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among the first year long high-resolution analyses of animal social networks in the wild. Our analysis 510 

may serve as a methodological template for future analyses into the rhythm of relationships in other 511 

species and taxa.  512 

Acknowledgements 513 

This work was supported by a Leibniz Community (“B-types”, SAW-2013-IGB-2) grant received 514 

by RA. This work was also supported by Strategic Grants by Princeton University and Humboldt-515 

Universität zu Berlin on “Princeton-Humboldt Centre for the Reality Mining of Animal Systems,” the 516 

‘Cooperation and Collective Cognition Network’. We would like to thank Andreas Mühlbradt, Alexander 517 

Türck, Jan Hallermann, Jacob Weinrautner, Jonathan Nickl, Bernard Chéret and many other technicians 518 

and students for help in the field and processing the data. The experiments were approved through 519 

animal care permit (2347-21-2014) granted by the Ministry of Environment, Health and Consumer 520 

Protection Brandenburg, according to the German Animal Protection Act. 521 

References 522 

Adámek, Z., Sukop, I., Moreno Rendón, P., & Kouřil, J. (2003). Food competition between 2 + 523 

tench (Tinca tinca L.), common carp (Cyprinus carpio L.) and bigmouth buffalo (Ictiobus 524 

cyprinellus Val.) in pond polyculture. Journal of Applied Ichthyology, 19(3), 165–169. 525 

Adámek, Z., Kucerova, M., & Roche, K. (1999) The role of common carp, Cyprinus carpio, in the 526 

diet of piscivorous predators-cormorant (Phalocrocorax carbo) and otter (Lutra lutra). 527 

Bulletin VURH Vodnany (Czech Republic), 35(4), 185-193. 528 

Arlinghaus, R., & Mehner, T. (2003). Socio-economic characterisation of specialised common 529 

carp (Cyprinus carpio L.) anglers in Germany, and implications for inland fisheries 530 

management and eutrophication control. Fisheries Research, 61(1), 19–33. 531 

Armstrong, D. E., Hennen, M. J., Saunders, C. P., Brandenburger, T., Brown, M. L., & Neumann, 532 

C. (2016). Modeling common carp under-ice movement using hierarchical Markov 533 

simulation. Ecological Modelling, 334, 44–50. 534 

Bajer, P. G., Beck, M. W., Cross, T. K., Koch, J. D., Bartodziej, W. M., & Sorensen, P. W. (2016). 535 

Biological invasion by a benthivorous fish reduced the cover and species richness of 536 

aquatic plants in most lakes of a large North American ecoregion. Global Change Biology, 537 

22(12), 3937–3947. 538 

Bajer, P. G., Chizinski, C. J., & Sorensen, P. W. (2011). Using the Judas technique to locate and 539 

remove wintertime aggregations of invasive common carp. Fisheries Management and 540 

Ecology, 18(6), 497–505. 541 

Bajer, P. G., Lim, H., Travaline, M. J., Miller, B. D., & Sorensen, P. W. (2010). Cognitive aspects of 542 

food searching behavior in free-ranging wild Common Carp. Environmental Biology of 543 

Fishes, 88(3), 295–300. 544 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


16 

Bajer, P. G., & Sorensen, P. W. (2012). Using boat electrofishing to estimate the abundance of 545 

invasive common carp in small Midwestern lakes. North American Journal of Fisheries 546 

Management, 32(5), 817–822. 547 

Bajer, P. G., Sullivan, G., & Sorensen, P. W. (2009). Effects of a rapidly increasing population of 548 

common carp on vegetative cover and waterfowl in a recently restored Midwestern 549 

shallow lake. Hydrobiologia, 632(1), 235–245. 550 

Baktoft, H., Zajicek, P., Klefoth, T., Svendsen, J. C., & Jacobsen, L. (2015). Performance 551 

assessment of two whole-lake acoustic positional telemetry systems - is reality mining of 552 

free-ranging aquatic animals technologically possible? PloS ONE, 10(5), e0126534. 553 

Balon, E. K. (2004). About the oldest domesticates among fishes. Journal of Fish Biology, 65, 1–554 

27. 555 

Bauer, C., & Schlott, G. (2004). Overwintering of farmed common carp (Cyprinus carpio L.) in 556 

the ponds of a central European aquaculture facility - Measurement of activity by radio 557 

telemetry. Aquaculture, 241(1–4), 301–317. 558 

Benito, J., Benejam, L., Zamora, L., & García-Berthou, E. (2015). Diel cycle and effects of water 559 

flow on activity and use of depth by common carp. Transactions of the American Fisheries 560 

