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Abstract

Historically, shark bite statistics have focused exclusively on
what has been considered naturally occurring or “unprovoked”
conflicts between sharks and people. However, the distinction
between unprovoked and provoked bites is somewhat fluid and
ambiguous to some extent, and so largely depending as it does
on the interpretations of those who investigate these conflicts.
In order to assess the subjectivity and potential for error
inherent in these interpretations, we compared spatial and
space-time clusters of incidents of aggregate bites, bites
reported as unprovoked, and bites reported as provoked on the
East Coast of Florida, which is the shoreline where the largest
number of shark bites is reported annually worldwide. The
focus was on the primary-and secondary-high risk clusters, and
the several activities leading to these bites.
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Introduction

Few animals are more feared by humans than sharks [1-3], and this
fear is responsible or all manner of misperceptions on the part of the
general public [4-6]. Thus, though the frequency of shark bites
worldwide is extremely low, social and mainstream media continue to
draw attention to them [7,8]. There is a pressing need to correct the
erroneous perception of sharks that results from this emphasis on
negative encounters between sharks and humans [9,10]. To begin with,
bite statistics must be presented and interpreted accurately [11-15]. A
major problem with how these statistics are reported is the sole use of
the so-called “unprovoked” bites, while bites that are seemingly
provoked are excluded [16,17].

The classification of bites as either unprovoked or provoked was
implemented in 1958 by the Shark Research Panel that the U.S. Office
of Naval Research, created in order to shed light on incidents in which
humans are harmed by sharks [18-20]. Other organizations dealing
with the issue then adopted the panel’s classification scheme [21-23].

However, while there are obvious reasons to consider only those
incidents in which humans do not seem to have provoked bites when
compiling bite statistics, no definition has yet been established that
distinguishes such bites unambiguously from unprovoked ones. Thus,
for example, according to Midway and colleagues [16], an
“unprovoked attack is defined as a bite or near bite (fended off by
human intervention)(sic) of a person (or the board on which he/she is
perched)(sic) in the shark’s natural environment.” Not only is the term
“near bite” ambiguous, but the following parenthetical statement also
leaves room for interpretation. Further, while the notion of provoked
bites seems fairly straightforward-including, for example, bites that
occur when individuals are feeding sharks or fishing for them-such
incidents as stepping on a shark or falling onto one are more open to
interpretation by investigators. Likewise, when individuals engaged in
line fishing or spearfishing are bitten despite not having acted in a
provocative manner, circumstances may nevertheless have motivated
the shark to act, in which case the incident should be considered
provoked [24-26]. It is possible, therefore, that the victims, in fact,
trigger most or even all seemingly unprovoked bites. Put more bluntly;
existing Dbite statistics may be inaccurate and in need of
reconsideration.

To explore these issues, we looked at shark bites over the period
from 1998 and 2017 on the East Coast of the U.S. state of Florida,
which is the shoreline where the largest number of bites is reported
annually worldwide [12,14,27]. As a means to substantiate our
evaluation, we compared simple bite counts with a valid proxy for the
number of individuals entering the water in a given area, thereby
generating bite rates [12,14]. More specifically, we created statistical
models and sought to identify spatial and space-time high-risk clusters
in space and in time of unprovoked and provoked incidents as well as
aggregated unprovoked and provoked incidents. We then examined
the bite rates over this period in relation to activities that bring
humans into contact with sharks in order to assess the impact of
erroneously assigning incidents to one or the other bite type. Then, in
order to put these results in perspective, we considered how such
errors would affect the interpretation of incidents on other shorelines.

Materials and Methods

Our research consisted of two parts. First, we identified high-risk
areas for shark bites along Florida’s East Coast. Second, we quantified
the human activities that preceded the two types of bites (ie.,
unprovoked and provoked) generally.

