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Abstract
It is well know n th a t  microbes, Zooplankton, and  fish are Im portan t  sources o f  recycled n i trogen In coastal waters, yet 
marine m am m als  have largely b e en  Ignored o r  dismissed In this cycle. Using field m e a su re m e n ts  a n d  popula t ion  data ,  w e  
find th a t  m arine  m am m als  can  e n h a n c e  primary productivity In their  feed ing  areas by co ncen tra t ing  n i trogen near  th e  
surface th ro u g h  th e  release o f  flocculent fecal plumes.  Whales an d  seals may be  responsible  for replenishing 2 .3 x 1 0 4 metric 
tons  of N per  year  In th e  Gulf of Maine's e u p h o t lc  zone,  m ore  th an  th e  Input o f  all rivers com b in ed .  This upw ard  "whale  
p u m p "  played a m uch  larger role before  comm ercial  harvest, w h e n  marine m am m al  recycling of n i trogen was likely m ore  
th an  th ree  t im es a tm o sp h e r ic  N Input. Even with reduced  populat ions,  marine m am m als  provide an  Im portan t  ecosystem  
service by susta in ing productivity In regions w h e re  th ey  occur  In high densities.
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Introduction

T h e  biological pum p m ediates the rem oval o f carbon  and  
n itrogen from  the euphotic zone th rough  the dow nw ard flux of 
aggregates, feces, an d  vertical m igration o f invertebrates and  fish 
[1]. C opepods and  o ther Zooplankton produce sinking fecal pellets 
and  contribute to dow nw ard transport o f dissolved and  particulate 
organic m atter by respiring and  excreting at dep th  during 
m igration cycles, thus playing an  im portan t role in the export o f 
nutrients (N, P, and  Fe) from  surface waters [2,3]. Perhaps because 
o f the prevalence o f this flux o f Zooplankton biom ass and  detritus, 
it has often been  presum ed that the fecal m atter o f top predators 
such as m arine m am m als is also lost rapidly to deep waters an d  the 
benthos [4]. Yet predators such as whales, pinnipeds, and  seabirds 
m ust rise to the surface to breathe, and  so m ay play a  different role 
in nu trien t cycling.

T h ere  is a  growing body o f evidence supporting the im portant 
role o f large vertebrates in m any ecosystem processes. G razing 
anim als in the Serengeti, for exam ple, stimulate net prim ary  
productivity an d  carbon  sequestration [5,6], C hanges in vertebrate 
density and  com position can have local and  even global impacts: 
the decline o f Pleistocene m egafauna m ay have im pacted m ethane 
production  an d  thus atm ospheric tem perature  [7]. Similarly, the 
rem oval o f sperm  whales from  the Southern  O cean  m ay have 
dim inished this region’s role as a  reservoir for carbon  [8],

Several lines o f evidence indicate th a t m ost o f  the nitrogen 
released by m arine m am m als is expected to be  in the shallower 
portion  o f their dep th  range: a ttachm ent to the surface for 
respiration, reduced m etabolism  at depth, physiological response 
to hydrostatic pressure, a  decrease in glom ular filtration rate  and

urine flow during  forced diving studies, an d  observations o f 
buoyant fecal plum es at the surface [9,10,11], As early as 1983, 
K anw isher and  R idgw ay no ted  that cetaceans could play an 
analogous role to upwelling, “lifting nutrients from  deep w aters” 
and  releasing fecal m aterial “ th a t tends to disperse ra th e r th an  sink 
w hen it is released.” [12] W hale foraging dives are characterized 
by rap id  descents and  ascents to reduce transit tim e to prey 
aggregations [13,14], and  high m etabolic rates in gray seals while 
motionless a t the surface support the idea that m arine m am m als 
process food during extended surface intervals following deep- 
w ater foraging [15]. Even if defecation occurred  random ly, it 
w ould on average occur h igher in the w ater colum n than  where 
these anim als feed, since they are unlikely to dive deeper than  
foraging efforts require.