Society, 144(3), 491–501. 561 

Bernard, S., Gonze, D., Čajavec, B., Herzel, H., & Kramer, A. (2007). Synchronization-induced 562 

rhythmicity of circadian oscillators in the suprachiasmatic nucleus. PLoS Computational 563 

Biology, 3(4), 667–679. 564 

Bertram, B. C. R. (1978). Living in groups: predators and prey. Behavioural Ecology: An 565 

Evolutionary Approach, 221–248. 566 

Beukema, J. J. (1970). Angling experiment with carp (Cyprinus carpio L.), II. Decreasing 567 

catchability through one-trial learning. Netherlands Journal of Zoology, 20, 81–92. 568 

Blonder, B., Wey, T. W., Dornhaus, A., James, R., & Sih, A. (2012). Temporal dynamics and 569 

network analysis. Methods in Ecology and Evolution, 3(6), 958–972. 570 

Blumstein, D. T. (2006). The multipredator hypothesis and the evolutionary persistence of 571 

antipredator behavior. Ethology, 112(3), 209–217. 572 

Britton, J. R., Pegg, J., Shepherd, J. S., & Toms, S. (2006). Revealing the prey items of the otter 573 

Lutra lutra in South West England using stomach contents analysis. FOLIA ZOOLOGICA-574 

PRAHA-, 55(2), 167. 575 

Brönmark, C., & Hansson, L. (2000). Chemical communication in aquatic systems: and 576 

introduction. Oikos, 88(1), 103-109. 577 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


17 

Brown, C., & Laland, K. N. (2002). Social learning of a novel avoidance task in the guppy: 578 

Conformity and social release. Behaviour, 64(1), 41–47. 579 

Brown, J. (1968). The evolution of diversity in avian territorial systems. The Wilson Bulletin, 580 

76(2), 160–169. 581 

Bryant, M. J., & Grant, J. W. A. (1995). Resource defence, monopolization and variation of 582 

fitness in groups of female Japanese medaka depend on the synchrony of food arrival. 583 

Animal Behaviour, 49(6), 1469–1479. 584 

Bshary, R., Gingins, S., & Vail, A. L. (2014). Social cognition in fishes. Trends in Cognitive 585 

Sciences, 18(9), 465–471. 586 

Caraco, T., & Giraldeau, L.-A. (1991). Social foraging: Producing and scrounging in a stochastic 587 

environment. Journal of Theoretical Biology, 153(4), 559–583. 588 

Carl, D. D., Weber, M. J., & Brown, M. L. (2016). An evaluation of attractants to increase catch 589 

rates and deplete age-0 common carp in shallow South Dakota Lakes. North American 590 

Journal of Fisheries Management, 36(3), 506–513. 591 

Carol, J., Zamora, L., & García‐Berthou, E. (2007). Preliminary telemetry data on the movement 592 

patterns and habitat use of European catfish (Silurus glanis) in a reservoir of the River 593 

Ebro, Spain. Ecology of Freshwater Fish, 16(3), 450–456. 594 

Carol, J., Benejam, L., Benito, J., & García-Berthou, E. (2009). Growth and diet of European 595 

catfish (Silurus glanis) in early and late invasion stages. Fundamental and Applied 596 

Limnology / Archiv Für Hydrobiologie, 174(4), 317–328. 597 

Conover, D. O., & Present, T. M. C. (2016). Countergradient variation in growth rate : 598 

compensation for length of the growing season among Atlantic silversides from different 599 

latitudes. Oecologia, 83(3), 316–324. 600 

Coolen, I., Ward, A. J. W., Hart, P. J. B., & Laland, K. N. (2005). Foraging nine-spined sticklebacks 601 

prefer to rely on public information over simpler social cues. Behavioral Ecology, 16(5), 602 

865–870. 603 

Côté, I. M., Poulin, R., & Zealand, N. (1985). Parasitism and group size in social animals : a meta-604 

analysis. Behavioral Ecology, 6(1), 159–165. 605 

Croft, D. P., James, R., Thomas, P. O. R., Hathaway, C., Mawdsley, D., Laland, K. N., & Krause, J. 606 

(2006). Social structure and co-operative interactions in a wild population of guppies 607 

(Poecilia reticulata). Behavioral Ecology and Sociobiology, 59(5), 644–650. 608 

Croft, D. P., Hamilton, P. B., Darden, S. K., Jacoby, D. M. P., James, R., Bettaney, E. M., & Tyler, C. 609 

R. (2012). The role of relatedness in structuring the social network of a wild guppy 610 

population. Oecologia, 170(4), 955–963. 611 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


18 

Daniel, A. J., Hicks, B. J., Ling, N., & David, B. O. (2009). Acoustic and radio-transmitter retention 612 

in common carp (Cyprinus carpio) in New Zealand. Marine and Freshwater Research, 60(4), 613 

