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PREFACE
The events leading to the organization of the Workshop on the Fate and

Impact of Marine Debris are described in the Executive Summary. In addi-
tion to the Executive Summary, the proceedings of the workshop contains an
introduct ion, the full text of the papers presented at the three technical
sessions, abstracts of oral presentations , an abstract of a poster session,
and reports of the four Working Groups. All technical papers were reviewed
by one or two referees. Although some papers report research in progress,
the completeness of the records related to marine debris is enhanced by
their  inclusion.

In the Appendices are listed the steering group, the agenda of the
workshop, a l ist  o f  part ic ipants ,  a list of titles of background and
working papers , and a bibliography on entanglement.

As Chairman of the Steering Group of the Workshop on the Fate and
Impact of Marine Debris, the senior editor had the pleasure of working with
individuals representing a wide spectrum of the scientific community:
Officials of state and federal agencies, officials of the Marine Mammal
Commission, Executive Directors of the North Pacific, Pacific and Western
Pacific Fishery Management Councils, representatives of several conserva-
tion groups, and officials of fisheries agencies of the Governments of
Japan, Republic of Korea, and Republic of China (Taiwan); The success of
the workshop was ensured by the willingness of individuals to contribute
and participate in the various sessions.

Suzanne Montgomery of Washington Communications Service, 150 N.
Muhlenberg Street, Woodstock, Virginia , prepared the Executive Summary.

Special thanks are extended to the University of Hawaii Sea Grant
College Program for their assistance in handling the logistics of the
workshop and aiding in the preparation of the proceedings for publication.

Pacific Sea Grant College Programs contributing funds for the workshop
included the University of Hawaii (NOAA Grant No. NA8lAA-D-00070), the
University of Alaska (NOAA Grant No. NA82AA-D-00044C), the University of
California (NOAA Grant No. NA80AA-D-00120), and the University of
Washington (NOAA Grant No. NA84AA-D-00011). This proceedings is also a
Hawaii Sea Grant College Program cooperative report, UNIHI-SRAGRANT-CR-
85-04.
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INGESTION OF PLASTIC POLLUTANTS BY MARINE BIRDS

Robert H. Day
Institute of Marine Science

University of Alaska
Fairbanks, Alaska 99701

Duff H. S. Wehle
P. 0. Box 219

Oatka Trail
Mumford, New York 14511

and

Felicia C. Coleman
Department of Biological Sciences

Florida State University
Tallahassee, Florida 32306

ABSTRACT

To date, ingestion of plastic pollutants has been recorded
in 50 species of marine birds from around the world. Procel -
lariiform birds ingest plastic most frequently, and phalaropes
and some alcids also have relatively high rates of ingestion.
Penguins, pelecaniform birds, larids, and most alcids ingest
l i t t l e  o r  no  p las t i c . Species feeding primarily by surface-
seizing or pursuit-diving have the highest frequencies of plas-
t ic  ingest ion. Species feeding primarily on crustaceans or.
cephalopods have the highest frequencies of plastic ingestion;
secondary ingestion of plastics via fish appears to be
unimportant. Although some species ingest plastic randomly, most
exhibit  select ive  preferences  for  certain types of  plast ic .
Monomorphic seabird species show no sexual differences in rates
of  plast ic  ingest ion. Subadult seabirds ingest more pieces of
plastic than do adult seabirds. Geographic and seasonal
variations in plastic ingestion have been recorded. P las t i c
ingestion has increased since it began in the early 1960’s:
Limited detrimental effects of ingested plastic on the physical
condition of seabirds have been documented, although red
phalaropes, Laysan albatrosses, and northern fulmars show
evidence of some physical impairment and parakeet auklets show
evidence of decreased reproductive performance.
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INTRODUCTION

The presence of plastic pollution in marine waters was first recorded
from marine birds in the northwestern Atlantic Ocean in 1962 (Rothstein
1973). Since then, a series of papers on plastic pollutants in the ocean
has reported on the qualitative and quantitative distributions of floating
plastic (Carpenter et al. 1972; Carpenter and Smith 1972; Cundell 1973;
Kartar et al. 1973; Venrick et al. 1973; Colton et al. 1974; Hays and
Cormons 1974; Morris and Hamilton 1974; Wong et al. 1974; Gregory 1977,
1978, 1983; Shaw 1977; Shaw and Mapes 1979; Shiber 1979, 1982; Merrell
1980; Morris 1980a, 1980b; Van Dolah et al. 1980), the occurrence of
plastic in the benthos (Kartar et al. 1973, 1976 ; Hays and Cormons 1974;

Morris and Hamilton 1974; Jewett 1976; Feder et al. 1978), and the
mechanisms that disperse or concentrate plastic and other marine pollutants
(Colton et al. 1974; Wong et al. 1974, 1976; Shaw and Mapes 1979; Van Dolah
et  al .  1980) .