T hus opposing the contribution  o f Zooplankton, such as 
copepods, to the dow nw ard biological pum p, cetaceans feeding 
deep in the w ater colum n effectively create an  upw ard pum p, 
enhancing nu trien t availability for p rim ary  p roduction  in locations 
w here whales gather to feed (Figure 1). R eleased nitrogenous 
com pounds th a t can  be used by prim ary  producers are likely to 
rem ain  in the euphotic zone, either as u rea  (the prim ary 
m am m alian  N -excretory product in urine), o r as am ino-N  and  
NF[4+ as the fecal plum e m aterial is consum ed and  m etabolized. 
Pinnipeds th a t b reed  on shore and  seaside ledges are also a source 
o f nitrogenous nutrients in coastal waters [16],

W e exam ined the relative im portance o f the whale pum p in the 
G ulf o f M aine, a  partially isolated, highly productive basin in the 
w estern N orth  Atlantic O cean  w here n itrogen is generally 
considered to be the lim iting nu trien t for phytoplankton growth 
[17]. T ow nsend observed that the advective flux o f n itrogen from
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Figure 1 . A  conceptual model of the whale pump. In th e  c o m m o n  c o n c e p t o f th e  bio logical p u m p , Z o o p lank ton  fe e d  in th e  e u p h o tic  z o n e  an d  
ex p o rt n u tr ien ts  via sinking fecal pe lle ts , an d  vertical m ig ra tio n . Fish typically  re lease  n u tr ie n ts  a t  th e  sam e  d e p th  a t  w h ich  th e y  fe e d . Excretion for 
m arine  m am m als, te th e re d  to  th e  su rface  fo r re sp ira tio n , is e x p e c te d  to  b e  shallow er in th e  w a te r  co lu m n  th a n  w h e re  th e y  feed . 
do i:10 .1371/jou rnal.pone .0013255 .g001

deep an d  adjacent waters could not sustain prim ary  production  in 
this basin, noting  that the “ construction o f carbon  and  nitrogen 
budgets that consider only fluxes into an d  out o f the Gulf, and  not 
internal recycling, will be in e rro r” [18],

Results and Discussion

Field M e a s u re m e n ts
W e collected and  analyzed 16 fecal plum e samples during  two 

w hale-tagging cruises on Stellwagen Bank. P O N  concentrations o f 
the hum pback  fecal plum e samples were elevated by as m uch as 
two orders o f m agnitude above typical m ixed-layer concentrations 
for sum m er in this a rea  [19]. C oncentrations o f N H 4+ in fecal 
plum es ranged from  0.4 to 55.5 pinoi kg-  . All reference samples 
collected away from  visible fecal plum es h ad  concentrations 
< 0.1 pinoi kg-  (the nom inal lim it o f detection), w hich is typical 
for sum m er surface waters [19]. H ence, nearly all o f the samples 
taken near whale fecal plum es had  dram atically  elevated N H 4+. 
T h e  results o f shipboard  incubation  tim e-course experim ents are 
plo tted  in Figures 2a and  2b. T hese fecal plum e samples contain 
phytoplankton and  m icrobes capable o f utilizing N H 4+. T hus any 
change over tim e w ould be the net difference betw een w hat was 
p roduced  by m icrobial activity associated w ith the feces (presum ­
ably gut flora) and  the constituent m icrobial plankton m inus the 
consum ption o f N H 4+ by  plankton and  m icrobes. No samples 
showed a net loss o f N H 4+ during  these experim ents.

T h e  m easured N H 4+ p roduction  rates in incubated  samples 
were strongly correlated  w ith sample P O N  concentration 
(Figure 2a), w hich implicates fecal particulate m aterial as the

source o f this nitrogen. T he highest observed production  ra te  was 
equivalent to about 50 times a typical p lankton assim ilation rate 
during  sum m er in M assachusetts Bay [19]. R ates o f increase in 
N H 4+ show no relationship to initial N H 4+ concentrations 
(Figure 2b), suggesting that the source is the fecal particulate 
m aterial ra th e r th an  ano ther dissolved com pound (am ino-N  or 
urea) that was co-released w ith N H 4+.

