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Coherent assessments of Europe's marine fishes
show regional divergence and megafauna loss
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Europe has a long tradition of exploiting marine fishes and is promoting marine economic activity through its Blue Growth
strategy. This increase in anthropogenic pressure, along with climate change, threatens the biodiversity of fishes and food
security. Here, we examine the conservation status of 1,020 species of European marine fishes and identify factors that con-
tribute to their extinction risk. Large fish species (greater than 1.5 m total length) are most at risk; half of these are threat-
ened with extinction, predominantly sharks, rays and sturgeons. This analysis was based on the latest International Union for
Conservation of Nature (IJUCN) European regional Red List of marine fishes, which was coherent with assessments of the status
of fish stocks carried out independently by fisheries management agencies: no species classified by IUCN as threatened were
considered sustainable by these agencies. A remarkable geographic divergence in stock status was also evident: in northern
Europe, most stocks were not overfished, whereas in the Mediterranean Sea, almost all stocks were overfished. As Europe pro-
ceeds with its sustainable Blue Growth agenda, two main issues stand out as needing priority actions in relation to its marine

fishes: the conservation of marine fish megafauna and the sustainability of Mediterranean fish stocks.

turally and nutritionally important throughout human his-

tory®. Europe, in particular, has a well-documented history
of exploiting marine fish populations, written records of which
commence in the classical works of ancient Greece. Although this
historical exploitation has undoubtedly altered populations** and
changed many seascapes®, marine defaunation in the region has not
been as great as in terrestrial systems’. However, the use of ocean
space and resources is increasing due to Europe’s Blue Growth
strategy®, the nutritional requirements of an expanding human
population are growing®® and marine ecosystems will experi-
ence unusually rapid changes in future due to climate change''".
Consequently there are imminent threats both to European marine
biodiversity and fish resources”. It is important, therefore, to assess
the threats of extinction to fish species and to ensure consistency in
the management approach by the various agencies involved.

We analysed data on the conservation status of 1,020 species
of Europe’s marine fishes from the recent International Union for
Conservation of Nature (IUCN) Red List assessments'* to iden-
tify characteristics that make Europe’s fishes most susceptible to
extinction risk. We then compared the Red List with 115 fish stock
assessments (of 31 species) made by intergovernmental agencies
charged with providing advice on the exploitation of commercial
fishes. Previous comparisons of this sort applied criteria under

I\/\ arine fishes exhibit high biodiversity’* and have been cul-

various modelling assumptions'*” or limited the comparison to
biomass reference points's.

Results

Of the 1,020 European marine fish species that were assessed, 67
(6.6%) were threatened with extinction and 202 species (19.8%) were
assessed as Data Deficient (DD). Given that, the percentage of threat-
ened species was estimated at 8.2%, with lower and upper bounds of
6.6% and 26.4%, respectively (see Methods). Of the 67 threatened
species, 2.1% (21 out of 1,020 species) were Critically Endangered
(CR), 2.3% (23 species) were Endangered (EN) and 2.3% (23 spe-
cies) were Vulnerable (VU; see Supplementary Table 1). A further
2.5% (26 species) were considered Near Threatened (NT). The vast
majority of species (71.1%, 725 species) were considered to be Least
Concern (LC). Extinction risk in European marine fishes fell within
the medium to low range compared with that of terrestrial and other
aquatic species in the region'. In the eastern tropical Pacific’® and
eastern central Atlantic®, the only other regions of the world where
all marine fishes of the continental shelf have been assessed, 12% and
6.1% of species were assessed as threatened, respectively. In Europe,
most species were assessed as threatened based on the reduction
in total size of their populations (measured over the longer of ten
years or three generations), whereas some were threatened due to
restricted geographic range, combined with a severely fragmented
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population and a continuing decline. Others were classed as threat-
ened due to their very small total population size. Fishing, both in
targeted fisheries and as bycatch, was the most common threat to
marine fishes; other threats included pollution, coastal development,
climate change, energy production and mining'.

