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Abstract Although there are various indications and
claims that jellyfish (i.e., scyphozoans, cubozoans,
most hydrozoans, ctenophores, and salps) have been
increasing at a global scale in recent decades, a
rigorous demonstration of this has never been pre-
sented. Because this is mainly due to scarcity of
quantitative time series of jellyfish abundance from
scientific surveys, we attempt to complement such
data with non-conventional information from other
sources. This was accomplished using the analytical
framework of fuzzy logic, which allows the
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combination of information with variable degrees of
cardinality, reliability, and temporal and spatial cov-
erage. Data were aggregated and analyzed at the scale
of Large Marine Ecosystem (LME). Of the 66 LMEs
defined thus far that cover the world’s coastal waters
and seas, trends of jellyfish abundance after 1950
(increasing, decreasing, or stable/variable) were iden-
tified for 45, with variable degrees of confidence. Of
those 45 LMEs, the majority (28 or 62%) showed
increasing trends. These changes are discussed in the
context of possible sources of bias and uncertainty,
along with previously proposed hypotheses to explain
increases in jellyfish.

Keywords Jellyfishes - Gelatinous zooplankton -
Blooms - Pelagic cnidarians - Ctenophores -
Fuzzy logic

Introduction

Jellyfish are a conspicuous, but relatively little studied
component of marine ecosystems, whose populations
fluctuate widely with ocean climate and also experi-
ence sudden outbursts known as “blooms,” followed
by population crashes (Purcell, 2005). There are also
recent suggestions that jellyfish may be synanthropic,
specifically, benefiting from human interactions with
the oceans, and thus may be increasing globally (Mills,
2001; Purcell et al., 2007; Pauly et al., 2009a;
Richardson et al., 2009). Previous global reviews of
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jellyfish populations (e.g., Mills, 2001; Purcell et al.,
2007; Chudnow, 2008) show evidence of numerous
localized increases; however, for most ecosystems,
long time series of abundance measures for jellyfish
are lacking, and the perceived widespread or global
increase in jellyfish still lacks a rigorous foundation.

Establishing abundance trends for jellyfish is dif-
ficult due to a number of factors. There is a dearth of
historical information on jellyfish, because they were
usually damaged or not recorded when caught in
routine bottom trawl or zooplankton surveys (Pugh,
1989; Hay, 2006). In fact, the latter often used gear
designed to exclude jellyfish from plankton samples
(e.g., Heinle, 1965) or were based on methodologies
that explicitly recommended their removal before
analysis (e.g., Dovel, 1964). For example, a classic
manual on zooplankton sampling published by
UNESCO (1968) mentions jellyfish only once, i.e.,
“Gelatinous organisms and other animals [...] will
occur in the catches and these must be considered
separately from the main sample.”

Moreover, jellyfish are difficult to sample even
when targeted (Omori & Hamner, 1982; Pierce, 2009).
As a result of their neglect in routine surveys and
marine samples, jellyfish were generally perceived as
a bothersome and unimportant component of marine
ecosystems (Pauly et al., 2009a), which then justified
their further neglect. Furthermore, despite recent
advances in research and understanding of jellyfish
ecology at local scales, such knowledge is rarely used
to evaluate possible causes or consequences of jelly-
fish blooms at larger scales, or to make predictions
(Purcell, 2009).

Their peculiar life cycles, which can result in
extremely high temporal and spatial variability in
abundance, peaking in the form of “blooms” (Mills,
2001; Purcell et al., 2007; Boero et al., 2008; Dawson
& Hamner, 2009; Hamner & Dawson, 2009), also
contribute to why jellyfish tend to be understudied. All
cubozoans, as well as many hydrozoans and scyph-
ozoans have a life history consisting of a sessile polyp
phase and a planktonic medusa phase. Many polyps
reproduce asexually through the process of strobila-
tion, producing multiple ephyrae which join the
zooplankton community (Arai, 1997) and rapidly grow
to become medusae (Palomares & Pauly, 2009). For
some species, the polyps may asexually bud more
polyps or form dormant cysts capable of surviving
harsh environmental conditions (Arai, 2009). These
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characteristic life history traits make jellyfish suited to
highly variable environments, because they can sur-
vive when conditions are unfavorable and rapidly
reproduce when conditions are favorable (Boero et al.,
2008; Richardson et al., 2009). Siphonophores, cteno-
phores, and salps lack a polyp phase, but can also
reproduce rapidly under favorable conditions (Alldredge
& Madin, 1982; Purcell et al., 2007). Such varied
reproductive strategies make it extremely difficult to
assess jellyfish populations. Indeed, if few surveys have
been conducted to quantify medusa abundance, even less
is known about their polyps (Mills, 2001).

More attention has been paid to jellyfish in recent
years because of their interference in human enter-
prises, their ecological importance, and their benefits to
humans. Jellyfish directly interfere with many human
activities (reviewed by Purcell et al., 2007; Richardson
et al.,, 2009), specifically, through stings (beach
closures, tourism impacts, injuries, deaths), clogging
intakes (coastal power and desalination plants, mining
and military operations, shipping, aquaria), interfer-
ence with fishing (clogged and split nets, spoiled catch,
stung fishers, damaged gear, capsized boats), aquacul-
ture (fish deaths, pens fouled by polyps), and marine
biological surveys (interference with trawls and acous-
tic surveys). Jellyfish also have ecosystem impacts
with indirect effects on fisheries resources that are
difficult to quantify, such as their roles as predators of
zooplankton, fish eggs and ichthyoplankton, as vectors
for parasites, as food for fish, and as refugia and food
for some species of juvenile fish (interactions reviewed
by Purcell & Arai, 2001).