Data sources

We obtained the shark bite data for Florida’s East Coast from the
‘Shark Research Institute’s Global Shark Attack File’ [28]. These data
included the investigators’assessments of bites as either provoked or
unprovoked, which we took at face value. The criteria for the inclusion
of incidents in the first part of the study were occurrences where at
least someharm was done to the human involved or to his or her
equipment in the water (e.g., a bite that damaged a surfboard).
Incidents in which no harm or damage occurred were, however,
considered in the second part of the study in order to shed further light
on the effect of their inclusion on incident modeling. Also, for this
study, all forms of fishing, except for spearfishing, including shore
fishing, cast net fishing, and others, were used combined, labeled as
“fishing.” We suggest below that the modeling might be rendered more
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accurate by approaching the general category of fishing on a more
granular level and considering specific activity-driven trends.

Bite rates

Shark bites occur more often in proximity to populated beaches. To
account for the beachgoing population, we used the annually reported
shark bites for a given region against the annual estimated beach
attendance. The best available beach population estimates are those
provided by the United States Lifesaving Association. The association
compiles annual attendance data for the beaches where lifeguards are
present, which include most beaches along the East Coast of Florida.
These data represent visitors to various beaches rather than individuals
who enter the water. However, since it seems reasonable to assume that
most of these visitors indeed do enter the water, we used the beach
attendance data as a proxy for the numbers of individuals who had the
potential to encounter a shark at any of the beaches on Florida’s East
Coast during the period of study. In cases in which the relevant data
were unavailable, we relied on a regression-based on known data
points for an approximation. Likewise, to make the analysis more
precise in spatial terms-a particular concern for counties with large
shorelines, such a Broward, Palm Beach, and Volusia-we divided some
stretches of beach into smaller units (Figure 1). In this manner, we
resolved Florida’s East Coast into 25 units for analysis.
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Figure 1:The 25 coastal regions of the Eastern Florida shoreline for
the purpose of this analysis.

Data analysis

In order to perform this analysis, we relied on SaTScan, software
that synthesizes spatial, temporal, and space-time data to detect
clusters within a given geographical region and assess their statistical
significance [29-31]. SaTScan can analyze both discrete and
continuous data and detect temporal trends. The data were used for
both a two-dimensional spatial analysis and a three-dimensional
space-time analysis. In order to identify the centroid of each beach,
which is one of the values required by the software, we used ‘Google
Maps’ to obtain the needed longitudes and latitudes.

The two-dimensional, purely spatial analysis generated a circular
or elliptical window, according to the user’s specifications, moving
along the 25 centroids. For each location in this file, the radius of the
test window increased continuously from zero to a specified limit. In
this way, we created a theoretically infinite number of unique
geographical circles within which the data sets of various locations
could be placed to form potential clusters [29-31].

For the three-dimensional space-time analysis, a cylindrical window
was formed using a circle or elliptical shape as the geographical base,
with the height of the cylinder corresponding to the time window.
Thus the cylinder moved simultaneously in time and space to create a
theoretically infinite number of unique overlapping cylinders, with
each cylinder also representing a potential cluster.

The spatial and space-time scan function of SatScan then tested,
for each window, the null hypothesisthat the risk of shark bite was the
same across all coastal regions-against the alternative hypothesis that
areas of elevated or even high bite risk could be identified within the
scan window compared with areas outside the window.

In order to utilize SaTScan, it was necessary to determine the
distribution of incidents within the data set. Since each shark bite
incident could be counted as independent, and, since they were also
rare, it was reasonable to assume that the data would follow a Poisson
distribution. Under such circumstances, the probability of an incident
occurring is given by

U x
e
P(x|p) = <~

where x represents the actual number of incidents (and is, therefore,
a whole number), and y represents the mean number of incidents.

Since SaTScan assesses the statistical significance of clusters, then,
it was suitable for testing the hypotheses using
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where N is the total number of shark incidents along Florida’s East

Coast, n is the number of incidents in the region covered by the

scanning window, E is the expected number of incidents in this region

under the null hypothesis, and I(n>E) is the indicator function [29-31].

In order to identify clusters, this likelihood function was maximized
across all scanning windows. SaTScan uses a likelihood ratio test to
identify the cluster with the highest existing probability, that is, the
“most likely cluster.” All of the other clusters are arranged in order
according to the values established by the likelihood ratio test as
“secondary clusters.” We excluded from the analysis clusters that were
not significant at the set significance level of 0.05. To obtain the p-
value associated with each likelihood ratio, SaTScan uses the Monte
Carlo method, which generates 999 random replications of the data
set.

