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Abstract

Recreational fisheries can be prone to severe declines, yet these fisheries, particularly
catch-and-release, are often data-limited, constraining our ability to conduct stock assess-
ments. A combination of catch and effort indices derived from fisheries-dependent data
(FDD) gathered from fishing logbooks could be a powerful approach to inform these data
gaps. This study demonstrates the utility of using different catch metrics such as indices of
abundance, species richness associated with reported catch, and the success rate of tar-
geted trips, to assess historical shifts in the trajectory of the data-limited bonefish (Albula
vulpes) fishery in Florida Bay, an economically-important recreational fishery within the
Caribbean Basin. We used FDD from fishing guide reports submitted to Everglades National
Park to determine temporal patterns in the bonefish population over the past 35 years.
These reports indicated a decline in recreational catches in Florida Bay since the late
1980s, with an accelerated decline starting in the late 1990s-early 2000s. Analyses showed
an overall 42% reduction in bonefish catches. Trends in the proportion of positive trips (i.e.,
the probability of catching success) followed the declining catch patterns, suggesting major
population changes starting in 1999—2000. As bonefish catches declined, species richness
in bonefish trips increased by 34%, suggesting a decrease in bonefish abundance and/or
shift in fishing effort (e.g., giving-up time, changes in preferred species). Results provide
additional resolution to a pattern of decline for bonefish in South Florida and highlight the
value of reconstructing time-series for the development of hypotheses about the potential
driving mechanisms of species decline. Further, the data-limited nature of most recreational
fisheries, and the increase in a use of catch-and-release as a fisheries management strat-
egy point to the need to develop further data integration tools to assess population trends
and the sustainability of these fishery resources.
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Introduction

Opver the last decade, there has been a recognition that recreational fisheries, including catch-
and-release fisheries, can be subject to population collapse and stock depletion [1-4]. Recrea-
tional fisheries resilience has been compromised by numerous factors, including increasing
pressure from competing commercial and artisanal fisheries, and threats such as intensified
coastal land use, habitat and hydrological modification, pollution, eutrophication, hypoxia, and
species invasions [5]. For example, in northern Australia, species-specific studies have shown
the importance of the quantity and timing of freshwater inflows to coastal fisheries production
[6]. Recreational salmon fisheries in the USA have also been affected by the modification of
river networks and watershed land-use changes [5]. In Florida (USA), a combination of
extreme weather events and intense recreational pressure have induced major declines in com-
mon snook (Centropomus undecimalis) stocks, leading to the implementation of management
measures that ensure the viability of this fishery [7,8]. At the same time, seagrass and coral reef
habitat loss have been linked to the decline of recreational fish populations throughout the
Atlantic coast of the USA and the Caribbean [9-11]. Finally, recreational harvest and catch-
and-release practices have been identified as a prime source of population declines for some
species (e.g., trout, walleye, red drum) [1,4,12], or have been found to interact with habitat dis-
turbances and deterioration effects already operating to negatively affect targeted species [4,13].

Extensive quantitative data are needed to assess recreational fisheries stocks, reconstruct
historical abundance trends, and determine factors regulating their population levels, yet fre-
quently, data to conduct effective stock and harvest assessments are lacking [14]. Fisheries-
dependent data (FDD) from mandatory catch return cards, logbooks, sale slips or interviews
often represent the only available data source, providing estimates of abundance needed for
temporal trend assessments [5,15,16]. FDD can be analyzed with statistical models to generate
estimates of catch, effort, and catch-per-unit-effort (CPUE) that inform individual and multi-
species stock assessments [15,17,18]. In addition, FDD have been successfully used to assess
how disturbance events (e.g., extreme climate events, fishing-related disturbances) influence
ecological processes, community resilience dynamics, and regime shifts in fisheries [19-22].
FDD may be considered a traditional data source in fishery science, and often can be a power-
ful tool to inform data-limited fisheries, particularly when long time-series are available [15].
In this study, fishing guides catch reports were used to reconstruct temporal dynamics for the
data-limited bonefish (Albula vulpes) recreational fishery in Florida Bay, and to make infer-
ences about changes in bonefish abundance, particularly in relation to potential drivers of
decline.

Bonefish constitute an economically-important fishery throughout the Caribbean [23-27].
In South Florida, where the fishery is exclusively catch-and-release and bonefish are a key part
of a popular flats fishery that focuses on sight fishing in shallow seagrass habitats, it is esti-
mated that one bonefish is worth $3,500, with a possible lifetime worth of approximately
$75,000 (i.e., based on a maximum age of 20 years)[26]. A recent economic assessment esti-
mated that approximately $466 million of the total economic impact of saltwater angling in
Florida is generated by the Florida Keys flats fishery alone [25]. Yet, despite this high value
both locally and regionally, the availability of stock assessments and bioecological studies are
limited, and key data on spawning and recruitment dynamics, habitat use patterns, and life
history remain unknown [23,27] (i.e., data-limited fishery).

We propose that this data-limited recreational fishery would benefit from studies that com-
prehensively assess its resilience, particularly given that numerous stressors may increasingly
jeopardize the sustainability of the fishery. For example, fishing effort targeting bonefish
throughout Florida Keys and Florida Bay has been increasing over the last several decades
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[2,23]. At the same time, coastal environments in Florida Bay, some of which constitute essen-
tial habitat for bonefish (i.e., foraging grounds, nursery habitats, spawning aggregation areas),
have been subject to a series of anthropogenic disturbances [28], largely associated with altered
freshwater deliveries throughout the Everglades watershed [29]. These disturbances, in combi-
nation with natural droughts, have caused hypersalinity and seagrass die-off events that have
impacted up to 30% of Florida Bay (i.e., 1987-89 and 2015 seagrass die-offs [28,30]). These
events have caused marked state shifts in Florida Bay, unleashing a cascade of ecological effects
including epibenthic community loss and shifts in structure, algal blooms, sponge mortality,
and reductions in shrimp and spiny lobster landings [28,31,32]. However, our understanding
of the effects of these major events and other extreme climate events on economically-valuable
recreational fisheries such as bonefish remains unknown [22]. The socio-economic impor-
tance of the Florida Bay bonefish stock and the high demand it experiences by recreational
anglers, highlight the need to assess temporal trends in catch (i.e., gradual vs. breakpoint
changes) and identify possible drivers of population state, decline or recovery.

Recently, fishing guides in Florida Bay and the Florida Keys have reported a concerning
decline in bonefish numbers [23,33], thus adding to the list of recreational fisheries in decline
due to a myriad of anthropogenic and environmental factors [8,12,27,34]. These assessments
of a decline have been largely based on qualitative data that stem from anglers’ perceptions
and experiences (i.e., local ecological knowledge, [2,33,35, but see 23]). Thus in our study, we
built a retrospective bonefish catch timeline over the past 34 years using FDD from fishing
guide reports with the objective of quantitatively assessing temporal trends of bonefish fishery
patterns (i.e., annual catch, catching success, and catch species richness) in Florida Bay and to
identify major shifts in temporal patterns. Given the present and past environmental events
affecting Florida Bay (e.g., seagrass die-offs, algae blooms) and the reported increase in fishing
pressure in South Florida and the Caribbean region, we hypothesized that the bonefish catch
trend would display drastic shifts and nonlinear declining patterns that likely reflect distur-
bance events that degraded the spatial cover and quality of bonefish habitats [4].

Materials and methods
Study domain

We examined temporal trends in the bonefish flats recreational fishery in Florida Bay, a shal-
low, subtropical estuarine lagoon located in the southern end of the Greater Everglades drain-
age and Everglades National Park (ENP, Fig 1). The focal study area also included the ‘bay
side’ of the upper Florida Keys, from Key Largo to Long Key. Recreational fishing is a key eco-
nomic activity in the region, with one in five Florida anglers fishing the Everglades region, gen-
erating $1.5 billion in economic activity, and with bonefish being one of the top targeted
species [24]. Our focus was in Florida Bay since this is the area where the documented bonefish
decline is the greatest, and is historically a major fishing ground for the species [2,23,33]. The
exact mechanisms driving the decline in Florida Bay are unknown, yet concerning, given the
key role of bonefish as an overall indicator of ecosystem health [23,36], the large socio-eco-
nomic value of this recreational fishery to the Florida Keys [25,26], and environmental events
affecting the region (e.g., seagrass die-off and algal blooms, [28,30,31]). Bonefish diet, life his-
tories, and habitat use are closely linked to seagrasses resources [37,38], which are of vital
importance to coastal ecosystem functioning [39-41].