To assess which characteristics were most important in deter-
mining the vulnerability of Europe’s fishes to extinction risk, we
used a conditional random forest (RF)?' model. The model was able
to predict IUCN threat categories correctly in 757 of 818 cases where
there were sufficient data (see confusion matrix in Supplementary
Table 2). Taxonomic class and maximum fish size were the vari-
ables of most importance (Fig. 1a): extinction risk was greater in
cartilaginous fishes (sharks, rays and chimaeras) and fishes that
attained a large size. A simple classification tree (Supplementary
Fig. 1) indicated that a size threshold of 149 cm was important in
classifying threatened status. For fish species smaller than this size,
97% (710 species) were not threatened (LC or NT). For fish species
greater than or equal to this size (84 species), more than half (51%,
43 species) were threatened (CR, EN or VU) and, of these, 32 were
cartilaginous. Further examination revealed a significant trend in
threat category with size (Fig. 1b): the larger the fish species, the
more highly threatened the category.

The risk of a population or species extinction is a function of
intrinsic sensitivity (biology) and exposure to an extrinsic threaten-
ing process. Hence, body size in itself is not likely to be the cause of
extinction risk; rather, it is the combination of fishing mortality and
body size that determines risk. Much like the terrestrial mammals
of the Late Quaternary®’, marine megafauna are more susceptible
to population decline because they are more sought after?, and the
rate at which their populations can replace themselves is low rela-
tive to the fishing mortality rate. This is due to late age at maturity,
low maximum rates of population increase and (often) strong den-
sity dependence in recruitment®, which gives large fishes reduced
resilience to fishing, compared with smaller species. Maximum
population growth rate and related ‘speed-of-life’ traits may be
the ultimate correlate of extinction risk, whereas body size is only
the proximate, but more easily measured, correlate”. Most analyses
of life history correlates have been for species within assemblages
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(limited geographic scale) rather than species across different
assemblages. Focusing on ‘speed-of-life’ traits may be necessary
for the latter case to control effectively for the filtering effect of tem-
perature on the life histories of communities. Temperature drives
local adaptation strongly, shaping variation in population growth
rates®, and hence may explain some of the differences in responses
between cooler and warmer seas.

Clearly, the analyses presented here would have benefitted
from including other life history traits, such as growth rate and
related ‘speed-of-life’ traits, directly. However, extracting such
data for all of the species considered here would be a major under-
taking, because these traits are hard to measure consistently across
large numbers of species. It would require an exercise akin to the
Red List assessment; so here, we can only recommend these to
be considered in future when such exercises are repeated. In our
study, size is used as a reasonable proxy for other life history traits,
which is in-keeping with other studies showing size to explain
extinction risk?”%.

Other variables in the RF were of lower importance (Fig. 1a). The
binary variable ‘Present in freshwater, indicating whether the species
has any part of its life cycle in freshwater or not, was not particularly
important. This may be because, of the 54 species that were classed
as occurring in freshwater, only 11 (20%) were threatened. Similarly,
and somewhat unexpectedly, the binary variable ‘fished, indicating
whether the species was subject to fishing (including bycatch; see
Methods) or not, also did not have a high importance (Fig. 1a).
Of the 365 species that were fished, only 65 (18%) were classed as
threatened, and one-third (33%) of species classed as Least Concern
are fished, so fishing per se does not determine vulnerability to
extinction risk. In terms of the threats to the species, fishing was by
far the most ubiquitous, affecting 365 of the 818 species. The next
largest threat identified was pollution, with only 54 species affected
by this, but 427 species were recorded with unknown threats. The
lack of information on the specific threats to fishes, other than fish-
ing, could also be better addressed in future. This analysis does not
suggest that fishing is not important, it indicates, rather, that suscep-
tibility to extinction risk (or not) is not driven purely by this threat
(because many fish species face it), but by the ability of the species
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Figure 1| Factors that affect the conservation status of European fishes. a, Variable importance plot for the conditional RF that modelled the IUCN Red
List category as a function of the factors as labelled. Taxonomic class and maximum size were almost an order of magnitude more important than any
other variable. b, Box plots of IUCN Red List category against size. Red List categories are Critically Endangered (CR), Endangered (EN), Vulnerable (VU),
Near Threatened (NT), and Least Concern (LC). Middle band is the median, boxes indicate the interquartile range (IQR), whiskers min(max(x), Q; + 1.5 x
IQR) and max(min(x), Q, — 1.5 X IQR), where Q, and Q, are the 1st and 3rd quartiles respectively, and dots are outliers from the whiskers. The LC category
was bootstrapped 1,000 times, downsampling 26 species at random from the 725 in that category. All 1,000 bootstraps of a general linear model were