Some jellyfish also benefit humans (reviewed in
Purcell et al., 2007), notably as food (Hsieh et al.,
2001), and potentially for use in drugs (e.g., Sugahara
et al., 2006; Ohta et al., 2009). The discovery,
isolation, and development of a fluorescent protein
from jellyfish led to a revolution in biotechnology
(Zimmer, 2005) and a Nobel Prize (Coleman, 2010);
however, the proteins now are synthesized in the
laboratory. Unfortunately, such benefits may be out-
weighed by the direct and indirect negative impacts of
jellyfish blooms.

The lack of jellyfish population datasets covering
large temporal and spatial scales limits the scope of
inferences that can be drawn about jellyfish on a global
basis. To compensate for this, we used analytic
methods designed to allow for the inclusion of a wide
variety of information, including “anecdotal data,”
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whose value is often underestimated (Pauly, 1995).
Because the majority of recently reported changes in
jellyfish populations around the globe occur in coastal
waters or semi-enclosed seas (Mills, 2001; Purcell
et al.,, 2007), the Large Marine Ecosystem (LME)
framework provided a suitable stratification scheme to
investigate these trends. We used the established
system of fuzzy logic to examine the evidence for
changes in jellyfish populations over recent decades.

Materials and methods
Definition of “jellyfish”

Because the term “jellyfish” lacks a formal definition,
we present an operational definition used in this
analysis, which will be used to refer to both single and
multiple species. Here, the word “jellyfish” refers to
gelatinous zooplankton that include medusae of the
phylum Cnidaria (scyphomedusae, hydromedusae,
cubomedusae, and siphonophores) and planktonic
members of the phylum Ctenophora. We also included
the pelagic tunicates known as salps due to their
gelatinous nature, pulsed life cycles, and apparent
response to changing oceanic conditions (Loeb et al.,
1997; Atkinson et al., 2004; Lee et al.,, 2010).
Especially sparse time series data on pyrosomes and
doliolids prevented their inclusion in the analysis.

Other types of gelatinous zooplankton, such as
appendicularians, mollusks, and chaetognaths, were
not included in our analysis for various reasons (their
small size, life history, ecological roles, high carbon-
to-weight ratio), and the fact that they are generally not
considered jellyfish (see Mianzan & Guerrero, 2000;
Graham & Bayha, 2007; Richardson et al., 2009).
Pleustonic jellyfish, such those belonging to the genera
Physalia, Porpita, and Velella, also were excluded
because their local distribution is heavily influenced
by wind patterns (Mackie, 1974). As such, locations
reporting these species are frequently implicated in
claims of “unprecedented” blooms and mass beach
strandings lacking a historical context.

LME approach and the 1950 baseline
In order to examine and compare changes in jellyfish

populations, data were stratified by LME. The LME
framework defines boundaries based on ecological

criteria rather than economic or political criteria
(Sherman & Hempel, 2009). LMEs may extend from
nearshore areas, including river basins and estuaries,
out to the seaward boundaries of continental shelves or
coastal currents (Sherman & Tang, 1999). Four sets of
factors were considered when defining the physical
extent of the LME boundaries, i.e., bathymetry,
hydrography, productivity, and trophic relationships.
LMEs range from 150,000 km? to more than 5 million
km?. To date, 66 LMEs have been described in terms
of these parameters (Sherman & Hempel, 2009), with
emphasis on fisheries (Pauly et al., 2009b, see also
www.seaaroundus.org).

In order to examine changes in jellyfish popula-
tions, a baseline must be selected. For our analysis,
changes were only considered if they occurred after
1950, notably because this was the first year for which
the Food and Agriculture Organization of the United
Nations (FAO) published its annual compendia of
global fisheries catches (which now include jellyfish),
part of an effort by the United Nations to “quantify the
world” (Ward et al., 2004). Also, most of the reported
changes in jellyfish populations stem from recent
decades (Mills, 2001; Purcell et al., 2007); thus, a 1950
baseline provides the contrast required for comparison
and testing of such reports. Finally, many of the
anthropogenic factors that have been suggested as
causes of recent increases in jellyfish populations have
been quantified only since the mid-twentieth century,
notably because they are derived from FAO data (e.g.,
Watson et al., 2004) and recently have been re-
expressed at the LME scale (e.g., Maranger et al.,
2008; Pauly et al., 2009b).

The jellyfish chronicles

The data used in this analysis were aggregated into
“chronicles.” Each chronicle consists of one or
more pieces of evidence and has an associated
“Abundance Trend” and “Confidence Index,” cal-
culated from scores for spatial and temporal extent,
as well as reliability. The reliability score allowed us
to consider and combine information from the
scientific, peer-reviewed literature, as well as infor-
mation gleaned from other sources (e.g., “anec-
dotes”). These chronicles were aggregated by LME
and then analyzed using a fuzzy logic expert system
(Zadeh, 1965) to generate a “Jellyfish Index” for
each LME.
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Multiple pieces of evidence covering similar tem-
poral and spatial scales were included as one chron-
icle, and only data that referred to changes (or lack
thereof) over several years or greater were included.
Therefore, isolated references to “lots of jellyfish” or
“more jellyfish than last year” would not qualify for
inclusion due to low temporal coverage. The same
rationale was applied to populations with decreasing
or relatively stable trends, or those showing high
variability.

Increasing or decreasing trends were reported to
occur only if they were sustained. Thus, a population
of jellyfish showing a prolonged increase followed by
a similar decrease was classified as “variable.”
Because chronicles were scored on several compo-
nents, those with no recent data (post-2000) received a
lower temporal score in order to reflect the uncertainty
of whether the identified trend has continued or not.
Data for the North Sea LME chronicles were included
here as an example. Details of all chronicles are in
Brotz (2011).

