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Interactions between humans and nature have profound consequences, which rarely
are mutually beneficial. Further, behavioral and environmental changes can turn
human-wildlife cooperative interactions into conflicts, threatening their continued
existence. By tracking fine-scale behavioral interactions between artisanal fishers
and wild dolphins targeting migratory mullets, we reveal that foraging synchrony
is key to benefiting both predators. Dolphins herd mullet schools toward the coast,
increasing prey availability within the reach of the net-casting fishers, who gain
higher foraging success—but only when matching the casting behavior with the
dolphins’ foraging cues. In turn, when dolphins approach the fishers’ nets closely
and cue fishers in, they dive for longer and modify their active foraging echolocation
to match the time it takes for nets to sink and close over mullets—but only when
fishers respond to their foraging cues appropriately. Using long-term demographic
surveys, we show that cooperative foraging generates socioeconomic benefits for
net-casting fishers and ca. 13% survival benefits for cooperative dolphins by min-
imizing spatial overlap with bycatch-prone fisheries. However, recent declines in
mullet availability are threatening these short- and long-term benefits by reducing
the foraging success of net-casting fishers and increasing the exposure of dolphins
to bycatch in the alternative fisheries. Using a numerical model parametrized with
our empirical data, we predict that environmental and behavioral changes are push-
ing this traditional human—dolphin cooperation toward extinction. We propose
two possible conservation actions targeting fishers’ behavior that could prevent the
erosion of this century-old fishery, thereby safeguarding one of the last remaining
cases of human—wildlife cooperation.
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Humans’ ability to learn to interact with nature in transformative ways has been key to
our global ecological success (1, 2) but also to a global ecological crisis (3). Our recent
history has been marked by escalating human—wildlife conflicts (4), at the cost of natural,
often cultural, practices that can mutually benefit both humans and wildlife (5). This
process is illustrated by declines in historical human-wildlife cooperation whereby humans
and free-living animals actively coordinate their behavior to achieve a common beneficial
outcome (6, 7). Particularly, artisanal fisheries assisted by cetaceans (Fig. 14) are disap-
pearing amid a recent surge of conflicts between cetaceans and industrial fisheries (8, 9).
Theoretical work shows how the nature of ecological interactions can flip between positive
and negative, as changes in resource availability or behavior shifts the cost—benefit ratio
for the interacting parties (10-12). However, predicting such dynamics in human-wildlife
interactions is challenging (7, 13) and requires unpacking how the interplay between
environmental factors and behavioral mechanisms confer benefits to the interacting
individuals.

We reveal the mechanisms underlying cooperative foraging between humans and
wild dolphins, and ask whether this cultural practice can persist, as a mutually beneficial
interaction, in the face of current and predicted environmental and behavioral changes.
For over a century, individual bottlenose dolphins (Tursiops truncatus gephyreus) have
cooperated with artisanal net-casting fishers in southern Brazil (Fig. 1B) to catch the
same prey, primarily migratory mullet (Mugil liza) (14, 15). This fishery has been key
in providing ecosystem services to the community—including both resources and intan-
gible assets such as social belongingness and ecological knowledge (16, 17)—while its
symbolic value contributes substantially to the local cultural identity (6, 18, 19). Yet it
remains unclear how cooperating dolphins and fishers synchronize foraging efforts, how
both predators benefit in the short term and long term from coordinated foraging, and
whether these benefits are sensitive to fluctuations in prey availability, potentially making
such rare ecological interaction vulnerable to overfishing arising from other fisheries
(20, 21). We address these questions by i) simultaneously tracking mullet, dolphins,
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and fishers above and below water to develop a fine-scale under-
standing of their interactions (Fig. 1C), ii) performing systematic
surveys to quantify the demographic consequences of this inter-
specific cooperative foraging, and iii) combining these quanti-
tative insights into a numerical model to predict the fate of—and
propose initial actions to safeguard—one of the last cultural
practices involving human—wildlife cooperation.
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Behavioral Synchrony Is Key to Generating
Mutual Benefits for Fishers and Dolphins

We first show that dolphins and fishers modify each other’s behav-
ior, and coordinate their actions, to generate mutual foraging
benefits. By combining in situ environmental sampling, under-
water sonar imaging of mullet schools (87 Appendix, Fig. S4), and
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Positive human-cetacean foraging interactions. (A) Few active cases of positive interactions remain among historical (late Classical Antiquity-late Modern

Period) and contemporary (mid 20th century) accounts (6, 7). Cases vary in status (extant vs. extinct, i.e., no evidence they take place nowadays) and in the
strength of the empirical evidence for humans and cetaceans gaining mutual benefits (circle size) (Full details in S/ Appendix, Table S1). (B) Since 2007, we carried

out systematic land (circles) and boat surveys (tracks) to study interacting bottlen

ose dolphins and net-casting fishers targeting mullet schools in the lagoon

complex of Laguna, southern Brazil. (C) In 2018 and 2019, we deployed a multiplatform tracking system at the main interaction site (star) to simultaneously

record interactions above and underwater, by sampling (C, /) mullet availability w

ith sonar cameras; (C, ii) dolphins' and fishers' presence and behavior with

observations; (C, iii) dolphin identification with photography; (G, iv) fishers’ movement with GPS wristbands; (C, v) fishers’ benefits with catch measurement;

(C, vi) dolphin behavior with drones; (C, vii) fishers’ engagement with interviews; (C,
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vii) dolphins’ benefits with acoustic recordings (S/ Appendix, Figs. S1 and S2).
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267 h of behavioral sampling of individual dolphins and fishers,
we found that both predators tend to be more numerous at the
interaction site when prey availability is high (Fig. 2 A-C). This
raises a fundamental question: Are dolphins and fishers inde-
pendently attracted to the site when conditions are best for catch-
ing fish, or do they attract and respond to one another? Dolphin
presence increases the number of fishers, regardless of mullet
availability (S Appendix, Supplementary text 1), and stimulates
a behavioral change among fishers. Equipping fishers with GPS
wristbands shows that fishers rapidly move into the water when
dolphins arrive (Fig. 2 D and E), while behavioral observations
(n = 4,090 events; S/ Appendix, Tables S2 and S3) show that fishers
cast nets at a higher rate when dolphins are present (Fig. 27).