Data collection

To elucidate and assess temporal trends in bonefish catches, we used FDD obtained from pro-
fessional guide logbooks. These types of data sets have pros and cons, as well as inherent biases
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Fig 1. Map of Florida Bay in the Southern Everglades National Park (black dotted line) and Florida (USA). Polygons indicate
the 3 guide reporting areas (1-3) used in analyses.

https://doi.org/10.1371/journal.pone.0184776.9001
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[15]. However, FDD are often the only available information to assess long-term changes in
species abundance and distribution, especially in data-limited fisheries such as recreational
and catch-and-release fisheries [15,16,18,42]. The FDD used in this study were derived from
professional fishing guides operating within ENP. Guides are required to obtain an annual per-
mit from ENP and report their monthly catch and effort on a per trip basis via logbooks. Spe-
cifically, guides reported the number of fish kept and released per species, effort (number of
anglers, hours fished), and main species targeted (i.e., the primary species that was targeted in
the trip) [43] within 6 fishing areas (see [44,45] for additional details on methodology). For
this study, we used the data reported in fishing areas within Florida Bay’s geographical bound-
aries (Fishing Area 1-3, Fig 1) because bonefish occur only in this area of ENP. The FDD used
in our analyses were obtained from the National Park Service via their Marine and Estuarine
Resource Management Program (https://www.nps.gov/ever/learn/nature/marine.htm). We
used guide reports for the period 1980 to 2014 (n = 34 years), totaling 5,039 guide reports that
reported on bonefish and averaging 144 bonefish reports per year. For all analyses, catch and
effort data were aggregated to monthly totals to smooth daily variation due to weather, differ-
ences in fishing activity between weekends and weekdays, and other temporal factors.

Statistical analyses. Prior to any inference about abundance trends, the catch data were
subject to a standardization procedure in order to account for potential biases, such as spatial
and temporal dynamics in effort allocation, fishing behavior and tactics, and species composi-
tion [15,16]. Our standardization procedure primarily relied on Generalized Additive Models
(GAMs) to standardize the catch and effort data reported by guides. GAMs have been used in
various studies to standardize CPUE [16,46,47], and are especially useful for incorporating
multi-tactic spatial effects (e.g., changing fishing gear preference across space; [16]), exploring
non-linear relationships [48] and identifying ecological thresholds [49].

A GAM is a semi-parametric extension of the generalized linear model that includes a lin-
ear predictor involving the sum of smooth functions of covariates [50]. The GAMs were per-
formed following a two-stage approach on two key response variables: CATCH (monthly
number of bonefish caught by guides) and PTRIPS or the proportion of positive trips with a
bonefish catch. PTRIPS was then the calculated as the monthly proportion of trips with a
bonefish catch out of all fishing trips reported by guides that month (i.e., number of trips that
kept or release bonefish / total number of trips). PTRIPS was a metric of catch success based
on all trips (i.e., species presence-absence), including trips that targeted bonefish and trips that
targeted other species than bonefish, that allowed for the identification of mechanisms that
determine the occurrence of species independently of abundance dynamics [51]. The catch
GAM (CATCHg,p,) was fitted using a log link function and negative binomial error distribu-
tion, while the proportion of positive trips GAM (PTRIPS,,,,,) was fitted using a log link func-
tion and a binomial error distribution. GAMs were assessed for zero-inflation (i.e., positively
skewed data) and overdispersion [51].

We fitted several continuous and categorical variables as potential explanatory factors in
both GAM models. The continuous and categorical variables considered have been used in
other standardization studies, and have been shown to be useful in controlling for CPUE varia-
tion associated with both effort and fishing dynamics [16,18,52,53]. To assess potential tempo-
ral thresholds (i.e., break-points and non-linear changes) in catch and occurrence, ‘Year’ (YR),
‘Month’, ‘Hours fished’ (HRSF) and ‘Number of fishermen’ (NFMEN) were included as con-
tinuous variables. HRSF and NFMEN were multiplied and considered as an intercept offset,
which provides an advantage over using densities or rates (i.e., CPUE) as response variables,
by limiting fitted variables and confidence intervals within positive values, and allowing for
heterogeneity (i.e., different spread of fitted values) within a negative binomial distribution
[54]. The categorical variables ‘Area’, and ‘Season’ were included to account for spatiotemporal
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patterns. ‘Area’ described fishing areas 1-3 of Florida Bay (Fig 1). The factor ‘Season’, fitted as
arandom variable, described seasonal rainfall patterns in South Florida: ‘wet’ = June-Novem-
ber, and ‘dry’ = December-May.

Following the approach of Winker et al. [16], continuous principal coordinates derived
from a series of Principal Coordinates Analysis (PCOs) performed on the composition of the
catch were also used as explanatory variables in GAMs (i.e., ‘Direct Principal Component’ or
DPC procedure). The inclusion of PCOs from the catch composition matrix can help adjust
for the effect of temporal variation in fishing tactics, which is a very common characteristic of
multispecies fisheries [16,52], such as the recreational catch-and-release fishery in Florida Bay.
This procedure is based on the assumption that information on the direction and extent of the
targeted effort can be found in the species composition of the catch [52]. This procedure also
allows for controlling for complex interactions among the response variables and the abun-
dance and occurrence of sympatric or allopatric species, and for potential variation in fishing
behavior when working with multispecies fisheries data [16,52]. PCOs were performed sepa-
rately based on the species catch structure (i.e., species catch Bray-Curtis dissimilarity matrix)
and the proportion of species (i.e., species occurrence Bray-Curtis dissimilarity matrix) associ-
ated with the bonefish catch to allow for different ecological and angler-behavior effects influ-
encing the variability in fishing tactics. Only the first two coordinates of each PCO were
included in the GAMs.

Forward and backward procedures were then used to add variables to the CATCH and
PTRIPS full models, and to obtain the most parsimonious GAMs (S1-S4 Tables). First, explan-
atory variables and interaction terms were included if the percent of deviance explained by
adding the factor exceeded 5% and the ¥ test was significant (p < 0.05; [18]). Then, the result-
ing model from this first step was simplified further by dropping terms in a step-wise manner,
as indicated by a drop in the Akaike information criterion (AIC) relative to the previous
model using the delta-AIC of less than 2 units as a selection rule [55]. Once the set of the fixed
explanatory variables and interaction terms was identified, the influence of the ‘Seasonal’ fac-
tor as a random variable was examined (using Generalized Additive Mixed Models). The inter-
actions effects included in the models considered the influence of YR x Covariates interactions
(i.e., YR x HRSF, YR x NFMEN, and YR x PCO). Season was included as a random variable
since we were not interested in the variation as a function of specific seasonal events, but
instead in overall seasonal heterogeneity [56] as a function of distinct patterns of temperature
and precipitation that influence tourism and related fishing activities (i.e., tournaments,
guided trips), as well as the distributional patterns of bonefish within Florida Bay. If a mixed
model was selected as the appropriate model structure (i.e., including season as a random vari-
able/effect), we followed Zuur et al. [54] to further simplify the mixed model with a backward
selection procedure using AIC (S4 Table).

GAMs were applied in R [57] with the package ‘mgcv’ [58]. Cubic regression splines were
used as the penalized smoothing basis (R code: bs = “cr”), and a tensor product interaction
was used to assess the contribution of two-way interaction effects of different covariates
(R code = ti). Based on diagnostic tests in the mgcv package (gam.check), we selected a max-
imum of 5 dimensions of the bases (R code: k = 5) to represent the smooth terms within the
GAMs. In addition, to control for any overfitting of the smoothing terms estimated by the
unbiased risk estimator (UBRE) criterion, a gamma value of 1.4 (y = 1.4) was also included
in the GAMs [58].

In addition to the CATCH and PTRIPS models, the temporal trends in catch species rich-
ness and the proportion of trips that caught bonefish when bonefish were targeted (i.e., tar-
geted catching success) were also assessed with GAMs. For the first variable, we assessed the
richness of the catch for all trips that included bonefish. For the second variable, we used data
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from 1990-2014 since data on species targeted were collected beginning in 1990. These addi-
tional analyses were used to complement and validate bonefish relative abundance trends
derived from the catch data and to further reveal changes in bonefishing behavior and effort
patterns. Last, a breakpoint analysis was performed using the annual average fitted values from
the CATCHg,, and PTRIPS,,,,, to identify the presence of drastic changes in the temporal
trends of the bonefish annual catch and the proportion of positive fishing trips (i.e., quantify
structural changes in the time series—[59]). We used the breakpoint analysis of strucchange
package in R, which uses maximum likelihood to identify structural changes in parametric
models [59,60]. The breakpoint analysis employed in this study tests the hypothesis that
regression coefficients remain constant against the alternative that at least one coefficient var-
ies over time using a series of F statistics for all potential change points in an interval and
rejecting the null hypothesis if any of those statistics get too large [60].