Ecosystem  Effects
W e propose that m arine  m am m als play an  im portan t role in the 

delivery o f recycled nitrogen to surface waters (Table 1). O ver the 
course o f a  year, m arine m am m als release approxim ately 2.3 x  IO4 
m etric tons (1.7 x i  O9 m ol N) per year to the surface of the G ulf o f 
M aine, m ore than  all rivers com bined and  approxim ately the same 
as curren t coastal po in t sources (Figure 3a, T ab le  2, [20]). 
A lthough atm ospheric deposition delivers m ore nitrogen to the 
G ulf th an  rivers o r m arine m am m als, it is im portan t to note that 
the atm ospheric source is currently  m uch higher th an  the 
estim ated preindustrial levels (Figure 3b) [21].

T h e  release o f nutrients at the ocean surface is a  p a tte rn  com m on 
to m any air-breath ing  vertebrates, however, in the G ulf o f  M aine, 
and  presum ably in m any other systems, it is dom inated  by  whales, 
especially baleen whales. C urrently  cetaceans deliver approxim ately 
7 7 % o f the nutrients released to the gulf by m am m als and  birds 
(Table 2); their biomass in the N orth  Pacific and  Southern O ceans 
indicate that they also play a  dom inant role in these systems [22,23]. 
For some m arine ecosystems it m ay be appropriate  to expand this 
term  beyond one that emphasizes whales to acknowledge greater 
im portance of pinnipeds or seabirds. In  the gulf, the whale pum p
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Figure 2. Shipboard incubation time-course experiments on 
Humpback whale samples collected on Stellwagen Bank, Gulf 
of Maine, (a) Net NH4+ p ro d u c tio n  vs. fecal PON c o n ce n tra tio n  in tim e  
co u rse  in cu b a tio n s  o f m ateria l co llec ted  in w h a le  fecal p lum es. Sam ples 
1 an d  2 had  th e  h ig h e s t initial NH4+ c o n c en tra tio n s , y e t th e ir  ra te s  o f 
NH4+ p ro d u c tio n  ra n g e d  from  th e  sec o n d  low est to  th e  h ig h e s t in th e  
en tire  d a ta  se t. (b) NH4+ c o n ce n tra tio n  vs. in cu b a tio n  tim e. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 3 2 5 5 .g 0 0 2

will be m ost active in spring and  sum m er, w hen feeding whales are 
p resent and  w hen nitrate levels are low (Figure 4). C oncentrations 
are ~  8 prnol kg in w inter bu t approach undetectable levels in 
sum m er [18]. K enney et al. have estim ated th a t 30% o f the annual 
p rey consum ed by cetaceans in the G ulf o f M aine occurs in spring 
and  48% in sum m er [24], Surface excretion m ay extend seasonal 
p lankton productivity during these seasons, after a therm ocline has 
form ed. T h e  effects o f the pum p are also expected to be m uch 
greater in highly productive areas such as Stellwagen and  Georges 
Banks and  the Bay o f Fundy, w here diving and  surfacing transcends 
warm -season stratification and  can m arkedly increase surface 
nitrogen levels.

T h e  whale pum p provides a positive plankton nutrition  
feedback. O n  Stellwagen Bank, hum pback  whales bottom  feed 
on sand lance {Ammodytes spp), especially a t night w hen these forage 
fish burrow  into the sandy substrate [25]. In  the G ran d  M an an  
Basin, right whales feed beneath  the therm ocline, on concentrated  
bands o f diapausing copepods, in direct p roportion  to the 
abundance and  quality o f food available [14,26]. T h e  density o f 
copepods in this layer is orders o f m agnitude greater th an  average 
estimates o f w ater-colum n prey density [27]. T h e  average dive 
depth  (113-130 m) for right whales is strongly correlated with 
peak prey  abundance (fifth copepodites o f Calanus finmarchicus) and  
the therm ocline [14], Fin whale foraging dives often exceed 100 m  
to locate dense concentrations o f euphausiids [13].

N o t all feeding occurs along or below the pycnocline. R ight 
whales surface feed on copepods in  C ape C od  Bay and  the G reat 
South C hannel in  the spring [28]. O n  Stellwagen, hum pbacks 
tend  to surface feed during  daylight hours, w hen their prey  is m ost 
a b u n d an t in the upper portion  o f the w ater colum n [25]. Several 
species have diel patterns in  foraging behavior: sei whales feed on 
aggregations o f C. finmarchicus w hen they m igrate to the surface at 
night, reducing transit tim e for the whales and  m axim izing 
foraging efficiency [29]. A lthough the upw ard  m ovem ent of 
nutrients is essential to our conception o f the whale pum p, the 
feeding o f m arine m am m als a t the surface, especially on prey  th a t 
m igrate across the pycnocline themselves, and  the subsequent 
excretion o f nutrients a t the surface are im portan t parts o f the 
overall p a tte rn  o f the pum p.

