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M Check for updates

Baleen whales migrate from productive high-latitude feeding grounds to
usually oligotrophic tropical and subtropical reproductive winter grounds,
translocating limiting nutrients across ecosystem boundaries in their bodies.
Here, we estimate the latitudinal movement of nutrients through carcasses,
placentas, and urea for four species of baleen whales that exhibit clear annual
migration, relying on spatial data from publicly available databases, present
and past populations, and measurements of protein catabolism and other
sources of nitrogen from baleen whales and other marine mammals. Migrating
gray, humpback, and North Atlantic and southern right whales convey an
estimated 3784 tons N yr™ and 46,512 tons of biomass yr™ to winter grounds, a
flux also known as the “great whale conveyor belt”; these numbers might have
been three times higher before commercial whaling. We discuss how species
recovery might help restore nutrient movement by whales in global oceans
and increase the resilience and adaptative capacity of recipient ecosystems.

Baleen whales undertake some of the longest mammalian migrations,
with many species traveling from high-latitude feeding areas in the
summer to low-latitude wintering grounds. Southern Hemisphere
humpback whales (Megaptera novaengliae), for example, migrate
between foraging areas near Antarctica and tropical and subtropical
wintering grounds, where one-way traveling distances of ~8300 km
have been recorded'. Gray whales (Eschrichtius robustus) travel more
than 11,000 km between feeding grounds off Russia and breeding
areas along Baja California’. Specific migration routes vary con-
siderably between species and populations, with many whales dis-
playing natal philopatry to breeding and feeding grounds. Gray,
humpback, and right whales (Eubalaena spp.) generally adhere to the
accepted model of summer foraging and winter fasts. The migratory
patterns of fin (Balaenoptera physalus), blue (B. musculus), and minke

whales (B. acutorostrata), however, are less well understood and
mostly occur farther offshore™*.

Migratory baleen whales go through periods of fattening and
thinning, typically storing energy on summer foraging grounds to
prepare for and recover from energy deficits associated with migra-
tion, breeding, and lactation’. With several notable exceptions, such as
humpback and blue whales in the Gulf of California, baleen whales
typically fast in winter and during migration, with an associated change
in body condition. Unsurprisingly, whalers noted that whales killed at
the end of the breeding season often weighed significantly less than
those killed on the feeding grounds®’.

Why do whales migrate? A traditional view is that there are phy-
siological and behavioral advantages for giving birth in warm, shallow,
sheltered areas. Pregnant females migrate to and give birth in these

'Gund Institute for Environment, University of Vermont, Burlington, VT, USA. 2Section of Ecolnformatics and Biodiversity, Department of Biology, Centre for
Ecological Dynamics in a Novel Biosphere (ECONOVO), Aarhus University, Aarhus, Denmark. 3Department of Biological Sciences, Institute of Environment,
Florida International University, North Miami, FL, USA. ®Institute of Marine Science, University of California Santa Cruz, Santa Cruz, CA, USA. ®School of
Informatics, Computing, and Cyber Systems, Northern Arizona University, Flagstaff, AZ, USA. ®Centre for Ecology and Conservation, University of Exeter,
Penryn, UK. ’Instituto Baleia Jubarte, Caravelas, Bahia, Brazil. 8University of Vermont Honors College, Burlington, VT, USA. °Climate Central Inc., Princeton, NJ,

USA. " e-mail: jroman@uvm.edu

Nature Communications | _##t### i #HHEHHEEEH


http://orcid.org/0000-0001-6515-4623
http://orcid.org/0000-0001-6515-4623
http://orcid.org/0000-0001-6515-4623
http://orcid.org/0000-0001-6515-4623
http://orcid.org/0000-0001-6515-4623
http://orcid.org/0000-0003-1095-8979
http://orcid.org/0000-0003-1095-8979
http://orcid.org/0000-0003-1095-8979
http://orcid.org/0000-0003-1095-8979
http://orcid.org/0000-0003-1095-8979
http://orcid.org/0000-0002-0233-5782
http://orcid.org/0000-0002-0233-5782
http://orcid.org/0000-0002-0233-5782
http://orcid.org/0000-0002-0233-5782
http://orcid.org/0000-0002-0233-5782
http://orcid.org/0000-0003-3985-7960
http://orcid.org/0000-0003-3985-7960
http://orcid.org/0000-0003-3985-7960
http://orcid.org/0000-0003-3985-7960
http://orcid.org/0000-0003-3985-7960
http://orcid.org/0000-0002-2822-233X
http://orcid.org/0000-0002-2822-233X
http://orcid.org/0000-0002-2822-233X
http://orcid.org/0000-0002-2822-233X
http://orcid.org/0000-0002-2822-233X
http://orcid.org/0000-0002-2453-7350
http://orcid.org/0000-0002-2453-7350
http://orcid.org/0000-0002-2453-7350
http://orcid.org/0000-0002-2453-7350
http://orcid.org/0000-0002-2453-7350
http://orcid.org/0000-0003-0100-118X
http://orcid.org/0000-0003-0100-118X
http://orcid.org/0000-0003-0100-118X
http://orcid.org/0000-0003-0100-118X
http://orcid.org/0000-0003-0100-118X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56123-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56123-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56123-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56123-2&domain=pdf
mailto:jroman@uvm.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56123-2

areas perhaps to reduce the likelihood of their newborn calves being
attacked by killer whales (Orcinus orca), which are generally less
abundant in these regions®. Warmer waters also represent an advan-
tage for maintaining thermoregulation in calves before they develop
their insulative blubber layer, which may allow for faster growth. An
emerging concept is that whales travel to molt their skin and shed
fouling organisms such as diatoms’.