328–333. 614 

Dunlap, J. C. (1999). Molecular Bases for Circadian Clocks. Cell, 96, 271–290. 615 

Eckmann, R. (1995). Fish species richness in lakes of the northeastern lowlands in Germany. 616 

Ecology of Freshwater Fish, 4(2), 62–69. 617 

Edgar, R. S., Green, E. W., Zhao, Y., Ooijen, G. Van, Qin, X., Xu, Y., … Akhilesh, B. (2012). Europe 618 

PMC Funders Group Peroxiredoxins are conserved markers of circadian rhythms. Nature, 619 

485(7399), 459–464. 620 

Eklöv, P. (1992). Group foraging versus solitary foraging efficiency in piscivorous predators: the 621 

perch, Perca fluviatilis, and pike, Esox lucius, patterns. Animal Behaviour, 44, 313–326. 622 

FAO. (2018). The State of World Fisheries and Aquaculture 2018 - Meeting the sustainable 623 

development goals. Rome. 624 

Finn, J. T., Brownscombe, J. W., Haak, C. R., Cooke, S. J., Cormier, R., Gagne, T., & Danylchuk, A. 625 

J. (2010). Applying network methods to acoustic telemetry data: Modeling the movements 626 

of tropical marine fishes. Ecological Modelling, 293(January), 139–149. 627 

Foster, W. A., & Treherne, J. E. (1981). Evidence for the dilution effect in the selfish herd from 628 

fish predation on a marine insect. Nature, 293(5832), 466. 629 

Franks, D. W., Croft, D. P., van Ginneken, A., Morrell, L. J., Balcomb, K. C., Foster, E. A., & 630 

Parsons, K. M. (2012). Social network correlates of food availability in an endangered 631 

population of killer whales, Orcinus orca. Animal Behaviour, 83(3), 731–736. 632 

Gaeta, J. W., Ahrenstorff, T. D., Diana, J. S., Fetzer, W. W., Jones, T. S., Lawson, Z. J., … Vander 633 

Zanden, J. M. (2018). Go big or ...don’t? A field-based diet evaluation of freshwater 634 

piscivore and prey fish size relationships. Plos One, 13(3), e094092. 635 

Gilbert, C., Robertson, G., Le Maho, Y., Naito, Y., & Ancel, A. (2006). Huddling behavior in 636 

emperor penguins: dynamics of huddling. Physiology & Behavior, 88(4–5), 479–488. 637 

Godin, J.-G. J., Classon, L. J., & Abrahams, M. V. (1988). Group vigilance and shoal size in a small 638 

characin fish. Behaviour, 104(1/2), 29–40. 639 

Granroth-Wilding, H. M. V., & Magurran, A. E. (2013). Asymmetry in pay-off predicts how 640 

familiar individuals respond to one another. Biology Letters, 9(3). 641 

Griffiths, S. W., & Magurran, A. E. (1997). Familiarity in schooling fish: how long does it take to 642 

acquire? Animal Behaviour, 53(5), 945–949. 643 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


19 

Grosenick, L., Clement, T. S., & Fernald, R. D. (2007). Fish can infer social rank by observation 644 

alone. Nature, 445(7126), 429. 645 

Gusar, A. G. (1989). The results of ultrasonic telemetry of the carp, Cyprinus carpio, in a 646 

wintering pond during the winter period. Fol. Zool., 38, 87–95. 647 

Guzzo, M. M., Van Leeuwen, T. E., Hollins, J., Koeck, B., Newton, M., Webber, D. M., … Killen, S. 648 

S. (2018). Field testing a novel high residence positioning system for monitoring the fine-649 

scale movements of aquatic organisms. Methods in Ecology and Evolution, 9(6), 1478–650 

1488. 651 

Haertel, S.S., & Eckmann, R. (2002). Diel diet shift of roach and its implications for the 652 

estimation of daily rations. Journal of Fish Biology, 60, 876-892. 653 

Hastings, A. (2010). Timescales, dynamics, and ecological understanding. Ecology, 91(12), 3471–654 

3480. 655 

Hay, D. E., & McKinnell, S. M. (2002). Tagging along: association among individual Pacific herring 656 

(Clupea pallasi) revealed by tagging. Canadian Journal of Fisheries and Aquatic Sciences, 657 

59(12), 1960–1968. 658 

Hearn, T. (2000). In Pursuit of the Largest. Bountyhunter Publication. Hampshire, p 318. 659 

Helfman, G. S. (1984). School fidelity in fishes: The yellow perch pattern. Animal Behaviour, 660 

32(3), 663–672. 661 

Hennen, M.J. & Brown, M.L. (2014). Movement and spatial distribution of common carp in a 662 