Results

Post-standardization, the final CATCH and PTRIPS models shared a similar structure, but
with some differences in the interaction terms (Table 1, S1 Table). Both models included YR
(by Area), total HRSF, total NFMEN, and the first coordinate of the PCOs (PCO1.1 and
PCO1.2) as covariates in model selection. The mixed model using season as a random variable
(CATCH! + random(Season) in Table 1 and S4 Table) improved the CATCH model by lower-
ing the AIC from 4115.0 to 1655.9. Adding the random structure also improved the homoge-
neity of the residuals. We simplified further the CATCH mixed model, with a backward
procedure that identifies the model with the lowest AIC, resulting in a final model that
included only the covariates and no interaction terms (CATCH? + random(Season) in Table 1
and S4 Table). The final PTRIPS model with the lowest AIC did not have a mixed effect struc-
ture, excluded Month as a covariate, and all interactions terms.

Table 1. Summary of mixed model results for a) the CATCH and b) proportion of positive trips
(PTRIPS) GAMS.

a) Mixed model formulations for bonefish total catch (CATCH)

Model AIC Adjusted R?
CATCH' 4115.0 0.91
CATCH? + random(Season) 1655.9 0.85
CATCH? + random(Season) 1626.3 0.85
b) Mixed model formulations for proportion of positive trip (PTRIPS)
Model AIC Adjusted R?
PTRIPS' 274.3 0.96
PTRIPS' + random(Season) 4672.6 0.93

Final selected models are in bold. See footnote for details on the structure of the starting (S1 Table 1) and
final selected models. Variables included: Year (Yr), Month, hours fished (HRSF), number of fisherman
(NFMEN), first and second axis of Principal Coordinate Analysis based on species abundance (PCO1 and
PCO2) and presence (PCO1.2 and PCO2.2) in the catch, fishing area (Area, see Fig 1), and Season as
random variable. Fixed variables in the CATCH mixed model (CATCH + random(Season)) were further
reduced (CATCH?).

CATCH' Model: Catch = offset(Effort) + Yryyareat Month + HRSF + NFMEN + PCO1pyarea + PCO2pyarea +
PCO1.2pyarea + Yr:HRSF + Yr:NFMEN + Yr:PCO1 + Yr:PCO1.2 + Yr:Month

CATCH? Model: CATCH = offset(Effort) + Yrpyareat+ Month + HRSF + NFMEN + PCO1pyarea + PCO1.20yarea
PTRIPS" Model: PTRIPS = offset(Effort) + Yroyarea+ HRSF + NFMEN + PCO1pyaea + PCO1.2pyarea

https://doi.org/10.1371/journal.pone.0184776.t001
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Using this final CATCH model, we found a declining pattern in bonefish catches reported
by fishing guides in Florida Bay (Fig 2a). The pattern of decline, however, was not linear over
the 34-year period examined. The breakpoint analysis identified 1999 as a major inflection
point in the time series (Table 2). Bonefish catches were above average in the period 1980 to
1999, and below average post-2000. There was a 42% decrease in mean catch between 2000-
2014, relative to 1980-1999 (F; 5, = 14.99, p < 0.001). Spanning the breakpoint, a steep
monotonic decrease in catches is evident from 1995 to 2005 (Fig 2a). As bonefish catch
declined, we observed an increase in the richness of the catch in bonefish trips (i.e., the
number of species when bonefish was also caught, Fig 2b, Table 3). The breakpoint analysis
determined 1995 as a point of major change in catch richness (Table 2). The period between
1980 and 1995 had a lower species richness relative to the richness reported after 1996 (34%
increase, Fy 3, p < 0.001).

The trend obtained from the standardized PTRIPS (i.e., the proportion of positive trips
with a bonefish catch) was similar to the bonefish catch trend (Fig 3a), with the exception of a
period of low proportion of positive trips in the first part of the time series (1980 to 1989). A
breakpoint was identified in 1989, after which the likelihood of catching a bonefish was higher
(Table 2). However, this was followed by a monotonic decrease from 1991 onward (Fig 3a),
with a 55% decrease in the mean occurrence between 1991 and 2014. Starting in 1990, guides
began reporting whether bonefish was a targeted species on their fishing trips, allowing us to
look at the success of catching a bonefish if targeted (i.e., the proportion of positive trips when
bonefish was the targeted species). Here, three distinct periods of success at catching bonefish
when targeted were identified (Table 3). From 1990 to 1998, on average 60% of the time guides
successfully reported catching bonefish, followed by an intermediate period (1999-2009),
where guides reported on average 48% catching success, and a lower period between 2011 and
2014 where success was only 37% (Fig 3b).

Discussion

There is increasing evidence that, similar to commercial fisheries, recreational fisheries can be
prone to severe declines and collapse [1,12,13]. However, data limitations make it a challenge
to conduct stock assessments and quantify resilience in these recreational fisheries [61]. Using
the data-limited bonefish catch-and-release fishery of Florida Bay, this study illustrates the util-
ity of using different catch indices derived from FDD (e.g., catch, species richness associated to
the catch, proportion of positive trips) to reconstruct historical abundance trends and deter-
mine, with a certain degree of confidence, major shifts in the trajectory of catch time-series.
Analyses of bonefish catches in ENP guide reports pointed to a decline in bonefish catch and
to changes in bonefishing effort in Florida Bay since the early 1980s. From these data, we iden-
tified three phases in the bonefish recreational fishery over the past 40 years: 1980-1988, 1989-
1999, and 2000-2014. Bonefish catches in guided trips were increasing and highest in the first
phase, decreasing with some stability in the second phase, and lowest in the third phase, with a
shift to a declining trend between 1995 and 1999. Trends in the proportion of a bonefish posi-
tive trip and catching success when bonefish were targeted by guided trips followed the trends
in catch, indicating declines and suggesting major population changes and/or shifts in bone-
fishing effort dynamics (i.e., fishing allocation time, spatial distribution, incorporation of alter-
native fisheries) starting in 1999-2000.

Despite their utility in quantifying and assessing changes in the abundance of fishery spe-
cies, as illustrated by this study and others, it is worth nothing that FDD are subject to various
biases and limitations. For example, the number of reports was limited in some years, espe-
cially at the beginning of the time-series, which could have produced anomalies in the CPUE
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Fig 2. a) Fitted annual total catch of bonefish in Florida Bay in guided recreational trips, and b) fitted temporal trend in catch species
richness for bonefish trips (number of caught along with bonefish) for 1980-2014 (yearly means and standard errors). Standardized
values are shown in red, and upper and lower 95% confidence intervals are indicated by red shading. Breakpoints are indicated by grey
vertical lines (see Table 2 for details) with 95% confidence intervals denoted by grey shading. Dotted horizontal lines illustrate mean values for
the time series.

https://doi.org/10.1371/journal.pone.0184776.9002
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Table 2. Breakpoint analysis results for annual bonefish catch, proportion of positive trips and catch richness associated with bonefish.

Response Variable Estimated Breakpoint Confidence Intervals (2.5-97.5%) F P
Catch 1999 1993 2005 15.88 <0.01
Proportion of positive trips 1989 1986 1990 31.76 <0.001
Catch richness 1995 1990 1997 36.64 <0.001

Breakpoints results are illustrated in figures as grey dotted line and shade area for 95% confidence intervals. The supF-statistic (F) with estimated p-values
(p) are presented for the null hypothesis of no structural change boundaries in F (see [59,60] for details).

https://doi.org/10.1371/journal.pone.0184776.t1002

and affected our assessment of temporal trends. In addition, FDD are subject to potential
biases since they are inherently affected by fishing dynamics and angler behavior, which may
cause CPUE to deviate from abundance, resulting at times in spurious inferences [15,62]. Fol-
lowing best practices in working with FDD, we standardized the catch data [15,16,47] by using
a series GAMs that accounted for variation in temporal (e.g., month, season), spatial (e.g., fish-
ing areas), catch structure associated with shifting tactics (e.g., PCO axes), and effort dynamics
(e.g., hours fished, number of fishermen). These standardizations allow for extracting under-
lining patterns in FDD since they account for variation in fishing behavior and other known
sources of variability [15]. The GAMs, however, did not include other possible variables that
may have influenced fishing effort such as the socioeconomic and other environmental factors
conditioning fishing trips (e.g., gas and market prices, regional economic indicators, storms
etc.), also shown to be important, but more rarely accounted for [23,46].

