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The global extent and severity of operational
interactions between conflicting pinnipeds
and fisheries

John Jackson 1,2, William N. S. Arlidge 3, Rodrigo Oyanedel4,5 &
Katrina Joan Davis 1

Recent population recovery ofmany pinniped species (seals, sea lions, walrus)
is a conservation success. However, pinniped population recovery combined
with increasing global fisheries operations is leading to increased conflicts
between pinnipeds and fisheries. This human-wildlife conflict threatens pin-
niped conservation outcomes andmay impose damaging impacts on fisheries,
but the economic consequences and extent of these impacts are poorly
understood. Here, we provide a global assessment of pinniped and fisheries
operational interactions. We show that a third of reported fishing days have
interactions with pinnipeds and 13.8% of catch is lost. Our results also reveal
high heterogeneity between studies. Small-scale fisheries are three timesmore
likely to interact with pinnipeds and lose four times as much catch as large-
scale fisheries. Finally, we develop a spatial index that can predict where
conflict is most likely to occur. Our findings reveal a substantial global issue
requiring appropriate management as pinniped populations continue to
recover.

Conflict between marine predators and fishers is a long-standing glo-
bal issue that has widespread impacts on both conservation outcomes
and livelihoods1. Fisheries are adominant global industry,with a spatial
extent over four times greater than terrestrial agriculture and are
valued at USD 406 billion2,3. However, fishing activity inevitably
attractsmarine predators, particularly cetaceans and pinnipeds, which
target many of the same prey species as fishers4. Pinnipeds, which
include seals, sea lions and walruses, are increasingly reported as
interacting with fisheries5,6. Historically, interactions with pinnipeds
were frequent, which led to systematic hunting or opportunistic or
managed culls. The combined impacts of hunting and culls resulted in
average pinniped population declines of over 70% relative to historic
baselines7. In the 20th century, the exploitation of pinnipeds coupled
with widespread overfishing resulted in many species being

threatened with extinction or going extinct8–10. To date, several pin-
niped populations remain threatenedwith extinction like theHawaiian
Monk Seal (Neomonachus schauinslandi)11, while the status of other
species, like the Caspian seal (Pusa caspica), remain unknown due to a
lack of data12. Following successful conservation management initia-
tives, such as the landmark US Marine Mammal Protection Act of
1972, many pinniped species have recovered or are recovering12,13.
Magera et al.14 estimated that 44–58% of pinniped species have
seen significant increasing population trends since the end of the
20th century. Note that for some species, e.g., the harbour seal
(Phoca vitulina), there may be considerable heterogeneity in popula-
tion trends across regions15. Alongside pinniped population recoveries
is a resurgence of reports of conflict with fisheries13,14. Current reports
of pinniped-fishery conflict most commonly focus on pinniped
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depredation of fishery catch, damage to fishing gear (i.e., operational
interactions, describedbelow)4,16,17, or pinnipedbycatch (the incidental
catch of non-target species)18,19.

Pinniped population recovery presents managers with novel,
and increasingly prevalent, conservation challenges. As conservation
outcomes improve, economic outcomes can deteriorate, prompting
concerns about social impacts on fishing communities20. Against this
backdrop, managers are increasingly expected to demonstrate
ecosystem based management21,22 that balances the triple bottom
line—simultaneously achieving ecological, economic, and social
objectives23,24. Ecosystem basedmanagement requires coexistence of
pinnipeds and fisheries, meaning continued protection for marine
mammal populations while safeguarding fishing activities and
livelihoods1,25. Reports of pinniped-fishery conflict describe twomain
interactions. The first are biological interactions, which generally
describe indirect impacts, e.g., pinnipeds or fisheries consuming or
catching a fish stock, which affects how much of that stock is avail-
able for subsequent consumption or catch. Research into biological
interactions is typically motivated by concerns for recovering pin-
niped populations, i.e., assessing whether sufficient prey is available
for pinnipeds to meet their energetic requirements, or regarding
pinniped impacts on recovering fish stocks and broader food-web
dynamics26,27. Second, operational interactions, which describe direct
interactions between pinnipeds and fisheries during fishing opera-
tions. Research into operational interactions includes investigation
of pinniped-bycatch risk or fisher retaliation—describing the negative
impacts of fisheries on pinnipeds and how these impacts will affect
vulnerable or recovering pinniped populations28–30. The other aspect
of operational interactions is pinniped damage to fishing gear and
depredation (consumption) of catch from nets—the frequency and
severity of these two events provides a tractable metric to describe
the economic impact of pinniped-fisheries conflict31,32. This second
aspect of operational interactions is what we focus on in the rest of
this text, as estimates are quantifiable and comparable, and thus well
suited to synthesise this global issue.

