of
the variation (vermilion snapper) to a maximum of 75% (snowy grouper), with remaining species
ranging from 20% to 65%. The slopes of the regressions were all positive and all but that for
vermilion snapper were statistically significant, as for the autocorrelation analysis. None of the

relationships appeared to be driven by a small number of outliers or leverage points.

3.2 Recruitment correlation between and among species

Of the 45 relationships between species, a slight majority (26/45) of correlation
coefficients were not statistically different from zero based on a p-value threshold of 0.05
(Appendix Table Al; Appendix Fig. Al); 13 relationships had positive correlations with a p-
value < 0.05, and 6 had negative correlations with similarly low p-values (Appendix Table Al;
Appendix Fig. A1). Representative regressions and scatterplots demonstrate much variability in
these relationships, even for those that were significantly correlated (Fig. 3), either negatively
(red grouper and greater amberjack; red porgy and red snapper) or positively (vermilion snapper
and red snapper; red grouper and scamp; red porgy and gag; snowy grouper and scamp). The
strongest positive correlations were found between various combinations of gag, red grouper, red
porgy, snowy grouper, and scamp (Fig. 4), all species that showed negative recruitment
deviations near the end of their time series (Fig. 1). Red snapper showed the opposite pattern, i.e.
positive recruitment deviations near the end of the time series (Fig. 1). This pattern resulted in
red snapper recruitment being positively correlated with vermilion snapper and greater

amberjack, but negatively correlated with all other species (Fig. 4).
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In the PCA of species, the first principal component (axis 1) accounted for 43.8% of the
variability and the second accounted for 22.7% (Appendix Fig. A2). This analysis showed
similar groupings as did the correlation tests. Gag, red grouper, red porgy, snowy grouper, and
scamp had positive values along the first principal component, with four of those species (all but
red porgy) in the same quadrant. Greater amberjack, red snapper, and vermilion snapper were
positively correlated, and all three showed negative values along the first principal component,
with the two snappers in the same quadrant. Black sea bass and triggerfish did not strongly
correlate with any of the other species, and these two clumped near each other along the
principal component axes.

Given the recruitment pattern of black sea bass (Fig. 1), we were surprised that this
species did not associate more strongly in the principal component analysis with those species
that had negative deviations near the end of the time series (the “low recruitment” group). We
suspected that this was due to using a terminal year of 2014, which was necessary to include all
ten species. To test this, we removed the limiting species and re-ran the PCA using 7 species
through 2016, and again using 6 species through 2017. In both cases, black sea bass did indeed
associate with species in the low recruitment group (Appendix Fig. A3, A4).

In the PCA of species’ similarities across years, the first principal component accounted
for 38.5% of the variance, and the second principal component accounted for 19.9% (Fig. 5). In
general, the species with positively correlated negative recruitment deviations at the end of the
time series clumped together, with negative values along the first principal component.
Conversely, red snapper and correlated species (vermilion snapper and greater amberjack)
clumped together in the fourth quadrant, with positive values along the first principal component

and negative values along the second. Years in the most recent decade (since 2005) showed



203  similarity in that they all had positive values along the first principal component; all other years,
204  except 1998, had negative values along this axis.

205 Hierarchical clustering of the PCA revealed more nuanced relationships among years
206 than did PCA alone (Fig. 6). The years branched into two main groups of 1990-1999 and 2000-
207  2014. The latter period grouped into 2000-2009 and 2010-2014. The finding that years tended to
208  group with surrounding years is consistent with the autocorrelation analysis identifying a lag of
209  one year.