Nevertheless, the concordance among the FDD indices of catch, species richness and the
proportion of positive trips provided confidence in a pattern of a declining trend for bonefish
in Florida Bay starting in the late 1990s. Importantly, these results agree with findings and
angler concerns previously reported [2,33]. The only other FDD study of bonefish in the
region, which used tournament records in the Florida Keys to develop an index of bonefish
abundance, showed a declining trend between 1997 and 2010, which the authors attributed to
increasing fishing pressure [23]. In a survey of fishing guides (n = 171), Larkin et al. [2]
reported that half of the respondents surveyed in 2001 perceived a decline in the bonefish pop-
ulation in the Florida Keys. In a follow-up survey of the most experienced bonefish guides
(n = 64), Frezza and Clem [33] reported a 78% decline in bonefish abundance in Florida Bay,
higher than reported for any other area in South Florida, particularly for the period 2001-
2012. Thus, our study contributes additional resolution to the dynamics of bonefish popula-
tions in South Florida, emphasizing a declining trend starting in the late 1990s.

We hypothesized that the pattern and timing of decline documented in our analyses could
result from four key mechanisms: 1) shifts in fishing effort and angler behavior; 2) fishing pres-
sure effects (i.e., indirect or direct effects of fishing mortality); 3) habitat/environmental effects;
and 4) multiple interactions among these factors [4,12,63]. Previous work has indicated that
major shifts in catch similar to the one observed in the bonefish FDD may be associated with
changes in fishing behavior and effort dynamics [4,13]. For instance, sharp declines in catch

Table 3. GAM results testing for temporal trends in the proportion of positive trips when bonefish was targeted and in catch species richness.

Y’. edfyear dfresiduals F p
Proportion of positive trips when bonefish was targeted 3.81 20.2 9.57 <0.001
Catch species richness 3.95 5042 47.05 <0.001

The results present the estimated and residuals degree of freedom (edf and df), F-statistics (F) and p-values (p).

https://doi.org/10.1371/journal.pone.0184776.t003
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Fig 3. a) Bonefish fitted values for the proportion of positive trips (PTRIPS) from 1980-2014 and b) Fitted temporal trend in the
proportion of positive trips when bonefish was the species targeted in a guided trip based on a GAM from 1990-2014. Fitted values are
shown in red, with the upper and lower 95% confidence intervals indicated by red shading. A breakpoint in the PTRIPS time series is shown by a
dotted grey line with 95% Cl indicated by grey shading (see Table 2 for details). Horizontal dotted lines indicate means for each time series.

https://doi.org/10.1371/journal.pone.0184776.9003

can occur after giving-up density is reached; that is, the density or stock size that causes anglers
to start abandoning the fishery resource [4]. Indeed, the significant increase in species richness
associated with the bonefish catch after 1999 (Fig 2b) suggests that fishing and effort dynamics
shifted as bonefish catches and positive trips declined. Similarly, Frezza and Clem [33]
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reported a 37% decrease in effort over time by guides interviewed in their survey. However,
when looking at the records that reported targeting bonefish, the success of catch also declined
after 2000, suggesting that the reduction in catch was mostly associated with changes in
abundance.

There are numerous examples of how fishing pressure can directly influence the abundance
and diversity of exploited species [64-66], including among recreational fisheries [1,12,67].
For bonefish, previous studies had reported relatively low fishing mortality for South Florida
[2,23,68], although higher mortality has been observed in the Bahamas due to post-release pre-
dation by sharks and physiological effects (up to 40%; [69-71]). Nevertheless, based on two
stock assessment models (i.e., a stochastic age-independent continuous population model and
a catch-free assessment model), Larkin [23] estimated an increasing trend in fishing mortality
since the mid-1980s in Florida Bay and the Keys, and suggested that even relatively low mortal-
ity could reduce bonefish stock abundance if effort and releases were high. The 1999 break-
point observed in our FDD coincides with the point where annual mortality estimated by
Larkin [23] surpassed 10%. Furthermore, for long-lived fish species such as bonefish (19-21
years, [31]), relatively low mortality may reduce stock abundance by compounding over time
(i.e., accumulating and intensifying), resulting in non-linear declines [67].

It is a challenge, given the current data and models, to determine whether changes in bone-
fish populations may have occurred due to fishing mortality or recruitment effects or a combi-
nation of the two. Stocks can become susceptible to depletion through local recruitment
overfishing (i.e., a fishing level that reduces recruitment of the exploitable stock) and/or lack of
regional connectivity strength (i.e., depletion of a regional stock; [72,73]). In Florida Bay, the
abundance of spawning-capable bonefish could have been reduced to such an extent that
recruitment was reduced to levels that could not compensate for fishing effects. Bonefishing in
Florida became officially catch-and-release only after 2013 (a one fish bag limit was allowed
prior, mostly as trophy catch). A survey study showed that anglers perceived a major shift in
bonefish size after 2000 (from 8-10lbs to 2-6lbs), indicating the possibility of an erosion of the
cohort of larger bonefish that could result in recruitment overfishing [74]. The likelihood of
local recruitment overfishing should be tested using simulations and population dynamic
modeling (e.g., [75,76]). Alternatively, South Florida bonefish populations may be dependent
on regional recruitment that may be eroded due to non-local fishing, harvest, or other large-
scale habitat or environmental effects. In other areas in the Caribbean basin, bonefish are
being harvested without any management oversight [27], thus potentially reducing the impor-
tance of these areas as sources of larvae to South Florida bonefish populations. For other taxa,
such as lobsters, corals and reef fishes, Florida is typically considered a sink with a high degree
of self-recruitment and high larval retention [77-79]. Whether the same is true for bonefish is
unknown, but ongoing studies of genetic population structure should shed light on this issue
(Adams et al., unpub. data).

Changes in seascape structure at broad spatial scales (e.g., the mosaic of seagrass habitat
patches) can regulate differential responses in the demography of marine species [80-82],
influencing the productivity of fisheries in coastal environments [83]. Starting in 1987, Florida
Bay experienced a major drought-related seagrass die-off that affected 30% of the bay and trig-
gered long-term alterations, including losses and changes in seagrass cover, algal blooms,
sponge mortality, and reductions in spiny lobster landings and shrimp populations (i.e., one of
the main bonefish prey items) [28,37,84]. These multiple interacting disturbances may have
affected bonefish numbers and their recreational catches in a number of ways. For example,
changes in angler behavior and effectiveness can be influenced by a number of factors such as:
poor water clarity (i.e., bonefishing is largely a sight-based fishery); redistribution of bonefish
to suboptimal areas and emigration; relocation of fishing effort (i.e., potentially leading to
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hyperstability); alterations to bioenergetics, trophic dynamics and predation risk (including
post-release mortality); and reduced habitat quality for recruits. Both quantitative assessments
(Larkin [23] and this study) pointed to a declining period in bonefish catch during and imme-
diately after the seagrass die-off (i.e., a negative slope from 1988 to 1992), supporting the prem-
ise for an immediate role of this disturbance event, but further analyses relating bonefish catch
with seagrass spatiotemporal dynamics and other associated environmental parameters are
needed.

Finally, recent work points to the importance of the interactive effects of environmental
factors and fishing on fisheries resilience [63,85]. Good examples of this include cases where
truncation of the population structure due to fishing increases vulnerability to unfavorable
environmental conditions by reducing the number of resistant age cohorts or those with a
higher capacity to regenerate subsequent populations [4,63,85]. It is altogether plausible that
post-release mortality may have accentuated immediately or years after the seagrass die-off
disturbance (i.e., through changes in fish fitness due to habitat loss, fragmentation and associ-
ated effects on prey-predator dynamics) to exacerbate the bonefish decline. However, this
remains unresolved. Lagged, interacting and accumulating effects could explain why the
catch stabilized following the seagrass die-off until catch later shifted to below average condi-
tions in the late 1990s (e.g., hyperstability, [4,62]). Linking the FDD and indices of abundance
time series to drivers is the subject of ongoing work. Further, a similar hypersalinity and
drought event in summer 2015 is currently unleashing another wave of seagrass die-off and
algal blooms [30], providing an opportunity to more closely examine the effects of these
major disturbances events on the structure and resilience of the Florida Bay recreational fish-
eries. In sum, our study shows that by assessing FDD with different metrics, we were able to
reconstruct the pattern of catch and bonefishing effort, allowing for increased temporal reso-
lution of the abundance dynamics of a data-limited fishery, and for the development of
hypotheses about possible mechanisms causing population decline. The data-limited nature
of most recreational fisheries, and the increase in a use of catch-and-release as a fisheries
management strategy, highlight the need to develop further data integration approaches and
tools that help assess fish population trends and the overall sustainability of recreational
fisheries.