Most baleen whales are capital breeders, acquiring much of the
energy required for migration and reproduction during a relatively
short period while on their feeding grounds'. Although their place-
ment on the spectrum between capital and income breeding (when
intake and reproduction overlap) varies spatially and temporally, most
baleen whale species exhibit some form of traditional seasonal
migration®. In general, reproductive females gain the largest energy
(lipid) stores, presumably because of their increased energy demands
during gestation and lactation". Pregnant blue, fin, and humpback
whales, for example, have energy stores that are ~25% larger than
nonpregnant females and 37% more than males'>". The large body size
and energy stores of whales allow them to fast for longer periods and
travel farther than other mammals, such as some pinnipeds that also
use a capital-breeding strategy'. Many female whales give birth and
lactate during this fasting period in tropical and subtropical coastal
waters and lagoons, a pattern with ecological consequences that we
explore here.

By migrating, cetaceans have the potential to transport elements
in their bodies from highly productive, high-latitude feeding areas to
low-latitude, usually oligotrophic, calving grounds, as they metabolize
stored energy, excreting and releasing nitrogen and other nutrients
through urine, feces, and lactation®™. Parturient whales also release
biomass in the form of placentas and the carcasses of dead neonates.
Adult whale carcasses represent large nutrient pulses to these areas,
similar to their role in providing subsidies to deep-sea communities'®.
Collectively, the nutrient and detrital subsidies these migratory whales
provide can increase primary and secondary production on the
breeding grounds. Their effect on community and ecosystem
dynamics, however, is likely to vary according to the physical char-
acteristics and food-web structure of the recipient areas"”. Here, we
estimate the magnitude of carbon and nutrient flux through this great
whale conveyor belt and examine its potential impact on marine eco-
system dynamics (Fig. 1). We consider both the entire populations of
four species of baleen whales and a more restricted estimate for
mothers and calves. Although in some species, nonreproductive indi-
viduals might not migrate, mothers and calves are dependent on these
breeding grounds for parturition and nursing. As such, they represent
a conservative estimate for nitrogen transport by baleen whales.
Considering that many whale populations have been depleted, we
examine the global movement of nutrients both in the present and
before industrial whaling.

Results

Nutrient subsidies provided by gray, humpback, and

right whales

Our examination of nutrient subsidies provided by baleen whales
focused on four relatively well-studied coastal species that exhibit
traditional migratory patterns: gray whales, humpback whales, and
North Atlantic, North Pacific, and southern right whales (Fig. 2). The
entire populations of these species move an estimated 46,512 (38,092;
49,758) tons of biomass, 4874 (3992; 5215) tons C, and 3784 (3193;
4035) tons N yr™* (Table 1). (Ninety-five percent confidence intervals, or
95% Cls, are in parentheses in tables and text.) Assuming Redfield
stoichiometry (106 C:16 N), urea N, which has been observed to
increase primary productivity and chlorophyll a concentrations'®,
could stimulate the production of 18,180 (15,407; 19,386) tons C yr™
(Table 1). To our knowledge, baleen whales provide the largest long-
distance nutrient subsidy on the planet. Although it appears that all

mothers with calves migrate, the number of whales that travel to the
breeding grounds could vary each year, given that some non-
reproductive individuals spend less time on the winter breeding
grounds and have lower energetic demands than reproductive
females, e.g.,”. A better understanding of migration patterns and the
urea production by males and nonreproductive females will help refine
these estimates.

The nutrient subsidies provided by mother and calf migration
represent a conservative estimate for total transport, as reproductive
females are obligated to migrate to calving grounds. They stay in more
restricted areas, such as shallow protected waters during the months
after birth. Migratory pregnant and post-parturition mothers move
12,080 (9894; 12,932) tons of biomass yr™ (including carcasses and
placentas), 1266 (1037; 1355) tons of C, and 2341 (1980; 2497) tons of
N yr™ (S/ Appendix, Table S1). The total carbon fixation for the urea N is
potentially 12,412 (10,519; 13,233) tons Cyr™.

Funneling effect of migrating whales

Distributional and sighting data allowed us to examine the ratios
between foraging and winter areas (Table 2). The breeding areas tend
to be smaller because whales aggregate on these grounds, possibly to
protect calves from predators, enhance reproductive success, and
reduce metabolic costs’. Such aggregations on winter calving grounds
mean that released nutrients and biomass will be concentrated in these
areas. Though the ratios vary depending on our definition of the cal-
ving ground, we believe the feeding-to-calving ratio best represents
winter aggregations for the species considered here (S/ Appendix,
Feeding- and breeding-range distribution polygons). North Pacific gray
whales, which tend to aggregate in a few small bays along Baja Cali-
fornia, show the highest ratios, with summer feeding grounds being up
to 46 times larger than the breeding grounds under the most con-
strained assumptions (Table 2). Humpback whales breed in slightly
more open systems, with ratios that range from 5.1 for the Southern
Hemisphere to 2.4 for the North Pacific (Fig. 2). Although the feeding
and breeding polygons employed in our study are partly dependent on
opportunistic sightings and data from satellite-tracked individuals, we
supplemented our understanding of the spatial distribution of mother-
calf pairs with designations from the published literature (S/ Appendix,
Calving-area polygons). Refining these areas will assist in under-
standing the ecology and conservation of whale migration.

Impact of whale-derived nutrients on recipient ecosystems
Although there is a relatively high degree of uncertainty on the total
global nutrient transport by whales, we have data for some popula-
tions that allow us to compare whale-derived nutrients to abiotic
fluxes. The Hawaiian Islands Humpback Whale National Marine Sanc-
tuary, for example, is one of the few areas where both abiotic nutrient
budgets and whale demography have been well studied®>*. The cur-
rent population of humpback whales is estimated to release 3142
(2619; 3663) kg N day™ on their calving grounds through urea and 3715
(3103; 4304) kg N day including detrital N. Using estimates from the
Hawaii Ocean Time-series site, the nitrogen released by humpbacks
would be about 125-175% of the vertical N flux from upwelling and
convective mixing (2419 kg N day™) during the breeding season, based
on estimates of 0.048 mmol N m~2 day™ for the month of April, which
coincides with the end of the whale breeding period®™ (Fig. 3A).