Qualitative reports of operational interactions between pinnipeds
and fisheries are widespread. However, a systematic quantitative glo-
bal assessment of operational interactions remains a major barrier to
better understanding pinniped-fishery conflict4,16,17. Tixier et al. 16

found that 214 fisheries from 44 countries, and all but two FAO fishing
regions, reported depredation from marine predators between 1979
and 2019, of which 30.8% corresponded to pinnipeds. Marine pre-
dators were responsible for an 11% reduction in catch—but how much
of this decrease was attributable to pinnipeds is unknown. From a
mixture of dockside surveys and onboard observations conducted
during 1997–1999, Weise and Harvey33 estimated that the annual
monetary loss caused by damage to gear and catch by the California
sea lion (Zalophus californianus) in Monterey Bay to commercial sal-
mon fisheries ranged between US$22K and US$60K (gear) and US
$224K and US$504K (catch). In Peru and Chile, two studies doc-
umenting pinniped-fisheries conflict report that 65%34 and 87%17 of
interviewed fishers have interactions with pinnipeds. For artisanal
fishers in the FoçaMonk Seal Pilot Conservation Area, Turkey, damage
to fishing gear by the critically endangered Mediterranean monk seal
(Monachus monachus) was reported 90 times (of 142 observations)
between 1992 and 200435. Increasing reports of the economic cost of
pinnipeds to fisheries highlight the need for more quantitative
assessments of operational interactions to inform our understanding
of the wider pinniped-fishery conflict.

To fully quantify the global impacts of pinniped-fishery conflict,
we need to ascertain whether reports of pinniped-fishery conflict are
representative of where conflict is occurring. This is because a lack of
publication in a given area can demonstrate an absence of either
conflict or reporting. For example, publication/reporting biases
against statistically insignificant results—an issue in both ecology and

resource economics publications36,37—could skew research towards
areas with higher conflict, thus inflating estimates of the economic
impacts of pinniped-fisheries interactions. Moreover, a lack of inter-
action data from areas identified as potential hot-spots may indicate
that other management methods such as legal/illegal culls have
already been implemented by fisheries38. Conversely, limitations in
data collection and fishery management—perhaps due to resource
constraints—may result in missing interaction data, deflating esti-
mates. Therefore, exploring spatial patterns in the reporting of
operational interactions, and predicting where pinniped conflict may
occur, is a vital step in quantifying the global extent and severity of
this issue.

Here, we provide a quantitative global assessment of the impacts
of operational interactions between pinnipeds and fisheries. First, we
conducted a systematic literature review to synthesise comparable
quantitative assessments of operational interactions in articles from
the Scopus and Web of Science databases. We used two negative
operational interactions as dependent variables: 1) the proportion of
fishing days in which interactions between fisheries and pinnipeds
were observed, and 2) the proportion of catch lost to pinnipeds.
Interactions included any temporally explicit observation of pinniped
activity in proximity to, or interference with, fisheries. We included
only temporally explicit operational interactions, thus allowing fishing
effort to be normalised by fishing days so that observations were
comparable, and those primarily assessed by independent observers.
Note that we excluded estimates from recreational fishing and only
included estimates from aquaculture that could be temporally stan-
dardised. Next, we used mixed-effects meta-analyses to estimate
pooled impacts of interactions and catch loss on fisheries. We also
explored how the study-specific effects of fishery scale (e.g., whether
large-scale industrial fisheries or small-scale/artisanal fisheries, herein
large- or small-scale) and fishing gear type (net, line, trawl, or other)
influenced operational interactions using meta-regression analyses.
Finally, by linking recently published global fishing data from Global
Fishing Watch3, extant pinniped occurrence data12, and assessing
proximity of marine areas to the nearest coast39, we predicted the
spatial extent of pinniped-fishery interactions and investigated the
spatial biases and global context of reported operational interaction
data and their association with global fishing effort3. Our quantitative
focus on operational interactions provides a global assessment of the
heterogeneity of this conflict. Evidence from our assessment can help
inform conservation and economic policies at appropriate scales,
particularly those centred on compensation or conflict resolution
schemes, whilst achieving conservation goals and protecting human
livelihoods.

Results
There are a lack of articles presenting quantifiable estimates of the
impact of pinniped-fisheryoperational interactions.Of the 1179 articles
we screened from Scopus and Web of Science, 375 articles focused on
coexistence and interactions between pinnipeds and fisheries, high-
lighting that operational interactions are a global issue (Figure S1). Of
these 375 articles, several investigated bycatch (n = 50), biological
interactions (n = 48), or social impacts (n = 26). Of the articles focussed
on operational interactions (n = 58), 22 had insufficient data for
extraction (Figure S1). Thus, we retained 36 articles that included
quantitative and temporally explicit measures of operational interac-
tions between pinnipeds and fisheries. There were 34 observations of
interactions from 24 articles, and 33 observations of the proportion of
catch lost to pinnipeds from22 articles (Table S1; Fig. 1; Supplementary
Data 1). Of the pinniped populations assessed in retained articles, 9
were described as having an increasing population, 4 a decreasing
trend, and 1 with a stable population (Table S1). There are insufficient
articles that standardise interactions by some unit of effort, but a
greater number that standardise observations temporally, and
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therefore we used the number of fishing days represented in reported
estimates to account for differences in sampling effort and variance
between studies. While there is variation in fishing time based on gear
type, vessel size, and other fishery characteristics, we captured infor-
mation on fishery size and gear type for meta-regressions. Retained
articles report observations of interactions with total observation
periods of 25,867 and 6,929 days for interaction and catch loss data
respectively (Fig. 1). An additional 13 articles present non-standardised
measures of interactions and damage (Fig. 1; Supplementary Data 2).
These observations were excluded from the meta-analyses due to the
omission of temporal information, which was required to standardise
observations, or the use of qualitative versus quantitative estimates
(e.g., qualitative categories such as ‘frequent’ or ‘infrequent’ used to
describe frequency of interactions). Non-standardised data were
typically gathered through questionnaires or interviews. This non-
standardised data indicates large proportions of fishers report regular
interactions (mean n=11 = 61.8 %) and catch damage due to pinnipeds
(mean n=8 = 46.6 %) (Figure S2). The retained quantitative articles,
while relatively sparse, are distributed across the globe, but there are
general biases to South America and Northern Europe (Fig. 1).