>
W

Thus, while dolphins may be attracted by mullets (Fig. 2B), fisher’s
behavioral responses demonstrate their active attraction to dol-
phins. Quantifying the success of net-casting events explains this
strong response: when dolphins are present, fishers are 17 times
more likely to catch mullet (Fig. 2G), and catch nearly four times
more mullet (Fig. 2H), largely independently of their foraging
effort and mullet availability (57 Appendix, Supplementary text 2).
Dolphins clearly generate foraging benefits to fishers and stimulate
beneficial actions in response to increased mullet availability that
is not present when dolphins are absent. But it is hitherto unclear
how.

We demonstrate how dolphins benefit fishers by integrating
drone-based tracking to quantify the synchrony and outcomes
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Fig. 2. Mullet, dolphin, and fisher co-occurrence and attraction. (A-C) Environmental conditions related to mullet availability at a fine scale (sonar detections;
Inset) influence the presence of fishers and dolphins. (A) The odds of mullet school detection vary as a function of environmental variables (GLMM1, N = 102:
Sl Appendix, Table S5). (B) Fishers, and dolphins to a lesser extent, are more numerous as suitable conditions for mullet increases (GLM2 and GLM3, respectively, N
=99 interaction events: S/ Appendix, Table S5). (C) Dolphin presence increases the number of fishers more than mullet availability does (GLM4, N = 99: S/ Appendix,
Table S5), and GPS tracking demonstrates that fishers enter and remain for longer in the water (high kernel density along the edge of the canal) when (D) dolphins
are present than () when they are absent (high density at the beach). Individual tracks exemplify (D) a fisher slowly leaving the water when dolphins departed
and (E) a fisher rapidly entering the water when a dolphin arrived (yellow = start; red = end of track). (F) Fishers are more likely to cast nets when dolphins are
present, and with increasing mullet availability, but not when dolphins are absent (GLM5, N = 198: S/ Appendix, Table S5). Fishers accrue higher foraging success
in the presence than in the absence of dolphins, more so than the effects of fishing effort and mullet availability, both in terms of (G) chances of catching any
mullet (Odds ratio = 17.07, Cl = 3.65-304.24, P = 0.005; GLM6, N = 751 net-casting events: S/ Appendix, Table S5) and (H) total mullet caught (Incidence Rate Ratio

=3.75, 95%Cl = 1.35 to 13.80, P = 0.025; GLM7, N = 751: S/ Appendix, Table S5).
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of their foraging interactions (S/ Appendix, Supplementary text 3).
We identified four different types of cooperative interactions
varying in synchrony of predators’ actions and reactions
(ST Appendix, Table S8). During synchronous interactions

“cue”: 45.8% of 2,805 independent events), both predators
coordinate their actions (Fig. 3 A-C): dolphins approach fishers
closely (net—dolphin distance + SD = 12.05 + 3.95 m), make a
behavioral cue (commonly, a sudden deep dive (15): Movie S2)
that fishers interpret as the right moment to react and imme-
diately cast their nets (reaction time + SD = 7.80 + 5.38 ).
By contrast, the other three types of interactions are asynchro-
nous and defined by mismatched actions and reactions: either
only one predator acts or fishers react incorrectly. The former
includes fishers casting nets without any dolphin cue (“no cue”™
33.9% of events) and dolphins making a cue without fishers
casting in response (“no net”: 8.6%). The latter (“misread cue”™
11.7%) represents dolphins approaching and making a cue but
fishers casting nets too late (reaction time + SD = 21.39 + 43.95
s) or too far from dolphins (net—dolphin distance + SD = 21.54
+10.31 m). Our behavioral sampling shows that most of fishers’
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foraging success—74% of the 433 interactions where they
caught mullet, and 86% of all 4,955 mullets caught (Fig. 3D0)—
comes from synchronous interactions with dolphins
(ST Appendix, Supplementary text 4). Our underwater imaging
reveals the likely mechanism: an increase in mullet detections
near the edge of the canal, where the fishers stand, during syn-
chronous (Fig. 3 £, i) but not during any type of asynchronous
interactions (Fig. 3 £, #i). Therefore, dolphins benefit fishers by
herding mullet schools towards them, creating temporary
high-quality patches just before giving a cue (Movie S1), and
signaling when prey are within reach of fishers’ nets. But, do
dolphins also benefit from herding mullet and, subsequently,
interacting with fishers?