Most of the world’s whale populations remain depleted since the
advent of commercial whaling. Before industrial whaling, the global
transport of nutrients by humpback, gray, and right whales would have
been almost three times higher than it is now. Mothers and calves
added 21,959 (18,100; 24,671) tons of biomass, 2301 (1897; 2386) tons
C, and 5132 (4393; 5811) tons Nyr? to breeding-ground ecosystems
(Table S1). The increases in C fixation because of urea were expected to
be 27,533 (23,619; 31,191) tons C yr™* for mothers and calves. The total
population transported 76,076 (62,669; 85,070) tons of biomass, 7973
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Fig. 1| The Great whale conveyor belt. Many baleen whales travel thousands of
kilometers from their summer foraging areas to winter grounds, including breeding
and calving areas. Nitrogen and other elements can be released in the form of urine,
carcasses, placentas, sloughing skin, and feces (primarily from nursing calves).

Humpback whales of the Central North Pacific, shown here, primarily feed off the
coast of Alaska and spend winters in the shallow waters of the Hawaiian archipe-
lago. (Illustration by A. Boersma).

(6568; 8915) tons C, and 7822 (6677; 8845) tons Nyr™ (Table 1). The
total carbon fixation for the urea N was expected to be 39,044 (33,489;
44,232) tons Cyr.

Potential importance of other balaenopterid whales

Our understanding of the migration of blue, fin, and other balae-
nopterid whales is not as well developed as it is for the species dis-
cussed above, with fewer sighting records, especially during the winter
when many populations are found offshore (S/ Appendix, Fig. S1to S5).
Although there is evidence that these whales fast during the winter,

they might not have the regular migratory patterns of humpback, gray,
and right whales’”®, Nevertheless, due to their immense size, they
could have substantial impacts. Our initial estimates for blue and fin
whale mothers and calves are that they transport 15,671 (12,864;
16,682) tons of biomass, 1642 (1348; 1748) tons C, and 2775 (2360;
2927) tons N yr™ (SI Appendix, Table S2). The total carbon fixation for
the urea N is expected to be 14,612 (12,453; 15,408) tons Cyr™ at pre-
sent and 119,801 (105,521; 126,261) tonsCyr' before commercial
whaling. The total population transports 99,537 (81,705; 105,959) tons
of biomass, 10,0432 (8563; 11,105) tons C, and 5901 (4995; 6230)
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Fig. 2 | Seasonal distribution of gray, humpback, and right whales. Gray
whales are restricted to the North Pacific (A). Humpback whales are found
throughout the world's oceans (B). Three species of right whales are found in the
North Pacific, North Atlantic, and Southern Oceans (C). The movement of nutrients
from high-latitude feeding grounds to lower-latitude winter and calving grounds
provides an important resource subsidy. Maps combine nineteenth-century whal-
ing data (whalinghistory.org), with contemporary databases such as OBIS-SEAMAP
and Global Biodiversity Information Facility. Basemaps are from www.naturaldata.
com. Whale icons are from iStock.com/KBelka.

tons N yr* (§/ Appendix, Table S3). Blue and fin whales in the Southern
Hemisphere remain depleted, though there are signs of hope that large
feeding aggregations are returning to old whaling grounds®.

Discussion

As the largest animals on the planet with the longest mammalian
migration, baleen whales move large amounts of biomass and urea N
from high-latitude feeding areas to lower-latitude breeding and winter
grounds. To our knowledge, these whales transport the highest
quantities of carbon and nitrogen ever recorded by animals across
thousands of kilometers®?!. Although future studies might reveal
similar or higher roles for other animals, our study illustrates the
importance of whale migration in linking spatially distant ecosystems
across ocean basins and from the surface to the seabed™.

On their feeding grounds, whales transfer nutrients—such as
nitrogen, iron, and phosphorous—to and within the euphotic zone in
nutrient-rich fecal plumes®*?. This vertical movement of nutrients,
also known as the whale pump, can move nutrients across the

thermocline, similar to physical upwelling, or recycle them within the
surface layer. The quantity of fecal nutrients in eutrophic temperate
waters tends to reflect patterns of ecosystem productivity”. In con-
trast, nitrogen and other nutrients transported via the whale conveyor
belt will primarily be allochthonous, with a source sometimes thou-
sands of kilometers away, potentially playing an essential role in the
carbon cycle and other biogeochemical processes in oligotrophic
tropical waters.

Migratory baleen whales feed in spring and summer, and much of
their biomass is derived from fish and invertebrate prey in high-
latitude areas. As capital breeders, they can metabolize the stored
energy during migration and while on winter breeding grounds. Gray,
humpback, and right whales, which tend to breed in coastal areas,
funnel large quantities of nutrients into low-latitude coastal and reef
systems (Figs. 1 and 2). For most species, foraging areas are much
larger than breeding areas (Table 2), perhaps because animals feed in
multiple places throughout the spring and summer and because there
are breeding, calf-rearing, and energetic benefits of staying in smaller,
often shallow regions during the winter calving season. North Pacific
gray whales particularly exhibit this traditional feeding and breeding
pattern, with their summer travels having a much larger range than
their winter aggregations (46:1, Table 2). For some species, such as the
North Atlantic right whale, mothers and calves show a distinct migra-
tory pattern from the rest of the population®. Pregnant and lactating
mothers travel to a narrow area off the US states of Florida and
Georgia; nonbreeding adults generally do not migrate to the calving
grounds (Fig. 1). It is possible that this pattern is a consequence of
whaling and that traditional migratory patterns were disrupted cen-
turies ago, along with the extirpation of the eastern population of this
species.