There are extensive operational impacts of pinnipeds on fisheries
(Fig. 2). On average, 33.4% [95% confidence limits: 22.9−45.8] of fishing
days are affectedby interactionswith pinnipeds (Fig. 2a). Furthermore,
13.8% [8.08-22.5] of catch is lost to pinnipeds (Fig. 2b). However, there
is a high degree of heterogeneity in meta-analysis outcomes (Fig. 2).
For both negative interactions and damage, Cochran’s Q tests of
similarity in binomial responses indicate highly significant differences
in responses across studies (Q = 2141, p < 0.001 andQ = 997, p < 0.001,
respectively), as well as substantial heterogeneity indices of I2, τ2, and
H (Fig. 2). The results of these tests provide clear evidence that global
operational impacts vary substantially across fisheries and indicate
that other contextual fishery characteristics may be crucial in driving
differences in operational interactions.

Fishery characteristics significantly affect the frequency and
impact of operational interactions with pinnipeds (Fig. 3). From a total
of 15 fishery and study characteristics that we initially identified as
potential drivers of operational interactions (Table S2), we retained
three characteristics that were reported in sufficient detail across
studies: fishery scale, gear type and reported population trend of
pinnipeds. Fishery scale (small vs. large) is typically reported in
retained studies, although definitions can vary (Table S340). We find

small-scale fisheries using nets are significantly more likely to have
interactions with pinnipeds. Note that because fishery scale and loca-
tion were highly correlated—large-scale fisheries are muchmore likely
to operate at greater distances from shore (Figure S3)—we excluded
location from meta-regressions. For both proportion of fishing days
with interactions and proportion of catch lost, fishery scale has a sig-
nificant impact on operational interactions (β = 1.37 ± 0.44 SEM,
z = 3.08, p < 0.01 and β = 1.66 ± 0.66 SEM, z = 2.53, p <0.05, for inter-
actions and damage, respectively; Fig. 3a, c; Tables S4 & S5). The
proportion of fishing days with pinniped interactions for large-scale
fisheries is 16.9% [9.10–29.2], in comparison to 44.5% [25.1–65.7] for
small-scale fisheries (i.e., small-scale fisheries were over twice as likely
to interact with pinnipeds). The proportion of catch damage is four
times greater in small-scale fisheries, at 19.8% [6.39–47.2] of catch
compared to 4.48% [1.50−12.5] in large-scale fisheries (Fig. 3a, c).

Fishing gear, namely net, line, trawl or other operations, predict
operational interactions. Fisheries using nets have a greater propor-
tion of interactions and a greater proportion of catch lost (Fig. 3b, d;
Tables S4 & S5). Net fisheries are predicted to interact with pinnipeds
on 41.2% [18.0-69.3] of fishing days and lose 17.0% [5.04–44.0] of their
catch, in contrast to 15.1% [6.58;−30.8] of fishing days and 3.44%
[1.11–10.2] of catch lost in linefisheries (Fig. 3b, d). Fisheries usingother
gear types and trawls also generally report a greater number of
operational interactions (Fig. 3b, d), but reduced sample sizes in these
groups prevents reliable inference. The reported local population
trend of pinnipeds was available in a smaller subset of studies and is
not significantly associated with either the proportion of days with
interactions or the proportion of catch lost (Tables S4 & S5).

We provide a global prediction of spatial patterns in pinniped-
fishery interactions and explore potential spatial biases in retained
articles. Using this spatial tool, we aimed to predict where pinniped-
fishery interactions are likely to occur, regardless of reports in the
literature, using independent, globally available data. To achieve this
aim, we constructed a global composite spatial index of the potential
for pinniped-fishery interactions at a resolution of 0.5o. This index
incorporates fishing effort (log10-transformed)3, occurrence data for
pinniped populations listed on the IUCN Red List of Threatened
Species12, and the distance of each 0.5o pixel centroid from shore39,
with areas closer to shore likely to have higher pinniped density due to
haul out and breeding locations (Fig. 4 & S4). This global index high-
lights nine regions that are expected to have the highest occurrence of