During interviews with the most experienced fishers, 98%
reported that dolphins gain foraging benefits from synchronous
interactions. While measuring the dolphins’ catch is notoriously
more challenging than the fishers’, we posit that if dolphins expe-
rience a higher prey capture rate when interacting with fishers,
then they should consistently modify their behavior and invest
more in active foraging after the fishers’ nets are cast in synchrony
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Foraging coordination and mutual benefits of dolphins and fishers. A typical synchronous foraging interaction seen from above and underwater: (4, /)
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Dolphins herd mullet towards fishers standing at a steep bank, (A, i) and give a cue (Inset) when they temporarily turn the interaction area into a high-quality
patch for (A, iii) fishers, who cast nets (/nset), and (A, iv) for themselves (B, i-iv) who approach nets underwater (sonar imaging), and (C, i-iii) and echolocate intensely
(“terminal buzzes” in the spectrogram) after nets hit the water and sink over mullets. (D, i) Fishers catch more mullet (irrespective of availability and foraging effort)
from synchronous interactions than (D, ii) any type of asynchronous interactions (Insets: predicted foraging success; GLM18 (N = 604 interactions): S/ Appendix, Table
S15), because (£, i) mullet detections in the sonar increase after dolphins give a cue (vertical dashed line) in synchronous, (£, ii) but not in any type of asynchronous,
interactions (/nsets: predicted mullet detections 2-min before and after interaction; GLM15 (N = 92): S/ Appendix, Table S13). Dolphins increase the emission rate
of active foraging clicks (“terminal buzzes”) after fishers cast nets in response to (F, i) synchronous, but (F, ii) not any type of asynchronous, interactions (/nsets:
predicted terminal buzz clicks 2-min before and after interactions; GLM20 (N = 86): S/ Appendix, Table S19). When fishers catch fish, dolphins can also benefit by (B,
ii-iv) extracting mullet directly from the nets (stills from underwater sonar videos providing a top-down view of net, mullet, and dolphin: Movie S4). Synchronous are
the typical cooperative interactions (“cue”, red): dolphin approaches fishers, makes a behavioral cue, and fishers cast nets subsequently (Movie S2). Asynchronous
interactions represent behavioral mismatches: dolphin approaches and cues but fishers cast nets at the wrong time and place (“misread cue”, green); fishers cast
without dolphin cue (“no cue”, yellow); dolphin cues but fishers do not cast (“no net”, blue) (S/ Appendix, Table S8).
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with their cue. We present three lines of empirical evidence to
support this hypothesis (S Appendix, Supplementary text 5). First,
synchronous interactions stimulate active foraging by dolphins.
When actively foraging, dolphins increase echolocation click rates
resulting in “terminal buzzes” with very short inter-click intervals
(<0.016 s; Fig. 3 C) as they home in on prey (22). By integrating
automated detection and classification of echolocation clicks, we
show that foraging dolphins produce disproportionally more “ter-
minal buzzes” in response to fishers casting nets in synchrony with
their cue (Fig. 3 F, 1) compared to any type of asynchronous inter-
actions (Fig. 3 F, 7). Second, synchronous interactions have a
distinct temporal sequence of dolphin reactions (Fig. 3 A-C).
Dolphins dive for longer (123.8 + 75.7 s after the cue) and emit
“buzz” clicks sooner after synchronous interactions in which fish-
ers catch fish (12.00 £ 9.67 s) compared to unsuccessful synchro-
nous interactions (diving = 100.4 + 77.7 s, buzzes = 21.06 + 25.23
s) or any type of asynchronous interactions (diving = 78.2 + 50.2
s; buzzes = 28.91 + 25.32 s). These differences suggest that when
dolphins coordinate their behavior with the behavior of fishers,
they remain underwater for longer after the cue, buzzing more
(and before) the nets sink and close over the mullet school (nets
sink 19.62 + 5.19 s after hitting the water), attempting to complete
their foraging bout by capturing mullet. Third, dolphins might
benefit from aggregating mullet against fishers or from nets dis-
rupting their schools and reducing the confusion effect (15), but
our overhead and underwater imaging reveals that dolphins can
also directly select trapped mullet from fishers’ nets (Fig. 38 and
Movies S3 and S4). This finding corroborates how fishers perceive
the dolphins’” gain: 61% reported that they feel when dolphins
“pull one or two mullets” from their nets. Taken together, our
natural experiment comparing the multiplatform tracking data
across interaction types demonstrates how foraging synchrony can
link the successes of fishers and dolphins.

Cooperative Foraging Generates Long-Term
Benefits but Is in Decline

Next, we show that although generating survival benefits for dol-
phins and socioeconomic benefits for net-casting fishers, cooperative
foraging is in decline. As it has long been recognized by the fishers
(15), individual dolphins vary in their tendency to interact with the
net-casting fishery. Unlike “non-cooperative” dolphins that forage
independently over the entire lagoon, “cooperative” and “occasional
cooperative” dolphins forage with net-casting fishers, but coopera-
tive dolphins interact more often with fishers, concentrate their
home-ranges around interaction sites (23), and are perceived by
fishers as producing more catches than the occasional cooperative
dolphins (87 Appendix, Supplementary text 6). We used our 12-y
boat-based population surveys to quantify the home range and fre-
quency of interaction with the net-casting fishery for each individual
dolphin and assign them to each of the foraging tactics (Fig. 4). By
building mark-recapture models, we found that cooperative and
occasional cooperative dolphins gain a cz. 13% survival benefit over
non-cooperative dolphins (Fig. 4 B, 7), while having similar recruit-
ment rates (Fig. 4 B, #i). Despite this long-term survival benefit,
individual dolphins’ frequencies of interactions with net-casting
fishers have been declining over the same period (Fig. 4 C, i—iii).
Our survey data revealed that this decline coincides with changes
in dolphins’ social structure (Fig. 4 C, iv—vi) and home-ranges
(Fig. 4 D, ii and iv—vi and SI Appendix, Supplementary text 7), as
observed in other dolphin populations that have lost another spe-
cialized foraging tactic (24). Recent declines in dolphin—fisher inter-
actions have not been linked to changes in dolphin population size
(mean + SD = 54.7 + 3.8 individuals; no trends in Fig. 4B) or

PNAS 2023 Vol.120 No.6 e2207739120

population turnover (Fig. 4C), but mirror individual changes in
foraging (Fig. 4 C, i—ii and B, i) and declines in resource availa-
bility (Pearson’s = 0.86, P = 0.005; Fig. 4 A, ii). As with many of
the world’s unmanaged fisheries (21), the mullet stock across south-
ern Brazil (Fig. 4A4) is locally overexploited by the regional small-scale
and industrial fisheries (20), potentially contributing to declining
local mullet availability (S Appendix, Supplementary text 8)
and a corresponding declining willingness by dolphins and artisanal
net-casting fishers to interact.

As seen among dolphins, our long-term land-based monitoring
also captures individual variation in fisher behavior over time.
Individual net-casting fishers vary in experience (16), which our
drone-based tracking translates to variation in foraging synchrony
with  dolphins and catching success (25) (S Appendix,
Supplementary text 9). Interviews over the past 16 y reveal eco-
nomic, cultural and social benefits of this traditional fishery
(16-18, 26), but also a decrease in the fishers’ experience of
net-casting with dolphins (Fig. 4 A, 7ii). Such net-casting fishers
comprise a small subset of the diverse artisanal fishing community
that uses a wider array of fishing methods (16). Some fishing gear
used by fishers who do not net-cast with dolphins, such as trammel
netting, are deployed across the lagoon and throughout the dol-
phins’ distribution, despite being illegal (Fig. 4 D, iv—vi), and are
now a major cause of dolphin mortality—6 of 12 carcasses
stranded in 2016 to 2018 were entangled. This bycatch mortality
is additive to the natural mortality rates (27) and our data reveal
that non-cooperative dolphins are, on average, 3.3 times more
likely to be bycaught than cooperative dolphins (Fig. 4 D, iii),
potentially because moving over large areas increases exposure and
susceptibility of non-cooperative dolphins to such bycatch-prone
illegal fisheries (S/ Appendix, Supplementary text 10). Taken
together, our long-term data suggest that spending more time at
the interaction sites is therefore a key, indirect pathway through
which cooperative dolphins gain long-term survival benefits.