significant at P < 0.0001. The y axis is on a square root scale.

2 NATURE ECOLOGY & EVOLUTION 1, 0170 (2017) | DOI: 10.1038/541559-017-0170 | www.nature.com/natecolevol

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/s41559-017-0170
http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION ARTICLES

65 ® \\/
° ®© o ©
ap ‘
Y
‘ Vbl :‘
‘ Vb2 ¢ @
60 | Vbl o [] * . .
) ® =~ @ D)
Vibl Via ’
Vib2 . ? D ‘
,
L ©
. L4 aan Wb
55 (S} tur
g ® . .
€ | via > Vile2 Vilb vie ™ ==
had Ve
' Vil ‘ ViE =i
~
Z 501 e e, o .2
N2 we Vi)
-q'; . ‘ Vil )
= i,
8
e s
Viter Villd2
45 Villb
Ville2 ‘ e
® ®
40 4 -
IXb1 IXb2
X °
or .
35+
T T
-20 -10 0

<
32
29
*
‘.
27
‘ c-ud P 28-1
®
) Fyear’ Frmsy Status n
25 26
4 ple
15 ‘ Sustainable 19
O Recovering il
10
O ' Declining 19
5
O ‘ Overfished 46
O 1
O 0.1 . No reference 20
point
30
29
£
" 28,
'@
& 3
” © ‘ 4 ',\n‘.z/
; » O
3 - @ < ’

10 20 30 40

Longitude (° E)

Figure 2 | Geographical distribution of the relative exploitation rate for 115 European fish stocks. The relative exploitation rate is the exploitation rate in
the most recent year available (F,.,) divided by the exploitation rate consistent with MSY (F,,). The size of the circle is proportional to F,.,/Fysy and colour-
coded according to status. Stocks in green are fished within sustainable limits, stocks in red are overexploited, stocks in orange are declining, while stocks
in yellow are recovering. Hence, the larger the red circle the more the stock is overfished; the larger the green circle the more the stock is underfished. Grey
circles indicate data on biomass are lacking (so status cannot be determined). The circles are positioned approximately according to the centre of the stock
location in the General Fisheries Commission for the Mediterranean (GFCM) sub-areas and ICES divisions (numbers and roman numerals, respectively),
with the exception of the ICES widely distributed stocks, which are positioned to the western edge of the continental shelf. An abbreviation for the species
name is provided in the centre of each circle: anb, Lophius budegassa; ane, Engraulis encrasicolus; anp, Lophius piscatorius; boc, Boops boops; Bss, Dicentrarchus
labrax; cap, Mallotus villosus; cod, Gadus morhua; grn, Coryphaenoides rupestris; had, Melanogrammus aeglefinus; her, Clupea harengus; hke, Merluccius
merluccius; hom, Trachurus trachurus; lin, Molva molva; mac, Scomber scombrus; meg, Lepidorhombus spp.; mgb, Lepidorhombus boscii; mgw, Lepidorhombus
whiffiagonis; pan, Pagellus erythrinus; ple, Pleuronectes platessa; red, Sebastes norvegicus; rmu, Mullus barbatus; sai, Pollachius virens; san, Ammodytidae;

sar, Sardina pilchardus; sol, Solea solea; spr, Sprattus sprattus; spu, Squalus acanthias; srm, Mullus surmuletus; tur, Scophthalmus maximus; usk, Brosme brosme;
whb, Micromesistius poutassou; whg, Merlangius merlangus. Stocks for which there are no reference points are abbreviated as text alone.

to counteract it. The Chondrichthyes and fishes of large size have
life history traits that make them much more susceptible to high
mortality rates, chief among which is fishing.