Because o f their large size and  the high energetic cost of 
foraging, baleen whales require dense patches o f food [13]. 
P roduction  o f phytoplankton stocks th a t support copepods, 
euphasiids, and  fish consum ed by whales will benefit m ost 
im m ediately from  the release o f nitrogenous excreta in nutrient- 
lim ited waters during  stratified sum m er conditions. T h e  whale 
p um p could also reinforce the aggregative behavior and  
cooperative foraging o f some cetaceans. T h e  predictability of 
finding food in regions o f high productivity is critical to individual 
survival and  reproductive success: m any species re tu rn  to the same 
locations year after year, using the same feeding grounds across 
generations [30,31]. A nother possible concentration-enhancing 
m echanism  o f the whale pum p is the a ttraction  o f Zooplankton to 
fecal m aterial. T h e  initial observation th a t led H am n er and  
H am n er to study the use o f scent trails by Zooplankton was an 
aggregation o f copepods on the regurgitated  m eal o f a seasick dive- 
b oat tender [32]. A t least one o f the fecal plum es we collected—  
suspended ju s t below the surface, abou t the size o f our inflatable 
sam pling boat, and  the color o f oversteeped green tea— h ad  high 
num bers o f copepods. C onsum ption  o f the fine particulate fraction 
in  the fecal plum e by Zooplankton would provide further nutrition  
for the lower trophic levels th a t nourish these m am m als.

Any a ttem pt to study the role o f m arine m am m als in coastal 
ecosystems m ust consider th a t m any species now  occur only in 
rem n an t populations, drastically reduced by com m ercial exploi­
tation, incidental m ortality, and  h ab ita t destruction (Figure 3b). 
T h ree  species o f m am m als (sea mink, Atlantic walrus, and  possibly 
A tlantic gray whale) are now  extinct o r absent in the G ulf of 
M aine, along with several m arine birds, including the great auk. In  
the Bay o f Fundy, hum ans have reduced the biomass o f the upper 
trophic level o f vertebrates by a t least an  o rder o f m agnitude [33]. 
O ne  unan tic ipated  consequence o f this depletion o f deep-diving 
m am m als is a likely decline in the carrying capacity for higher 
trophic levels in coastal ecosystems.

Looking beyond the G ulf o f M aine, it is im portan t to consider 
the roles o f p resent and  past stocks o f large a ir-breath ing predators 
in  the nu trien t cycle o f m arine ecosystems. In  the N orth  Pacific, 
whale populations consum e approxim ately 26% o f the average 
daily net p rim ary  productivity; pre-exploitation populations m ay 
have requ ired  m ore th an  twice this sum [34], M ight prim ary  
productivity  have been h igher in the past as a result o f a stronger 
whale pum p? O ne recen t study provides evidence th a t phy to ­
plankton abundance has declined in 8 o f 10 oceanic regions over 
the past century, and  the authors suggest th a t this can  be explained 
by ocean w arm ing over this period  [35]. Y et declines in  bo th  the 
Arctic and  Southern  O cean  regions, areas w ith especially high 
harvests o f whale and  seal populations over the past century, are in 
excess o f the m ean  global rate. Full recovery from  one serious 
anthropogenic im pact on m arine ecosystems, nam ely the dram atic 
depletion o f whale populations, can  help to counter the im pacts of
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T a b le  1. Effect o f  c o m m o n  an d  historically Im portan t  marine 
m am m als  on  th e  n i trogen cycle In th e  Gulf o f  Maine 
ecosystem .