Data selection

All direct comments or measurements indicating
changes (or lack thereof) in jellyfish populations over
several years were included in the analysis; however,
indirect evidence was not included. Such indirect
evidence consists of impacts of jellyfish on human
activities such as sting events, clogging of intake pipes
for power generation, shipping, or mining operations,
as well as interference with aquaculture operations.
Although changes in the frequency of these events
may indicate changes in jellyfish populations (Purcell
et al.,, 2007), there can also be a consequence of
changes in sampling effort. For example, a jellyfish
bloom that interferes with an industrial operation may
actually represent a stable jellyfish population if the
industrial operation is new to the region, rather than an
actual increase in jellyfish. Therefore, isolated inter-
ference events with industrial operations were
excluded from the analysis.

Individual events related to direct interference with
fishing activities also were excluded. However, we
included information that referred to the changing
frequency of such events because we believed this to
be a strong indication of a change in jellyfish
abundance. For example, fishers in some locations
reported increasing jellyfish by-catch over years or
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decades (e.g., Uye & Ueta, 2004). Because fishers
generally have a keen understanding of the marine
environment, such statements were assumed to be
reliable. In addition, for most locations with extant
fisheries, it is expected that fishers have improved their
ability to avoid catching jellyfish over time (e.g.,
Kendall, 1990; Matsushita & Honda, 2006; Nagata
et al., 2009). Thus, we believed that increases in
jellyfish by-catch observed by fishers were likely to
reflect increased jellyfish populations.

Sting data generally were not included in our
analysis, because they are problematic due to a
number of factors. First, an increase in the number
of people participating in marine activities would
increase encounter rates (Macrokanis et al., 2004). In
addition, data showing an increase in sting events
may simply be a reflection of increased reporting
(Gershwin et al., 2010). As such, an increase in sting
events may not necessarily represent an increase in the
amount of jellyfish present. Conversely, awareness
and educational campaigns, as well as the use of
jellyfish deterrents or countermeasures, can result in a
decrease in sting events without a concomitant reduc-
tion of the jellyfish population (Gershwin et al., 2010).
Therefore, sting data were excluded from the analysis,
except where they revealed temporal changes (e.g.,
increase in the stinger season) or spatial changes (e.g.,
increased distribution of jellyfish).

Abundance Trend

Each chronicle was assigned an “Abundance Trend”
of increasing (+1), decreasing (—1), or stable/variable
(0). The trend was identified by considering changes in
integrated biomass (i.e., abundance and presence).
Therefore, increases (or decreases) in any metric
(overall biomass, frequency of occurrence, or duration
of occurrence) were considered to be indications of an
increase (or decrease). As such, more frequent blooms,
larger blooms, longer-lasting blooms, and range
expansions (and their converses) all were included.
When knowledge was available on multiple species
over similar scales, the overall biomass of jellyfish
within the ecosystem was considered. In addition,
small, non-abundant hydromedusae received lower
scores due to the fact that they are less likely to affect
the overall biomass of jellyfish in the ecosystem.
Supporting evidence for each chronicle consisted
of either qualitative or quantitative information.
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Chronicles with qualitative data as their primary
source were classified based on the description of the
jellyfish population in question (Table 1). For chron-
icles with quantitative records, such as multi-year
datasets with values for relative abundance or bio-
mass, a general linear regression analysis was per-
formed. If the slope of the linear regression
(abundance against time) was positive and signifi-
cantly different from zero (P < 0.05), the dataset was
considered to represent an increase. Conversely, a
significant negative slope constituted a decrease. If the
slope of the linear regression was not statistically
significant, the dataset was classified as stable/
variable.

Scoring the chronicles

Each chronicle was scored according to a set of
rules (Table 1) based on temporal coverage (“Time
score”), spatial coverage (“Space score”), and
reliability (“Reliability score”) with the reliability
for invasive species scored differently. These scores
were used to calculate the overall “Confidence
Index,” a measure of the level of certainty for each
chronicle.

Invasive species

Here, we consider invasive species to represent those
that have been declared as non-indigenous by experts.
The presence of invasive species of jellyfish was
assumed to represent an increase in jellyfish biomass
(Abundance Trend = 1). With this assumption, it is
clearly important to understand if an invasive species
is truly established because some invaders can appear
briefly in a particular area, but not be detected
thereafter. Knowledge of such events was assumed
to represent no change in a jellyfish population
(Abundance Trend = 0), rather than an increase, as
the excess biomass due to the invader presumably
vanishes if the species is no longer detected. However,
the possibility of repeated detection persists due to
potential establishment by cryptic polyps or succes-
sive invasions, as is likely with Phyllorhiza sp. in the
South Brazil Shelf LME (Haddad & Nogueira, 2006).
The possibility also exists that invasive species of
jellyfish could cause a reduction in native jellyfish
biomass. However, no evidence of such an event was
found (but see Brotz, 2011 for discussion).

Chronicles that pertained to invasive species were
scored similarly to other chronicles on the basis of
time and space, but differently for reliability. The
contribution to an increase in jellyfish biomass due to
an invader was weighted by the “Invasive reliability
score” (Table 1) to provide a more accurate estimate
of the total change in jellyfish biomass. The assump-
tions and weighting factors were designed to avoid an
overemphasis on invasive species. However, the
invasive jellyfish accounted for in this analysis
represent a conservative estimate, because it is likely
that far more invasions have occurred than have been
documented due to incomplete treatment, unusual life
histories, and species crypsis (Holland et al., 2004;
Dawson et al., 2005; Graham & Bayha, 2007).
Invasive species were treated separately during anal-
yses, allowing assessment of their contribution to the
results. Consistent with the baseline selected for the
analysis, species that invaded regions prior to 1950
were excluded.