210

211 4. Discussion

212

213 4.1 Interpreting correlation patterns in recruitment

214 Our analysis revealed that autocorrelation in recruitment of Atlantic reef fishes is

215 prevalent. Nine of the ten species examined demonstrated a statistically significant pattern of
216  autocorrelation, with vermilion snapper being the only exception. For all other species, the

217  dominant signature was autocorrelation with a lag of one year. In addition, PCA indicated that
218 annual signals in recruitment tended to be most similar to those in nearby years, supporting the
219  results from the single-species time-series analyses. Such autocorrelation could result from

220 relationships between abundance (or spawning biomass) and recruitment, where high spawning
221  biomass tends to produce high recruitment and vice versa. However, in this study, we analyzed
222 recruitment deviations, which accounts for the effects of spawning biomass.

223 There are several plausible explanations for the patterns in recruitment autocorrelation
224  documented here. One possibility is that the relative influence of different data sources in the

225  stock assessment models influenced within-species correlation patterns in the estimated
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recruitment deviations. For example, lagged correlations could occur if annual recruitments
estimated by the assessment model are influenced more by abundance indices, which typically
encompass multiple age classes and therefore change gradually over time, than by annual age
compositions, which often show large annual fluctuations of young fish. Alternatively, age at
maturity and associated reproductive potential may contribute to the predominance of a one-year
lag in recruitment correlations. For example, several species show substantial (>30%) female
maturity at age-1 (red porgy, black seabass, red snapper, greater amberjack, gray triggerfish,
vermilion snapper). Recruitment could be correlated at a lag of one year if a portion of recruits
(i.e., age-1) also contribute offspring to the next year class. However, maturation may not be
directly proportional to reproductive potential because spawning frequency, batch fecundity, and
sperm/egg quality may vary with age and size (Sogard et al., 2008; Fitzhugh et al., 2012).
Further, vermilion snapper, the only species that did not show a one-year lag in recruitment, had
the highest estimated proportion of mature age-1 females (91%, SEDAR 2018b). A third
possibility is that recruitment is affected by an exogenous environmental variable or ecological
process with a dominant lag of one year. While such drivers of annual recruitment are not known
for these species, possibilities include factors that influence growth and survival during the
pelagic larval stage (temperature, zooplankton prey) or predation mortality (predator abundance
and/or consumption rates) prior to or shortly after settlement on hard-bottom reef habitats
(Szuwalski et al., 2014).

The 10 species considered here are part of an exploited, multi-species reef-fish complex
that occurs predominantly on hard bottom habitat of the southeast United States continental shelf
(Bacheler et al., 2016), and so we expected that patterns in recruitment might be correlated

among species. Somewhat surprisingly, not all pairwise correlations were positive, suggesting
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considerable variability in recruitment patterns among species. Indeed, about half of the
correlations among the 10 species were positive while the other half were negative, and four of
the six strongest correlations were positive while the remaining two were negative. Given that all
of the species considered here are exploited, similar patterns in fishing mortality and possible
recruitment overfishing may lead to correlated patterns in recruitment. For example, red porgy
recruitment decreased significantly from the 1970s to the 1990s associated with large increases
in fishing mortality, consistent with recruitment overfishing (Vaughan and Prager, 2002).
Similarly, many species in the reef-fish complex began to experience significant overfishing in
the early 1980s (assessment reports available: https://sedarweb.org/). The strongest positive
correlations in recruitment occurred among species that showed evidence of historical (since the
1980s) as well as recent (since the 2010s) overfishing based on stock assessments (gag, red
porgy, snowy grouper). Similarly, the hierarchical cluster analysis differentiated a primary period
between the 1990s (when annual recruitments were typically first estimated) and the 2000s, as
well as a secondary period differentiating the early 2000s and the most recent decade (2010
onward), supporting the importance of both historical and recent recruitment to the positive
correlation among some species. In contrast, species that showed negative or very weak
correlations included one of these highly exploited species and a species with either little
evidence of historical overfishing (greater amberjack, vermilion snapper) or recent (since 2010)
reductions in fishing mortality due to management measures intended to promote stock recovery
(red snapper). While fishing mortality may be a common driver of population dynamics across
species in the reef-fish complex, it is unlikely to fully explain the patterns reported here, given

the considerable variability in historical patterns of fishing, the relative importance of
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commercial versus recreational harvest, the efficacy of fisheries management measures, and the
quality of data informing the stock assessments.