Although most of the early work documented the distribution and
abundance of plastic pollution at sea, i t  is  c lear  that  plast ic  pol lutants
were entering food webs quite soonafter their appearance in the oceans
(Kenyon and Kridler 1969; Rothstein 1973). A survey of work in the last
decade, however, shows that the ingestion of plastic pollutants by marine
birds is being recorded with greater frequency and that our impression of
the problem is changing from one of a series of interesting observations to
recognition of a pollution problem facing seabirds worldwide (Coleman and’
Wehle 1984). Concern over this problem culminated in a recent study by the
senior author (Day 1980) of the dynamics of plastic pollution in a suite of
37 species of marine birds in Alaska ,  a  re la t ive ly  pr i s t ine  env i ronment
remote from source areas of plastic. In that study, plastic was recorded
in 15 (40.5%) of the 37 species and 448 (22.8%) of the 1,968 birds
examined, illustrating how extensive plastic pollution had become in the 16
years since it was first recognized in seabirds.

In this paper, we attempt to synthesize all information available on
global patterns of plastic ingestion in marine birds and we discuss the
dynamics and characteristics of plastic pollutants ingested. The emphasis
is on the North Pacific, for which the most complete data exist. We do not
discuss the interact ions of  marine birds with gi l l  net  f isheries  ( i .e . ,
Tull et al. 1972; Ainley et al. 1981; Coleman and Wehle 1983; Carter and

Sealy 1984;  Piatt  et  al . 1984; Piatt and Reddin 1984), the entanglement of
marine birds in other marine debris (e.g., Gochfeld 1973; Bourne 1976;
Coleman and Wehle 1984; Conant 1984), or the mortality of marine birds from
oil  or  heavy-metal  pol lut ion (e .g . ,  Bourne 1976;  Ohlendorf  et  al .  1978) .

RESULTS

General Aspects of Plastic Ingestion in Marine Birds

All ingested plastic found has been in the gizzards and (occasionally)
proventriculi of the birds examined. Plastic has not been found in
intestinal tracts or feces (Rothstein 1973; Day 1980; Pettit et al.  1981),
indicating that passage through the intestines is minimal. Th is  lack  o f  
passage is surprising, inasmuch as some particles are too small to handle
for measurements (Day 1980).
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Raw polyethylene pellets (= “‘nibs” of Colton et al. 1974) appear to be
the major form of plastic ingested (Rothstein 1973; Baltz and Morejohn
1976 ; Day 1980; Anonymous 1981; Bourne and Imber 1982; Van Franeker 1983;
M. J. Imber, Wildlife Service, Wellington, New Zealand pers. commun.).
Asymmetrical fragments, generally broken from larger polyethylene pieces,
are commonly eaten by marine birds (Rothstein 1973; Day 1980; Furness 1983;
Van Franeker 1983), whereas polystyrene spherules and Styrofoam (i.e.,
foamed polystyrene spherules) appear to be much less common (Hays and
Cormons 1974; Connors and Smith 1982; Furness 1983; Van Franeker 1983; T.
J. Dixon, Nature Conservancy Council, Aberdeen, Scotland pers. commun.)
The presence of unfoamed polystyrene in marine birds was unexpected,
because this synthetic material is neutrally or negatively buoyant (Hays
and Cormons 1974; Morris and Hamilton 1974). Many other types and shapes
of plastic have been recorded, including toys, polyethylene bottle caps,
clear plastic sheets, and nylon, monofilament, and polypropylene line
(Kenyon and Kridler 1969; Baltz and Morejohn 1976; Bourne 1976; Day 1980;
Pettit et al. 1981; Harrison et al. 1983; Conant 1984).

Eleven recognized colors of plastic were ingested by seabirds in
Alaska (Day 1980). Eighty-five percent of these colors were in the “light
brown” color range (white, yellow, tan, and brown). Another 8% were in the
‘other “light” shades (‘light blue, green, and red-pink), making over 93% of
the total 833 particles ingested light in color or shade.
of the particles were dark in color or shade:

The remaining 7%
black-gray and darker shades

of blue, green, and red-pink.

The individual weight of 830 particles ingested by seabirds in Alaska
averaged about 0.02 g for most species; this figure includes raw
polyethylene pellets and variably sized asymmetrical fragments after post-
ingestion wear (Day 1980). Mean volumes of individual particles from

Alaska averaged 0.03-0.04 ml after post-ingestion wear. The mean
dimensions of particles from seabirds in Alaska were 4.2 x 3.5 x 2.0 mm,
again including some large plastic fragments. Unworn raw polyethylene
pellets range from 3 to 5 mm indiameter (Carpenter and Smith 1972; Colton
1974; Colton et al. 1974; Gregory 1977, 1978, 1983 ; Shiber 1982) and
average 0.014 g each in the Atlantic (Colton et al. 1974) and 0.026 g in
New Zealand (Gregory 1978), Nova Scotia, and Bermuda (Gregory 1983).