Local Behavioral Changes Can Buffer the
Mutualism Against Regional Environmental
Changes

We have demonstrated that the foraging success of net-casting
fishers and dolphins is interdependent, but that three key com-
ponents of this mutualistic system—Iocal mullet availability, dol-
phins’ interactions, and fisher experience—are declining. Such
changes, plus individual foraging variation among fishers and
dolphins, could jeopardize the synchrony that is key for their
mutual success. Mutualisms are sensitive to fluctuations in resource
availability and in the participants’ behavior that change their
accrued benefits (10-13), which could explain past extinctions of
human—cetacean cooperation (Fig. 1). Given such growing pres-
sures, how long can this rare cultural fishery persist?

We combine our fine-scale understanding of dolphin-fisher inter-
actions (Figs. 2 and 3) with our long-term demographic data (Fig. 4)
to parametrize a numerical model (Fig. 5) that evaluates how three
scenarios of changes in local mullet availability and fisher behavior
would impact the long-term persistence of this mutualistic system
(SI Appendix, Supplementary text 11). In the best-case scenario
(Fig. 5 B, 1), high mullet availability and high net-casting fisher
engagement persist, maintaining the foraging benefits for both pred-
ators, and the survival benefits dolphins receive through reduced
bycatch, thereby keeping dolphin abundance constant (Fig. 5 C, 7).
However, mullet declines reduce the interaction benefits, thus its
frequency. The current decline is predicted to increase bycatch rates
of non-cooperative dolphins, but the interaction with net-casting
fishers could still buffer the bycatch rates of cooperative and
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Fig.4. Temporal trends in the human-dolphin mutualistic system. (A) Possible decline in mullet availability shown by the reduced catch per unit of effort (CPUE)
of the regional industrial fleet (since 2007: LM32 (N = 11); (4, /): since 2000, LM31 (N = 19); S/ Appendix, Table S23). (A, ii) Mullet availability correlates with average
dolphin-fisher interaction frequency (LM29 (N = 8); S/ Appendix, Table S23). (A, iii) Net-casting fisher experience (years cooperating with dolphins) also decreases
across study periods (P1 = 2007 to 2009, N =38; P2 =2013to 2015, N = 53; P3 =2016 to 2018, N = 49 individual fishers). (B) Dolphin population size (color-code:
foraging tactics) is stable over 12y, despite (C) high turnover in population composition. (B, /) Cooperative (n = 23) and occasional cooperative dolphins (n = 21)
have on average 13% higher survival relative to non-cooperatives (n = 21 individual dolphins), but (B, ii) the recruitment rate is similar. (B, iii) Dolphins transit
more often from non-cooperative to occasional cooperative than from occasional cooperative to cooperative foraging tactics. (C, /i-iii) Variation among dolphins
in interaction frequency with artisanal fishers, with the overall rate dropping recently (more skewed density distribution and boxplots of individual frequencies
from study periods P1 to P3), (C, iv-vi) dismantling the assortment of the dolphin social network (D, i) once structured into communities matching foraging tactics
(polygons: communities; numbered nodes: individual dolphins; color-code: interaction frequency). There are corresponding changes in (D, ii) dolphin home range
(slight increase in 90% kernel densities of cooperative dolphins; GLM28; S/ Appendix, Table S21), leading to (D, iv-vi) increasing overlap (percentages shown) with
illegal fisheries (red shades) across study periods, therefore (D, iii) causing greater human-dolphin conflicts, i.e., bycatch of (primarily non-cooperative) dolphins.

occasional cooperative dolphins (Fig. 5 C, 7). In the worst-case sce-
nario (Fig. 5 B, 7i), a collapse in mullet availability decreases the coop-
erative interaction frequency further, thus reducing the engagement
of cooperative net-casting fishers and dolphins, likely promoting
inter- and intraspecific competition and also exposing cooperative
dolphins to bycatch. Here, the cooperative foraging system is pre-
dicted to go extinct over the next 40 to 60 y (Fig. 5 C, 7ii). Faced
with a crash in prey availability, we implement three further scenar-
ios to demonstrate how some possible local conservation actions
targeting the fishers' behavior could promote resilience of the mutu-
alistic system (81 Appendix, Supplementary text 12). We simulated
a bottom-up action that incentivizes fishers to continue interacting
at normal rates even when the interaction benefits are reduced, and
a top-down action enforcing the removal of fishing gear that causes
bycatch (87 Appendix, Figs. S33 and S34). Our model predicts that
only by combining these actions would this human—wildlife mutu-

alism persist (Fig. 5 C, 7v).
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Safeguarding an Interspecific Cultural Unit

Our study highlighting the importance of behavioral synchrony
within human—wildlife interactions—here, cooperative foraging
between fishers and dolphins—generates insights into ecological
interaction dynamics, and the conditions under which they can
flip from positive to negative (7, 10, 12, 13)—here, from mutu-
ally beneficial to antagonistic. Crashes in mullet availability can
reduce mutual benefits, causing fishers to abandon their cultural
fishery and exposing dolphins to bycatch from indiscriminate
fishing practices, ultimately turning this rare human-wildlife
mutualism into yet one more conflict. Human-wildlife conflicts
have severe consequences for cetaceans (28), as demonstrated by
the recent decimation of vaquita (Phocoena sinus) (8) and baiji
dolphins (Lipotes vexillifer) (29). Local conservation actions tar-
geting the maintenance of foraging synchrony between artisanal
fishers and cooperative dolphins—through incentivizing the
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Fig. 5. Persistence of the human-dolphin mutualistic system. Structure of the numerical model: (4, i) mullet availability affects (4, ii) interaction frequency
under different fisher engagement, with consequences to (4, iii) dolphin survival which, combined with (4, iv) a flat recruitment probability and (A, v) transitions
between foraging tactics, affects (A, vi) net-casting fisher engagement in cooperating with dolphins, feeding back onto the dolphin-fisher interaction frequency.
Hypothesized mechanisms of the extreme scenarios, (B, i) best-case and (B, ii) worst-case, indicating fishers’ behavior as the target of local conservation actions
(dashed arrow). (C) Model predictions across scenarios: simulations reaching extinction per year (out of 1,000 replicates), and dolphin population trajectory
over time (color-code: foraging tactic; grey: whole population). /Insets show mullet availability, fisher engagement, and dolphin-fisher interaction frequency. In
the (G, i) "best-case” scenario, mullet stock is constant, keeping fishers engaged in interacting at high frequencies with dolphins; (C, ii) “current” scenario predicts
that mullet stock declines linearly and fishers are reduced engagement in the interaction; (G, iii) “worst-case,” the stock crashes, reducing both fisher and dolphin
willingness to cooperate. (C, iv) Combining top-down and bottom-up conservation actions to incentivize fisher engagement when the mullet stock crashes can
maintain the interaction frequency and the dolphin population stable (S/ Appendix, Supplementary texts 11 and 12).
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cultural and policing the detrimental fisheries—could prevent
the extinction of this small, genetically distinct dolphin popula-
tion (30). Safeguarding cultural behaviors that benefit both
humans and wildlife not only encourages their coexistence (31)
but is also emblematic of how the conservation of “culturally
significant units” advances the conservation of biodiversity
(6, 32). This endeavor requires additional research (S Appendix,
Supplementary text 13) and tailored conservation strategies (6)
before human impacts further erode animal genetic and behav-
ioral diversities (3, 33).