N excreted Population N flux
Species (kg day-1 ) m ( IO 8 mol N y r-1 )

Cetaceans

Baleen

Right whale 15.9 345 1.2

Humpback whale 9.42 902 1.8

Fin whale 15.0 2,065 6.7

Sei whale 8.32 91 0.16

Minke whale 2.94 3,497 2.3

Toothed

Pilot whale 0.63 219 0.036

White-sided dolphin 0.15 20,400 0.78

Common dolphin 0.09 139 0.0034

Harbor Porpoise 0.05 89,700 1.2

Pinnipeds

Harbor seal 0.09 99,340 2.4

Gray seal 0.22 1,731 0.10

Total 16.7

Total annual nitrogen released is 365 x N excreted day-1 for resident toothed whales 
and pinnipeds; for baleen whales, which migrate seasonally out of the study area, 
the total nitrogen released is expected to be 83% of annual excretion [48]. 
doi:10.1371 /journal, pone.0013255.t001

ano ther now underw ay— the decline in nutrients for phytoplank­
ton grow th caused by ocean w arm ing. T h e  whale pum p m ay have 
even played a  role in helping to support a  greater num ber o f apex 
consum ers. In  the Southern  H em isphere, Willis has noted  that a 
decrease in krill abundance followed the n ear elim ination o f large 
whales [36], H e  hypothesized th a t one factor in this counterin­
tuitive decline is a  shift in krill behavior. A nother factor could be 
the dim inished whale pum p, w hich w ould have affected 
productivity by  reducing the recycling o f nutrients to near-surface 
waters: Sm etacek and  Nicol et al. have shown that whales recycle 
iron  in surface waters o f the Southern  O cean  [23,37]. T he 
fertilization events o f  the whale pum p can  apply to nitrogen, iron, 
o r o ther lim iting nutrients.

T hese findings have im portan t implications for the m anagem ent 
o f  ocean resources. As m arine m am m al populations recover, it has 
been suggested that whales an d  o ther predators should be culled to 
limit com petition with hu m an  fishing efforts, an  idea that has been 
cham pioned to challenge in ternational restrictions on whaling 
[38], Yet no da ta  have been  forthcom ing to support the logic o f 
this assertion. Furtherm ore, recent studies suggest that m arine 
m am m als have a  negligible effect on  fisheries in the N orth  Atlantic 
[39,40]; sim ulated reductions in large whale abundance in the 
C aribbean  did not produce any appreciable increase in biomass o f 
com m ercially im portan t fish species [41], O n  the contrary, m arine 
m am m als provide im portan t ecosystem services. O n  a global scale, 
they can  influence clim ate, th rough  fertilization events an d  the 
export o f carbon  from  surface waters to the deep sea through 
sinking whale carcasses [42]. In  coastal areas, whales retain  
nutrients locally, increasing ecosystem productivity an d  perhaps 
raising the carrying capacity for o ther m arine consum ers, 
including com m ercial fish species. An un in tended  effect o f  bounty  
program s an d  culls could be reduced availability o f n itrogen in  the 
euphotic zone and  decreased overall productivity.

Methods

A m m o n iu m  analysis
A n im portan t question in this research was w hether elevated 

N H 4 could be detected  in w hale fecal plum es, an d  w hether rates o f 
N H 4+ production  could be m easured w hen freshly sam pled feces 
are held in experim ental cham bers in the shipboard laboratory. 
H um pback  whale fecal plum es w ere sam pled with a  30-cm 
diam eter, 150-pm  m esh plankton net from  small boats engaged in 
whale-tagging operations on Stellwagen Bank during  Ju ly  2008 
and  2009. T h e  large greenish plum es, typically suspended just 
below the surface an d  a t times as big as the collecting boat, were 
visibly heterogeneous and  did not allow for quantitative sampling. 
Surface-w ater controls away from  visible fecal plum es were 
collected b o th  in close proxim ity (~ 2 0  m) to groups o f surfacing 
whales and  distant (>  1 km) from  any visible activity.

O ne-liter samples were p laced in a  cooler an d  re tu rned  to the 
support ship (NOAA Ship Nancy Foster) w ithin 1-6 hours o f 
collection, a t w hich tim e a 200-ml aliquot o f the fecal suspension 
was filtered (combusted W hatm an  G F /F ). T he filtrate was 
analyzed for initial N H 4+-N  concentration  [43]. T h e  filter was 
dried  at 50"C, then  sealed in a  glass vial and  re ta ined  for later 
particulate organic n itrogen (PON) analysis onshore [44], T he 
rem aining unfiltered sample was placed in a  dark refrigerator 
(12“C) to m onitor changes in N H 4+ over tim e. (M ean surface 
w ater tem peratu re  during  the study period  was ~ 18"C .)