Although many baleen whale species migrate between high-
latitude feeding grounds and low-latitude breeding grounds, others
display a range of behaviors, including partial migration and non-
migratory populations. The spatial dynamics of several baleen whales
are relatively unknown or unexplored*. Acoustic records, for example,
show some North Atlantic fin whales stay on their feeding grounds
throughout the year®’. Even among the traditional migrants, variation
occurs: passive acoustic monitoring of North Atlantic right whales
shows that some animals remain in higher-latitude feeding areas
throughout the year®. In the South Atlantic Ocean, southern right
whales also move from offshore to onshore shallow regions of Brazil
and Argentina, where their movements can be longitudinal and
latitudinal®. A better understanding of the migratory patterns of blue
and fin whales, and the degree to which they feed on winter grounds,
would enhance our understanding of nutrient transport for the largest
baleen whales. If they migrate and fast in a pattern similar to our focal
species, the total movement of N by all 6 species would be 3 to 4 times
higher (Fig. 3B).

Most of the biomass is supplied by whale carcasses, which support
marine scavengers, deep-sea ecosystems, and coastal species. Tiger
sharks (Galeocerdo cuvier) and several other large shark species have
been observed feeding on whale carcasses in their breeding grounds
(Fig. 4). In areas such as Australia and Brazil, sharks reproduce near-
shore during the whales’ breeding season, and migrating whales could
be an important resource subsidy**.

The scale of nitrogen transport by baleen whales is compar-
able to that of subtropical seabirds (Fig. 3B), a process that has
been well studied, with important ecosystem effects, including
helping ecosystems adapt to changing environmental
conditions®. Yet, the transport distance is far greater for whales,
which move nitrogen across thousands of kilometers, generally
from highly productive to more oligotrophic areas. Seabirds, in
contrast, tend to move nutrients across tens or hundreds of kilo-
meters, with much of this movement occurring in higher
latitudes®. Some seabirds, such as sooty shearwaters (Puffinus
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Table 1| Yearly movement of biomass and nutrients by whales migrating from feeding to breeding grounds. Detritus includes

carcasses and placentas

Total Biomass Detrital C Detrital N Urea N C fixation from urea Total N
North Atlantic
Humpback 4425 (3522; 4784) 464 (369; 501) 55 (44; 60) 303 (244; 332) 1720 (1385; 1883) 358 (288; 391)
Humpback prehunting 6044 (4755; 8551) 634 (498; 896) 76 (59; 107) 414 (311; 687) 2349 (1767; 3897) 489 (372; 793)
Right 20 (17; 24) 2.1(1.8; 2.5) 0.2 (0.2; 0.3) 4.0 (3.5; 4.6) 23 (20; 26) 4.3 (3.7; 4.9)
Right prehunting 933 (755; 1110) 98 (79; 116) 1(9; 13) 210 (170; 249) 1191 (966; 1416) 221(179; 263)
Total present 4446 (3539; 4808) 466 (371; 504) 56 (44; 60) 307 (248; 336) 1743 (1405; 1909) 363 (292; 396)
Total prehunting 6977 (5510; 9661) 731(578; 1013) 87 (68; 120) 624 (482; 936) 3539 (2733; 5313) 710 (551; 1056)
North Pacific
Gray 7757 (6323; 8269) 813 (663; 867) 97 (79; 104) 435 (371; 460) 2472 (2105; 2613) 533 (450; 564)
Gray prehunting 9423 (7679; 10,295) 988 (805; 1079) 118 (96; 129) 529 (443; 588) 3002 (2512; 3338) 647 (539; 716)
Humpback 7866 (6712; 8476) 824 (703; 888) 98 (84; 106) 539 (468; 579) 3057 (2654; 3287) 637 (552; 685)
Humpback prehunting 7376 (6700; 8650) 773 (702; 907) 92 (84;108) 505 (477; 625) 2866 (2707; 3549) 597 (561; 733)
Right 24 (20; 28) 2.5(2.; 3.0) 0.3(0.2; 0.3) 4.8 (4.1;5.5) 27 (24; 31) 5.1(4.4; 5.8)
Right prehunting 912 (759; 1068) 96 (80; 112) 11(8.9; 13) 205 (176; 233) 1164 (1001; 1325) 216 (185; 246)

Total present

15,647 (13,055; 16,773)

1640 (1368; 1758)

196 (164; 210)

979 (843; 1045)

5556 (4783; 5931)

1175 (1007; 1254)

Total prehunting

17,71 (15,137; 20,013)

1856 (1587; 2097)

221 (189; 250)

1239 (1096; 1447)

7033 (6220; 8213)

1460 (1286; 1695)

Southern Hemisphere

Humpback

25,593 (20,811; 27,207)

2682 (2181; 2851)

320 (260; 340)

1752 (1482; 1846)

9945 (8411; 10,476)

2072 (1743; 2185)

Humpback prehunting

41,812 (34,070; 44,238)

4382 (3571; 4636)

523 (426; 553)

2862 (2452; 2980)

16,248 (13,920; 16,916)

3385 (2878; 3534)

Right

827 (687; 970)

87 (72;102)

10 (8.2; 12)

165 (142; 188)

937 (808; 1069)

175 (151; 200)

Right prehunting

9577 (7952; 11,159)

1004 (833; 1169)

113 (93; 131)

2154 (1,870; 2430)

12,225 (10,616; 13,791)

2266 (1963; 2561)

Total present

26,420 (21,498; 28,177)

2769 (2253; 2953)

330 (268; 352)

1917 (1624; 2034)

10,882 (9220; 11,546)

2247 (1894; 2385)

Total prehunting

51,389 (42,022; 55,396)

5386 (4404; 5806)

635 (519; 684)

5016 (4323; 5410)

28,472 (24,536; 30,707)

5651 (4841; 6095)

Global present

46,512 (38,092; 49,758)

4874 (3992; 5215)

581 (476; 622)

3203 (2714; 3415)

18,180 (15,407; 19,386)

3784 (3193; 4035)

Global prehunting

76,076 (62,669; 85,070)

7973 (6568; 8915)

943 (777; 1054)

6879 (5900; 7793)

39,044 (33,489; 44,232)

7822 (6677; 8845)

All measurements are in tons. 95% Cls are in parentheses.
See attached table in single page A4 format.