Fig. 1 | Global distribution of studies included in quantitativemeta-analyses of
operational interactions between pinnipeds and fisheries (coloured points,
n = 36), as well as non-standardised studies that were excluded from meta-
analyses (grey triangles, n = 13). The size of the points indicates the number of
fishing days in each article. The colour of the points denotes the typeof operational
interaction data available for each article: Light blue points = interaction data, dark
blue = catch loss data, purple points = both, and grey triangles indicate non-
standardised data that were excluded from meta-analyses. Illustrative species

examples are, from left to right, the Californian sea lion (Zalophus californianus),
South American fur seal (Arctocephalus australis), harbour seal (Phoca vitulina -
north), South American sea lion (Otaria flavescens - south), grey seal (Halichoerus
grypus - north), Brown fur seal (Arctocephalus pusillus pusillus - south), Mediterra-
nean monk seal (Monachus monachus), Caspian seal (Pusa caspica), Antarctic fur
seal (Arctocephalus gazella), and the Australian fur seal (Arctocephalus pusillus
doriferus).
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pinniped-fishery interactions: the Bering Sea, the West-Coast of North
America, the temperate and cape region of South America, the North-
East of North America, Iceland, temperate and arctic regions of
Northern Europe, the Cape of Southern Africa, southern Oceania, and
the Seas of Japan and East China (Fig. 4). We found that this spatial
index of conflict potential is largely robust to changes in the spatial
layers describing fishing effort and proximity to shore (Fig. S6).

Discussion
Humans have exploited marine resources for at least 40,000 years,
and conflict with marine predators such as pinnipeds is just as old41,42.
Current conflict between recovering pinniped populations and fish-
eries often revolves around operational interactions. We find that in

areas where operational interactions are quantified and reported,
fishers interact with pinnipeds on 33.4% of fishing days and report
damages of 13.8% to total catch. The resulting situation is a multi-
faceted human-wildlife conflict likely to increase globally (Fig. 4).
Conflict between pinnipeds and fisheries is often exacerbated by
overfishing16, which can lead to increased interactions as fishing
effort increases and pinnipeds and fishers coincide more as fish
abundance decreases. Bycatch risk to pinnipeds during operational
interactions18,19 also leads to worse outcomes for both fisheries and
pinniped populations. Bycatch is costly for fisheries through damage
to gear and delays to operations, but is deadly for pinniped individuals
with potentially severe consequences for recovery or persistence of
vulnerable pinniped populations43. Population modelling can be used
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Fig. 2 | Operational interactions between pinnipeds and fisheries have large
negative consequences for fisheries but are highly heterogeneous. Meta-
analysis results of pooled estimates (middle panels) with respect to observations
from each article (top panels), and heterogeneity measures (bottom panels), for
articles quantifying the proportion of fishing days with interactions (a; n = 24) and
the proportion of catch lost in those days (b; n = 22). In the top panels, eachpoint is
an observation from a retained article with estimated 95% confidence limits
(Clopper-Pearson interval; Balduzzi et al. 70), with the size of the point giving the

number of fishing days, and multiple points indicating repeated observations. The
middle panel gives the pooled estimates for both the random effects model and
fixed effects onlymodel, butwe present randomeffects results, which accounts for
repeated observations across studies, and gives more conservative estimates of
uncertainty. Thus, the 95% confidence limits (shaded area) and pooled estimates
(vertical line) are presented for the random effectsmodel. The tables in the bottom
panels are the heterogeneity measures, with 95% confidence limits.
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to assess the sensitivity of pinniped populations to bycatch risks or
other fisheries-induced threats44. Assessments focused on modelling
the future economic impacts of pinniped-operational interactions
must also recognise that pinniped populations are vulnerable to dis-
ease risk and climate change impacts when recommending manage-
ment responses45. Solutions to manage pinniped-fisheries interactions
necessitate fishers and other marine industries operating alongside
large populations of pinnipeds. Fisheries managers and conservation
scientists and practitionersmust therefore find new non-lethal ways of
managing conflict, which also avoid retaliatory actions by fishers17.
Policies to achieve this outcome have to-date been stymied by a lack of
quantitative data and analysis4,16. We fill this gap by quantifying the
extent and severity of operational interactions between pinnipeds and
fisheries. Our results highlight pinniped-fishery conflict as a global
economic issue that requires continued and extendedmanagement as
pinniped populations continue to recover.