A t approxim ately 10 and  20 hours from  the tim e the samples 
were onboard , subsamples w ere d raw n from  the refrigerated 
sample, filtered, and  the filtrate was analyzed for N H 4+-N 
concentration. In  addition, single po in t N H 4+-N  and  P O N  
determ inations were m ade on  the control w ater samples described 
above, as well as samples from  eight additional distinct fecal 
plum es sam pled during  this period  and  a similar operation  in Ju ly  
2008. Extrem ely dense aggregations o f copepods were observed in 
a  few fecal samples. W e w ere unable to satisfactorily rem ove 
anim als in these samples for analysis o f fecal P O N , and  thus data  
from  these samples are no t reported  here. W e did no t determ ine if 
the copepods were coprophagous.

M arine M am m al C o n s u m p t io n
T o calculate the effect o f m arine  m am m als on  the nitrogen 

cycle, we used estim ates o f daily consum ption em ploying standard  
m etabolic m odels scaled for assimilation, activity, and  m igratory 
fasting. T his consum ption ra te  has traditionally been estim ated as 
2 -3%  o f body mass for ro rqual whales, representing a  daily 
average for sum m er consum ption in A ntarctica [45]. W e 
em ployed m ore conservative estimates, as considered by Barlow 
and  colleagues [46], using mass (AT) to calculate the basal 
m etabolic rate  (BAIR), w here B M R  = 293 .1  A/P'15. R a th e r than  
relying on  a factor o f 2.5 x  B M R  to calculate the field m etabolic 
ra te  (FMR) we used 3 x  B M R , in light o f  recent studies by K jeld 
and  colleagues, who derived consum ption rates o f 3.5%  per day 
for fin whales and  4.6%  for sei whales— about 30% higher than  
previously estim ated [47]. Lockyer also found h igher levels o f 
consum ption, calculating th a t baleen  whales increase consum ption 
rates ten  fold in the sum m er [48], T h e  average daily ra tion  was 
calculated as F M R  divided by (0.8[3900,¿ +  5450(1-^)]), w here ? 
is the fraction o f crustaceans in the diet [46], Values for „¿are from 
the d ietary com position table in K enney  et al. [24], See T ab le  3 
for daily consum ption rates.

W e em ployed an  average daily consum ption rate o f 6.9% for 
seals in the G ulf o f M aine, based  on data  from  gray seals collected 
by Sparling et al. [15]. T his aligns well w ith da ta  from  other 
pinnipeds, such as sea lions, w hich require daily consum ption of
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Figure 3. The flux of nitrogen in the Gulf o f M aine (a) at present and (b) before commercial hunting. Po in t-so u rce  p o llu tion , industrial 
em issio n s  o f  n itro g en , a n d  a llo c h th o n o u s  so u rces  from  T o w n se n d  [18]. T he ran g e  o f  historical e s tim a te s  a re  a d a p te d  from  Lotze [66], S ou rces  th a t  a re  
n o t e x p e c te d  to  b e  in fluenced  by  a n th ro p o g e n ic  c h an g e , such  as o ffsh o re  tra n s p o r t  from  S co tian  Shelf w a ter , a re  n o t inc lu d ed  in th is  g rap h . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 3 2 5 5 .g 0 0 3

betw een 5% (adult males) and  13% (young females) o f their body 
mass, w ith lactating females increasing their consum ption by 70% 
[49], C arlini et al. estim ated a  consum ption ra te  o f 6 .8 % during  
the post-breeding aquatic phase for southern  elephant seals [50].