Supporting information

S1 Table. Process of initial full model construction. Variables included: Year (Yr), Month,
hours fished (HRSF), number of fisherman (NFMEN), first and second axis of Principal Coor-
dinate Analysis based on species abundance (PCO1 and PCO2) and presence (PCO1.2 and
PCO2.2), fishing area (Area, see Fig 1), wet or dry season (Season) and weather bonefish was
target or not (Target). NA resulted for models that did not converged. The final selected mod-
els where identified using a backward selection process (See S2 and S3 Tables for details) and
illustrated below each table.

(DOCX)

$2 Table. Model selection process to simplify the initial full CATCH model. Variables
included: Year (Yr), Month, hours fished (HRSF), number of fisherman (NFMEN), first and
second axis of Principal Coordinate Analysis based on species abundance (PCO1 and PCO2)
and presence (PCO1.2 and PCO2.2). Asterisks are illustrating the variables that were included
in each candidate model. We selected the model with the minimum AIC (i.e., equal to 0 delta
AIC) as the final model for subsequent analyses (highlighted row).

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 13/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s002
https://doi.org/10.1371/journal.pone.0184776

@° PLOS | ONE

Fishing guide reports to assess bonefish recreational catch-and-release fishery

S3 Table. Model selection process to simplify the initial full PTRIPS model. Variables
included: Year (Yr), Month, hours fished (HRSF), number of fisherman (NFMEN), first and
second axis of Principal Coordinate Analysis based on species abundance (PCO1 and PCO2)
and presence (PCO1.2 and PCO2.2). Asterisks are illustrating the variables that were included
in each candidate model. We selected the model with the minimum AIC (i.e., equal to 0 delta
AIC) as the final model for subsequent analyses (highlighted row).

(DOCX)

$4 Table. Process to simplify the initial CATCH mixed model (CATCH" + random(Sea-
son)). This process was performed after identifying the mixed model as the most fitted model
structure for CATCH. Variables included: Year (Yr), Month, hours fished (HRSF), number of
fisherman (NFMEN)), first and second axis of Principal Coordinate Analysis based on species
abundance (PCO1 and PCO2) and presence (PCO1.2 and PCO2.2). Asterisks are illustrating
the variables that were included in each candidate model. We selected the model with the min-
imum AIC (i.e., equal to 0 delta AIC) as the final model for assess the temporal trend in bone-
fish catch (highlighted row).

(DOCX)

S5 Table. Index of catch and proportion of positive trips obtained from GAM models (i.e.
fitted values: CATCH.mean.fit and PTRPS.mean.fit), and nominal catch and proportion

of positive trips (i.e., raw means) from 1980 to 2014. The 95% confidence intervals (Upper-
and Lower Bound) and standard errors (SE) of the fitted values are also listed for each model

(CATCH and PTRIPS).

(DOCX)

S6 Table. Mean species richness associated with bonefish catch from 1980 to 2014. Also
listed the number of observations (N), the minimum and maximum species richness (Min and

Max species richness) and the standard error of the mean values.
(DOCX)

S7 Table. Proportion of positive trips when targeted from 1980 to 2014. The proportion
consisted of the total number of trips that caught bonefish when targeted (Total of positive
trips) divided by the total of trips that reported bonefish as the main targeted species (Total of
targeted trips).

(DOCX)

Acknowledgments

We are grateful to Everglades National Park for graciously making data available, and to the
fishing guides for collaborating with the Everglades National Park endeavor to monitor and
preserve South Florida’s recreational fisheries. We thank Rehage Fish Ecology Lab members
(R Boucek, ] Blanchard, V Trujillo, C Beck, G Hill, C Eggenberger, Natasha Viadero) for their
insightful suggestions and feedback on earlier versions of this manuscript. We appreciated the
insightful feedback provided by anonymous reviewers and the editor. This is contribution #67
from the Marine Education and Research Center in the Institue for Water and Environment at
Florida International University.

Author Contributions

Conceptualization: Rolando O. Santos, Jennifer S. Rehage, Aaron J. Adams, Emily K. N.
Kroloff.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 14/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184776.s007
https://doi.org/10.1371/journal.pone.0184776

o @
@ : PLOS | ONE Fishing guide reports to assess bonefish recreational catch-and-release fishery

Formal analysis: Rolando O. Santos.

Funding acquisition: Jennifer S. Rehage.

Investigation: Rolando O. Santos, Jennifer S. Rehage.

Project administration: Jennifer S. Rehage.

Resources: Jennifer S. Rehage, Aaron J. Adams, Brooke D. Black, Jason Osborne.
Writing - original draft: Rolando O. Santos.

Writing - review & editing: Rolando O. Santos, Jennifer S. Rehage, Aaron J. Adams, Brooke
D. Black, Jason Osborne, Emily K. N. Kroloff.

References

1. Coleman FC, Figueira WF, Ueland JS, Crowder LB. The impact of United States recreational fisheries
on marine fish populations. Science (80-). 2004; 305. https://doi.org/10.1126/science.1100397 PMID:
15331771

2. Larkin MF, Ault JS, Humston R, Luo J. A mail survey to estimate the fishery dynamics of southern Flori-
da’s bonefish charter fleet. Fish Manag Ecol. 2010; 17: 254—261. https://doi.org/10.1111/j.1365-2400.
2009.00718.x

3. Cooke SJ, Donaldson MR, O’connor CM, Raby GD, Arlinghaus R, Danylchuk AJ, et al. The physiologi-
cal consequences of catch-and-release angling: Perspectives on experimental design, interpretation,
extrapolation and relevance to stakeholders. Fish Manag Ecol. 2013; 20: 268—287. https://doi.org/10.
1111/.1365-2400.2012.00867.x

4. PostJR. Resilient recreational fisheries or prone to collapse? A decade of research on the science and
management of recreational fisheries. Fish Manag Ecol. 2013; 20: 99-110. https://doi.org/10.1111/
fme.12008

5. Hughes RM. Recreational fisheries in the USA: economics, management strategies, and ecological
threats. Fish Sci. Springer Japan; 2015; 81: 1-9. https://doi.org/10.1007/s12562-014-0815-x

6. Blaber SUM. Fishes and fisheries in tropical estuaries: The last 10 years. Estuar Coast Shelf Sci. Else-
vier Ltd; 2013; 135: 57-65. https://doi.org/10.1016/j.ecss.2012.11.002

7. Muller RG, Taylor RG. The 2013 stock assessment update of common snook, Centropomus undecima-
lis. Florida Fish and Wildlife Conservation Commission2013; 161.

8. Adams AJ, Hill JE, Kurth BN, Barbour AB. Effects of a severe cold event on the subtropical, estuarine-
dependent common snook, Centropomus undecimalis. Gulf Caribb Res. 2012; 24: 13-21. Available:
http://www.fishermanscoast.com/research/adams_et_al_GCR_2012_snook-cold-kill.pdf

9. Muehlstein LK, Beets J. Seagrass declines and their impact on fisheries. Proceedings of the 42nd Gulf
and Caribbean Fisheries Institute. Charleston, South Carolina: Gulf and Caribbean Fisheries Institute;
1992. pp. 55-64. http://www.gcfi.org/proceedings/proceedings/seagrass-declines-and-their-impact-
fisheries

10. Gillanders BM. Seagrasses, fish, and fisheries. In: Larkum AWD, Orth RJ, Duarte CM, editors. Sea-
grasses: Biology, ecology and conservation. 2nd ed. Springer Netherlands; 2007. pp. 503-536.
https://doi.org/10.1007/978-1-4020-2983-7_21

11. Graham NAJ. Habitat Complexity: Coral Structural Loss Leads to Fisheries Declines. Curr Biol. 2014;
24: R359-R361. https://doi.org/10.1016/j.cub.2014.03.069 PMID: 24801184

12. Cooke SJ, Cowx IG. Contrasting recreational and commerecial fishing: Searching for common issues to
promote unified conservation of fisheries resources and aquatic environments. Biol Conserv. 2006;
128: 93-108. https://doi.org/10.1016/j.biocon.2005.09.019