Materials and Methods

Data Sampling and Processing.
Dolphin-mullet-fisher interactions. e recorded interactions between dolphins,
mullets, and artisanal fishers from over and underwater at the main interaction site
in Laguna, southern Brazil (Fig. 1A and B; 28°20'S 48°50'W), during 44 d in 2018
and 2019 during the peak (May-June) of the mullet reproductive migration season,
when the dolphin-fisher interactions are intensified (15). During a nearly complete
sampling totaling 267.3 h of direct observation, we collected six data types simul-
taneously with a multiplatform tracking system (Fig. 1C): i) an Adaptive Resolution
Imaging Sonar camera (SoundMetrics ARIS3000, frequency range: 1.8 to 3 MHz) to
quantify mullet availability in the murky waters; ii) all-event behavioral sampling to
quantify the numberand behavior of dolphins and fishers, and the fishing success of
fishers; iii) photography (Canon 7D, 70-300 mm lenses) to identify dolphins through
natural marks; iv) GPS wristbands (Huawei Band Pro 2) to track fishers’ movement; v)
unmanned aerial vehicles (drones DJI Phantom3, Mavic 3) to describe the synchrony
between dolphins' actions (space use, diving) and the fishers' reactions (net-casting
timing, location, distance); vi) omnidirectional hydrophones (AquarianH2a 0.01-100
kHz, —180 dB) to quantify the dolphins' foraging effort. Every day we interviewed
experienced fishers, and every hour we recorded in situ the water (temperature,
transparency, salinity, pH), wind (speed, direction), and tide (state, direction, velocity)
conditions known to influence mullet presence (34).

We created a proxy for mullet availability over time by relating the detection
of mullets in the sonar imaging to the environmental data. We processed 105
h of underwater footage by filtering off background noise to extract targets in
motion (mullets), compressed video frames into echograms where pixel intensity
indicated mullet presence, and classified each minute as with or without mullet
detection. We processed 104 h of overhead footage (35) to characterize inter-
action events in terms of distance, angle and timing of the dolphin’s approach
toward fishers, timing and quality of the fishers' response, and dolphins’ space
use and diving patterns before and after interactions. We processed photographs
of dorsal fins to identify individual dolphins based on natural marks following
photoidentification protocols (36). We processed 189 h of acoustic recordings to
quantify the dolphins' active foraging. With a custom energy detection algorithm,
we detected echolocation clicks and fit univariate finite Gaussian mixture models
to the resultanttemporal series of inter-click intervals to tease apart three echolo-
cation processes (37, 38). Clicks were classified into “"terminal buzzes” (used by
dolphins when actively foraging, typically associated with attempted prey cap-
ture), "regular clicks” (used for navigation and scanning the surroundings), and
"inter-train clicks" (a mixed situation, with pauses between trains of clicks) (37,
38). We used terminal buzz clicks to infer active dolphin foraging effort. Full details
on sampling methods, effort and data processing at S/ Appendix, Supplementary
methods (Data sampling: Dolphin-mullet-fisher interaction; Data processing).
Dolphin, mullet, and fisher populations. To monitor the dolphins’ population
and social dynamics, we carried out systematic boat-based photoidentification
surveys across the entire 200 km? lagoon system in three sampling periods over
12y (P1 =2007 to 2009; P2 = 2013 to 2015; P3 = 2016 to 2018). Each sur-
vey covered a 30-km predefined route evenly (Fig. 1B) for 5 h of good weather
conditions; the number of surveys was similar across periods (P1 = 47, P2 =
49,P3 = 46 d). Upon sighting a group of dolphins, we defined the behavioral
state (resting, traveling, socializing, foraging, foraging with fishers) and photo-
graphed all dorsal fins for individual identification. We also used opportunistic
and systematic beach surveys that recovered stranded animals throughout the
entire study area between 2013 and 2018 to identify individual dolphins and
infer causa mortis through necropsy.

80f 10 https://doi.org/10.1073/pnas.2207739120

To monitor mullet availability over time, we relied on fisheries data at the
local and regional scales. We combined the underwater sonar imaging with the
counts of individual mullets caught by net-casting fishers to assess availability
at the local fine-scale where the dolphin-fisher interaction happens. We used
the yearly catches of the regional artisanal and industrial fleet disembarked in
southern Brazil (39) to assess the biomass of mullet available for dolphins and
fishers at the regional large scales.

To monitor the population of artisanal net-casting fishers, we used 191
semi-structured interviews conducted by our research group with 177 individ-
ual fishers during four campaigns between 2004 and 2019, spaced out by ca.
5y(16-18, 26). Key artisanal fishers were identified through the snowball and
purposive sampling, and the interviews were conducted individually and only
when the fisher agreed and signed an informed consent form (16-18, 26). All
questionnaires included information on socioeconomics, fishers' perceptions
about the benefits of the interaction for the dolphins, their experience in, and
reliance on, fishing with dolphins, their perceptions about threats to dolphins, and
theirwillingness to keep practicing this traditional fishery. To investigate the spa-
tiotemporal distribution of other fisheries practiced by the larger fishing commu-
nity across the entire lagoon system that can threat dolphins directly or indirectly,
we mined 2,524 daily reports of the local environment military police reports,
and compiled records of illegal fishing gear (such as trammel nets) confiscated
during the three sampling periods (P1 to P3).The data on dolphins were sampled
under research permits by the Brazilian Ministry of Environment (SISBio #47876-
1, #64956-1), and the studies on fishers were approved by the Committee for
Ethics in Research with Humans of the Universidade Federal de Santa Catarina,
Brazil (CEPSH#52308116.9.0000.0121, #06457419.6.0000.0121). Full details
at S/ Appendix, Supplementary methods (Subject details and ethical considera-
tions; Data sampling: Dolphin population; Mullet population; Fisher population).