M arine M am m al N itrogen  Excretion
Fish and  crustaceans such as euphasiids are approxim ately 15% 

protein  [45] (about 17% nitrogen by  weight) o r 2.5% nitrogen. 
N itrogen consum ption = feces +  urine + storage. Feces and  urine 
are egested; stored nitrogen is retained for growth, energy reserve, 
eggs, sperm, and  embryos. W e assume that approxim ately 80% of 
ingested nitrogen is m etabolized and  20% is retained [51]. Although 
the great m ajority o f fecal m atter is expected to stay in the euphotic 
zone, we employed this conservative estim ate to account for the fact 
that no quantitative analysis has been perform ed to account for 
potential sinking. A lthough prey consum ption and  body weight vary

according to age and  reproductive status, we em ployed average 
adult weights for all m arine m am m als.

Pinnipeds excrete approxim ately 87% o f ingested nitrogen 
[16,52]. W e em ployed an  estim ate o f 80%  to account for potential 
exported  nitrogen. W e recognize th a t seal feces can be im portant 
to the coastal ecosystem, bu t assum e that the am ount retained by 
terrestrial systems w ould be negligible in relation to the total 
nitrogen flux. Even during  the b reed ing  period, pinnipeds such as 
sea lions spend m ore th an  80%  o f their tim e at sea [53]. Rookeries 
are rarely far from  the sea, an d  it is assum ed that m ost nutrients 
are re tu rned  to the ocean during  storms [16], A pproxim ately 3% 
o f the excretion from  p inn iped  colonies is expected to be 
volatilized as N H 3 into the a tm osphere [16], w ith some o f this 
nitrogen re tu rned  to the sea via wet atm ospheric deposition.

ETrinary n itrogen from  m arine m am m als w ould disperse 
diffusively and  advectively, an d  the am ount released w ould be
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T a b le  2. C ontem pora ry  n itrogen flux in the  Gulf of  Maine.

Source N flux  per year (IO 8 mol N)

Biological

Cetaceans 14

Pinnipeds 2.5

Seabirds 1.2-2.3

Influx

Offshore 1,479

Rivers 8

Coastal point sources 18

Atmosphere 93

Loss

Denitrification 331

Burial 44

Influx and loss from Townsend [18'
Coastal point sources from Sowles [20].
doi:10.1371 /journal.pone.0013255.t002

difficult to sample quantitatively. Particulate and  dissolved 
n itrogen associated w ith flocculent fecal plum es can, however, 
be sam pled because the plum es are visible from  ships. M icrobial 
proteolitic an d  deam inating  processes will liberate N H 4+ from  the 
released particulate m aterial, and  these processes m ay have begun 
in the an im al’s gut.

Seab irds
Seabird estimates were unavailable for the entire G u lf o f  M aine. 

H u e ttm an n  estim ated that the total m arine food consum ption of 
the 10 m ost com m on seabirds along the western Scotian Shelf was 
approxim ately 84,000 tons pe r year [54], As the Scotian Shelf 
forms the eastern boundary  o f the G ulf o f  M aine, we used this 
annual consum ption estim ate o f 0.87 tons k m _ ~ y r-1  to determ ine 
the total effect o f seabirds on  the n itrogen cycle in  the G ulf o f 
M aine. Powers & Backus estim ated an  annual consum ption ra te  o f 
1.6 tons km  ~ yr for the seabirds o f  Georges Bank [55]. W e 
em ployed these two rates to estim ate a  reasonable range o f the role 
that seabirds play in this basin.

For seabirds, foraging effort m ay be targeted  at the zone below 
the therm ocline [56], and  nu trien t cycling is expected to be  quick. 
In  birds, n itrogen is excreted prim arily  as uric acid, w hich is 
unstable in seawater, undergoing rap id  conversion to u rea  [57]. 
W e estim ated that approxim ately 80%  o f n itrogen consum ed was 
excreted at the surface, with 20 % stored for fat and  reproduction  
or exported to terrestrial systems an d  the seafloor. T h e  entire a rea  
o f  the G ulf o f M aine is 1 .0 3 x 1 0 s km  ~ [18], yielding a  total 
n itrogen flux of 1 .2 -2 .3 x l0 8 m ol N  y r- 1 , or about 10% o f the 
curren t nu trien t contribution  from  m arine m am m als.