We explored the effect of commercial fishing in more detail by
examining 115 stock assessments of 31 commercially exploited
marine fish species in European waters. Of these, 95 assessments

had enough information to determine their status (see Methods).
Only 19 stocks were sustainable, with 46 being overfished, 19
declining and 11 recovering. There was a significant geographi-
cal discrepancy: a much higher fraction of the fish stocks in the
Mediterranean were overexploited (Fig. 2) and depleted in biomass
(Fig. 3) compared with the northeast Atlantic. Similar observations
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Figure 3 | Geographical distribution of the relative biomass for 115 European fish stocks. The relative biomass is the spawning stock biomass (SSB) in the
most recent year available (total weight of adults, SSB,.,.) divided by the biomass consistent with MSY (MSY B,...). The size of the circle is proportional
to SSB,.,/MSY B, .. and colour-coded according to status as per Fig. 2. Grey circles indicate data on fishing mortality are lacking (so status cannot be
determined). An abbreviation for the species is provided in the centre of each circle (as per Fig. 2, along with other common elements).

have been reported before?*°, albeit separately and in different for-
mats for the two areas: examining both simultaneously and using
the same criteria demonstrates the relative magnitude of the over-
fishing problem in the Mediterranean. Not one of the 39 assessed
Mediterranean fish stocks examined here was classed as sustain-
able (Figs 2 and 3; Supplementary Table 4). Hake (Merluccius
merluccius) is particularly problematic: of the 12 examined hake
stocks in the Mediterranean, 9 have exploitation rates that are
more than 5 times the rate that is consistent with maximum sus-
tainable yield (MSY). Biomass estimates show a similar discrep-
ancy: only one Mediterranean stock has more than half of the
biomass that would be consistent with sustainable levels, while 15
Mediterranean stocks have less than 5% of that biomass. Compared
with the northeast Atlantic, the warmer Mediterranean would be

expected to have fish assemblages that reach smaller maximum
sizes and have faster population growth rates®, so populations
and species should be able to recover from severe overfishing®.
Our findings are, therefore, contra to these metabolic expecta-
tions, which may explain why Mediterranean fish populations have
avoided complete collapse in the face of such severe overfishing. It
should also be noted that the Mediterranean is a semi-enclosed
sea with a much longer history of human impacts compared with
the Atlantic. At present, the Mediterranean is heavily impacted, in
addition to fishing, by multiple stressors ranging from temperature
increase and acidification to habitat modification and pollution in
coastal areas®.

In the northeast Atlantic, the situation continues to improve?:
of the 56 stocks there, almost twice as many are sustainable (19) as
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Figure 4 | Performance of the IUCN Red List in relation to stock status. Comparison of the number of stocks, classified as species according to the threat
criteria of the [IUCN Red List (x axis) with the stock assessment status as assessed by ICES and the GFCM (y axis) and classed according to criteria in
Supplementary Table 3. Red List categories are Critically Endangered (CR), Endangered (EN), Vulnerable (VU), Near Threatened (NT), Least Concern (LC)
and Data Deficient (DD). Shading indicates: hits, in green, where the two systems concur, either because a stock is not sustainable and the threat criteria
are met (true positive), or because a stock is sustainable and the threat criteria are not met (true negative); misses, in orange, where a stock is exploited
unsustainably but does not meet the threat criteria; and false alarms, in red, where the stock is exploited sustainably but the threat criteria are met.