While the impacts of operational interactions are ubiquitous,
conflict with pinnipeds does not affect all fishers equally, nor do all
pinniped-fishery interactions involve conflict. We find that small-
scale fishers are almost three times as likely to have interactions with
pinnipeds on a given fishing day, and lose four times as much catch,
compared to large-scale fisheries. These increases in operational
interactions are also observed for fishing operations using nets.
Given that small-scale fishers are more likely to operate closer to
shore, and that operations involving nets typically provide more
opportunity for interactions due to a larger amount of gear being left
in the water for longer (i.e., compared to lines)—there is more
opportunity for interactions with pinnipeds. On average, our results
show that interactions with pinnipeds result in catch losses, however,

it is worth noting that several of the studies incorporated into the
meta-analysis found negligible or no catch loss resulting from pin-
niped interactions (e.g., refs. 46,47). Nevertheless, our results high-
light the importance of engaging with small-scale fisheries when
managing pinniped conflict. The Food and Agriculture Organization
of the United Nations declared 2022 the International Year of Arti-
sanal Fisheries and Aquaculture, describing the small-scale fishing
industry as small in scale, big in value for the achievement of sus-
tainable development goals48. Ensuring that the livelihoods of this
important natural resource sector are protected, perhaps through
compensation or other management strategies, will go a long way
towards addressing the impacts of pinniped-fishery conflict. Our
results further add to an increasingly dominant narrative in human-
wildlife conflict research, that the poorest sectors of society experi-
ence a disproportionate burden of wildlife-conflict49–52. A recent
global analysis by ref. 52 found that economic vulnerability to con-
flict with large terrestrial carnivores is between 2 and 8 times greater
for communities in developing economies compared to developed
economies. Protecting local communities who have themost at stake
from conservation management actions is vital to ensure sustainable
development and effective environmental protection.

In addition to a quantitative synthesis of the frequency and
severity of operational interactions, we take the first steps to predict
pinniped-fishery conflict worldwide. To do this, we combine spatial
data layers describing the current distribution of pinniped
populations12, spatially-explicit fishing effort3, and the proximity of
marine areas to the nearest coast39. We find that operational interac-
tions are more likely in areas where pinniped occurrence and high
fishing effort overlap. Of the areas we identify as potential hotspots of
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Fig. 3 | Fishery characteristics explain differences in operational interactions
betweenpinnipeds andfisheries.The relationship between fishery scale (a, c) and
the gear type used (b, d), and the proportion of fishing days with interactions (a, b)
and the proportion of catch lost (c, d). Coloured points are observations from

retained articles, with shaded areas indicating the approximate symmetrical data
density. Black points and lines are the predictedmeanoperational interactionswith
95% confidence limits. * and ** indicates classification is significantly different to
reference group (a, c, ‘Large’, b, d, ‘Line’) at the 95% and 99% levels respectively.
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operational conflicts, the current study has quantitative observations
from six of the nine regions—although there is a bias in study localities,
particularly towards South America and Northern Europe, which
comprise 23 of the 36 retained studies. We lack reports of interactions
from the Bering Sea, Iceland, and the Seas of Japan or East China.
Although we have some data from southern Oceania, the lack of
reports from New Zealand is notable. Nevertheless, the average
potential for pinniped-fishery interactions is substantially higher in
locations where studies were carried out (Figure S5), suggesting that
the measures of global fishing effort, pinniped occurrence, and
proximity to coast are useful proxies for predicting areas with opera-
tional interactions. Lack of reported quantifiable interactions may
occur for a variety of reasons. These reasons include: that fisheries and
pinnipeds are targeting different resources in an area so do not
interact; insufficient prey abundance to support large pinniped
populations due to overexploitation from fisheries53; that alternative
conflict management strategies such as culls and hunting have already
been implemented (e.g., ref. 54); or a focus on bycatch or other
interactions55. Missing quantifiable interactions may also reflect a lack
of resources in different regions to conduct research into the topic or
that this research is conducted by government agencies and reported
in the grey literature. Increased research effort into pinniped-fisheries
interactions will help further illuminate the global extent of pinniped-
fishery conflict, highlight global reporting biases, and ultimately
improve the development of targeted management strategies.

Our spatial predictive tool is targeted at a global scale, but future
research could better predict conflict at the regional or local level by
including finer resolution spatial data, including local pinniped popu-
lation density or small-scale fishery activity. Further extensions to this
tool include predicting where conflict is likely to occur in the future by
modelling how climate change will affect future distributions of pin-
niped population abundance, using, for example, species distribution
or energetics models56, and corresponding shifts in the spatial sig-
nature of fishing activity as the distribution of fish stocks change57.
Further avenues of research include adding a temporal signature to
model predictions, as many pinniped populations will shift their
activities throughout the year for breeding and moulting. Similarly,
many fisheries change their activities throughout the year as they
target different fish stocks. It may be the case that pinnipeds and
fisheries do not temporally overlap in some identified hot spots and
thus there is no conflict.

Our analysis highlights several information gaps that future
research could target to improve quantification of pinniped-fishery
conflict. First, despite extensive reporting16, only a small proportion of
identified articles report quantifiable, temporally standardised esti-
mates of interactions or damage. Coordinated efforts that increase the