Body Mass, R es idence  Time, a n d  P o p u la t io n  Size for 
M arine M am m als

Body mass is from  T rites a n d  Pauly  [58], using m ean  mass o f 
m ales an d  fem ales assum ing a  1:1 sex ra tio . R igh t w hale body 
m ass is from  K en n ey  et al [24]. P opu la tion  size for cetaceans is 
also from  K en n ey  et ah, em ploying an  average o f the  sum m er 
an d  spring estim ates o f  ab u n d an ce , except for hu m p b ack  w hales 
[59], h a rb o r porpoises [60], w hite-sided dolphins [61], a n d  gray 
an d  h a rb o r seals [61,62]. R igh t an d  fin w hale populations are 
from  N O A A  stock assessm ents [61] E stim ates for fin w hales com e
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Figure 4. The role of cetaceans in the nitrogen cycle by season.
Seasonal e s tim a te s  b a se d  on  th e  p e rc e n ta g e  o f  to ta l c o n su m p tio n  in
th e  Gulf o f M aine [24],
do i:10.137 1 /jo u rn a l.p o n e .0 0 1 3 2 5 5 .g 0 0 4

from  a survey con d u cted  in  2006 from  the sou thern  G u lf o f 
M aine to the  G u lf o f  Sain t L aw rence. A lthough  p a r t  o f this survey 
took place outside o f o u r study area , the  num bers a re  low er th an  
previous studies for ju s t the  G u lf o f M aine. W e app lied  this 
ab u n d an ce  estim ate as a  reasonable, an d  conservative, estim ate. 
Seal estim ates a re  also p ro b ab ly  conservative: m any  h a rb o r  seals 
a re  y ear-ro u n d  residents, a n d  we only accoun t for the spring an d  
sum m er seasons w hen  they  are  p u p p in g  along  the  M aine coast 
(assum ing th a t 50%  o f th e ir yearly  ra tio n  com es from  the  gulf). 
B oth h a rb o r a n d  gray  seal popu lations have likely grow n since 
the  last estim ates w ere m ade  (harbor seals in 2001 , g ray  seals in 
1999).

T otal annual n itrogen flux was estim ated as the p roduct o f the 
m ean  annual flux (365 x  N  excreted day *) and  the estim ated 
abundance o f each species. For baleen whales, w hich m igrate 
outside o f the study area, we used Lockyer’s estim ate th a t 83% of 
the annual intake occurs in sum m er feeding areas [46,48].

S easona l  variation
W e expect seasonal variation in feeding, as has been observed in 

captive adult gray seals [63] and  m any o ther m arine m am m als 
[64]. Periods o f fasting in pinnipeds, for exam ple, are assum ed to 
be balanced by  periods o f m ore intensive feeding over the course 
o f the year [65]. Because feeding is likely to decline in the winter, 
we suspect that our estimates a re  conservative for the m any  of the 
organism s included in this study.

Historic E stim ates
W e used da ta  from  Lotze et al. [66] to estim ate historical 

num bers o f cetaceans in the G ulf o f  M aine. Large whales in 
M assachusetts Bay are 10% of their historical num bers and  small 
cetaceans 50% . In  the Bay o f Fundy, large whales were estim ated 
to have a  relative abundance o f 45 % com pared to pre-exploitation 
num bers and  small cetaceans 50% . W e took estim ates for 
M assachusetts Bay as the upper end for past population  sizes 
and  estimates from  the Bay o f Fundy in the low er end. It is w orth 
noting that several ocean-wide studies support the h igher end of 
this range [67,68], As a  m edium  estim ate, we took an  approxim ate
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T a b le  3. Body mass and  consu m ption  rates for ce tac e an s  a n d  seals in the  Gulf o f  Maine.

Species Body mass (kg) Percent of Zooplankton in d iet W et weight consumed (kg day-1 )

Cetaceans

Baleen

Right whale 40,000 100 797

Humpback whale 30,408 5 471

Fin whale 55,590 10 751

Sei whale 16,811 100 416

Minke whale 6,566 5 149

Toothed

Pilot whale 850 0 32

White-sided dolphin 120 0 7.3

Common dolphin 65 0 4.6

Harbor porpoise 31 0 2.6

Pinnipeds

Harbor seal 67 0 4.6

Gray seal 160 0 11

doi:10.1371 /journal.pone.0013255.t003

average o f these percentages, assum ing th a t large whales constitute 
25% of historical num bers an d  small cetaceans 50% .
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