Blue circle size is proportional to the number of stocks (number below or inside) corresponding to each category. Names above refer to the species (by
common name, SRM is striped red mullet) in particular combinations where numbers were low (4 or less), which were all of the same species.

overfished (10); 8 stocks are recovering, but 19 are declining. The
stocks in most peril are those of Atlantic cod (Gadus morhua), with
some still having relatively low biomass and high exploitation rates,
although there has been an improvement in North Sea cod in recent
years*. The problems here are of a different nature, with recover-
ing stocks likely to present challenges under the new landings obli-
gation® (discard ban): for example, previously scarce species with
low quotas are rapidly caught as they recover, closing the mixed
fishery and ‘choking’ quotas of other species™®. It is interesting to note
the status of the three stocks under Faroese jurisdiction: haddock
(Melanogrammus aeglefinus) and cod were overfished, and saithe
(Pollachius virens) was declining. The Faroese have their own man-
agement arrangements, unique from the Common Fisheries Policy,
and manage these three stocks not by regulating catches through
quotas, but by regulating effort through days at sea. Effort control,
rather than catch control, is the main management tool implemented
in the Mediterranean as well; hence, the poor state of stocks in both
areas may imply a general inadequacy of effort controls alone to
secure sustainable fisheries®. The Faroese and Mediterranean fish-
eries differ from the rest of Europe in several other ways, most nota-
bly the contribution of fishing to local communities, a factor that
presents challenges to the implementation of fisheries management.

The IUCN Red List and fish stock assessments address different
issues: IUCN is concerned with extinction risk, whereas fisheries
assessments are concerned with sustainable exploitation. Clearly, if

a fish stock is classified as sustainable, it may seem contradictory
(though theoretically possible) for IUCN to place the species in a
threatened category. In our analysis, none of the stocks classified as
sustainable were placed by IUCN in a threatened category (Fig. 4).
Hence sustainable fishery criteria seem to be consistent with low
extinction risk. With very few exceptions, even stocks classed as over-
fished or subject to overfishing were placed by IUCN in low risk cat-
egories. Four species were classed in IUCN threat categories: turbot
(Scophthalmus maximus) and golden redfish (Sebastes norvegicus),
classedas VU;and round-nosed grenadier (Coryphaenoides rupestris)
and spurdog (Squalus acanthias) classed as EN. Sardine (Sardina
pilchardus) was classed as NT. Where assessments exist for stocks
of all of these species, they were not classed as sustainable. The two
classification schemes can, therefore, be seen as complementary
graduated indicators of status, with the stock sustainability repre-
senting the first level of concern. If a stock is overfished then further
examination under the IUCN framework is merited to determine if
there is an extinction risk. Conversely, if a species is deemed to have
a low risk of extinction (LC), it is not to say that certain local stocks
may not be at risk. However, as stock assessments are updated every
year and JUCN Red List assessments are much less frequent, dis-
crepancies may yet occur. An important feature of the TIUCN system
is that it can be applied to species for which there is no analytical
stock assessment. So it may be pertinent for Red List assessments to
be appended to stock assessments, particularly in cases where those
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stocks are overfished or where data are deficient (for example, in
terms of reference points or fishing mortality).

Most of Europe’s commercial fish stocks are not threatened with
extinction. However, most of the larger fish species are, particu-
larly sharks and rays. In addition to these cartilaginous fishes, the
large fishes that are threatened include six species of sturgeon, the
northern wolffish (Anarhichas denticulatus), blue ling (Molva dip-
terygia), the dusky grouper (Epinephelus marginatus), the Atlantic
halibut (Hippoglossus hippoglossus) and (wild) Atlantic salmon
(Salmo salar); although, of these, only the sturgeons are CR. In
terms of the conservation of commercially fished species, man-
agement agencies in northern Europe have succeeded in reducing
fishing pressure® and, in some cases, populations are recovering®.
The food security, economic performance, and political and cul-
tural importance of the fisheries of northern Europe are clearly sig-
nificant enough to merit the substantial effort required in scientific
assessment and effective compliance. Such efforts are not effective
in the Mediterranean® and are insufficient for the megafauna in
both regions. Greater efforts to conserve our large fish species are
essential prior to the imminent expansion of anthropogenic activ-
ity in marine space (mineral exploitation, aquaculture, renew-
able energy, blue biotechnology and tourism), the so called Blue
Growth®. Loss of these large, ecologically important species could
have extended consequences that cascade to other trophic levels®
that include important commercial species, particularly in over-
fished southern European stocks: this could ultimately undermine
sustainable Blue Growth.