Data Analyses.

Dolphin-mullet-fisher interactions. We first tested how environmental condi-
tions directly influence the mullet availability, thereby indirectly influencing the
presence of dolphins and fishers, at the interaction site. We build a generalized
linear mixed model with the number of minutes per hour with mullet detec-
tion in the sonar as a function of water, wind and tide conditions, controlling for
between-day variation. We then used the predictions of this model as a proxy for
fine-scale mullet availability and investigated whether it influenced the number
of dolphins and fishers at the interaction site. Finally, we used GPS tracking to
investigate whether the fishers' movement and foraging relate to the presence
of foraging dolphins.

Next, we used the multiplatform tracking data to quantify the foraging behav-
ior of both fishers and dolphins and to assess whether their foraging success
depends on the synchrony of their actions and reactions. First, using the land- and
drone-based behavioral observations, we characterized dolphin-fisher coopera-
tion interaction events as synchronous or asynchronous (S Appendix, Table S8).
Before each interaction event, we evaluated the dolphins' approach toward, and
the resulting mulletavailability at, the edge of the canal to test whether dolphins
herd mullet schools towards fishers. At the interaction moment, we evaluated how
fishers cast their nets and how dolphins react, to test whether fishers respond in
a coordinated way, and whether dolphins respond to the nets being cast. After
each event, we evaluated the dolphins’ diving and acoustic behavior, and the
fishers' catch, to test for evidence of foraging success. To measure the dolphins’
approach to fishers, fishers' reactions, and dolphin diving, we used 6-min drone
video clips centered around the interaction moment to quantify distances and
angles between dolphins and fishers, fishers' casting timing and performance,
and dolphin inter-breath intervals. To measure the dolphins' herding behavior
toward the coast, we used sonar footage to quantify the intensity of mullet detec-
tions around the interaction. To measure the dolphins’ reactions to the nets, we
used the acoustic data to quantify their active foraging echolocation (“terminal
buzzes"), and drone and sonar imaging to investigate whether dolphins interact
directly with the nets. Finally, we inspect the fishers' nets to count, measure and
weigh their catch. We evaluated relationships between these variables between
synchronous and asynchronous interactions by building a set of generalized lin-
ear (mixed) models. Full details at S/ Appendix, Supplementary methods (Data
analyses: Interaction data).

Dolphin, mullet, and fisher populations. We first investigated how individ-
ual dolphins vary in foraging tactics by calculating individual frequencies of
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interaction with net-casting fishers and ranging areas (90% and 50% kernel
densities). We then used the individual variation in interaction frequency and
ranging to categorize dolphins as "cooperatives” (forage frequently with fishers
and concentrated around interaction sites), "occasional cooperatives” (forage
less frequently with fishers around interaction sites and across the lagoon), and
"non-cooperative dolphins” (forage independently across the lagoon). Second,
we investigated if the population-level frequency of dolphin-fisher interactions
declined overthe study periods (P1 to P3), and whether such decline was related
to dolphin population turnover, changes in dolphin foraging, and in mullet avail-
ability. We investigated how mullet availability fluctuated over time with linear
models of total catch and catch per unit of effort of the regional fleet. Third, we
tested whether declines in dolphin-fisher interactions affected the ranging and
social behavior of dolphins that use different foraging tactics, by modeling home
ranges and the social network structure into communities assorted around for-
aging tactics across the study periods. Fourth, we built a set of Robust Design
(40) mark-recapture models, combining open and closed population models and
Pradel temporal symmetry approach (41), to estimate key dolphin population
parameters (abundance, apparent survival, emigration probability, capturability,
recruitment probability) and investigate how these parameters they change across
years and foraging tactics. Finally, we investigated whether dolphins change for-
aging tactics over time, and how these tactics provide long-term benefits for dol-
phins by building a set of multistate mark-recapture models (42) that estimated
the transition probability between tactics and tactic-specific survival probability.

Next, we used the interviews with net-casting fishers to explore their willing-
ness to interact with dolphins, and how experience and economic reliance in this
fishing practice changed across study periods. As per the insights of the inter-
views with the most experienced net-casting fishers who cooperate with dolphins,
we investigated temporal changes in the spatial distribution of the alternative
fisheries that can cause dolphin bycatch (e.g., gill- and trammel-netting) when
deployed by the local fishing community at large. We modelled the spatial dis-
tribution by estimating kernel density maps of the illegal gear confiscated by the
police, and quantifying their overlap with the dolphins’ home ranges across study
periods. Finally, we combined the stranding data from beach monitoring with
the abundance and survival estimates from multistate mark-recapture models
to estimate the mortality of dolphins through bycatch across study periods. Full
details at S/ Appendix, Supplementary methods (Data analyses: Population data).

Numerical Model Simulations.