Table 2 | Size ratios between feeding and breeding grounds

Feeding: Feeding: Summer: winter
calving breeding
North Atlantic
Humpback 2.77 2.77 0.57
Right 25.5 225 0.80
North Pacific
Humpback 2.42 113 0.83
Gray 46.0 14.5 4.20
Southern Hemisphere
Humpback 5.12 2.04 0.52
Right 18.2 9Im 4.92

The feeding-to-calving ratio represents the overlap between known calving grounds with winter
observations, the most constrained of assumptions. Column two, feeding to breeding, includes
breeding areas that were found in the literature and have a wider distribution in the winter. The
summer-to-winter ratio includes all data points in the winter and has the lowest ratio, presumably
because it includes whales that don’t migrate or those that arrive late or depart early, thus

extending the winter range. Feeding ground (summer) observations are consistent throughout.

griseus) and albatrosses do travel across entire ocean basins®,
though even these birds must feed their chicks from local prey,
rather than milk production, with much of their feces ending up on
land. Whales travel to their winter calving grounds only once a
year, stay for a few months, and release most of the N in the form of
urea, which remains in the ocean (Figs. 3A and 4B). During this
migration, whales (including blues and fins) move -146,049
(119,797; 155,717) tons of biomass and 9686 (8187; 10,265) tons N

to the lower latitudes (Fig. 3B), with pregnant and lactating
mothers of the best-studied shallow-water species moving about
2341 (1980; 2497) tons N to calving grounds each year. (95% Cls are
in parentheses here and throughout the manuscript.) Whales
would have played a substantially larger role in the past, when
most of the populations we examined were much higher. We did
not examine past populations of seabirds, which were not as
severely reduced as whales.

How does the migration of whales affect local ecosystems? In the
North Pacific, 4130 (3471; 4651) tons of biomass are transported yearly
from Alaska to Hawaii via humpback whale migration; 477 (442; 541)
tons of N are released during the three months on the calving grounds
(Fig. 3A). Using estimates from the Hawaii Ocean Time-series site, this
is more than the vertical nitrogen flux of the entire Hawaiian Islands
Humpback Whale National Marine Sanctuary during the breeding
season.

Even an individual whale can have a substantial impact on the
breeding grounds. A single female humpback, for example, could
produce 10 calves over the course of her lifetime; this would mean at
least 20 return migrations between feeding and breeding grounds (for
copulation and parturition). On each calving journey, she would leave
77 kg N—774 kg throughout her life. Based on our calculations above,
this could stimulate 4391 kg of C fixation on the calving grounds (at
439 kg C per visit). At the end of her life, her 27-ton body would
transport 2782 kg of carbon to the ocean floor, though the location of
death could be on the breeding grounds, feeding grounds, or in transit.
(Factors associated with parturition and mating conflict could enhance
mortality on the breeding grounds, though data are sparse'®.) Nutri-
ents released on the breeding grounds are assumed to be new
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Fig. 3 | Nitrogen transport by whales, physical processes, and seabirds. The
movement of N by migrating humpback whales compared to physical processes
(e.g., upwelling) in Hawaii (A) and five whale species compared to seabirds in the

tropics and subtropics, defined as latitudes between 30° N and 40° S (B). Source
data are provided as a Source Data file.

nutrients to the system, stimulating new primary production, carbon
export, and carbon sequestration®. A successful female could stimu-
late the production of more than one whale’s worth of carbon on the
breeding grounds over her lifetime.

Our study does not quantify the release of feces or skin sloughing.
Feces are only produced by feeding whales, which are rarely observed
in the winter grounds. It is likely, however, that nursing calves, which
spend much of their time in shallow waters®, are excreting and defe-
cating near the surface. Quantifying the release of calf feces and milk
leakage by feeding calves would provide a better understanding of the
total nutrient flux generated by nursing whales. Whales slough epi-
thelium throughout their lives, though some authors have suggested
that cetaceans migrate to warmer waters in part to molt their skin, a
feeding-and-molting hypothesis’. Local fishes, birds, and other species
consume some of this skin. In Australia, humpback whales have been
observed rolling at the sandy bottom of their breeding grounds, per-
haps to exfoliate, with fish actively feeding on the skin*’. At the surface,
silver gulls (Chroicocephalus novaehollandiae) have been observed
pecking whales and feeding on sloughed skin*. Although we did not
estimate the nutrient contribution of skin sloughing to breeding areas,
we recognize that it is likely a food source for some species and is an
important area for future research (Fig. 4).

Whaling, loss of ecological function, and conservation
Migrating baleen whales import nutrients to tropical ecosystems,
which could increase their productivity and resilience. The amount of
nutrients transported would likely have been at least three times
higher before commercial whaling. Many populations were reduced by
hunting, and some populations, such as the North Atlantic right whale
in the Northeast Atlantic, were extirpated from their historical breed-
ing areas before spatial data were recorded*’. These nutrient networks
were lost before we even knew they existed.

Conservation efforts in place since the 1970s have helped some
populations, such as the eastern Australian humpbacks, recover®. As
migrating whale populations grow, we expect to see a rise in associated
ecosystem services along with conflicts with human activities, such as

commercial fisheries and shipping**. Although many populations have
increased since the demise of commercial whaling, future recovery is
imperiled by human actions such as shipping, fishing, and climate
change. Populations of humpback and right whales in the Southern
Hemisphere, for example, will likely peak around 2050 and decline
along with changes in ocean temperature, sea ice, and primary
productivity®. Such changes could disrupt one of the world’s most
prominent links between high- and low-latitude marine ecosystems.