Methods

Red List assessment to assess risk of extinction. Here, we considered the Red List
assessments of 1,020 species of Europe’s marine fishes™ that were assessed as part
of the IUCN Red List of marine and freshwater fishes'**. The areas considered
included the Mediterranean Sea, the Black Sea, the Baltic Sea, the North Sea

and the European part of the Atlantic Ocean, including the exclusive economic
zones of the Macaronesian islands belonging to Portugal and Spain. Marine and
anadromous fishes with breeding populations native to or naturalized in Europe
before AD 1500 were included. However, species that are primarily freshwater

or catadromous were excluded as the major threats affecting them occur in the
freshwater, rather than marine, environment®. Species for which occurrence within
European waters could not be verified and rarely documented species, presumably
waifs of populations primarily occurring outside Europe, were also excluded, as
were species with a marginal occurrence within European waters.

To assess the extinction risk of each species, the IUCN Red List categories and
criteria* and the TUCN regional guidelines*! were applied. There are nine IUCN
Red List categories: Extinct (EX), Extinct in the Wild (EW), Critically Endangered
(CR), Endangered (EN), Vulnerable (VU), Near Threatened (NT), Least Concern
(LC), Data Deficient (DD) and Not Evaluated (NE); two additional categories,
Regionally Extinct (RE) and Not Applicable (NA), are used in regional Red List
assessments. Species are classed as threatened if they fall within the categories CR,
EN or VU. To classify as threatened, one or more of five quantitative criteria (A-E)
related to population reduction (criterion A), geographic range (criterion B),
population size and decline (criterion C), very small or restricted population
(criterion D), and probability of extinction (criterion E) are examined for each
species. Separate thresholds then allocate species to the individual categories
based on the risk of extinction, with CR indicating an extremely high risk,

EN a very high risk and VU a high risk. The NT category is for those species
close to qualifying, or likely to qualify in future, as threatened. The LC category
has a low risk of extinction.

Nearly all of the threatened European marine fishes were listed on the basis
of population declines: 56 species were listed as threatened exclusively under
criterion A, most of which were based on past population declines (criterion A2).
Only seven species were listed exclusively under any other criterion, with four
listed under criterion B (Alosa immaculata, Mycteroperca fusca, Pomatoschistus
tortonesei and Bodianus scrofa), two under criterion C (Carcharodon carcharias
and Carcharias taurus), one under criterion D (Raja maderensis) and none under
criterion E. Four species were listed under two criteria: two sturgeons (Acipenser
naccarii and A. sturio) were listed as CR under criteria A and B, and the two
sawfishes (Pristis pectinata and P. pristis) were listed as CR under criteria A and D.

The uncertainty over the degree of threat to DD species propagates to estimates
of the proportion of species threatened. IUCN generally reports three values:
the lower bound, the mid-point and the upper bound. The best estimate of the
proportion of threatened species (that is, the mid-point) was calculated according to
(CR + EN + VU)/(assessed — EX — DD). This assumes that DD species are equally

as threatened as those for which there are sufficient data (that is, all

non-DD species). The lower bound formula applied is (CR + EN + VU)/(assessed
— EX) and corresponds to the assumption that none of the DD species are
threatened. The upper bound formula is (CR + EN + VU + DD)/(assessed — EX)
and assumes that all of the DD species are threatened.

RF model to identify factors that affect risk of extinction. In addition to
assessing the regional extinction risk, the following data were compiled:
taxonomic classification; habitat preferences and primary ecological requirements,
including pertinent biological information where available (such as size and

age at maturity, generation length, maximum size and age, and so on); major
threats; conservation measures (in place and needed); and species utilization.
These data were entered into the IUCN species information service during the Red
List assessment process based on the scientific literature, published reports and
expert opinion. Classification schemes are in development to improve consistency
across taxa and regions in documenting species information; the habitat
classification scheme version 3.1 and threats classification scheme version

3.2 were followed here (http://www.iucnredlist.org/technical-documents/
classification-schemes).