Modeling overview. We built a numerical model describing the interdepend-
ences among mullet availability, dolphins' actions, and fishers' reactions to eval-
uate the resilience of their mutualism facing regional environmental and local
behavioral changes. We parametrized the model with the long-term empirical
data on the population and behavior of dolphins and fishers, and fisheries data on
the availability of mullets. Biological processes occurred in the following order for
100 time steps (Fig. 54): (i) mullet availability is defined and (ii) it influences the
interaction frequency between net-casting fishers and dolphins; (iii) the numbers
of dolphins per foraging tactic (non-cooperative, occasional cooperative and coop-
erative) that survive are defined based on their frequencies of interaction, which
are influenced by mullet availability and fishers’ willingness to interact; given
the total number of dolphins, new dolphins are recruited into the adult pool,
and adult dolphins adopt or not the tactic of foraging with fishers (i.e., transition
to and from the non-cooperative and occasional cooperative tactics, and to and
from occasional cooperative and cooperative tactics); (iv) finally, the number of
dolphins of different foraging tactics influence the fishers' willingness to interact.
Simulated scenarios. We first used the numerical model to generate three sce-
narios of regional changes in the mullet availability and local changes in the
dolphins' and fishers' behavior to investigate the dolphin population stability
and the persistence of the dolphin-fisher mutualism over time. In the "best-
case” scenario, the regional mullet stock remains constant, net-casting fishers are
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very engaged in interacting with dolphins (Fig. 5 C, ); in the "current” scenario,
the mullet stock declines slowly and linearly, and fishers become less engaged
in net-casting with dolphins (Fig. 5 C, ii); and in the "worse-case" scenario, the
stock crashes (declines fast, nonlinearly) and fishers are quick to abandon the
interaction with dolphins (Fig. 5 C, iii). Next, we generate three other scenarios
to investigate whether some conservation actions targeting fishers' behavior can
counterbalance regional changes in mullet availability and safequard this mutu-
alism. Building upon the worse-case scenario of mullet stock crash, we simulated
a "top-down"” scenario of increased policing to remove alternative fisheries that
causes dolphin bycatch; a "bottom-up” scenario of increased governmental and
infrastructure incentives that add value to traditional fisheries to keep net-casting
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(Data analyses: Simulation data).
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ACKNOWLEDGMENTS. We are grateful to all researchers and fishers
involved in the long-term surveys and intensive behavioral sampling.
We specially thank the help with: dolphins’ behavior (AMS Machado, PC
Simdes-Lopes), photoidentification (C Bezamat, AMS Machado), acoustics
(B Romeu, W Beslin), and stranding (PV Castilho, PMP/BS); fishers' behav-
jor (N Hanazaki, J Valle-Pereira, B Santos-Silva, AMS Machado) and data
mining (CPMA/1°BPMA/3°Cia Laguna); field logistics (PV Castilho); and
insightful comments by our colleagues at UFSC, MPI, and beyond, as well as
comments by the editor and the anonymous reviewers. This study received
support from PROBRAL Research Program funded jointly by Coordenacéo de
Aperfeicoamento de Pessoal de Nivel Superior and Deutscher Akademischer
Austauschdienst (grant 8881.198854/2018-01); Conselho Nacional de
Pesquisa e Desenvolvimento Tecnoldgico (SELA-PELD grant 445301/2020-
1); Deutsche Forschungsgemeinschaft, Centre for the Advanced Study of
Collective Behaviour, Germany's Excellence Strategy (EXC 2117-422037984).
M.C. received postdoctoral fellowships from Conselho Nacional de
Pesquisa e Desenvolvimento Tecnoldgico (53797/2016-9), Coordenagdo
de Aperfeicoamento de Pessoal de Nivel Superior (88881.170254/2018-
01), Department for the Ecology of Animal Societies, Max Planck Institute
of Animal Behavior; and research grants from National Geographic Society
(Discovery Grant WW210R-17), Animal Behaviour Society (Student Research
Grant), and Society for Marine Mammalogy (Grant-in-Aid of Research).
D.R.F. received research funding from European Research Council European
Union's Horizon 2020 (850859), and Swiss NSF Eccellenza Professorship
(PCEFP3_187058).F.G.D.-J. received research funding from Conselho Nacional
de Pesquisa e Desenvolvimento Tecnoldgico (308867/2019-0), Coordenagao
de Aperfeicoamento de Pessoal de Nivel Superior (88887.374128/2019-
00), and Fundacdo de Amparo a Pesquisa do Estado de Santa Catarina
(TR2012000295, 2021TR387, 2021TR000581).

Author affiliations: “Departamento de Ecologia e Zoologia, Universidade Federal de Santa
Catarina, Florianépolis 88040-900, Brazil; "Department for the Ecology of Animal Societies,
Max Planck Institute of Animal Behavior, Radolfzell 78315, Germany; ‘Department
of Fisheries, Wildlife and Conservation Sciences, Marine Mammal Institute, Oregon
State University, Newport, OR 97365; “Department of Collective Behaviour, Max Planck
Institute of Animal Behavior, Radolfzell 78315, Germany; “Centre for the Advanced Study
of Collective Behaviour, University of Konstanz, Konstanz 78464, Germany; ‘Department
of Evolutionary Biology and Environmental Science, University of Zurich, Zurich 8057,
Switzerland; and Division of Ecology and Evolution, Research School of Biology, Australian
National University, Canberra ACT 2600, Australia

5. C.N.Spottiswoode, K. S. Begg, C. M. Begg, Reciprocal signaling in honeyguide-human mutualism.
Science 353, 387-389 (2016).

6. J.E.E.vanderWal etal,, Safeguarding human-wildlife cooperation. Conserv. Lett. 15, 12886 (2022).

7. D.LCrametal, The ecology and evolution of human-wildlife cooperation. People Nat. 4, 841-855
(2022).

8. A.M.Jaramillo-Legorreta et al., Decline towards extinction of Mexico's vaquita porpoise (Phocoena
sinus). R. Soc. Open Sci. 6 (2019).

https://doi.org/10.1073/pnas.2207739120 9 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2207739120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2207739120#supplementary-materials
bib-hiwi-kops-01
Notiz
None festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
MigrationNone festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
Unmarked festgelegt von bib-hiwi-kops-01


10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

P.Tixier et al., When large marine predators feed on fisheries catches: Global patterns of the
depredation conflict and directions for coexistence. Fish Fish. 22, 31-53(2021).

J. L. Bronstein, Conditional outcomes in mutualistic interactions. Trends Ecol. Evol. 9,214-217
(1994).

K. R. Foster, T. Wenseleers, A general model for the evolution of mutualisms. J. Evol. Biol. 19,
1283-1293(20006).

E.1. Jones, J. L. Bronstein, R. Ferriere, The fundamental role of competition in the ecology and
evolution of mutualisms. Ann. N. Y. Acad. Sci. 1256, 66-88 (2012).

N.P.Moran et al., Shifts between cooperation and antagonism driven by individual variation: A
systematic synthesis review. Oikos 2022, 08201 (2022).

P. C. Simdes-Lopes, Interaction of coastal populations of Tursiops truncatus (Cetacea, Delphinidae)
with the mullet artisanal fisheries in Southern Brazil. Biotemas 4, 83-94 (1991).

P.C. Simdes-Lopes, M. E. Fabian, J. 0. Menegheti, Dolphin interactions with the mullet artisanal
fishing on southern Brazil: A qualitative and quantitative approach. Zoologia 15, 709-726
(1998).