Nearly all plastic particles ingested by seabirds float at the water’s
surface (Kenyon and Kridler 1969; Day 1980); the specific gravity of
polyethylene , excluding air vacuoles, is about 0.9 (Carpenter 1976). The
few negatively buoyant particles recorded are assumed to have been broken
from larger floating objects or to contain air vacuoles; thereby decreasing
their densities and allowing them to float.

Ingestion of Plastic Pollutants by Marine Birds:
A Global Perspective

As of November 1984, ingestion of plastic pollutants had been recorded
in 50 species of marine birds from around the world (Table 1). In this
total, we do not include three bird species in which plastic has been
recorded because they represent instances of secondary ingestion via
predation of plastic-contaminated seabirds: bald eagle, Haliaeetus
leucocenhalus, preying on parakeet auklets in Alaska (Day unpubl. data),
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Table 1 .--List of seabird species that have been
recorded ingesting plastic as of November 1984.
Phylogenetic sequence for procellariiform birds and
pelecaniform birds follows Mayr and Cottrell (1979),
and for all other species follows the American
Ornithologists’ Union (1983).
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Antarctic skua, Catharacta antarctica , preying on broad-billed prions in
the South Atlantic (Bourne and Imber 1982), and short-eared owl, Asio
flammeus, preying on blue-footed boobies in the Galgpagos Islands-
(Anonymous 1981). We also omit the Antarctic fulmar, Fulmarus
g lac ia l o ides , and the Atlantic puffin, Fratercula arctica, which have been
reported to ingest elastic threads but not plastic (Parslow and Jefferies
1972; Crockett and Reed 1976). In addition, great frigatebird, Fregata
minor, may pick up pieces of marine debris, but do not appear to ingest
them (Conant 1984).

All seabird species that have. been examined for plastic ingestion, and
their rates of ingestion, are listed in Table 2. Twenty-eight (56%) of the
species ingesting plastic are procellariiform birds, 1 (2%) is a pelecani-

form bird, 2 (4%) are phalaropes, 11 (22%) are gulls and terns, and 8 (16%)
are alc ids .

The highest frequencies of plastic ingestion are recorded in
procellariiform species and in the parakeet auklet, an alcid breeding in
the North Pacific. The highest mean number of particles ingested, 21.7
part ic les  per  bird, was found in short-tailed shearwaters from California
(Baltz and Morejohn 1976). Greater shearwaters from South Africa (Furness
1983) and parakeet auklets from Alaska (Day 1980) exhibited the second and
third highest amounts of plastic ingestion, respectively. Of the 50
species containing plastic, only 12 have been recorded ingesting a mean of
one or more particles per bird (Table 2).

We have summarized the data from Table 2 in terms of frequencies of
ingestion in families and in groups of similar species (Table 3). To
determine the approximate mean frequency of occurrence of plastic per
species within a particular taxon, we: (1) estimated the frequency of
occurrence of plastic for each species from Table 2, where possible; and

(2) calculated mean frequencies of occurrence from these estimates. These
mean values are approximate and should only be viewed as indicating trends
among taxa.

Procel lari i form birds exhibit  high overal l  rates-of  ingestion;  28
(90%) of 31 species examined contained plastic. This group also has a
relatively high mean frequency of occurrence per species, indicating that
many individuals of many species have ingested plastic. Penguins and sea
ducks have not yet been recorded with plastic. Pelecaniform birds contain
l i t t l e  o r  no  p las t i c , and have a very low mean frequency of occurrence per
species. Among the charadriiform birds, phalaropes and some alcids
(auklets-dovekie and puffins) have both high rates of ingestion and
relatively high frequencies of occurrence per species. In contrast ,  larids
have a high overall rate of ingestion but a low frequency of occurrence per
species, indicating that only a few individuals of many species in this
taxon have ingested plastic.