Fuzzy logic expert system

Scores and chronicles were combined using a series of
rule sets and fuzzy logic. The steps are outlined below,
and the methodology diagramed using the North Sea
LME as an example (Fig. 1). Fuzzy set theory,
originally developed by Zadeh (1965), is now firmly
established in engineering and science (e.g., Lee,
1990; van der Werf & Zimmer, 1998; Cheung et al.,
2007), and fuzzy models are increasingly being used
for ecological applications (Jgrgensen, 2008). Fuzzy
set theory allows the representation of variables
according to a gradation or degree of membership,
rather than the classic “true” or “false” membership
of conventional Boolean sets. In addition, fuzzy logic
allows a conclusion to be reached with an associated
gradation or degree of belief. As such, fuzzy set theory
and logic provide an ideal system for combining
information of variable cardinality and confidence.
Adriaenssens et al. (2004) reviewed fuzzy set theory
used in ecosystem studies and Brotz (2011) details the
specific methodology used in our study.

Variables with differing degrees of confidence were
combined using the “MYCIN” method, an asymptotic
accumulation of the degree of belief, after Buchanan
& Shortliffe (1984). This knowledge accumulation
method is not affected by the order in which evidence
is combined, and can be defined as:
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Table 1 Rule sets defined for analysis of jellyfish population trends in LME

Definition

Abundance Trend rule set
Abundance Trend
—1 (decrease)

0 (stable/
variable)

Stable or no obvious trend

+1 (increase)

Time score rule set

Decrease in overall biomass, relative abundance, frequency of occurrence or duration of occurrence

Increase in overall biomass, relative abundance, frequency of occurrence or duration of occurrence

Time score
Low Multiyear trend < 5 years; recent and unrepeated bloom that has not occurred previously; unclear timeframe; no
recent data (post-2000)
Medium Short term (5-9 years)
High Medium term (10-14 years)
Very high Long term (>15 years)

Space score rule set

Space score

Low Singular location or small region within LME (<200 km wide)

Medium Large region or two disparate locations within LME (>200 km apart)

High Three or more disparate locations within LME; wide-scale sampling in at least half of LME
Very high Wide-scale sampling of LME

Reliability score rule set

Reliability score

Low Lifeguard or NGO commentary; species unlikely to contribute significantly to biomass; high uncertainty;

documented anthropogenic polyp habitat

Medium Marine professional commentary (e.g., fisher)
High Marine scientist commentary; synthesized knowledge; “bookend” (i.e., non-continuous) scientific data
Very high Scientific data of numerous or dominant species; well-documented frequency of blooms

Invasive reliability score rule set

Reliability score

Low Uncertainty of invasiveness or species is unlikely to contribute significantly to biomass (e.g., small
hydromedusae)

Medium Documented invasive species or newly-blooming species (without knowledge of other species in ecosystem) or
unsuccessful establishment™

High Thriving invasive species

Very high Known dominant species

Rule sets here include: Abundance Trend, Time score, Space score, and Reliability scores for native and invasive species. Additional

parameters are in Tables 2 and 3

? Abundance Trend = 1 in all invasive cases except for unsuccessful establishment (where Abundance Trend = 0 and Invasive

reliability score = medium)

Degree of belief,,.; = Evidence,

+ [(1 — Evidence,) x Evidence, 1]
where Degree of belief,,, | is the membership in the
conclusion after combining the membership from

Evidence,, and Evidence,, ;. The membership for any
number of pieces of evidence can thus be combined to
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yield a final membership (i.e., degree of belief) in the
conclusion.

The three scores for each jellyfish chronicle (time,
space, and reliability) were combined using a fuzzy
rule set, or combination matrix, to yield a “Confidence
Index” (Table 2). The combination matrix used treats
all three scores equally, and therefore represents all
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Fig. 1 Schematic diagram of the fuzzy expert system used in the analysis of jellyfish population trends by LME, with the North Sea

LME represented as an example

possible combinations of scores. Thus, each chronicle
has an associated Abundance Trend representing the
direction of change for the jellyfish population in
question and a Confidence Index representing the
Degree of Belief. Chronicles included in the North Sea
LME (Table 3) are depicted in the fuzzy expert system
diagram (Fig. 1). Details of all chronicles used in this
analysis are in Brotz (2011).

Within each LME, chronicles that had the same
Abundance Trend were combined to yield a Belief
Index, which was derived by converting the Confi-
dence Index value for each chronicle into a member-
ship (Degree of Belief; Table 4) and subsequently
combining these memberships using MYCIN. The
resulting Belief Indexes for each Abundance Trend
were used to select an appropriate Belief Profile
(Table 4). The Belief Profiles used in the fuzzy expert
system were membership functions designed to rep-
resent the Degree of Belief over a continuous scale of
—100 to 4100, with negative scores representing
declining jellyfish populations and positive scores
representing increasing populations. These asymmet-
rical Belief Profiles therefore provide a representation
of the accumulated evidence for each particular trend,

including both the quantity and the relative certainty
of the evidence. Within each LME, one profile was
selected for each Abundance Trend, as long as there
was supporting evidence (i.e., Belief Index >0). Thus,
an LME could have 1, 2, or 3 profiles as inputs for the
fuzzy expert system, depending on whether or not
there were chronicles supporting each Abundance
Trend. The Belief Profiles were combined using the
MYCIN method to yield a final Degree of Belief
profile for each LME. This profile contained informa-
tion about the evidence within each LME over all
Abundance Trends. To calculate a final Jellyfish
Index, the centroid-weighted method (Cox, 1999)
was used to “defuzzify” the final profile.