Activity-related analysis of primary high-risk areas

The activities associated with the primary high-risk areas for
unprovoked and provoked bites in the area of study were expressed as
percentages for comparison with each other, with the US East Coast in
general, and with the world’s top ten bite incident countries. Incidents
that could not be confirmed, that occurred in aquariums, or for which
the victim’s activity at the time of the bite could not be established,
were excluded from the analysis.
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Results

From 1998 to 2017, 449 verified shark bite incidents occurred along
Florida’s East Coast, of which 429 were categorized as unprovoked.
The unprovoked bite rates revealed a statistically significant primary
high-risk cluster for Reg9 in Volusia County as well as a statistically
significant secondary high-risk cluster between Regll and Regls,
covering the shoreline from Brevard County down to Palm Beach
County.

The 20 provoked incidents also showed spatial clustering in Reg9
but no secondary high-risk clusters. Owing to the large overlap of the
bite types within Reg9, the combined bites likewise showed the same
primary and secondary high-risk clusters. Table 1 lists the regions with
high-risk clusters, the relative risks in these regions, the actual and
expected numbers of incidents, and the p-value of the log-likelihood
ratio test for unprovoked and provoked bites.

Table 1: Spatial high-risk clusters along Florida’s East Coast for unprovoked and provoked bites between 1998 and 2017.

Bite type Region Cluster type RR Ntrue Nexp ]

Unprovoked R9 Primary high 11.18 176 25.14 <0.0001
Unprovoked R11-R18 Secondary high 9.34 322 104.57 <0.0001

Provoked R9 Primary high 13.14 9 1.17 <0.0001

RR: Relative risk (the estimated risk within and without a cluster); Ntrue: True number of bites; Nexp: Expected number of bites (the theoretical average bite number
based on the chosen population size); p: p-value of log-likelihood ratio rest

The space-time clustering for unprovoked bites also showed Reg9
in Volusia County to have been the primary high-risk area in the
period from 2000 to 2009 and Regl1 to Regl8 to have been secondary
high-risk areas from 1998 to 2007 (Table 2). The space-time clustering

likewise pinpointed R9 as the primary high-risk region for provoked
bites from 2001 and 2008 but did not identify any secondary high-risk
cluster of provoked bites.

Table 2: Space-time high-risk clusters along Florida’s East Coast for unprovoked and provoked bites between 1998 and 2017.

Bite type Region Cluster type RR Ntrue Nexp Time ]

Unprovoked R9 Primary high 8.79 113 12.86 2000-2009 <0.0001
Unprovoked R11-R18 Secondary high 3.6 68 21.31 1998-2007 <0.0001
Provoked R9 Primary high 26.88 8 0.48 2001-2008 <0.0001

Volume 9 « Issue 1 « 1000211

RR: Relative risk (the estimated risk within and without a cluster); Ntrue: True number of bites; Nexp: Expected number of bites (the theoretical average bite number
based on the chosen population size); Time: Years during which cluster remained; p: p-value of log likelihood ratio rest

Due to the primary and secondary-high risk clusters overlap for
provoked and unprovoked incidents, aggregate bites reveal the same
spatial and space-time clusters.

Activity-related incidents in Volusia County, Florida’s East
Coast generally, and beyond

Volusia County, consisting of Reg8 to Regl0, was the site of 216
verified incidents over the period of interest, 186 of them in Reg9, thus
representing 41.4% of all incidents reported in that time on Florida’s
East Coast. In terms of activity, 80% of these incidents in Reg9
occurred while the victims were engaged in surfing and 20% when the
victims were wading. Along the entirety of Florida’s East Coast, 4.7%
of total bites were reported as provoked; among these incidents, 45%
occurred while the victims were surfing, 15% while they were wading,
and 30% while they were fishing.