South Dakota glacial lake system: Implications for management and removal. North 663 

American Journal of Fisheries Management. 34(6), 1270-1281. 664 

Henzi, S. P., Lusseau, D., Weingrill, T., Van Schaik, C. P., & Barrett, L. (2009). Cyclicity in the 665 

structure of female baboon social networks. Behavioral Ecology and Sociobiology, 63(7), 666 

1015–1021. 667 

Hills, T. T., Todd, P. M., Lazer, D., Redish, A. D., Couzin, I. D., Bateson, M., … Wolfe, J. W. (2015). 668 

Exploration versus exploitation in space, mind, and society. Trends in Cognitive Sciences, 669 

19(1), 46–54. 670 

Hoare, D. J., Couzin, I. D., Godin, J. G. J., & Krause, J. (2004). Context-dependent group size 671 

choice in fish. Animal Behaviour, 67(1), 155–164. 672 

Holland, K. N., Brill, R. W., Chang, R. K. C., Sibert, J. R., & Fournier, D. A. (1992). Physiological 673 

and behavioural thermoregulation in bigeye tuna (Thunnus obesus). Nature, 358(6385), 674 

410. 675 

Howes, G. J. (1991). Systematics and biogeography: an overview. In Cyprinid fishes (pp. 1–33). 676 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


20 

Springer. 677 

Hunt, R. J., Jardine, T. D., Hamilton, S. K., & Bunn, S. E. (2012). Temporal and spatial variation in 678 

ecosystem metabolism and food web carbon transfer in a wet-dry tropical river. 679 

Freshwater Biology, 57(3), 435–450. 680 

Jacoby, D. M. P., & Freeman, R. (2016). Emerging network-based tools in movement ecology. 681 

Trends in Ecology and Evolution, 31(4), 301–314. 682 

Johnsen, P. B., & Hasler, A. D. (1977). Winter aggregations of carp (Cyprinus carpio) as revealed 683 

by ultrasonic tracking. Transactions of the American Fisheries Society, 106(6), 556–559. 684 

Jones, M. J., & Stuart, I. G. (2009). Lateral movement of common carp (Cyprinus carpio L.) in a 685 

large lowland river and floodplain. Ecology of Freshwater Fish, 18(1), 72–82. 686 

Jurajda, P., Adámek, Z., Roche, K., Mrkvová, M., Štarhová, D., Prášek, V., & Zukal, J. (2016). Carp 687 

feeding activity and habitat utilisation in relation to supplementary feeding in a semi-688 

intensive aquaculture pond. Aquaculture International, 24(6), 1627–1640. 689 

Karplus, I., Zion, B., Rosenfeld, L., Grinshpun, Y., Slosman, T., Goshen, Z., & Barki, A. (2007). 690 

Social facilitation of learning in mixed-species schools of common carp Cyprinus carpio L. 691 

and Nile tilapia Oreochromis niloticus (L.). Journal of Fish Biology, 71(4), 1023–1034. 692 

Kasumyan, A. O. (2000). Individual variability of taste preferences and of behavioural response 693 

to taste stimuli in carp Cyprinus carpio. Journal of Ichthyology, 40(8), 661–669. 694 

Klefoth, T., Kobler, A., & Arlinghaus, R. (2008). The impact of catch-and-release angling on 695 

short-term behaviour and habitat choice of northern pike (Esox lucius L.). Hydrobiologia, 696 

601, 99–110. 697 

Klefoth, T., Pieterek, T., & Arlinghaus, R. (2013). Impacts of domestication on angling 698 

vulnerability of common carp, Cyprinus carpio: The role of learning, foraging behaviour and 699 

food preferences. Fisheries Management and Ecology, 20(2–3), 174–186. 700 

Klefoth, T., Skov, C., Krause, J., & Arlinghaus, R. (2012). The role of ecological context and 701 

predation risk-stimuli in revealing the true picture about the genetic basis of boldness 702 

evolution in fish. Behavioral Ecology and Sociobiology, 66(4), 547–559. 703 

Klefoth, T., Skov, C., Kuparinen, A., & Arlinghaus, R. (2017). Towards a mechanistic 704 

understanding of vulnerability to hook-and-line fishing: boldness as the basic target of 705 

angling-induced selection. Evolutionary Applications, 1–13. 706 

Klimley, A. P., & Holloway, C. F. (1999). School fidelity and homing synchronicity of yellowfin 707 

tuna, Thunnus albacares. Marine Biology, 133, 307–317. 708 

Kobler, A., Klefoth, T., Wolter, C., Fredrich, R., & Arlinghaus R. (2008). Contrasting movement 709 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


21 

and habitat choice between summer and winter in a small lake. Hydrobiologia, 601, 17-27. 710 