Uncertainty

The confidence in the Jellyfish Index was quantified by
the Degree of Belief at the centroid value (the
“Confidence Factor”) and the associated values at
Degree of Belief = 0.25 (the confidence limits). The
difference between the confidence limits is defined as
the “Confidence Interval.” If a particular profile did
not reach a Degree of Belief = 0.25 due to lack of
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Table 2 Combination matrix used to combine scores, yielding
a single Confidence Index

Score A Score B Score C Confidence Index
Low Low Low Low

Low Low Medium Low

Low Low High Medium-low
Low Low Very high Medium-low
Low Medium Medium Medium-low
Low Medium High Medium
Low Medium Very high Medium
Low High High Medium
Low High Very high Medium-high
Low Very high Very high Medium-high
Medium Medium Medium Medium
Medium Medium High Medium-high
Medium Medium Very high Medium-high
Medium High High Medium-high
Medium High Very high High
Medium Very high Very high High

High High High High

High High Very high High

High Very high Very high Very high
Very high Very high Very high Very high

Scores for time, space, and reliability were treated equally, and
therefore the matrix represents all possible combinations of
scores

evidence (e.g., Gulf of California LME), the upper and
lower confidence limits were selected where the
Degree of Belief falls to zero. Use of these two
measures of uncertainty (the Confidence Factor and
the Confidence Interval) provided information about
both the strength of the data within an LME and how
consistent was the observed trend (if any). These
would be similar to measures of “accuracy” and
“precision,” i.e., a high Confidence Factor represented
a robust conclusion and could be interpreted as
accurate. Similarly, a small Confidence Interval would
indicate that the chronicles included in a particular
LME have comparable trends and were therefore
precise. The combination of these two measures
ultimately defined the overall confidence in the
Jellyfish Index for each LME; thus, we defined a
“Confidence Quotient” as equal to the Confidence
Factor divided by the Confidence Interval. Conclu-
sions with a Confidence Quotient >1 were classified as
“high certainty,” while those with a Confidence
Quotient <1 were classified as “low certainty.”

@ Springer

Based on the Belief Profiles used in the analysis,
Jellyfish Indexes could range from a minimum of —70
to a maximum of +70. LMEs with a Jellyfish Index of
greater than +10 were classified as increases, while
those with a Jellyfish Index less than —10 were
classified as decreases. LMEs with a Jellyfish Index
between —10 and +10 were classified as stable/
variable, indicating they did not show an increasing or
decreasing trend. These thresholds were chosen in
order to ensure there was sufficient evidence to
suggest a trend.

Results

A total of 138 jellyfish chronicles were included in the
analysis, distributed unevenly over 45 LMEs. Results
including both native and invasive species are pre-
sented in Table 5. Of the 45 LMEs, 28 (62%) showed
increasing trends, while only 3 (7%) showed decreas-
ing trends. The remaining 14 LMEs (31%) were
classified as stable/variable, showing neither increas-
ing nor decreasing trends (Fig. 2).

Out of the 28 LMEs exhibiting increases, 10 were
classified as high certainty (Confidence Quotient > 1)
and 18 as low certainty. Of the 14 LMEs with stable/
variable trends, 4 were of high certainty and 10 were of
low certainty. The Humboldt Current LME was the
only system to exhibit a decrease associated with a
high certainty.

The results are similar when normalized by area of
the LMEs; 21% of the total area included represented
regions with increases of high certainty, while
increases of low certainty represented 45%. Stable/
variable regions represented 28% of the total area
included, while the remaining 6% was associated with
decreases.

Effects of invasive species

Invasive species were separated from the analysis to
examine their effects on the results (Tables 5, 6).
Invasive species of jellyfish were reported in 21
LMEs. In eight of those, the inclusion of invasive
species had a negligible contribution to the results and
did not affect the Jellyfish Index. By contrast, the
inclusion of invasive species was responsible for the
conclusion of low certainty increases in four LMEs
(Gulf of Mexico, Southeast U.S. Continental Shelf,
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Table 4 Rule sets used in the fuzzification process of the
fuzzy expert system

Confidence Index Degree of Belief

(per chronicle)

Low 0.0156
Medium-low 0.0313
Medium 0.0625
Medium-high 0.125

High 0.25

Very high 0.5

Belief Index Belief Profile
0 None
0.01-0.09 Low
0.1-0.19 Medium-low
0.2-0.34 Medium
0.35-0.49 Medium-high
0.50-0.59 High

0.60-1 Very high

Rule sets here include the Degree of Belief membership
according to the Confidence Index for each chronicle and the
Belief Profile selection according to the Belief Index. See text
and Fig. 1 for additional information

Caribbean Sea, and Baltic Sea), because the exclusion
of invaders changed the classification of these LMEs
from increasing to stable/variable. Similarly, invaders
were responsible for the low certainty increase in the
East Brazil Shelf LME because there were no data for
native species. The Insular Pacific-Hawaiian LME
exhibited an increase due to native species; however,
the inclusion of invasive species increased the cer-
tainty of the conclusion to high. In the remaining
LMEs, the inclusion of invasive species increased the
Jellyfish Index by variable amounts, but did not alter
the conclusions.

Considering the effects of jellyfish
overexploitation

Interestingly, several of the chronicles that were clas-
sified as decreases in the analysis (Abundance
Trend = —1) concerned jellyfish species that have been
harvested for food, science, or unique proteins, and have
subsequently declined, possibly as a result of overfish-
ing. Only four chronicles had a primary source of
evidence that directly attributed a decrease to overex-
ploitation; therefore, these chronicles were treated
separately in the analysis. In the Arabian Sea LME,
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the inclusion of overfishing of jellyfish reduced the
Jellyfish Index sufficiently to alter the trend conclusion
from increasing to stable/variable (both conclusions of
low certainty). Inclusion of overfishing of jellyfish for
the Bay of Bengal LME resulted in no change to the
Jellyfish Index. The South China Sea and East Central
Australian Shelf LMEs showed a reduced Jellyfish
Index when overfishing of jellyfish was included;
however, this reduction was not sufficient to classify
these LMEs as decreases and they remained classified as
stable/variable. Thus, in the majority of locations where
overfishing of jellyfish could be identified, it did not alter
the conclusions of the analysis.