independent recording58 of temporally standardised interactions, and
ideally extending reporting to be standardised by units of effort (e.g.,
ref. 50) and thus the relative impacts of conflict, are needed. Second,
very few studies extend work on operational interactions to quantify
the economic costs of pinniped conflict—either from catch loss or gear
damage59, most likely due to difficulty in estimating losses that chiefly
occur under the surface. Early efforts from Weise and Harvey33 esti-
mated monetary losses to the commercial salmon fishery by the Cali-
fornia sea lion (Zalophus californianus) in Monterey Bay during
1997–1999. They found damage to gear ranged between US$22 K and
US$60K and catch losses ranged from US$224K to US$504K. Losses
to anglers in theMoray Firth in Scotland from seal damage to nets and
catch losses have also been estimated at £16,500 per annum60. Fjälling
et al. 61,62 have also collected extensive records of seal damage to
salmon-trap nets in the Baltic sea. These studies provide a useful
blueprint for future economic assessments. Third, for our spatial
predictionsweuse globalfishingdata that is biased towards large-scale
fisheries with centralised GPS tracking. Given our finding that inter-
actions are disproportionally experienced by small-scale fisheries,
future research efforts should prioritise collecting spatial data from
this sector. Data from the small-scale fisheries sector is often difficult
to source—due to commercial sensitivities regarding profitable fishing
grounds. Emphasizing the importance of an automatic identification
system (AIS), which transmits a ship’s position, to ensure safety for
vessels at sea may incentivise the use of this technology and sub-
sequent data sharing63.

Fisheries conflict with marine predators such as pinnipeds is a
global issue, and one that threatens the ideals of ecosystem-based
management. To achieve ecological, economic, and social outcomes,
managers need information on the economic outcomes of conflict.
The interventions neededwill certainly vary by location, and our study
contributes by illuminating the heterogeneity of the impacts opera-
tional interactions can have. We provide this critical missing element
through a quantification of the impact on fisheries of operational
interactions with pinnipeds. We find that interactions with pinnipeds
occur on 33% of fishing days and 14% of catch is lost or damaged by
pinnipeds. Equitable management must address the heterogeneous
distribution of these costs, which are often disproportionately borne
by small-scale fisheries. Using this information, managers can begin to
work towards holistic solutions for society, such as fishing gear mod-
ifications, deterrence methods, or compensation schemes. However,
more work is needed to better understand andmap the heterogeneity
we unveil, so that interventions can be designed at the appropriate
scale with the right incentives. Coexistence with marine predators is
the end goal, but knowledge of individual fishery-contexts will be key
to achieving working solutions.

Potential for
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interactions
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Fig. 4 | Global spatial index reveals potential hot-spots of pinniped-fishery
conflict. Pixels represent the composite index of the potential for pinniped-fishery
interactions at a spatial resolution of 0.5°, for which high values (purple) indicate
high fishing effort, presence of pinnipeds and proximity to coast. Black circles and

triangles describe study locations: circles indicate quantitative articles (n = 36)
retained in meta-analyses; open triangles indicate non-standardised articles (qua-
litative, n = 13) that were excluded fromourmeta-analyses to ensure comparability.
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Methods
Our approach was to identify relevant articles from the natural and
social sciences using SCOPUS and Web of Science. We conducted an
initial sorting of relevant articles based on title, abstract, and keywords
screening, published in all available years equating to 1st January 1960
through 17th August 2022 for SCOPUS, and 1st January 1945 through
17th August 2022 for Web of Science. The percent overlap of relevant
articles between the two search platforms was calculated and the
relevant articles were consolidated. We then developed a rubric to
guide data extraction and completed a scoping study to determine
whether sufficient data existed to calculate our effect sizes of interest.
In what follows, we provide an overview of our systematic literature
review, the definition of the effect sizes of interest, the final rubric for
data extraction, then our analytical methods.

Literature review
We constructed a two-part search string. The first part focussed on
fisheries human-wildlife conflict or variants thereof, including human-
wildlife conflict, human wildlife interaction, HWC, operational inter-
action, conflict management, depredation, overexploitation, animal
welfare, conservation conflict, marine mammal-fishery interaction,
marine mammal predation, artisanal fishery, coastal fishery, commer-
cial fishery, purse-seine fishery, gillnet fishery, interaction with fish-
eries,marinemammals and fisheries, seal-induced catch*, seal-induced
damage*, poaching, culling, acoustic harassment devices, anti-
predator nets. The second part used several terms covering group-
ings of pinnipeds to refine the breadth of search results. Specifically,
we searched for pinnipeds, seal*, fur seal, true seal, sea lion*, walrus,
marine mammal*, marine predators as key search terms. Based on our
search string, we had966 hits in SCOPUS and 188unique hits inWebof
Science. We broadened this search through following up hits from
reference lists of relevant articles. This search method gave us 28
additional articles, of which 25 were unique. An initial assessment
based on title and abstract considered that articles were relevant if
pinnipeds and fisheries were both mentioned. This left us with 375
articles that we reviewed in depth.

Operational interactions of interest
We focused on two operational interactions in the current study, in
which observations of pinnipeds interacting with/damaging fishery
operations were made. These two operational interactions were used
as response variables in meta-analyses. We ignored biological inter-
actions for quantitative meta-analyses because biological interactions
areboth less comparable andharder to observe64. Furthermore,wedid
not include observations of fisher retaliation against pinnipeds, which
is rarely quantified, or bycatch effects, which have been explored in
detail28–30. Therefore, our two effect sizes of interest centred around
the likelihood that fishers will have interactions with pinnipeds, and
the impact of these interactions on catch. Both effect sizes of interest
compared observed numbers of interactions or catch loss relative to
the sampling time (described below). These effects are thereforemost
appropriately captured by a binomial distribution: (1) number of
interactions relative to the total number of interactions possible in the
sampling time, and (2) catch lost as a proportion of total catch in the
sampling time.