13. Arlinghaus R, Cooke SJ, Potts W. Towards resilient recreational fisheries on a global scale through
improved understanding of fish and fisher behaviour. Fish Manag Ecol. 2013; 20: 91-98. https://doi.
org/10.1111/fme.12027

14. Brownscombe JW, Thiem JD, Hatry C, Cull F, Haak CR, Danylchuk AJ, et al. Recovery bags reduce
post-release impairments in locomotory activity and behavior of bonefish (Albula spp.) following expo-
sure to angling-related stressors. J Exp Mar Bio Ecol. Elsevier B.V.; 2013; 440: 207-215. https://doi.
org/10.1016/j.jembe.2012.12.004

15. Maunder MN, Punt AE. Standardizing catch and effort data: A review of recent approaches. Fish Res.
2004; 70: 141-159. https://doi.org/10.1016/j.fishres.2004.08.002

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 15/19


https://doi.org/10.1126/science.1100397
http://www.ncbi.nlm.nih.gov/pubmed/15331771
https://doi.org/10.1111/j.1365-2400.2009.00718.x
https://doi.org/10.1111/j.1365-2400.2009.00718.x
https://doi.org/10.1111/j.1365-2400.2012.00867.x
https://doi.org/10.1111/j.1365-2400.2012.00867.x
https://doi.org/10.1111/fme.12008
https://doi.org/10.1111/fme.12008
https://doi.org/10.1007/s12562-014-0815-x
https://doi.org/10.1016/j.ecss.2012.11.002
http://www.fishermanscoast.com/research/adams_et_al_GCR_2012_snook-cold-kill.pdf
http://www.gcfi.org/proceedings/proceedings/seagrass-declines-and-their-impact-fisheries
http://www.gcfi.org/proceedings/proceedings/seagrass-declines-and-their-impact-fisheries
https://doi.org/10.1007/978-1-4020-2983-7_21
https://doi.org/10.1016/j.cub.2014.03.069
http://www.ncbi.nlm.nih.gov/pubmed/24801184
https://doi.org/10.1016/j.biocon.2005.09.019
https://doi.org/10.1111/fme.12027
https://doi.org/10.1111/fme.12027
https://doi.org/10.1016/j.jembe.2012.12.004
https://doi.org/10.1016/j.jembe.2012.12.004
https://doi.org/10.1016/j.fishres.2004.08.002
https://doi.org/10.1371/journal.pone.0184776

@° PLOS | ONE

Fishing guide reports to assess bonefish recreational catch-and-release fishery

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Winker H, Kerwath SE, Attwood CG. Comparison of two approaches to standardize catch-per-unit-
effort for targeting behaviour in a multispecies hand-line fishery. Fish Res. Elsevier B.V.; 2013; 139:
118-131. https://doi.org/10.1016/j.fishres.2012.10.014

Campbell RA. CPUE standardisation and the construction of indices of stock abundance in a spatially
varying fishery using general linear models. Fish Res. 2004; 70: 209-227. https://doi.org/10.1016/].
fishres.2004.08.026

Cass-Calay SL, Schmidt TW. Monitoring changes in the catch rates and abundance of juvenile goliath
grouper using the ENP creel survey, 1973-2006. Endanger Species Res. 2009; 7: 183—193. https://
doi.org/10.3354/esr00139

Andersen T, Carstensen J, Hern??ndez-Garc??a E, Duarte CM. Ecological thresholds and regime
shifts: approaches to identification. Trends Ecol Evol. 2009; 24: 49-57. https://doi.org/10.1016/].tree.
2008.07.014 PMID: 18952317

Mélimann C, Diekmann R. Marine ecosystem regime shifts induced by climate and overfishing: A
Review for the Northern Hemisphere. Adv Ecol Res. 2012. https://doi.org/10.1016/B978-0-12-398315-
2.00004-1

Britten GL, Dowd M, Minto C, Ferretti F, Boero F, Lotze HK. Predator decline leads to decreased stabil-
ity in a coastal fish community. Ecol Lett. 2014; 17: 1518—-1525. https://doi.org/10.1111/ele.12354
PMID: 25224645

Santos RO, Rehage JS, Boucek R, Osborne J. Shift in recreational fishing catches as a function of an
extreme cold event. Ecosphere. 2016; 7: e01335. https://doi.org/10.1002/ecs2.1335

Larkin MF. Assessment of South Florida’ s Bonefish Stock. These Diss. 2011; 214. http://
scholarlyrepository.miami.edu/oa_dissertations

Fedler T. The Economic Impact of Recreational Fishing in the Everglades Region. The Everglades
Foundation. 2009.

Fedler A. Economic impact of the Florida Keys flats fishery. 2013.
Ault JS. Biology and management of the world Tarpon and Bonefish fisheries. CRC Press; 2008.

Adams AJ, Horodysky AZ, Mcbride RS, Guindon K, Shenker J, Macdonald TC, et al. Global conserva-
tion status and research needs for tarpons (Megalopidae), ladyfishes (Elopidae) and bonefishes (Albuli-
dae). Fish Fish. 2014; 15: 280-311. https://doi.org/10.1111/faf.12017

Fourqurean J, Robblee M. Florida Bay: A history of recent ecological changes. Estuaries. 1999; 22:
345-357.

Stabenau E, Kotun K. Salinity and hydrology of Florida Bay: Status and Trends 1990—2009 [Internet].
2012. https://www.nps.gov/ever/learn/nature/upload/SecureSFNRC2012-1LoRes.pdf

Hall MO, Furman BT, Merello M, Durako MJ. Recurrence of Thalassia testudinum seagrass die-off in
Florida Bay, USA: Initial observations. Mar Ecol Prog Ser. 2016; 560: 243—249. https://doi.org/10.3354/
meps11923

Boyer JN, Kelble CR, Ortner PB, Rudnick DT. Phytoplankton bloom status: Chlorophyll a biomass as
an indicator of water quality condition in the southern estuaries of Florida, USA. Ecol Indic. 2009; 9:
S56-S67. https://doi.org/10.1016/j.ecolind.2008.11.013

Madden CJ, Rudnick DT, McDonald AA, Cunniff KM, Fourqurean JW. Ecological indicators for assess-
ing and communicating seagrass status and trends in Florida Bay. Indic Everglades Restor. 2009; 9:
S68-S82. http://dx.doi.org/10.1016/j.ecolind.2009.02.004

Frezza PE, Clem SE. Using local fishers’ knowledge to characterize historical trends in the Florida Bay
bonefish population and fishery. Environ Biol Fishes. 2015; 98: 2187-2202. https://doi.org/10.1007/
$10641-015-0442-0

Cooke SJ, Cowx IG. The role of recreational fishing in global fish crises. Bioscience. 2004; 54: 857—
859. https://doi.org/10.1641/0006-3568(2004)054[0857: TRORFI]2.0.CO;2

Sosin M. Memories of the Florida Keys: Tarpon and Bonefish like it used to be. In: Ault JS, editor. Biol-
ogy and Management of the world Tarpon and Bonefish Fisheries. Boca Raton, FL: CRC Press;
2008. pp. 345-344.

Rudnick DT, Ortner PB, Browder JA, Davis SM. A conceptual ecological model of Florida Bay. Wet-
lands. Springer Netherlands; 2005; 25: 870-883. https://doi.org/10.1672/0277-5212(2005)025[0870:
ACEMOF]2.0.CO;2

Crabtree RE, Stevens C, Snodgrass D, Stengard FJ. Feeding habits of bonefish, Albula vulpes, from
the waters of the Florida keys. Fishery Bulletin. 1998. pp. 754—766.