Kohsaka, A., & Bass, J. (2007). A sense of time: how molecular clocks organize metabolism. 711 

Trends in Endocrinology & Metabolism, 18(1), 4–11. 712 

Krakauer, D. C. (1995). Groups confuse predators by exploiting perceptual bottlenecks: a 713 

connectionist model of the confusion effect. Behavioral Ecology and Sociobiology, 36(6), 714 

421–429. 715 

Krause, J., Krause, S., Arlinghaus, R., Psorakis, I., Roberts, S., & Rutz, C. (2013). Reality mining of 716 

animal social systems. Trends in Ecology and Evolution, 28(9), 541–551. 717 

Kubečka, J. (1993). Night inshore migration and capture of adult fish by shore seining.  718 

  Aquaculture Research, 24(5), 685-689. 719 

Landeau, L., & Terborgh, J. (1986). Oddity and the ‘confusion effect’ in predation. Animal 720 

Behaviour, 34(5), 1372–1380. 721 

Leatherland, J. F., & McKeown, B. A. (1973). Circadian rhythm in the plasma levels of prolactin 722 

in goldfish, Carassius auratus L. Biological Rhythm Research, 4(2), 137–143. 723 

Lefebvre, L., Palameta, B., & Hatch, K. K. (1996). Is group-living associated with social learning? 724 

A comparative test of a gregarious and a territorial columbid. Behaviour, 133(3/4), 241–725 

261. 726 

Sutter, D. A., Suski, C. D., Philipp, D. P., Klefoth, T., Wahl, D. H., Kersten, P., ... & Arlinghaus, R. 727 

(2012). Recreational fishing selectively captures individuals with the highest fitness 728 

potential. Proceedings of the National Academy of Sciences, 109(51), 20960-20965. 729 

Niemelä, P. T., & Dingemanse, N. J. (2014). Artificial environments and the study of ‘adaptive’ 730 

personalities. Trends in Ecology & Evolution, 29(5), 245-247.  731 

Lennox, R. J., Aarestrup, K., Cooke, S. J., Cowley, P. D., Deng, Z. D., Fisk, A. T., … Young, N. 732 

(2017). Envisioning the future of aquatic animal tracking: technology, science, and 733 

application. BioScience, 67(10), 884–896. 734 

Lorenzen, K. (2000). Allometry of natural mortality as a basis for assessing optimal release size 735 

in fish-stocking programmes. Canadian Journal of Fisheries and Aquatic Sciences, 57(12), 736 

2374–2381. 737 

Magnuson, J. J., Crowder, L. B., & Medvick, P. A. (1979). Temperature as an ecological resource. 738 

American Zoologist, 19, 331–343. 739 

Magurran, A. E. (1990). The inheritance and development of minnow anti-predator behaviour. 740 

Animal Behaviour, 39(5), 834–842. 741 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


22 

Magurran, A. E., & Higham, A. (1988). Information transfer across fish shoals under predator 742 

threat. Ethology, 78(2), 153–158. 743 

Mehner, T. (2012). Diel vertical migration of freshwater fishes - proximate triggers, ultimate 744 

causes and research perspectives. Freshwater Biology, 57(7), 1342–1359. 745 

Mehner, T., Rapp, T., Monk, C. T., Beck, M. E., Trudeau, A., Kiljunen, M., … Arlinghaus, R. (2018). 746 

Feeding aquatic ecosystems: whole-lake experimental addition of angler’s ground bait 747 

strongly affects omnivorous fish despite low contribution to lake carbon budget. 748 

Ecosystems, 22(2), 346–362. 749 

Milinski, M., Kulling, D., Kettler, R., & Bern, U. (1990). Tit for tat: sticklebacks (Gasterosteus 750 

aculeatus) “trusting” a cooperating partner. Behavioral Ecology, 1(7), 7–11. 751 

Monk, C. T., & Arlinghaus, R. (2017). Encountering a bait is necessary but insufficient to explain 752 

individual variability in vulnerability to angling in two freshwater benthivorous fish in the 753 

wild. PLoS ONE, 12(3), 1–25. 754 

Monk, C. T., Barbier, M., Romanczuk, P., Watson, J. R., Alós, J., Nakayama, S., … Arlinghaus, R. 755 

(2018). How ecology shapes exploitation: a framework to predict the behavioural response 756 

of human and animal foragers along exploration–exploitation trade-offs. Ecology Letters, 757 