To obtain comparable observations formeta-analyses, we retained
only temporally-explicit reports of operational interactions. The most
widely reported proxy of effort across studieswasfishing time, number
of trips, or number of sets. We therefore normalised effort by fishing
days to describe the total sampling time, i.e., the amount of effort that
occurred in one day. For example, if therewere 2 fishing events per day
(e.g., trips or sets), then the effort normalisation valuewould be0.5. For
both effect sizes, the sample size used in meta-analyses estimates was
the number of fishing days. The rationale for this measure as opposed
to using fishing trips or sets was that trips or sets vary substantially

between fisheries and gear type, and more generally the reporting of
fishing effort varied between studies. While fishing days may also be
biasedwhere fishing activities are not constant throughout each fishing
event, they provide a more comparable quantitative measure of the
temporal component of fishing activities. Ideally, observations would
be standardised using explicit metrics of effort such as catch per unit
effort (CPUE), but this was not available for themajority of studies (but
see ref. 50). For two studies31,65, we used (spatially) neighbouring
studies46,66 with similar fishery scale and practises to normalise fishing
trips into fishing days. Furthermore, we primarily used studies in which
independent observations were made on board fishing vessels, which
reducedpotential reportingbiases.Weassumed that observationeffort
was consistent across fishing days for each study.

The first effectmetric we calculated was the proportion of fishing
days that had interactions with a pinniped species. An interaction in
this context was broadly defined as the presence or activity of pinni-
peds near vessels when fishing operations were taking place. These
interactions ranged from observations of pinnipeds swimming near
fishing operations67 to direct observations of pinnipeds damaging
catch64. Thus, the effect size of interest was the proportion of reported
fishing days in which interactions were observed. The second effect
metric we calculated was the proportion of catch damaged by pinni-
peds for a specific fishery and associated number of fishing days. This
effect size provided a more explicit measure of pinniped-fishery
impacts than interaction frequency, as observers provided quantita-
tive estimates of the proportion of catch lost to pinnipeds either
through direct observations of damage, reporting the amount of catch
damaged (e.g., with bite marks65), or through counterfactuals com-
paring sites with and without pinniped activity.

Covariates
To explore potential drivers of differences in operational interactions
between studies, we extracted data for a set of biological, fishery, and
study characteristics (see Table S2 and Supplementary Data 1). We
identified 15 characteristics as potential drivers of operational inter-
actions. Biological characteristics included the focal pinniped species,
the reported local population trend of the focal pinniped species, the
target fish species, and a binary indicator of whether a study targeted
multiple fish species. The local population trend of the focal pinniped
species was obtained from information in the article itself and repor-
ted as decreasing, stable, or increasing. We did not use external
sources such as IUCN regional assessments for this variable, because
we aimed to capture the specific spatio-temporal context of pinniped
population change relevant to the article. The categorical variable for
fishery scale (industrial [large] or small-scale/artisanal [small]) was
chosen to capture broad differences between fishery dimensions such
as fishing gear, and fishery characteristics, for which fleet and boat
sizes were determined with information from each article’s metho-
dology (Table S3). Despite broad and non-uniformly reported defini-
tions of fishery scale, we captured a wide array of characteristics that
effectively distinguished the retained articles (Table S3). Specifically,
fishery characteristics recorded included the location of fishing
operations (near-shore, off-shore, or both), the type of fishing gear
used (net, line, trawl, or other), and binary indicators of reporting of
pinniped prevention activities (e.g. use of audio exclusionary
devices68), economic compensation for losses due to pinnipeds, and
retaliation of fishers towards pinnipeds. Fisheries were classified as
near-shore if the authors mentioned ‘coastal’ or ‘near-shore’ in their
description of the fishing region, off-shore if they mentioned ‘deep-
sea’ or ‘off-shore’, or ‘both’. Other study characteristics included the
study location (latitude and longitude) and country, the source of the
study (affiliation of the first author: academia, government, non-
governmental organisation, fisheries, and unknown), and the method
of data collection (survey, on-board observations, cameras, and log-
books). The study location was retrieved from coordinate bounding
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areas (rectangular) reported in each article. Where maps and areas
were not reported, a bounding area was estimated from reported
coordinate locations, which were expanded to a bounding box by
adding/subtracting 5 degree-seconds to each coordinate. The source
of the study was collected from the affiliation of the first author, which
indicated the employer of the person carrying out the majority of
the work.