Over this same period (1998-2017), 643 incidents were reported
along the entire US. East Coast, of which 42 were considered
provoked. Again, the activities in which the victims were engaged were
primarily fishing (52.5%), surfing (21.4%), and wading (7.1%), most of
the remaining bites having been received when the victims were diving
or handling sharks. Worldwide, 1,790 shark bites were reported in this

period, 145 of them considered provoked. Of the 1,645 filed
unprovoked incidents, 7% were incidents where neither the person was
injured nor was there any damage to their equipment mentioned. The
main activities in which the victims were engaged during the provoked
incidents were fishing (53.8%), spearfishing (11.9%), swimming/
snorkeling (7.6%), surfing (6.3%), and wading (2.8%).

Discussion

In the past, shark bite statistics consisted of simple bite numbers
together with the activities in which the victims were involved that
served to shed some light on negative shark-human interactions
[32-34]. Now that the statistics have come to include bite rates, which
measure the bite numbers against a proxy for the actual numbers of
individuals entering the sea, more qualitative research into shark bites
is possible [11-15]. Nevertheless, the problem of identifying incidents
that are suitable for modeling has remained owing to the lack of a clear
distinction between unprovoked and provoked incidents. Historically,
only incidents considered to represent “natural” interactions between
sharks and humans have been used for statistical purposes while those
in which humans trigger shark bites, thus called provoked, have been
ignored [34,35]. Because of the definition’s ambiguity between the
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two-bite categories [16,33,36] and, in extension, the investigators’
latitude in interpreting incidents, it has been difficult to ascertain the
significance of apparent trends in shark-human interactions.

Some activities, such as feeding or harassing a shark, are relatively
unambiguous in terms of humans’ potential to provoke a bite. Other
activities, though, may result in either type of incident. In the case of
surfing, for example, an incident in which a shark knocks an individual
from a surfboard into the water would be considered unprovoked by
the person, while an incident in which an individual falls from a
surfboard onto a shark would be considered provoked by the person.
Similar ambiguity is associated with the activities of wading and even
various types of fishing. For a bite statistic to be valid, however, the
distinction between the two-bite types should be clear and not leave
room for any interpretation. This problem with the statistics is
particularly acute concerning hotspots, such as Reg9 of Volusia
County, should the activities associated with the bites be more diverse,
which is, however, not the case for Reg9. This region in Volusia County
covers only around 15 km of the beach but was where we found the
primary spatial and space-time high-risk clusters for both unprovoked
and provoked bite rates along Florida’s entire shoreline, with
essentially the same activities leading to bites in both contexts. In this
case, erroneous attribution of incidents would only be relevant to the
significance of trends but would not affect the outcome for the rest of
Florida’s East Coast. As long as the significant high-risk clusters for
both incident types that are identified in the same region involve
mostly the same activities, the bite numbers could even be combined to
avoid the difficulty of distinguishing between unprovoked and
provoked bites. However, a clear distinction between these incident
types is necessary for situations in which the high-risk clusters of the
two incident types do not overlap.

Nowhere else in the world do bites occur as frequently as in Reg9
in Florida’s Volusia County, nor do the activities of the two bites types
overlap to such an extent, at least not consistently. Along the rest of the
world’s shorelines, bites, whether provoked or not, are not only less
frequent but also distributed more evenly, and involve more diverse
activities. However, even under these circumstances, the erroneous
categorization of events would only then have a significant effect in
situations in which activity trends over time are of interest. Such
diachronic analysis could be crucial, especially in the context of
incident mitigation efforts at popular beaches [37,38] or when there is
concern about over-reported local shark bite cases, and the spreading
of inaccurate perception [3,39,40]. Even so, since the number of annual
incidents worldwide rarely reaches 100 [28], even a small false positive
would take years to develop should an activity be erroneously
categorized consistently. Therefore, so long as bite numbers around the
world remain low, and no other region becomes as active as Reg9 in
Florida, the erroneous interpretation of incidents should not have a
significant impact on their modeling.