21(6), 779–793. 758 

Mourier, J., Brown, C., & Planes, S. (2017). Learning and robustness to catch-and-release fishing 759 

in a shark social network. Biology Letters, 13, 20160824. 760 

Muška, M., Tušer, M., Frouzová, J., Draštík, V., Čech, M., Jůza, T., … Kubečka, J. (2013). To 761 

migrate, or not to migrate: Partial diel horizontal migration of fish in a temperate 762 

freshwater reservoir. Hydrobiologia, 707(1), 17–28. 763 

Muška, M., Tušer, M., Frouzová, J., Mrkvička, T., Ricard, D., Seďa, J., … Kubečka, J. (2018). Real-764 

Time distribution of pelagic fish: Combining hydroacoustics, GIS and spatial modelling at a 765 

fine spatial scale. Scientific Reports, 8(1), 1–11. 766 

Nakayama, S., Doering-Arjes, P., Linzmaier, S., Briege, J., Klefoth, T., Pieterek, T., & Arlinghaus R. 767 

(2018). Fine-scale movement ecology of a freshwater top predator Eurasian perch (Perca 768 

fluviatilis), in response to the abiotic environment over the course of a year. Ecology and 769 

Freshwater Fish, 27(3), 798-812. 770 

Nathan, R., Monk, C. T., Arlinghaus, R., Adam, T., Alós, J., Assaf, M., Baktoft, H., Beardsworth, C. 771 

E., Bertram, M. G., & Bijleveld, A. I. (2022). Big-data approaches lead to an increased 772 

understanding of the ecology of animal movement. Science, 375(6582), eabg1780. 773 

Naylor, E. (1988). Clock-controlled behaviour in intertidal animals. In Behavioral adaptation to 774 

intertidal life (pp. 1–14). Springer. 775 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


23 

Økland, F., Hay, C. J., Naesje, T. F., Nickandor, N., & Thorstad, E. B. (2003). Learning from 776 

unsuccessful radio tagging of common carp in a Namibian reservoir. Journal of Fish 777 

Biology, 62(3), 735–739. 778 

Osborne, M. W., Ling, N., Hicks, B. J., & Tempero, G. W. (2009). Movement, social cohesion and 779 

site fidelity in adult koi carp, Cyprinus carpio. Fisheries Management and Ecology, 16(3), 780 

169–176. 781 

Parameswaran, S., Alikunhi, K. H., & Sukumaran, K. K. (1972). Observations on the maturation, 782 

fecundity and breeding of the common carp, Cyprinus carpio Linnaeus. Indian Journal of 783 

Fisheries, 19(1 & 2), 110–124. 784 

Penne, C. R., & Pierce, C. L. (2008). Seasonal distribution, aggregation, and habitat selection of 785 

common carp in Clear Lake, Iowa. Transactions of the American Fisheries Society, 137(4), 786 

1050–1062. 787 

Pinter-Wollman, N., Hobson, E. A., Smith, J. E., Edelman, A. J., Shizuka, D., De Silva, S., … 788 

McDonald, D. B. (2014). The dynamics of animal social networks: Analytical, conceptual, 789 

and theoretical advances. Behavioral Ecology, 25(2), 242–255. 790 

Pitcher, T. J. (1986). Functions of shoaling behaviour in teleosts. In The behaviour of teleost 791 

fishes (pp. 294–337). Springer. 792 

Pitcher, T. J., Magurran, A. E., & Winfield, I. J. (1982). Fish in larger shoals find food faster. 793 

Behavioral Ecology and Sociobiology, 10(2), 149–151. 794 

Piyapong, C., Butlin, R. K., Faria, J. J., Scruton, K. J., Wang, J., & Krause, J. (2011). Kin assortment 795 

in juvenile shoals in wild guppy populations. Heredity, 106(5), 749. 796 

Pollux, B. J. A. (2017). Consistent individual differences in seed disperser quality in a seed-eating 797 

fish. Oecologia, 183, 81–91. 798 

Proske, C. (1972). Das Futteraufnahmeverhalten einsömmeriger Karpfen unter den 799 

Bedingungen der Intensivhaltung. Bayerisches Landwirtschaftliches Jahrbuch, 49, 899–908. 800 

Pulliam, H. R. (1973). On the advantages of flocking. Journal of Theoretical Biology, 38, 419–801 

422. 802 

Queiroz, H., & Magurran, A. E. (2005). Safety in numbers? Shoaling behaviour of the Amazonian 803 

red-bellied piranha. Biology Letters, 1(2), 155–157. 804 

Rosvall, M., Axelsson, D., & Bergstrom, C. T. (2009). The map equation. European Physical 805 

Journal: Special Topics, 178(1), 13–23. 806 

Ruf, T., & Geiser, F. (2015). Daily torpor and hibernation in birds and mammals. Biological 807 

Reviews, 90(3), 891–926. 808 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


24 

Rypel, A. L., & Mitchell, J. B. (2007). Summer nocturnal patterns in freshwater drum 809 