A.M.S. Machado et al., Artisanal fishers' perceptions of the ecosystem services derived from a
dolphin-human cooperative fishing interaction in southern Brazil. Ocean Coastal Manage. 173,
148-156(2019).

B. Santos-Silva et al., Social foraging can benefit artisanal fishers who interact with wild dolphins.
Behav. Ecol. Sociobiol. 76,1-14(2022).

D. Peterson, N. Hanazaki, P. C. Simdes-Lopes, Natural resource appropriation in cooperative artisanal
fishing between fishermen and dolphins (Tursiops truncatus) in Laguna, Brazil. Ocean Coastal
Manage. 51, 469-475 (2008).

P.C. Simdes-Lopes, F. G. Daura-Jorge, M. Cantor, Clues of cultural transmission in cooperative
foraging between artisanal fishermen and bottlenose dolphins, Tursiops truncatus (Cetacea:
Delphinidae). Zool. Curitiba 33,€20160107 (2016).

M.A. de Abreu-Mota, R. P. Medeiros, M. A. Noernberg, Resilience thinking applied to fisheries
management: Perspectives for the mullet fishery in Southern-Southeastern Brazil. Reg. Environ.
Change 18,2047-2058 (2018).

D. Pauly, D. Zeller, Catch reconstructions reveal that global marine fisheries catches are higher than
reported and declining. Nat. Commun. 7,10244 (2016).

B. Jones, M. Zapetis, M. M. Samuelson, S. Ridgway, Sounds produced by bottlenose dolphins
(Tursiops): A review of the defining characteristics and acoustic criteria of the dolphin vocal
repertoire. Bioacoustics 29, 399-440(2020).

M. Cantor, P. C. Simdes-Lopes, F. G. Daura-Jorge, Spatial consequences for dolphins specialized in
foraging with fishermen. Anim. Behav. 139, 19-27 (2018).

I.C.Ansmann, G.J. Parra, B. L. Chilvers, J. M. Lanyon, Dolphins restructure social system after
reduction of commercial fisheries. Anim. Behav. 84, 575-581(2012).

10 0of 10  https://doi.org/10.1073/pnas.2207739120

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J.V.Valle-Pereira et al., The role of behavioural variation in the success of artisanal fishers who
interact with dolphins. ICES J. Mar. Sci. 79, 1150-1158 (2022).

D.S.X.da Rosa et al., The ability of artisanal fishers to recognize the dolphins they cooperate with. J.
Ethnobiol. Ethnomed. 16,30 (2020).

C.Bezamat et al., Dolphin population specialized in foraging with artisanal fishers requires zero-
bycatch management to persist. Aquat. Conserv. Mar. Freshwater Ecosyst. 31,3133-3145(2021).
S.E. Nelms et al., Marine mammal conservation: Over the horizon. Endang. Species Res. 44,
291-325(2021).

S.T.Turvey et al., First human-caused extinction of a cetacean species? Biol. Lett. 3, 537-540(2007).
P.F. Fruet et al., Remarkably low genetic diversity and strong population structure in common
bottlenose dolphins (Tursiops truncatus) from coastal waters of the Southwestern Atlantic Ocean.
Conserv. Genet. 15, 879-895 (2014).

A K.Killion, J. M. Ramirez, N. H. Carter, Human adaptation strategies are key to cobenefits in
human-wildlife systems. Conserv. Lett. 14, 12769 (2021).

P. Brakes et al., Animal cultures matter for conservation. Science 363, 1032-1034(2019).

H.S. Kiihl et al., Human impact erodes chimpanzee behavioral diversity. Science 363, 1453-1455
(2019).

D.F. Herbst, N. Hanazaki, Local ecological knowledge of fishers about the life cycle and temporal pattermns
in the migration of mullet (Mugil liza) in Southern Brazil. Neotrop. Ichthyol. 12, 879-890 (2014).

W. Rashand, ImageJ: Image processing and analysis in Java. J. Astrophys. Source Code Libr. 1,
06013(2012).

K. Urian et al., Recommendations for photo-identification methods used in capture-recapture
models with cetaceans. Mar. Mammal. Sci. 31,298-321(2015).

E. Pirotta et al., Scale-dependent foraging ecology of a marine top predator modelled using passive
acoustic data. Funct. Ecol. 28,206-217 (2014).

S.Ridgway, D. S. Dibble, K. Van Alstyne, D. Price, On doing two things at once: Dolphin brain and
nose coordinate sonar clicks, buzzes and emotional squeals with social sounds during fish capture.
J. Exp. Biol. 218, 3987-3995 (2015).

A.Machado et al., Alternative data sources can fill the gaps in data-poor fisheries. ICES J. Mar. Sci.
78, 1666-1673 (2021).

K. H. Pollock, A capture-recapture design robust to unequal probability of capture. J. Wildlife
Manage. 46,752-757 (1982).

R. Pradel, Utilization of capture-mark-recapture for the study of recruitment and population growth
rate. Biometrics 52,703-709 (1996).

C.Brownie et al., Capture-recapture studies for multiple strata including Non-Markovian transitions.
Biometrics 49,1173-1187 (1993).

M. Cantor, D.R. Farine, F. G. Daura-Jorge, Data and Materials from: Foraging Synchrony Drives
Resilience in Human-Dolphin Mutualism (Max Planck Society, Edmond, 2021).

pnas.org


bib-hiwi-kops-01
Notiz
None festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
MigrationNone festgelegt von bib-hiwi-kops-01

bib-hiwi-kops-01
Notiz
Unmarked festgelegt von bib-hiwi-kops-01


	Foraging synchrony drives resilience in human–dolphin mutualism
	Significance
	Behavioral Synchrony Is Key to Generating Mutual Benefits for Fishers and Dolphins
	Cooperative Foraging Generates Long-Term Benefits but Is in Decline
	Local Behavioral Changes Can Buffer the Mutualism Against Regional Environmental Changes
	Safeguarding an Interspecific Cultural Unit
	Materials and Methods
	Data Sampling and Processing.
	Dolphin–mullet–fisher interactions.
	Dolphin, mullet, and fisher populations.

	Data Analyses.
	Dolphin–mullet–fisher interactions.
	Dolphin, mullet, and fisher populations.

	Numerical Model Simulations.
	Modeling overview.
	Simulated scenarios.


	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 29