Finn JT, Brownscombe JW, Haak CR, Cooke SJ, Cormier R, Gagne T, et al. Applying network methods
to acoustic telemetry data: Modeling the movements of tropical marine fishes. Ecol Modell. Elsevier B.
V.; 2010; 293: 139—-149. https://doi.org/10.1016/j.ecolmodel.2013.12.014

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 16/19


https://doi.org/10.1016/j.fishres.2012.10.014
https://doi.org/10.1016/j.fishres.2004.08.026
https://doi.org/10.1016/j.fishres.2004.08.026
https://doi.org/10.3354/esr00139
https://doi.org/10.3354/esr00139
https://doi.org/10.1016/j.tree.2008.07.014
https://doi.org/10.1016/j.tree.2008.07.014
http://www.ncbi.nlm.nih.gov/pubmed/18952317
https://doi.org/10.1016/B978-0-12-398315-2.00004-1
https://doi.org/10.1016/B978-0-12-398315-2.00004-1
https://doi.org/10.1111/ele.12354
http://www.ncbi.nlm.nih.gov/pubmed/25224645
https://doi.org/10.1002/ecs2.1335
http://scholarlyrepository.miami.edu/oa_dissertations
http://scholarlyrepository.miami.edu/oa_dissertations
https://doi.org/10.1111/faf.12017
https://www.nps.gov/ever/learn/nature/upload/SecureSFNRC2012-1LoRes.pdf
https://doi.org/10.3354/meps11923
https://doi.org/10.3354/meps11923
https://doi.org/10.1016/j.ecolind.2008.11.013
http://dx.doi.org/10.1016/j.ecolind.2009.02.004
https://doi.org/10.1007/s10641-015-0442-0
https://doi.org/10.1007/s10641-015-0442-0
https://doi.org/10.1641/0006-3568(2004)054[0857:TRORFI]2.0.CO;2
https://doi.org/10.1672/0277-5212(2005)025[0870:ACEMOF]2.0.CO;2
https://doi.org/10.1672/0277-5212(2005)025[0870:ACEMOF]2.0.CO;2
https://doi.org/10.1016/j.ecolmodel.2013.12.014
https://doi.org/10.1371/journal.pone.0184776

@° PLOS | ONE

Fishing guide reports to assess bonefish recreational catch-and-release fishery

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Orth RJ, Heck KL Jr., van Montfrans J. Faunal communities in seagrass beds: A review of the influence
of plant structure and prey characeristics on predator-prey relatonships. Estuaries. 1984; 7: 339-350.
https://doi.org/10.2307/1351618

Heck KL Jr, Orth RJ. Predation in seagrass beds. Seagrasses: biology, Ecologyand conservation.
Springer Netherlands; 2006. pp. 537-550.

Orth RJR, Carruthers TTJB, Dennison WC, Duarte CM, Fourqurean JW, Heck KL, et al. A global crisis
for seagrass ecosystems. Bioscience. 2006; 56: 987—996. https://doi.org/10.1641/0006-3568(2006)56
[987:AGCFSE]2.0.CO;2

Carlson JK, Osborne J, Schmidt TW. Monitoring the recovery of smalltooth sawfish, Pristis pectinata,
using standardized relative indices of abundance. Biol Conserv. 2007; 136: 195-202. https://doi.org/
10.1016/j.biocon.2006.11.013

Osborne J, Schmidt TW, Kalafarski J. Year 2005 Annual Marine Fisheries Report. Everglades Natl
Park. 2006;

Tilmant JT, Rutherford ER, Dawson RH, Thue EB. Impact of gamefish harvest in Everglades National
Park. In: Larson G, Soukup M, editors. Proceedings of the Fourth Conference on Research in the
National Parks and Equivalent Reserves. Fort Collins, Colorado; 1986. pp. 75—-103.

Schmidt TW, Osborne J, Kalafarski J, Greene C. Year 2001 annual fisheries report, Everglades Natioal
Park. [Internet]. USNPS/SFNRC/ENP, 40001 State Road 9336, Homestead, FL 33034; 2002. http://
www.nps.gov/ever/current/fisheries_report_2001.pdf

Maunder MN, Langley AD. Integrating the standardization of catch-per-unit-of-effort into stock assess-
ment models: Testing a population dynamics model and using multiple data types. Fish Res. 2004; 70:
389-395. https://doi.org/10.1016/j.fishres.2004.08.015

Venables WN, Dichmont CM. GLMs, GAMs and GLMMs: An overview of theory for applications in fish-
eries research. Fish Res. 2004; 70: 319-337. https://doi.org/10.1016/j.fishres.2004.08.011

Crawley MJ. The R Book: Second Edition [Internet]. The R Book: Second Edition. Affiliation: Imperial
College London, Silwood Park, United Kingdom; 2012. http://www.scopus.com/inward/record.url?eid=
2-s2.0-84888646936&partnerlD=40&md5=4ed10764ec454cc845733905a3d3344c¢

Francesco Ficetola G, Denoél M. Ecological thresholds: An assessment of methods to identify abrupt
changes in species-habitat relationships. Ecography (Cop). 2009; 32: 1075-1084. https://doi.org/10.
1111/j.1600-0587.2009.05571.x

Guisan A, Edwards TC, Hastie T. Generalized linear and generalized additi v e models in studies of spe-
cies distributions : setting the scene. Ecol Modell. 2002; 157: 89-100. https://doi.org/10.1016/S0304-
3800(02)00204-1

Potts JM, Elith J. Comparing species abundance models. Ecol Modell. 2006; 199: 153—163. hitps://doi.
org/10.1016/j.ecolmodel.2006.05.025

Winker H, Kerwath SE, Attwood CG. Proof of concept for a novel procedure to standardize multispecies
catch and effort data. Fish Res. 2014; 155: 149—159. https://doi.org/10.1016/j.fishres.2014.02.016

Fonteneau A, Richard N. Relationship between catch, effort, CPUE and local abundance for non-target
species, such as billfishes, caught by Indian Ocean longline fisheries. Mar Freshw Res. 2003; 54: 383—
392. https://doi.org/10.1071/MF01268

Zuur AF, leno EN, Walker NJ, Saveliev AA, Smith GM. Mixed effects models and extensions in ecology
with R. New York: Springer-Verlag; 2009.

Burnham KP, Anderson DR. Model selection and multimodel inference: A practical information-theoretic
approach. Springer; 2002.

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, et al. Generalized linear
mixed models: a practical guide for ecology and evolution. Trends Ecol Evol. Springer; 2009; 24: 127—
35. https://doi.org/10.1016/j.tree.2008.10.008 PMID: 19185386

Development RC. R: A language and environment for statistical computing. Vienna, Austria.: R Foun-
dation for Statistical Computing. 2010. http://www.r-project.org

Wood SN. Generalized Additive Models: An Introduction with R. Boca Raton, FL: Chapman & Hall/
CRC; 2006.

Zeileis A, Leisch F, Hornik K, Kleiber C. strucchange: An R package for testing for structural change in
linear regression models. 2002; 1-38. http://epub.wu.ac.at/1124/

Zeileis A, Kleiber C, Kramer W, Hornik K. Testing and dating of structural changes in practice. Comput
Stat Data Anal. 2003; 44: 109—-123. https://doi.org/10.1016/S0167-9473(03)00030-6

Beaudreau AH, Levin PS. Advancing the use of local ecological knowledge for assessing data-poor
species in coastal ecosystems. Ecol Appl. 2014; 24: 244—256. https://doi.org/10.1890/13-0817.1
PMID: 24689138

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 17/19


https://doi.org/10.2307/1351618
https://doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
https://doi.org/10.1016/j.biocon.2006.11.013
https://doi.org/10.1016/j.biocon.2006.11.013
http://www.nps.gov/ever/current/fisheries_report_2001.pdf
http://www.nps.gov/ever/current/fisheries_report_2001.pdf
https://doi.org/10.1016/j.fishres.2004.08.015
https://doi.org/10.1016/j.fishres.2004.08.011
http://www.scopus.com/inward/record.url?eid=2-s2.0-84888646936&partnerID=40&md5=4ed10764ec454cc845733905a3d3344c
http://www.scopus.com/inward/record.url?eid=2-s2.0-84888646936&partnerID=40&md5=4ed10764ec454cc845733905a3d3344c
https://doi.org/10.1111/j.1600-0587.2009.05571.x
https://doi.org/10.1111/j.1600-0587.2009.05571.x
https://doi.org/10.1016/S0304-3800(02)00204-1
https://doi.org/10.1016/S0304-3800(02)00204-1
https://doi.org/10.1016/j.ecolmodel.2006.05.025
https://doi.org/10.1016/j.ecolmodel.2006.05.025
https://doi.org/10.1016/j.fishres.2014.02.016
https://doi.org/10.1071/MF01268
https://doi.org/10.1016/j.tree.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19185386
http://www.r-project.org
http://epub.wu.ac.at/1124/
https://doi.org/10.1016/S0167-9473(03)00030-6
https://doi.org/10.1890/13-0817.1
http://www.ncbi.nlm.nih.gov/pubmed/24689138
https://doi.org/10.1371/journal.pone.0184776

@° PLOS | ONE

Fishing guide reports to assess bonefish recreational catch-and-release fishery

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Erisman BE, Allen LG, Claisse JT, Pondella DJ Il, Miller EF, Murray JH. The illusion of plenty: hyperst-
ability masks collapses in two recreational fisheries that target fish spawning aggregations. Can J Fish
Aquat Sci. 2011; 68: 1705-1716. https://doi.org/10.1139/F2011-090

Planque B, Fromentin JM, Cury P, Drinkwater KF, Jennings S, Perry R, et al. How does fishing alter
marine populations and ecosystems sensitivity to climate? J Mar Syst. Elsevier B.V.; 2010; 79: 403—
417. https://doi.org/10.1016/j.jmarsys.2008.12.018

Roughgarden J, Smith F. Why fisheries collapse and what to do about it. Proc Natl Acad Sci; 1996; 93:
5078-5083. https://doi.org/10.1073/pnas.93.10.5078 PMID: 11607680

Pauly D. Fishing Down Marine Food Webs. Science (80-). 1998; 279: 860—863. https://doi.org/10.
1126/science.279.5352.860

Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, Halpern BS, et al. Impacts of biodiversity loss on
ocean ecosystem services. Science (80-). 2006; 314: 787 LP—790. Available: http://science.
sciencemag.org/content/314/5800/787 .abstract

Schroeder DM, Love MS. Recreational fishing and marine fish populations in california. Calif Coop
Ocean Fish Investig. 2002; 43: 182-190.