In light of this discussion, it may reasonably be asked whether a
clear distinction between unprovoked and provoked bites matters after
all. We conclude, though, that a clear separation is indeed very much
needed, especially as proxies for beachgoing populations become
increasingly available outside the U.S., and demand increases for
insights into activity-related trends in incident-prone countries. In the
meantime, the erroneous allocation of an incident is more a matter of
statistical precision than a source of bias in the identification and
assessment of bite trends.

A possible cultural dimension of provoking sharks

We found that, while surfing and wading were the main activities in
which the recipients of shark bites in Florida were engaged, various
forms of fishing were the dominant activities elsewhere on the U.S.
East Coast. Worldwide, surfing and wading are even less often reported
in this context and fishing activities even more common, including
spearfishing, as are swimming/snorkeling [28]. However, since
statistics for the beachgoing population or valid proxies, which are
necessary to determine actual bite rates, are unavailable outside the
U.S., the only way to compare countries is based on the relative
frequencies of the various activities. It must also be pointed out that no
activity leading to shark bites has ever been looked at from the
viewpoint of its relative risk. This is due to the inability of quantifying
the number of people practicing a particular activity, as well as time
spent doing so. This incapability always needs to be kept in mind when
comparing different activities with each other.

Individuals who are spearfishing are very rarely bitten in Florida
or elsewhere on the U.S. East Coast. This statistic appears to reflect the
limited popularity of this activity in the U.S. since it is permitted in
state and federal waters. However, it could also just reflect more local
popularity like the Florida Keyes [41], lower temperatures along the
coasts up north, or the lack of a suitable environment for the sport in
U.S. waters, as compared to e.g., the Bahamas [28].

Further study is needed to establish the actual popularity of this
activity and the availability of spearfishing grounds in the US. Since the
only regulations concerning spearfishing in the ten countries in which
the most shark bites are reported to involve the e.g., length of the
season for some species, types of equipment or the exclusion of doing
it commercially (e.g., Australia), incidents are likely to continue
occurring in these countries at the same frequencies since humans fish
in the same places where sharks forage and roam [42]. Further, the
impacts of commercial shore fisheries, the overfishing effects of
spearfishing itself [43-45], and so the increasing depletion of resources
[46] make it likely that shark bites will occur with greater frequency
among individuals engaged in spearfishing activities in the years to
come.

Like spearfishing, shore fishing seems less popular in the U.S., at
least on the East Coast, than in other countries. In any case, for studies
such as this one, it would make sense to treat (sport)fishing, not
collectively, but in terms of specific forms of the activity (i.e., shore
fishing, cast netting, and so on).

In contrast with the U.S., sportfishing and spearfishing are popular
activities in countries such as South Africa [47-50] and Australia
[50-52]which are the countries that report the second and third
highest numbers of shark bites after the US. [27], and can be
considered ingrained in their societies. Sportfishing in all its forms, as
well as spearfishing, will likely keep happening, and as long as these
activities will not get more prominent in the U.S., these mostly
provoked incidents will likely not increase along the eastern U.S. Coast.

The more incidents, the more inaccuracies

Owing to the lack of clarity regarding the distinction between
unprovoked and provoked incidents, then, even those that do not
result in injury to a person or damage to equipment are included in the
bite statistics. Such incidents, which usually cannot be assigned to one
or the other bite category, accounted for nearly 7% of total incidents
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worldwide during the period covered by this study and thus constitute
a prominent source of error.

Conclusion

In light of the issues discussed here, we conclude that the
phenomenon of negative encounters between humans and sharks,
which are generally referred to with the umbrella term “shark attacks,”
needs to be reconsidered with the addition of clarity regarding the
nature of specific incidents. Until such clarity is achieved, bite statistics
and trends therein should be treated with at least some caution, with
particular attention to the country or region being discussed. If trends
in sharks bites worldwide are to be identified and assessed accurately,
there is a need for not only a clear distinction between unprovoked and
provoked bites but also a rigorous definition of what qualifies as an
actual incident. For research into trends relating to the activities in
which shark bite victims are engaged when incidents occur, there is a
further need to compile beach population data or suitable proxies
thereof, especially when the effort is made to compare countries.
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