The relative importance of these variables in determining regional extinction
risk was explored using an RF (ref. *). An RF algorithm is a development of the
classification tree whereby bootstrapped samples of data and predictors are drawn
to build many trees, with the class being determined by majority votes from all
trees. Classification trees are used to predict membership of objects (in this case,
species) in the classes (ITUCN Red List categories) of a categorical dependent
variable (extinction risk) from their measurements on one or more predictor
variables®. The predictor variables were drawn from the list of compiled data
described above. Classification trees are often used to analyse ecological data and
have many desirable properties that are suited to such data: they deal well with
nonlinear relationships between variables, high-order interactions, missing values
and lack of balance; and they deliver easy graphical interpretations of complex
results*. A classification tree is built by recursive partitioning of data from a
‘training’ sub-set of the data (approximately two-thirds of the data depending
on the specific algorithm). The data in the training set are split into two groups
on the basis of a binary threshold value for a particular variable; the variable
and threshold that best splits the data into two groups is chosen. This process is
repeated on the remaining sub-groups and repeated again until no improvement
can be made to the partitioning (that is, all classes have been accounted for). In
the RE, each permutation (tree) compares the true classification of the remaining
one-third ‘test’ dataset with the tree-based classification in a confusion matrix:
this ‘out-of-bag’ comparison gives an estimate of the prediction error rate. The
importance of each variable is also assessed by looking at how much the prediction
error increases when (out-of-bag) data for that variable is permuted while all
others are left unchanged. The difference between a classification tree and an RF
is that the forest takes the majority vote prediction of class from many (>1,000)
trees that are randomly permuted from the number of variables and the data from
each variable. A further elaboration was to use a conditional RF (ref. 2!) to account
for imbalance in the classes, and to allow for predictor variables to vary in their
scale of measurement or their number of categories. The latter is particularly
important to determine the variable importance (the output statistic that ranks the
importance of each variable in predicting the class).

The RF model was built using the Party package?' in the R statistical software
language®. The model took the following form:

TUCN category = maximum size + depth range 4+ main habitat
+ geographicarea + area occupied + minimum longitude )

+ minimum latitude + maximum longitude

+ maximum latitude + taxonomic class + fished + freshwater

where maximum size = continuous variable of maximum fish size in cm (range of
2.3-900 cm) and depth range = upper depth limit — lower depth limit (range of
0-5,998 m). Main habitat = categorical variable: marine neritic; marine oceanic;
marine deep benthic; marine coastal/supratidal: wetlands (inland); artificial/
aquatic & marine; marine intertidal; unknown. Geographic area = categorical
variable: occurs in Mediterranean (Med) only; eastern central Atlantic

(ECA) + Med + northeast Atlantic (NEA); ECA only; ECA + NEA; Med + NEA;
Arctic (Arc) + NEA; NEA only; ECA + Med; Arc + ECA 4+ Med + NEA.

Area occupied = continuous variable: areal extent of generalized distribution

in square metres (range 1 X 10°-3.3 X 10" m?), estimated in ArcGIS 10.1.
Minimum longitude and latitude; maximum longitude and latitude = continuous
variables in decimal degrees. Taxonomic class = categorical variable of taxonomic
class (Actinopterygii, Cephalaspidomorphi, Chondrichthyes or Myxini).

Fished = binary variable: fished (target or bycatch) or not. This includes species
that are targeted or taken as bycatch in recreational, artisanal and/or commercial
fisheries. It includes species that were historically fished and/or currently fished,
but probably does not capture species that are taken in very small numbers.
freshwater = binary variable to indicate if any part of the species life cycle occurs
in freshwater or not.
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The model was run with 10,000 trees and weighted to account for the
imbalanced dataset. Weights on each observation were 1/number of the
appropriate IUCN classification: that is, all species in LC categories were weighted
1/725, those in CR 1/21, EN 1/23, VU 1/23 and NT 1/26. The results of the RF were
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