(Aplodinotus grunniens). The American Midland Naturalist, 157(1), 230–234. 810 

Saramäki, J., Kivelä, M., Onnela, J.-P., Kaski, K., & Kertesz, J. (2007). Generalizations of the 811 

clustering coefficient to weighted complex networks. Physical Review E, 75(2), 27105. 812 

Wasserman, S., & Faust, K. (1994). Social network analysis: Methods and applications (Vol. 8). 813 

Cambridge university press. 814 

Scott, A. J. (2000). The cultural economy of cities: essays on the geography of image-producing 815 

industries. Sage. 816 

Schulz, U., & Berg, R. (1987). The migration of ultrasonic‐tagged bream, Abramis brama (L), in 817 

Lake Constance (Bodensee‐Untersee). Journal of Fish Biology, 31(3), 409–414. 818 

Seppä, T., Laurila, A., Peuhkuri, N., Piironen, J., & Lower, N. (2011). Early familiarity has fitness 819 

consequences for Arctic char (Salvelinus alpinus) juveniles. Canadian Journal of Fisheries 820 

and Aquatic Sciences, 58(7), 1380–1385. 821 

Seppälä, O., Karvonen, A., & Valtonen, E. T. (2008). Shoaling behaviour of fish under parasitism 822 

and predation risk. Animal Behaviour, 75(1), 145–150. 823 

Shaw, E. (1978). Schooling fishes: the school, a truly egalitarian form of organization in which all 824 

members of the group are alike in influence, offers substantial benefits to its participants. 825 

American Scientist, 66(2), 166–175. 826 

Shoup, D. E., Boswell, K. M., & Wahl, D. H. (2014). Diel littoral-pelagic movements by juvenile 827 

bluegills in a small lake. Transactions of the American Fisheries Society, 143(3), 796–801. 828 

Shultz, E. T., Reynolds, K. E., & Conover, D. O. (1996). Countergradient variation in growth 829 

among newly hatched Fundulus Heteroclitus: Geographic differences revealed by common-830 

environment experiments. Functional Ecology, 10(3), 366–374. 831 

Snijders, L., Kurvers, R. H. J. M., Krause, S., Ramnarine, I. W., & Krause, J. (2018). Individual-and 832 

population-level drivers of consistent foraging success across environments. Nature 833 

Ecology & Evolution, 2(10), 1610. 834 

Somveille, M., Rodrigues, A. S. L., & Manica, A. (2015). Why do birds migrate? A 835 

macroecological perspective. Global Ecology and Biogeography, 24(6), 664–674. 836 

Spiegel, O., Leu, S. T., Sih, A., & Bull, C. M. (2016). Socially interacting or indifferent neighbours? 837 

Randomization of movement paths to tease apart social preference and spatial 838 

constraints. Methods in Ecology and Evolution, 7(8), 971–979. 839 

Stæhr, P. A., & Jensen, K. S. (2007). Temporal dynamics and regulation of lake metabolism. 840 

Limnology and Oceanography, 52(1), 108–120. 841 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


25 

Suboski, M. D., & Templeton, J. J. (1989). Life skills training for hatchery fish: social learning and 842 

survival. Fisheries Research, 7(4), 343–352. 843 

Swaney, W. T., Cabrera-Álvarez, M. J., & Reader, S. M. (2015). Behavioural responses of feral 844 

and domestic guppies (Poecilia reticulata) to predators and their cues. Behavioural 845 

Processes, 118, 42–46. 846 

Russell, S.T., L. Kelley, J., A. Graves, J., & E. Magurran, A. (2004). Kin structure and shoal 847 

composition dynamics in the guppy, Poecilia reticulata. Oikos, 106(3), 520–526. 848 

Taylor, A. H., Tracey, S. R., Hartmann, K., & Patil, J. G. (2012). Exploiting seasonal habitat use of 849 

the common carp, Cyprinus carpio, in a lacustrine system for management and 850 

eradication. Marine and Freshwater Research, 63(7), 587. 851 

Vandermeer, J. (2004). Coupled oscillations in food webs: Balancing competition and mutualism 852 

in simple ecological models. The American Naturalist, 163(6), 857–867. 853 

Vilizzi, L. (2012). The common carp, Cyprinus carpio, in the Mediterranean region: Origin, 854 

distribution, economic benefits, impacts and management. Fisheries Management and 855 

Ecology, 19(2), 93–110. 856 

Ward, A. J. W., Botham, M. S., Hoare, D. J., James, R., Broom, M., Godin, J. G. J., & Krause, J. 857 