Discussion

This study represents the first rigorous demonstration
that jellyfish populations appear to be increasing in
coastal ecosystems worldwide, as previously sug-
gested (Mills, 2001; Purcell et al., 2007; Pauly et al.,
2009a; Richardson et al., 2009). Of the 45 LMEs
included in our analysis, 28 (62%) showed increasing
trends, while only 3 (7%) showed decreasing trends.
The remaining 14 LMEs (31%) were classified as
stable/variable, with no obvious trend. These results
suggest that while increases of jellyfish populations
are not universal, they are both numerous and
widespread. Of the 21 LMEs that were not included
in our analysis, most were from the Arctic (11),
Australia (4), and the South Pacific (3). Therefore, our
results represent extensive spatial coverage of the
world’s coastal ecosystems. While only 33% of the
conclusions are of high certainty, the majority of those
(10 of 15) were in LMEs that showed increasing
trends. In addition to demonstrating that jellyfish
populations have increased in numerous ecosystems
around the world, our analysis also underscored the
fact that information on jellyfish abundance is poor
over much of the globe. Thus, we must strive to learn
more about these important creatures, especially given
the fact that they seem to be one of the few groups of
organisms that may benefit from the continued
anthropogenic impacts on the world’s biosphere.

Defining an “increase”

Information used in the analysis was weighted by time,
space, and reliability to reflect the relative contribution
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Table 5 Results of analysis of jellyfish population trends by LME including both native and invasive species

LME LME name Trend Conclusion Jellyfish Confidence Confidence Lower Upper  Interval
ID conclusion certainty Index Quotient Factor limit limit
1 East Bering Sea Increase High 61.84 147 0.83 34.50 91.00 56.50
2 Gulf of Alaska Stable/ Low 7.06 0.80 0.58 —35.00 37.24 72.24
variable
3 California Current Increase Low 2555 0.63 0.73 -31.25 85.00 116.25
4 Gulf of California Increase Low 3587 0.13 0.13 0.00  100.00 100.00
5 Gulf of Mexico Increase Low 14.13  0.75 0.65 —35.00 51.25 86.25
6 Southeast US Increase Low 14.13  0.75 0.65 —35.00 51.25 86.25
Continental Shelf
7 Northeast US Increase High 52.52  1.58 0.83 43.75 96.25 52.50
Continental Shelf
8 Scotian Shelf Stable/ High 0.00 1.07 0.67 —31.25 3125 6250
variable
9 Newfoundland- Stable/ High 0.00 1.54 0.83 —27.00 27.00 54.00
Labrador Shelf variable
10 Insular Pacific- Increase High 54.84 1.13 0.67 25.63 85.00  59.37
Hawaiian
11 Pacific Central- Increase Low 41.74  0.77 0.30 12.50 51.25 38.75
American Coastal
12 Caribbean Sea Increase Low 13.60  0.81 0.31 3.00 41.26 38.26
13 Humboldt Current Decrease High —42.80 1.26 0.71 —-91.00 —-34.50  56.50
14 Patagonian Shelf Increase Low 47.90  0.87 0.50 17.50 75.00  57.50
15 South Brazil Shelf Stable/ Low 7.06  0.80 0.58 —35.00 37.24 72.24
variable
16 East Brazil Shelf Increase Low 3587 0.13 0.13 0.00  100.00 100.00
18 West Greenland Decrease Low —35.87 0.13 0.13 —100.00 0.00 100.00
Shelf
21 Norwegian Sea Increase Low 41.74  0.70 0.27 12.50 51.25 38.75
22 North Sea Increase Low 35.80  0.22 0.30 —40.67 96.25 136.92
23 Baltic Sea Increase Low 14.13  0.75 0.65 —35.00 51.25 86.25
24 Celtic-Biscay Shelf  Increase Low 36.94  0.44 0.56 —37.50 91.00 128.50
25 Iberian Coastal Stable/ Low 7.06  0.80 0.58 —35.00 37.24 72.24
variable
26 Mediterranean Sea Increase Low 4395 0.22 0.30 —37.50 96.25 133.75
28 Guinea Current Increase Low 3587 0.13 0.13 0.00 100.00 100.00
29 Benguela Current Increase High 54.84 1.15 0.67 26.63 85.00  58.37
30 Agulhas Current Stable/ Low 0.00 0.71 0.50 —35.00 35.00  70.00
variable
31 Somali Coastal Stable/ Low 0.00 044 0.33 —-37.50 37.50 75.00
Current variable
32 Arabian Sea Increase Low 14.13  0.75 0.65 —35.00 51.25 86.25
34 Bay of Bengal Increase Low 14.57  0.52 0.58 —37.24 75.00 112.24
35 Gulf of Thailand Increase Low 3587 0.13 0.13 0.00  100.00 100.00
36 South China Sea Stable/ Low 8.86 0.56 0.44 —-37.50 40.67 78.17
variable
40 Northeast Australian Increase Low 35.87 0.13 0.13 0.00  100.00 100.00
Shelf
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Table 5 continued

LME LME name Trend Conclusion Jellyfish Confidence Confidence Lower Upper  Interval

ID conclusion certainty Index Quotient Factor limit limit

41 East Central Stable/ Low 0.00 0.71 0.50 —35.00 35.00  70.00

Australian Shelf variable
42 Southeast Australian  Stable/ Low 8.86 0.56 0.44 —37.50 40.67 78.17
Shelf variable