Identifying the mechanisms underlying recruitment variability is important for
understanding population dynamics, and the exploratory correlational analyses presented here
are a useful first step (Szuwalski et al., 2014; Rindorf et al., 2020). Many of the species showing
low recruitment are protogynous hermaphrodites or form spawning aggregations, supporting the
possibility that particular life-history traits may make some species more vulnerable to
recruitment overfishing (Coleman et al., 1999). Alternatively, abiotic factors or species
interactions may also play a role in recruitment dynamics. For example, invasive lionfish occur
in the same offshore hard-bottom habitats occupied by early juveniles of many reef-associated
species, and they may be an additional source of natural mortality suppressing the recruitment of
newly settled fish (Munoz et al., 2011; Ballew et al., 2016). Similar predation mortality on newly
settled juveniles is an important factor influencing the population dynamics of reef-associated
fishes inhabiting mesophotic coral reef ecosystems (Almany and Webster, 2006). Temperatures
have also increased in the U.S. South Atlantic (Craig et al., 2021) and the Atlantic Multidecadal
Oscillation (AMO), a temperature-based indicator of decadal-scale climate variability, shifted
from a cool phase to a warm phase in the mid-1990s (Frajka-Williams et al., 2017). Temperature
and related oceanographic processes potentially influence growth and survival during the pelagic
larval stage through effects on larval transport and productivity at the base of the food web
(Stegmann and Yoder, 1996; Signorini and McClain, 2007). While not documented for the
southeast United States Atlantic, the mid-1990s shift in the AMO was correlated with changes in
multiple ecosystem indicators (including fishing and species abundance indicators) in the Gulf of

Mexico, supporting this possibility (Karnauskas et al., 2015).
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4.2 Use of stock assessment output and management implications

The primary caveat when interpreting our results is that we do not have direct
observations of recruitment. Rather, annual recruitment deviations were estimated from
integrated assessment models that did not include direct information on recruitment (e.g., an age-
0 or age-1 index). For oceanic fishes, direct observations are rarely available and recruitment
indices of relative juvenile abundance when available, typically have high uncertainty (e.g.,
Adamski et al., 2011). While the recruitment estimates considered here are not ‘data’ in the true
sense (Dickey-Collas et al., 2014; Brooks and Deroba, 2015), the use of estimated recruitments
from scientifically reviewed stock assessments is a common practice (e.g., Szuwalski et al.,
2014; Thorson et al., 2014; Rindorf et al., 2020), and the only source of stock-wide annual
recruitment variability for most species. Further, the stock assessments used here estimated
annual recruitment values by fitting multiple data sources (e.g., landings, abundance indices, age
and length compositions) integrated into a single population model, and so are less subject to the
limitations of any particular data source. In the assessments, most information about year-class
strength (recruits) comes from indices of abundance and age compositions. Indices in the stock
assessments considered here were standardized to account for covariates, such that estimated
trends are more likely to represent dynamics in abundance, and ages used for compositions were
subjected to age-validation studies. Despite the caveats, stock assessment outputs are the most
comprehensive source of information about long-term trends in recruitment of U.S. Atlantic reef
fishes. Additional work is needed to determine the extent to which patterns in recruitment

investigated here are influenced by data or other factors internal to the assessment models
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(maturity, abundance indices, age compositions) versus exogenous factors not currently included
in the assessments, but potentially influencing the recruitment dynamics of these species.
Despite the value of investigating alternative hypotheses to explain patterns in
recruitment, a full mechanistic understanding is not necessary for improving short-term (i.e., 3-5
years) forecasting of recruitment to inform fisheries management decisions. The predominant
pattern of autocorrelation with a lag of one year indicates that recruitment “this year” is a good
predictor of recruitment “next year.” This information can be incorporated into the short-term
projections used for catch advice (Johnson et al., 2016; Van Beveren et al., 2021), and doing so
can reasonably be expected to improve the management of Atlantic reef fishes. Further, if the
recent period of low recruitment represents a regime shift (Klaer et al., 2015), future stock
assessments might relax the assumption of stationarity in the stock-recruitment relationship and
account for potential change in productivity on key management quantities, such as maximum

sustainable yield.