(2002). Association patterns and shoal fidelity in the three-spined stickleback. Proceedings 858 

of the Royal Society B: Biological Sciences, 269(1508), 2451–2455. 859 

Weber, M. J., Brown, M. L., & Willis, D. W. (2010). Spatial variability of common carp 860 

populations in relation to lake morphology and physicochemical parameters in the upper 861 

Midwest United States. Ecology of Freshwater Fish, 19(4), 555–565. 862 

White, C.R., Butler, P.J., Grémillet, D., & Martin, G.R. (2008). Behavioural strategies of 863 

cormorants (Phalacrocroacidae) foraging under challenging light conditions. Ibis, 150, 231-864 

239. 865 

Wiens, J. A. (1976). Population responses to patchy environments. Annual Review of Ecology 866 

and Systematics, 7, 81–120. 867 

Wilmers, C. C., Nickel, B., Bryce, C. M., Smith, J. A., Wheat, R. E., & Yovovich, V. (2015). The 868 

golden age of bio-logging: how animal-borne sensors are advancing the frontiers of 869 

ecology. Ecology, 96(7), 1741–1753. 870 

Wilson, A. D. M., Croft, D. P., & Krause, J. (2014). Social networks in elasmobranchs and teleost 871 

fishes. Fish and Fisheries, 15(4), 676–689. 872 

Wilson, A. D. M., Krause, S., James, R., Croft, D. P., Ramnarine, I. W., Borner, K. K., … Krause, J. 873 

(2014). Dynamic social networks in guppies (Poecilia reticulata). Behavioral Ecology and 874 

Sociobiology, 68(6), 915–925. 875 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


26 

Wittemyer, G., Douglas-Hamilton, I., & Getz, W. M. (2005). The socioecology of elephants: 876 

Analysis of the processes creating multitiered social structures. Animal Behaviour, 69(6), 877 

1357–1371. 878 

Zion, B., Barki, A., Grinshpon, J., Rosenfeld, L., & Karplus, I. (2007). Social facilitation of acoustic 879 

training in the common carp Cyprinus carpio (L.). Behaviour, 144(6), 611–630. 880 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2022.03.11.483964doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.11.483964
http://creativecommons.org/licenses/by/4.0/


27 

Tables and Figures 881 

 882 

 883 
 884 

FIG. 1. Distribution of number of fish with successfully recorded mobility on each day, across 885 

the year. At the beginning of the year 36 fish are active and at the end of the year 23 are active.886 
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 887 
 888 

FIG. 2. Seasons and daytime modulate individual and social behavior. (A) Percentage 889 

successful location measurements across the year. Using a 5% threshold we label the periods 890 

marked in grey as missing data. Notice how these periods are missing in panels (B) and (C). (B) 891 

Individual behavioral indicators computed from location data, including temperature, T, 892 

distance from shore, d, spatial entropy, S, velocity, v, and depth, h. All values in panels (B) and 893 

(C) are population averages. Deviations are represented as the average standard error of the 894 

mean of day and night, which rarely exceeds the absolute difference between day and night. 895 

The left set of axes are standardized values representing standard deviations from the mean, 896 

and the right give the actual values. (C) Social behavioral indicators measured at the level of 897 

pairs. We measure social activity in terms of the typical interaction duration, +, time between 898 

interactions, -, and interaction probability, p. (D) Example of how p varies rhythmically 899 

throughout January and July. 900 
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 902 
 903 

FIG. 3. Effect sizes compared to shuffled data. (A) Number of interactions observed during day 904 

and night in the real data over the year. Note the y-axis is log-scaled. There are many times 905 

more interactions during daytime, and a decrease in total number of interactions observed over 906 

the year. (B) The effect size of number of interactions in the real data as compared to the 907 

shuffled data (count of real divided by count of shuffled). The dashed line signifies a one-to-one 908 

ratio and therefore no effect. (C) Average network clustering coefficient. (D) Effect size of 909 

clustering. 910 
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 912 
 913 

FIG. 4. Number of communities at different levels of aggregation. (A) Number of communities 914 

(3 or more members) and percentage of realized links as a function of aggregation time for 915 

each month. Each has its own y-axis. Shaded regions surrounding the solid lines are standard 916 

errors. The x-axis is log-scaled. (B) Four example networks, two for day (left) and two for night 917 

(right), with communities detected (coloured separately) by the Infomap algorithm [18]. Each is 918 

an aggregate over four days in September, the references marked with a star and a diamond on 919 

the corresponding curves in (A). 920 
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 922 
 923 

FIG. 5. Inferring proximity network with distance threshold. (A) and (B) show how distance 924 

between two different pairs of fish vary throughout the same day. The dashed line at Distance = 925 

10 m is the threshold we enforce to get the activity series shown below, which we filter to 926 

produce the bottom series. 927 
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