47 East China Sea Increase High 70.00  1.90 1.00 43.75 96.25 52.50

48 Yellow Sea Increase High 61.84 147 0.83 34.50 91.00  56.50

49 Kuroshio Current Increase High 3534  1.13 0.67 25.63 85.00  59.37

50 Sea of Japan Increase High 61.84 147 0.83 34.50 91.00 56.50

51 Oyashio Current Decrease Low —-14.13  0.75 0.65 —51.25 35.00 86.25

52 Sea of Okhotsk Stable/ High 625 155 0.86 —27.00 28.56  55.56
variable

53 West Bering Sea Stable/ Low —7.49 040 0.50 —75.00 51.25 12525
variable

60 Faroe Plateau Stable/ High 0.00 1.54 0.83 —27.00 27.00 54.00
variable

61 Antarctic Increase High 61.84 147 0.83 34.50 91.00  56.50

62 Black Sea Increase High 70.00 1.90 1.00 43.75 96.25 52.50

63 Hudson Bay Stable/ Low 0.00 044 0.33 —37.50 37.50  75.00
variable

to a change in jellyfish populations within each LME. degree of belief that any particular jellyfish population

As a consequence of the methods used and the has changed or not, rather than the magnitude of those

inclusion of anecdotal data, the results reflect the changes. Therefore, observations of “more” jellyfish

Fig. 2 Map of population trends of native and invasive species of the Confidence Index. Circle locations are approximate, as some
jellyfish by LME. Red increase (high certainty), orange increase were shifted to avoid overlap; the circle for the Antarctic LME
(low certainty), green stable/variable, blue decrease, grey no data. summarizes circumpolar observations

Circles represent discrete chronicles with relative sizes reflecting
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Table 6 Results of analysis of jellyfish population trends by LME including native species only (effects of invasive species
excluded; only those LMEs that had invasive species are shown)

LME LME name Trend Conclusion Jellyfish  Confidence Confidence Lower Upper Interval
ID conclusion certainty Index Quotient Factor limit limit
California Current Increase Low 19.82 0.73 0.78 —31.25 75.00 106.25
Gulf of Mexico Stable/ Low 7.06 0.80 0.58 —35.00 3724  72.24
variable
6 Southeast US Stable/ Low 7.06 0.80 0.58 —35.00 3724 7224
Continental Shelf variable
7 Northeast US Increase High 52.52 1.58 0.83 43.75 96.25 52.50
Continental Shelf
10 Insular Pacific- Increase Low 47.90 0.87 0.50 17.50 75.00 57.50
Hawaiian
11 Pacific Central- Increase Low 35.87 0.09 0.09 0.00 100.00  100.00
American Coastal
12 Caribbean Sea Stable/ Low 0.00 0.17 0.17 —50.00 50.00 100.00
variable
13 Humboldt Current Decrease High —61.84 1.47 0.83 —91.00 —-3450 56.50
14 Patagonian Shelf Increase Low 4790  0.87 0.50 17.50 75.00  57.50
15 South Brazil Shelf Stable/ Low 0.00 0.71 0.50 —35.00 35.00 70.00
variable
16 East Brazil Shelf No data
21 Norwegian Sea Increase Low 41.74  0.70 0.27 12.50 5125  38.75
22 North Sea Increase Low 35.89 0.22 0.30 —40.67 96.25 136.92
23 Baltic Sea Stable/ Low 0.00 0.71 0.50 —35.00 35.00 70.00
variable
25 Iberian Coastal Stable/ Low 0.00 0.71 0.50 —35.00 35.00 70.00
variable
26 Mediterranean Sea Increase Low 31.02 0.54 0.66 —37.50 85.00 122.50
42 Southeast Australian  Stable/ Low 8.86 0.56 0.44 —37.50 40.67  78.17
Shelf variable
47 East China Sea Increase High 70.00 1.90 1.00 43.75 96.25  52.50
48 Yellow Sea Increase High 61.84 1.47 0.83 34.50 91.00 56.50
49 Kuroshio Current Increase High 35.34 1.13 0.67 25.63 85.00 59.37
62 Black Sea Increase High 61.84 1.47 0.83 34.50 91.00 56.50

may not necessarily mean there were really “more
jellyfish” if the observations were not normalized by
effort. Nonetheless, we expected that these factors
were correlated, as changes of larger magnitude were
assumed to be more noticeable and thus have more
supporting evidence. Only after accepting this
assumption should this analysis be considered to
reflect real “increases” and “decreases.”

Jellyfish populations are extremely variable on both
temporal and spatial scales, due to their peculiar
ecology. Thus, even LMEs showing pronounced
increases in jellyfish populations with ‘“high cer-
tainty” may also experience dramatic declines over

short timescales. For example, the trend in the East
Bering Sea LME was classified as an increase based on
a regression analysis, but jellyfish in the Bering Sea
declined dramatically after 2000 (Brodeur et al.,
2008). Despite this decline, jellyfish abundance in
this LME appears sustained above the levels observed
in the 1980s and the increase remains significant.
Other long-term studies show similar variability, such
as the 37-year dataset from Peru (Quifiones et al.,
2010). Jellyfish populations in that system appear
tightly correlated with El Nifio events, but the data
exhibited a decline (see Brotz, 2011). Even the well-
documented increase in blooms of the giant jellyfish
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(Nemopilema nomurai) in East Asia has not been
persistent, because blooms have not occurred every
year (Uye et al., 2010). Clearly then, increases or
decreases may actually represent a trend during only
part of a cycle, and may reverse over longer
timeframes (Purcell, 2012).