Methods

Distribution of baleen whales

Spatial data for feeding and breeding grounds are derived from pub-
licly available databases including Whaling History (www.
whalinghistory.org), Ocean Biodiversity Information System-Spatial
Ecological Analysis of Megavertebrate Populations (OBIS-SEAMAP,
seamap.env.duke.edu), and Global Biodiversity Information Facility
(GBIF, www.gbif.org). In some cases, whale sightings from aerial and
ship-based surveys were added to supplement missing data (e.g.,
Antarctic and Brazilian humpback whales). We looked at the sightings
for all large whale species in these databases, including Antarctic
minke whale, blue whale, bowhead whale, common minke whale, fin
whale, gray whale, humpback whale, right whales (North Atlantic,
North Pacific, and Southern), Sei whale, and the Bryde’s whale complex
(e.g., B. omurai, B. ricei).

High-latitude feeding ranges were modeled using all observations
within each ocean basin. Low-latitude breeding ranges were modeled
based on all observations within each ocean basin and up to 15° lati-
tude in the opposite hemisphere. This flexibility accounts for whale
species and individuals that migrate across the equator during their
breeding season.

We chose six species based on evidence of long-distance seasonal
migration between high and low latitudes and data availability in
public databases with sufficient information for summer foraging and
winter breeding grounds. Criteria included catch records and sightings
throughout the year and distribution of the calving grounds based on
the literature. Species include blue whales, fin whales, gray whales,
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Fig. 4 | Nitrogen and other elements can be transported via urea, carcasses,
and skin. Humpback mother (top) from camera on a calf in the Hawaiian Islands
Humpback Whale National Marine Sanctuary (A). The mother’s urine can be seen
on the right. Mackerel scad (Decapterus macarellus) haves been observed feeding
on sloughed skin and appear to be attracted to leaked milk. (Courtesy of Marine
Mammal Research Program, University of Hawaii. NMFS Permit Number 21476).
Tiger shark with a carcass of a humpback whale calf off Ningaloo Reef, Australia (B).
The carcasses of neonates and adults provide nutrients to lower-latitude nutrient-
limited systems. (Courtesy of J. Leask).

humpback whales, and North Atlantic and southern right whales.
Several species of whales rely on shallow water for shelter in their
breeding areas. Mother-calf pairs of gray, humpback, and right whales
clearly prefer coastal waters, including bays, lagoons, and reef
complexes®***7,

We focused on several well-known breeding grounds but
acknowledge that our study likely overlooks some breeding areas both
in the past and present. Other baleen whales, such as fin, blue, and
minke, also exhibit high-to-low latitude migrations. Perhaps because
their breeding grounds are often farther from shore, or more dis-
persed, less is known about these groups. We have included the results
for blue and fin whales and recognize that future research will
be necessary to better understand nutrient transport by these species
(81 Appendix, Tables S2, S3, Figs. S1, S2). Minke whales, which likely
have migratory patterns similar to fin and blue whales, were not
included in our analysis because of a dearth of knowledge about their
seasonal movements*®, As abundant, widespread species, minkes likely
play an important role in nutrient distribution and warrant fur-
ther study.

Sightings of North Pacific right whales were rare outside of the
summer whaling season, and too few animals were recorded to
establish winter grounds for this critically endangered species*’. Our
spatial analysis did not include them, though numbers appear in our
nutrient transport estimates.

Present and historical population sizes

Population sizes are from Smith et al.'. with several updates. Present
(2019/20) and past population sizes for the Southern Hemisphere use
the baseline model fitted in Tulloch et al. ®. (See also SI Appendix,
Population Updates.)

Calculations for nutrient transport by whales from feeding to
breeding grounds
Roman et al.”. introduced the idea that migrating whales can transport
nitrogen from high-latitude feeding grounds to low-latitude calving
grounds. These winter areas are often located in oligotrophic waters,
where whale nitrogen can be a source for new production and increase
the biomass of animals in the ecosystem. Our original calculations
focused on nitrogen excreted in the urine of lactating females. We now
propose a more holistic approach to incorporate other sources of
nitrogen.

First, we need to determine F, the number of pregnant females on
the calving ground. This is computed as

F=qqP/y 0y

where P is the total population size, gg =the sex ratio, and y=the
average calving interval. We assume that the sex ratio is 50:50. Calving
intervals, percent mature, and calf and adult survival rates, were esti-
mated for each species based on Taylor et al.*.

For each whale species, we assign a mean adult body mass (m)
using the numbers provided by Pershing et al.”. We estimate the mass
of a newborn calf (mc) based on the allometric relationship in Webb®%

log10(mc) = log10(m) x 0.79 — 0.46 )
mc=0.3467m0.79(note m and mc are in kg) @

In our calculations, we envision each female giving birth to one
calf. Whale parturitions release placentas that result in a gradual
release of nitrogen. We estimated the mass of a placenta (mp) as 10% of
the mass of the calf based on observations of killer whale placentas®.
We assume that the placenta is 13.43% protein by weight**. Although
this estimate is from humans, we do not expect it to vary considerably
across species. We used the standard assumption from the FAO that
protein is 16% nitrogen by weight. This means that the total nitrogen
from all placentas on the calving grounds is

N,=0.0215mpF €

Then, we assume that s proportion of calves survive and (1-s) die
on the calving grounds. This means that (1-s) F calf carcasses are pro-
duced each year. We followed the assumptions of Jelmert and Oppen-
Bensen® that the dry weight of a whale is 40% of the total and that 20%
is protein. This gives the total nitrogen from the calf carcasses:

N.=0.0128(1 — symcF “)
and adults:
N, =0.0128(1 — x)mP )

where x is adult survival and P is population size. Future efforts to
examine the stoichiometry of great whales, rendered difficult because
of their size and the rarity of finding intact and recent strandings, will
help refine these assumptions.