Crabtree RE, Harnden CW, Snodgrass D, Stevens C. Age, growth, and mortality of bonefish, A1bula
vulpes, from the waters of the Florida Keys. Fish Bull. 1996; 94: 442—451.

Cooke SJ, Philipp DP. Behavior and mortality of caught-and-released bonefish (Albula spp.) in Baha-
mian waters with implications for a sustainable recreational fishery. Biol Conserv. 2004; 118: 599-607.
https://doi.org/10.1016/j.biocon.2003.10.009

Danylchuk SE, Danylchuk AJ, Cooke SJ, Goldberg TL, Koppelman J, Philipp DP. Effects of recreational
angling on the post-release behavior and predation of bonefish (Albula vulpes): The role of equilibrium
status at the time of release. J Exp Mar Bio Ecol. 2007; 346: 127—133. https://doi.org/10.1016/j.jembe.
2007.03.008

Dallas LJ, Shultz AD, Moody AJ, Sloman KA, Danylchuk AJ. Chemical excretions of angled bonefish
Albula vulpes and their potential use as predation cues by juvenile lemon sharks Negaprion brevirostris.
J Fish Biol. 2010; 77: 947-962. https://doi.org/10.1111/j.1095-8649.2010.02738.x PMID: 20840622

Coggins LG, Catalano MJ, Allen MS, Pine WE, Walters CJ. Effects of cryptic mortality and the hidden
costs of using length limits in fishery management. Fish Fish. Blackwell Publishing Ltd; 2007; 8: 196—
210. https://doi.org/10.1111/j.1467-2679.2007.00247 .x

Jensen OP, Branch TA, Hilborn R. Marine fisheries as ecological experiments. Theor Ecol. 2012; 5: 3—
22. https://doi.org/10.1007/s12080-011-0146-9

Kroloff E. Where are all the bonefish? Using angler perceptions to estimate trends of bonefish (Albula
vulpes) Decline in South Florida. Florida International University. 2016. http://digitalcommons.fiu.edu/
etd/index.2.html

Allen MS, Ahrens RNM, Hansen MJ, Arlinghaus R. Dynamic angling effort influences the value of mini-
mume-length limits to prevent recruitment overfishing. Fish Manag Ecol. 2013; 20: 247-257. https://doi.
org/10.1111/j.1365-2400.2012.00871.x

Sundeléf A, Grimm V, Ulmestrand M, Fiksen @. Modelling harvesting strategies for the lobster fishery in
northern Europe: the importance of protecting egg-bearing females. Popul Ecol. Springer Japan; 2015;
57: 237-251. https://doi.org/10.1007/s10144-014-0460-3

Cowen RK, Paris CB, Srinivasan A. Scaling of connectivity in marine populations. Science (80-). 2006;
311:522-527. https://doi.org/10.1126/science.1122039 PMID: 16357224

Kough AS, Paris CB, Butler MJ IV. Larval connectivity and the international management of fisheries.
PLoS One. 2013; 8. https://doi.org/10.1371/journal.pone.0064970 PMID: 23762273

Holstein DM, Paris CB, Mumby PJ. Consistency and inconsistency in multispecies population network
dynamics of coral reef ecosystems. Mar Ecol Prog Ser. 2014; 499: 1-18. https://doi.org/10.3354/
meps10647

Dorenbosch M, Verberk WCEP, Nagelkerken |, Van Der Velde G. Influence of habitat configuration on
connectivity between fish assemblages of Caribbean seagrass beds, mangroves and coral reefs. Mar
Ecol Prog Ser. 2007; 334: 103—116. https://doi.org/10.3354/meps334103

Olds AD, Connolly RM, Pitt KA, Maxwell PS. Primacy of seascape connectivity effects in structuring
coral reef fish assemblages. Mar Ecol Prog Ser. 2012; 462: 191-203. https://doi.org/10.3354/
meps09849

Nagelkerken |, Sheaves M, Baker R, Connolly RM. The seascape nursery: A novel spatial approach to
identify and manage nurseries for coastal marine fauna. Fish Fish. 2015; 16: 362—371. https://doi.org/
10.1111/faf.12057

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 18/19


https://doi.org/10.1139/F2011-090
https://doi.org/10.1016/j.jmarsys.2008.12.018
https://doi.org/10.1073/pnas.93.10.5078
http://www.ncbi.nlm.nih.gov/pubmed/11607680
https://doi.org/10.1126/science.279.5352.860
https://doi.org/10.1126/science.279.5352.860
http://science.sciencemag.org/content/314/5800/787.abstract
http://science.sciencemag.org/content/314/5800/787.abstract
https://doi.org/10.1016/j.biocon.2003.10.009
https://doi.org/10.1016/j.jembe.2007.03.008
https://doi.org/10.1016/j.jembe.2007.03.008
https://doi.org/10.1111/j.1095-8649.2010.02738.x
http://www.ncbi.nlm.nih.gov/pubmed/20840622
https://doi.org/10.1111/j.1467-2679.2007.00247.x
https://doi.org/10.1007/s12080-011-0146-9
http://digitalcommons.fiu.edu/etd/index.2.html
http://digitalcommons.fiu.edu/etd/index.2.html
https://doi.org/10.1111/j.1365-2400.2012.00871.x
https://doi.org/10.1111/j.1365-2400.2012.00871.x
https://doi.org/10.1007/s10144-014-0460-3
https://doi.org/10.1126/science.1122039
http://www.ncbi.nlm.nih.gov/pubmed/16357224
https://doi.org/10.1371/journal.pone.0064970
http://www.ncbi.nlm.nih.gov/pubmed/23762273
https://doi.org/10.3354/meps10647
https://doi.org/10.3354/meps10647
https://doi.org/10.3354/meps334103
https://doi.org/10.3354/meps09849
https://doi.org/10.3354/meps09849
https://doi.org/10.1111/faf.12057
https://doi.org/10.1111/faf.12057
https://doi.org/10.1371/journal.pone.0184776

o @
@ : PLOS | ONE Fishing guide reports to assess bonefish recreational catch-and-release fishery

83. Meynecke JO, Lee SY, Duke NC. Linking spatial metrics and fish catch reveals the importance of
coastal wetland connectivity to inshore fisheries in Queensland, Australia. 2008; 141: 981-996. https://
doi.org/10.1016/j.biocon.2008.01.018

84. Zieman JC, Fourqurean JW, Frankovich T. Seagrass die-off in Florida Bay: Long-term trends in abun-
dance and growth of turtle grass, Thalassia testudinum. Estuaries. 1999; 22: 460. https://doi.org/10.
2307/1353211

85. Hsieh C-H, Reiss CS, Hunter JR, Beddington JR, May RM, Sugihara G. Fishing elevates variability in
the abundance of exploited species. Nature. 2006; 443: 859-862. https://doi.org/10.1038/nature05232
PMID: 17051218

PLOS ONE | https://doi.org/10.1371/journal.pone.0184776  September 11,2017 19/19


https://doi.org/10.1016/j.biocon.2008.01.018
https://doi.org/10.1016/j.biocon.2008.01.018
https://doi.org/10.2307/1353211
https://doi.org/10.2307/1353211
https://doi.org/10.1038/nature05232
http://www.ncbi.nlm.nih.gov/pubmed/17051218
https://doi.org/10.1371/journal.pone.0184776