With such high population variability, poor sam-
pling frequency in either the past or present could
dramatically affect the detection of true trends. To
account for these concerns, attempts were made to
ensure chronicles used in the analysis were of sufficient
duration and up to date wherever possible. Therefore,
chronicles covering longer timescales and those with
up-to-date information had more influence on the
results. Nonetheless, few datasets of jellyfish abun-
dance span multiple decades; therefore, our results
represent only a rough estimate of true jellyfish
population dynamics. Moreover, the possibility of a
reporting bias, whereby newsworthy blooms or
increases of jellyfish were reported, but absences and
stable or declining populations were not, could tend to
overestimate increases. However, the methods used in
our analysis were designed to minimize this effect. For
instance, episodic blooms were not included unless a
temporal component of at least several years was
identified. In addition, as mentioned above, these
temporal components were scored based on whether
they represent recent trends and are of significant
duration. Interference events with human activities,
which are typically newsworthy, also were not
included unless the information was in a clear histor-
ical context. Finally, much of the anecdotal informa-
tion used in the analysis was gleaned from targeted
interviews (e.g., Uye & Ueta, 2004; Nagata et al., 2009;
Pramod, 2010). Because numerous responses in those
interviews indicated stable populations, they were
assumed to represent a relatively unbiased source of
information where scientific data were lacking.

The fact that jellyfish are typically part of the
zooplankton makes them vulnerable to changes in
oceanic current patterns. The presence or the absence
of a bloom may simply be due to relocation; thus, an
increase observed in one location may be concomitant
with a decrease in another. If an increase is observed
but a decrease is not, one may come to a false
conclusion that jellyfish have increased. Whenever
there was evidence of such an explanation, the
chronicle was not included. An example is a recent
quote from of a fisher in Florida who said he was
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seeing more sea nettles (Chrysaora sp.) now than in
the preceding decades. However, this could be due to
the relocation of the population normally observed
elsewhere in the Gulf of Mexico (Spinner, 2010). Even
without knowledge of such events, the analysis was
not overly sensitive to that pitfall, because only multi-
year data from the same location were used. As
chronicles were either up-to-date or scored with low
reliability, increases due to spatial redistributions
would have to be sustained. In addition, chronicles
based on information over short time periods or from
single locations were also scored lower, thereby
minimizing the effect on the results.

Possible causes of increasing jellyfish populations

Jellyfish have bloomed for hundreds of millions of years
(Hagadorn et al., 2002; Young & Hagadorn, 2010) and
are a natural presence in healthy ecosystems. Many
jellyfish populations are known to fluctuate with oceanic
climate (reviews in Purcell, 2005, 2012). There are also
suggestions that jellyfish may benefit from anthropo-
genic pressures on the marine environment (Mills, 1995;
2001; Purcell et al., 2007; Pauly et al., 2009a; Richard-
son et al., 2009, Purcell, 2012). Suggested causes
include eutrophication, overfishing, global warming,
habitat modification, aquaculture, salinity changes,
ocean acidification, and of course, translocation.

Invasive species of jellyfish were reported in 21 of
45 LMEs in this analysis (47% of the systems
included). For the most part, invasive species were
not responsible for the observed increases reflected in
the results; however, the widespread detections dem-
onstrate that jellyfish are truly global invaders of
significant concern. Thriving populations of invasive
jellyfish in systems like the Mediterranean and Black
Seas should serve as warnings for other ecosystems
around the globe, and it is likely that far more invasions
have occurred than are reported (Holland et al., 2004;
Dawson et al., 2005; Graham & Bayha, 2007).

There is clearly no single cause of increasing
jellyfish blooms. For example, populations of Aurelia
sp. appear tightly correlated with aquaculture opera-
tions in Tapong Bay, Taiwan (Lo et al., 2008), whereas
recent increased blooms of Aurelia sp. in Tokyo Bay,
Japan are more likely due to the effects of eutrophi-
cation (Nomura & Ishimaru, 1998; Ishii et al., 2008).
In addition, possible causes may work in concert,
synergistically creating conditions that benefit
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jellyfish (Purcell et al., 2007; Richardson et al., 2009;
Pauly et al., 2009a; Purcell, 2012). Limited knowledge
of jellyfish ecology, especially of benthic or sessile
stages, inhibits our ability to draw conclusions
regarding possible anthropogenic causes of jellyfish
blooms. Nonetheless, the results of this analysis
present a unique opportunity to examine commonal-
ities using the LME framework. An important task will
be to investigate possible linkages between anthropo-
genic stresses and increasing jellyfish populations as
identified in this study.

Taxonomic concerns

The term “jellyfish,” according the definition used
here, refers to specimens from several phyla (Cnidaria,
Ctenophora, and Chordata). Such organisms are
obviously extremely distant phylogenetic relatives;
therefore, grouping them under the umbrella term
“jellyfish” is problematic. First, the use of such a term
ignores taxonomy. The changes evident in the results
of this analysis should not only be viewed in their
entirety but also in the contexts of ecology and
evolution. Without proper taxonomic resolution, a
deeper and more meaningful understanding of the
mechanisms and consequences involved may be
unattainable (Haddock, 2004). Second, using a broad
category also runs the risk of inferring attributes of a
larger group of organisms based only on a handful of
species. Such “errors of commission” (Dawson, 2010)
could preclude robust conclusions if they are not made
in the light of evolution. Generalizations concerning
such a broad group of organisms will certainly have
exceptions (Bayha & Dawson, 2010), and we must be
careful not to ignore these differences by focusing
only on commonalities.

Despite these concerns, there is also value in
generalized results. Notwithstanding their phyloge-
netic diversity, jellyfish share many similarities. If the
increasing trends identified in this analysis are indeed
caused by anthropogenic factors, raising awareness of
the issues and developing a deeper understanding of
the mechanisms involved should be priorities.

Conclusions

Jellyfish populations appear to be increasing in the
majority of the world’s coastal ecosystems and seas.

While these increases are conspicuous in several
locations, even basic knowledge of jellyfish popula-
tions in most regions is poor. Many of the observed
increases appear linked to human activities, but the
mechanisms involved remain poorly understood.
Because jellyfish populations can have important
impacts on human activities and marine ecosystems,
it is of paramount importance that we rapidly increase
our understanding of these creatures.
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