Meta-analysis
We pooled observations of the proportion of fishing days with inter-
actions and the proportion of catch lost across studies using binomial
mixed-effects meta-analyses implemented in the metafor and meta R
packages69,70. We used R version 4.1.3 for all analyses71. Binomial meta-
analyses were constructed using a successes and trials framework, for
which trials were used to give the weighted sampling variance for each
article. Thus, successes were calculated from the proportion of inter-
actions and catch lost, given the total number of fishing days. Trials
were the total number of fishing days. Models were fit using logit
transformed observed proportions69. We used both fixed-effects and
random effects models to account for repeated observations from the
same article (n = 4 and n = 2 studies for interaction and damage pro-
portions, respectively), but reported more conservative uncertainty
estimates from random-effects models70. In meta-analyses, we calcu-
lated back-transformed confidence limits at the 95% percent level.
Thus, using pooled estimates of the proportion of fishing days with
interactions and the proportion of catch lost with 95% confidence
limits, we were able to assess whether pinniped-fishery interactions
were significantly different from 0. To estimate the heterogeneity of
operational interaction estimates, and thus how variable reported
interactions were, we performed a set of heterogeneity assessments.
These included the Cochrans Q test for heterogeneity, and the I2, τ2

and H indicators of heterogeneity. Generally, these methods give an
estimate of the average distance of observed proportions to the
pooled model estimates.

Followingmeta-analyses models, we performedmeta-regressions
to explore how biological, fishery, and study characteristics were
associated with operational interactions. From the full set of 15
potential drivers of operational interactions, we retained fishery size,
gear type, and reported pinniped population trend for meta-
regressions (Table S2). Other characteristics were either not repor-
ted in sufficient detail, did not vary sufficiently across studies, or were
too variable across studies relative to sample sizes (Table S1 & S2).
Meta-regressions were fit to the initial meta-analysis models using the
metareg function of the meta package. Here, all potential drivers of
operational interactions were categorical, such that meta-regressions
tested whether there were significant differences between reference
levels within each category relative to other levels (Tables S4 & S5). To
prevent overfitting due to low sample sizes from retained studies, we
included only univariate meta-regression models where a single pre-
dictor of interest was included.

Spatial analyses
To explore spatial biases in quantitative reporting of operational
interactions and to predict where pinniped-fishery conflict may occur,
we developed a composite spatial index of the potential for pinniped
conflict. The goal of this predictive tool was to highlight where we
expect pinniped-fishery interactions to occur when they are not sys-
tematically reported (as in retained articles), using independent,
globally available data. We constructed the spatial index from three
core components that are likely to be important for pinniped-fishery
interactions, i) global fishing pressure, ii) the occurrence of pinniped
populations as listed by the IUCN Red List of Threatened Species, and
iii) the proximity of each spatial unit of analysis to a shoreline. The
spatial layers used were not based on characteristics extracted from
retained articles—instead we aimed to use independent, globally

available data to identify data gaps and areas with the potential for
operational interactions. The overall rationale for this index was to
capture areas where fishing activities overlap with pinniped occur-
rence, whilst accounting for the increased presence of pinnipeds clo-
ser to shore. This global index was constructed at a spatial resolution
of 0.5° (approximately 55 km grid-squares at the equator) using the
rasterize package72. The index was weighted equally with mean global
fishing effort from 2012 to 20203, the spatial distribution of pinniped
species from the IUCN Red List of Threatened Species12, and the
proximity of 0.5° cells to the closest shore39 (Figure S4). For global
fishing effort, the data from Global Fishing Watch, sourced from
Kroodsma et al. 3 is biased towards large-scale fishing operations and
omits many small-scale fishing activities. However, global spatial data
on small-scale fishing effort is not currently available. Therefore, we
used our global fishing effort as a proxy for both large-scale and small-
scale fishing activity, and explored the robustness of the index by
assessing outcomes when fishing effort and proximity to shore data
were excluded (Figure S6). We calculated fishing effort in each grid
square as the sum of fishing hours for all vessels operating in each grid
square between 2012–2020, which was scaled to an index between 0
and 1, first standardising fishing hours (with one hour added to avoid
observations of 0) on a log10 scale and dividing by the maximum sum
of fishing hours across grid squares. Pinniped occurrence data by
species group was converted to an index of between 0-1, where
occurrence was scored as 1 and non-occurrence as 0.01, to indicate a
1% probability of observing a pinniped species in a given grid square.
To explore howwell the spatial index predicted observed occurrences
of interactions from the literature, we compared the distribution of
potential for pinniped conflict values for raster cells in which studies
occurred, to the global distribution of index values (Figure S5). Fur-
thermore, we tested how robust the spatial index was to each indivi-
dual layer. We re-calculated the scaled index but removed either
fishing effort data or the proximity to shore data and found that the
resulting indices were highly correlated (Figure S6).

Data availability
All data supportingmeta-analyses results are frompublished literature
and presented as Supplementary Tables or as Supplementary Data.
Additional data used in this study was obtained frompublicly available
datasets, which are referenced in the text.

Code availability
All analysis, code, and data from the current study are publicly avail-
able in a reproducible format, archived on Zenodo (https://doi.org/10.
5281/zenodo.12579910), which was created from the following GitHub
repository: https://github.com/jjackson-eco/pinniped_meta_analysis.
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