The last piece in the calculations is the nitrogen in the urea
excreted by both the mother and the calf. We followed our original
approach, which used the only measurements available from a fully
capital-breeding marine mammal, fasting and lactating northern ele-
phant seals (Mirounga angustirostris), with some modifications.
Crocker et al. measured a urea production rate of 84 g day™ during
mid-lactation for a female elephant seal weighing an average of
432 kg*®. We assume an allometric relationship:

U(m) = urea(g day™)=Am°7 (6)

Nature Communications | _##t##i##HEHHHEHEEEHE


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56123-2

where A=0.886. The elephant seal data for late lactation are
U=126.3 g day™ and m =331 kg, implying that A =1.628 (by rearranging
Eq. 6). We can express (6) in terms of nitrogen using v =46.62%, the
percentage of urea that is nitrogen:

n(m) = nitrogen(g day )= vAm®7 @

Using (6) and (7), a 105-ton (105,000 kg) blue whale in mid-
lactation would then produce 5171g urea day™ and 2411gNday™ If
they are in late lactation, the numbers increase to 9493 g urea day ™ and
4426 g N day™. Converting to tons yields

— 0.75
O o ®
B=vA1000

with B=73.49 and 134.61 for mid- and late-lactation state.

To determine B, Roman et al.”. estimated that a 105-ton lactating
female blue whale releases 3300 g N day™. In our analysis, we opted for
a more conservative approach, using lower lactation numbers since
whale calves are relatively small in the first few months and consume
less milk. We computed n for both mothers and calves, added them
together, and then multiplied by the number of days (D) spent on the
calving grounds (S/ Appendix, Table S4):

N,=sF(n(mc)+n(m))D 9)

We show that Np and Nc are very similar when we input our best
information on the sizes of mothers, calves, and placentas. Adults are
much larger, and the nitrogen from the few adults who die on the
calving rounds is more than 10 times the nitrogen from the calves, even
though fewer adults die. Mothers contribute about 90% toward Nu
(mothers and calves united), whereas calves contribute only 10%.

Key packages employed for data analysis include R statistical
software version 4.3.1, CoordinateCleaner, AdeHabitatHR, Python
3.9.10, SciPy 1.11.2, NumPy 1.22.3, and pandas 1.4.1. The backgrounds
for maps are from Natural Earth (www.naturaldata.com). For uncer-
tainty in these input variables see Uncertainty in input data and sen-
sitivity analysis below and Fig. Sé6.

Migration and time on the winter grounds

Summer and winter residence times for whale populations were set by
the seasons in each hemisphere, the calendar days of the whale
sightings, and discussions and findings in the available literature (S/
Appendix, Calving area polygons and Table S4). In some cases, there
are good models or databases for the time that whales spend on the
breeding grounds: the migratory patterns and bioenergetics of gray
whales, for example, have been well studied”. For other species, there
is considerable variation and uncertainty in how much time breeding
females and nonbreeding adults spend on the winter grounds. To our
knowledge, male and nonreproductive female North Atlantic right
whales generally do not migrate to the calving grounds, though we do
not know their pattern in the past. A conservative estimate would focus
on mothers and calves. Little is known about the migratory patterns of
North Pacific right whales in the present or the past. In both cases,
present numbers are minimal for these critically endangered species.
In many cases, some whales will arrive earlier or stay longer than the
average for the population. We estimated that whales spend ~25% of
their time (or 90 days, with a range of 60-120 days) on the breeding
grounds.

Carcasses: adult mortality

Adult mortality rates used in our calculations are based on survivor-
ship estimates in ref. 50. For our mortality calculations, we assume that
adult whales are as likely to die on their winter breeding grounds as
anywhere else throughout the year. There are several reasons,

however, to suspect that mortality rates could be higher on the
breeding grounds or in transit between breeding and feeding grounds,
including factors associated with parturition, mating conflict, and
decreased body condition during migration'**’. Recent high mortal-
ity events highlight the potential pulse of nutrients in a single season:
in 1999, an unusual mortality event of gray whales was -7 times higher
than the annual mean; many of the strandings occurred in Mexican
waters during the breeding season, a pattern that is consistent with
most other years”. Although only a few stranded individuals were
examined, the emaciated condition of many whales indicated that
starvation might have contributed to these mortalities.

Carcasses: calf mortality

Survival rates for calves are typically lower than for adult baleen
whales®’. Calf mortality can be high in breeding areas. At Peninsula
Valdés in Argentina, for example, hundreds of southern right whales
(Eubalaena australis) died on their calving ground between 2003 and
2011; 89% of the dead whales observed during this period were calves,
with a high number of carcasses observed on the beaches®. In Brazil,
the most common cause of stranding or death in humpback calves is
neonatal respiratory distress followed by infectious disease®. To
maintain a conservative approach, we assumed they were as likely to
die in calving areas as elsewhere during their first year of life. Future
studies of the causes and locations of calf mortality and stoichiometry,
as well as the size and fate of calf carcasses, will improve our under-
standing of the role of calf mortality in nutrient subsidies.

Urine

Migrating baleen whales rely primarily on energy reserves during the
breeding season. The energy required for reproducing females is
considerable, and early lactation often occurs during the fasting per-
iod of many whales®>*, (Whalers sometimes referred to female whales
as “dry-skins” after their breeding-fasting periods because they had
little blubber to be rendered into 0il®%) Fasting whales catabolize both
fat and protein; the concentration of urea, derived from metabolic
processes, in the urine of fasting humpback whales harvested off
Australia, was calculated as 11g/L (183 mmol/L), comparable to the
concentration in humans and other mammals®. Birukawa et al.*.
found levels of urea in baleen whale urine that were higher than that of
cattle or sperm whales; the high concentration of urea helps cetaceans
maintain fluid homeostasis in the ocean®.