4.3 Conclusions

The population dynamics of marine fishes depend fundamentally on recruitment. Given
that importance, we attempted to synthesize recruitment time series of Atlantic reef fishes off the
southeastern United States. The primary findings were that 1) recruitment deviations for most
species were autocorrelated with a dominant lag of one year, 2) recruitment deviations were
correlated between species, and 3) species could be categorized into two groups: those that
demonstrated lower-than-expected recruitment in recent years and those that did not. The latter
two findings suggest at least one common, exogenous driver of recruitment in this complex of

reef-associated fishes, and further study is warranted to evaluate alternative mechanisms.
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However, even without a mechanistic understanding of recruitment drivers, the first primary
finding could be utilized immediately to improve the short-term forecasts from stock assessments

that are used for resource management.
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Figure legends

Figure 1. Time series of recruitment deviations, autocorrelation (ACF), and partial
autocorrelation of ten species in the southeastern United States Atlantic reef-fish complex.
Dashed lines in autocorrelation and partial autocorrelation panels indicate 95% confidence

intervals.

Figure 2. Linear regressions (line) and 95% confidence intervals (shaded) of recruitment
deviations “next” year (t+1) regressed on deviations “this” year (t), computed for species in the
southeastern United States Atlantic reef-fish complex. In each panel, the R? value is the
coefficient of determination and the p-value represents a test for whether the slope is statistically

different from zero.

Figure 3. Linear regressions (line) and 95% confidence intervals (shaded) of recruitment
deviations for pairs of species in the southeastern United States Atlantic reef-fish complex, with
two pairs exhibiting statistically significant (p-value<0.05) negative correlation and four pairs
exhibiting statistically significant positive correlation. Points are labeled with years and color
coded by decade: pre-1990 (dark purple), 1990s (light purple), 2000s (pink), and 2010s (yellow).
The full set of years is 1974 to 2019, but those plotted for any given pair of species depends on
the years modeled in those particular stock assessments. In each panel, the R? value is the
coefficient of determination and the p-value represents a test for whether the slope is statistically

different from zero.


https://p-value<0.05

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

Figure 4. Pearson correlation coefficients computed from recruitment deviations for pairs of
species in the southeastern United States Atlantic reef-fish complex. The shading of each square
indicates the strength of correlation, with red for negative values and blue for positive values.
Asterisks indicate that the value is statistically different from zero, with significance at the 0.01
(**%*), 0.05 (**), or 0.1 (*) levels. The species analyzed were black sea bass (BSB), gag grouper
(GAQG), gray triggerfish (TR), greater amberjack (GAJ), red grouper (RG), red porgy (RP), red

snapper (RS), scamp grouper (SCG), snowy grouper (SG), and vermilion snapper (VS).

Figure 5. Principal component analysis of standardized recruitment deviations for all species
with a range of years from 1990 to 2014, with PC1 and PC2 indicating the first two axes of the
analysis. The years are color coded by decade, with the darker blue representing early years and
lighter blues representing more recent years. The species analyzed were species in the
southeastern United States Atlantic reef-fish complex, including black sea bass (BSB), gag
grouper (GAG), gray triggerfish (TR), greater amberjack (GAJ), red grouper (RG), red porgy

(RP), red snapper (RS), scamp grouper (SCG), snowy grouper (SG), and vermilion snapper (VS).

Figure 6. Dendrogram of years based on similarity in standardized recruitment deviations for
species in the southeastern United States Atlantic reef-fish complex. The years included, 1990 to

2014, are those of overlap for all ten species included in the analysis.
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548  Figure 2 (continued)
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