Whereas energy metabolism has been measured in gray whales
and has recently been reviewed for marine mammals®, rates of protein
catabolism are only available for a few pinnipeds®’. We used allometric
scaling relationships based on estimates of N excretion rates from
fasting and fasting-while-lactating elephant seals to estimate nitrogen
transport between whale feeding and breeding grounds™*’”. Much of
this urine is likely released near the surface: for North Atlantic right
whales, Hawaiian humpback whales, and presumably many other
baleen whales, resting behaviors dominate the activity budgets for
mothers and calves during the months after birth®.

Nitrogen, primary productivity, and the nutricline in
oligotrophic waters
In the surface waters of the oligotrophic ocean, nitrogen often occurs at
nanomolar concentrations, and ammonium is the dominant form taken
up by phytoplankton®®*’, We assume that N is limiting in many calving
grounds, so any excretion of N will be quickly assimilated by phyto-
plankton. Assuming a Redfield ratio of 106:16 moles of C:N, every ton of
N left on the calving grounds leads to 13.7 tons of new carbon fixed.
To examine the impact of N in calving grounds, we looked at the
Hawaiian Islands Humpback Whale National Marine Sanctuary, a well-
studied system with more than 10,000 breeding whales, and a nearby
long-term oceanographic program, the Hawaii Ocean Time-series
(HOT). Letscher et al.?. estimated the vertical flux of N from the HOT
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site as 0.048 mmol N/m?/day during April, when the whales are present
in Hawaii. This implies a total of 0.06 g/m? over the calving period
(90 days). We scaled this flux up to the 3600 km? of the sanctuary,
yielding 218 tons of N over the calving period for the same area.

Uncertainty in input data and sensitivity analysis

Any global analysis of this kind, examining past and present nutrient
flows, requires multiple assumptions or simplifications and is subject
to considerable uncertainty. Our modeling approach is a necessary
simplification of dynamic whale populations, which have important
individual and subpopulation-level characteristics. In our study, for
example, we consider all adults to have the same body mass, but in
reality, some individuals will be larger and smaller than others, and
body size can vary from year to year’. In addition, we use parameters
(e.g., population size, percentage of lactating females) that have a
degree of uncertainty. To ensure that our results encapsulate the
impact of these uncertainties, we conducted a Monte Carlo sensitivity
analysis that included uncertainty in (1) population size (from litera-
ture sources when available and set at £30% from the best estimate in
the absence of Cl estimates in the literature), (2) adult mass (set at
+20% from the best estimate, following Smith at al”"), (3) time spent on
wintering breeding grounds (set at +30% from the best estimate), (4)
percent migrating (set at £50% from the best estimate), and (5) percent
lactating females (set at +50% from the best estimate). Although there
were additional parameter inputs for our model, we focused on these
five as they have been identified as the primary drivers of uncertainty in
whale nutrient subsidies (see Gilbert et al., Fig. 7%°), and our preliminary
tests established that uncertainty in these parameters overwhelmed
the effects of other parameters (e.g., placenta size and N concentration
of carcasses). We repeated our model 10,000 times, in each instance
randomly selecting a value for each of the five sensitivity parameters
from a uniform distribution between the lower and upper confidence
intervals as outlined above. See Table S5 for specific lower and upper
confidence values used in our sensitivity analysis. We conservatively
selected from a uniform distribution as we did not have specific
information on distributions and did not want to bias the results”. To
provide uncertainty bounds, we then calculated the 2.5th and 97.5th
percentiles (i.e.,, 95% probability of the true result occurring within
these bounds) for each of total biomass, biomass carbon, biomass
nitrogen, urea nitrogen, carbon fixed by urea, and total nitrogen.
Ninety-five percent confidence intervals are reported throughout the
manuscript in parentheses.

To find out which sensitivity parameters generated the largest
uncertainty within our modeled results, we undertook a Sobol
variance-based approach, as has been conducted in similar studies
(e.g.”). We illustrate this sensitivity using the Hawaiian humpback
whale population. In general, most of the uncertainty in our estimates
was generated by the population parameters (number of whales,
percent migrating) rather than in the biological parameters (adult and
calf mass and any of the allometric terms). Urea N is most sensitive to
population size, days on calving ground, and percentage of lactating
females, whereas deadfall N is most sensitive to the percentage of the
population migrating (Fig. S6). We think that this is an important
finding that leads to actionable recommendations for future work. For
example, allometric parameters are difficult to measure, but we have
reliable and well-understood methods for estimating population size.
Studies that target these population parameters are likely to have the
biggest impact on reducing uncertainty in quantifying nutrient trans-
port by baleen whales. However, we note that even our lower estimates
are comparable to known important fluxes of abiotic (e.g., upwelling)
and biotic (e.g., seabird) inputs.

Future studies would benefit from more direct measurements of
the impact of migratory whales on chlorophyll-a concentration, an
index of phytoplankton biomass. Nitrogen released by gray seals
(Halichoerus grypus) of Sable Island, Canada, for example, may have

been responsible for about 20% of the increase of chlorophyll-a
standing stock in the past 21 years”. Stable isotope analysis could also
identify N sources, particularly the contribution of whale-mediated N
vs. other sources. Our understanding of baleen whale metabolism,
protein catabolism, and the potential for urea recycling is limited by
their large size and a lack of direct studies. A closer examination of the
migration of species such as blue and fin whales and their feeding
patterns on their winter grounds would enhance our measurement of
nutrient transport for the largest baleen whales.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data reported in this study were extracted from published sources
cited above and have been deposited in the Figshare database under
https://figshare.com/s/69f76e8dcdb0573d9f67. Source data are pro-
vided with this paper.

Code availability
The codes to reproduce the complete analysis are available on Fig-
share: https://figshare.com/s/69f76e8dcdb0573d9f67.
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