Effects of Feeding Ecology on Variation
in Plastic Ingestion

The only analysis of the relationships between feeding ecology and
plastic ingestion is from Day (1980). Twenty-six percent of the birds from
Alaska classified as primarily pursuit-divers contained plastic, the
highest incidence among all feeding methods; 16% of those seabirds feeding



Table 2 .--A list of all species of seabirds that have been examined for plastic ingestion and
of  ingest ion. Phylogenetic sequence for procellariiform birds and pelecaniform birds follows
Cottrell (1979), and for all other species follows the American Ornithologists’ Union (1983).

their rates
Mayr and
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Table 3 .--Rates of plastic ingestion in families of birds and in groups
of  s imilar  species , calculated from the data in Table 2. The approximate
mean frequency of occurrence of plastic per species was calculated by:
(1) estimating the frequency of occurrence of plastic for each species
from Table 2, where possible ; and (2) calculating a mean frequency of
occurrence for these estimates. These mean values are approximate and
should only be viewed as indicating trends among taxa.
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by surface-seizing, 9% of ‘those feeding by dipping, and none of those
feeding by plunging or piracy contained plastic (Table 4). Some bias is
present in these results, however, because shearwaters, which were
classified as primarily pursuit-divers, also feed extensively by surface-
seizing. If the data for sheawaters are combined with those for surface-
seizers , as many as 52% of the surface-seizers and as few as 16% of the
pursuit-divers contained plastic. This bias notwithstanding, a significant
number of species previously considered to be exclusively subsurface-
feeding contained plastic found only at the surface of the water,
suggesting that many pursuit-divers exhibit a greater range of feeding
behaviors than was believed previously.

Birds feeding by plunging or piracy show no evidence of plastic
ingestion. Plungers generally sight individual prey items below the
surface of the water (Ashmole 1971), where floating plastic is not found,
and they probably cannot distinguish objects as small as plastic particles
from the air. Those birds feeding by piracy take food dropped by other
birds ; such food is primarily fish (Ashmole 1971) and appears to contain
l i t t l e  o r  no  p las t i c .

Birds feeding by hydroplaning , a method not used by Alaska’s seabirds,
also exhibit high rates of plastic ingestion (Tables 2 and 3). The prions
use this method to filter surface water, where the plastic occurs, through
their bill lamellae (Ashmole 1971). Approximately 50% of the prions
examined by M. J. Imber (pers. commun.) contained plastic (Table 2).

Another feeding method, scavenging at the sea’s surface, is used to
varying degrees by seabirds throughout the world (Ashmole 1971).
Unfortunately, its importance relative to other feeding methods is often
d i f f i cu l t  t o  quant i fy . Scavenging is common in many procellariiform birds
and in gulls (Ashmole 1971); interspecies variation in degree of scavenging
probably accounts for some of the variation in ingestion frequencies seen
in these groups.
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Plastic ingestion also can be correlated with a given species’
preferred prey (Table 5). Generally, those species of seabirds from Alaska
relying primarily on crustaceans or cephalopods had a higher frequency of,
plastic ingestion than did those relying primarily on fishes (Day 1980):
species feeding primarily on crustaceans had a significantly higher
frequency of ingestion than did fish-feeders (X2 = 305.6; 1 df; P < 0.001;
chi-square R x C test; Conover 1971), as did cephalopod-feeders when
compared with fish-feeders (X2 = 68.2; 1 df; P < 0.001). Thus, secondary.
ingestion of plastic via fish is evidently low, although it has been
proposed for blue-footed boobies in the Galapagos Islands (Anonymous 1981).
Cephalopod- and crustacean-feeding seabirds showed no significant
difference in the frequency of plastic ingestion (x2  = 1.1; 1 df; P >
0.051, indicating that both were important in effecting plastic ingestion.

Table 5 .--Frequency of occurrence of plastic in seabirds from
Alaska with respect to primary prey type (adapted from Day 1980).
Prey type classifications are from Ashmole (1971) and Day (1980). 

Prey type was a better predictor of plastic occurrence in seabirds
than was feeding method, probably because of the particles’  similarities
(location in the water column and in physical attributes) to known and
probable prey items. A number of known and probable prey items occur
regularly in surface waters, where plastic might be mistaken for, or
ingested, along with these prey. In Alaska, squid larvae live primarily
within the upper 0.5 m of the sea’s surface; in addition, the adults
undergo a circadian pattern of vertical migration and are found at the
sea’s surface at night (Clarke 1966; C. G. Bublitz, Institute of Marine
Science, University of Alaska, Fairbanks, Alaska pers. commun.). The
planktonic larvae and adults of many pelagic crustaceans (e.g.,  copepods,
euphausiids) , which many of the light-brown particles of raw plastic eaten
by seabirds resemble (Table 2), are also found at or near the water’s
surface (Mauchline 1980; Raymont 1983).

The eggs of many fishes are also found at the surface of the ocean
(Hart 1973). These pelagic eggs are rarely recorded in seabirds, probably
because they are rapidly digested in the birds’ stomachs. Flyingfish
(Exocoetidae) eggs attached to plastic have been found in Laysan and black-
footed albatrosses (Pettit et al.  1981; Harrison et al.  1983), and some sea
ducks and gulls eat the benthic eggs of some nearshore fishes (Outram 1958;
Gjosaeter and Saetre 1974). Colton (1974)  original ly  mistook the l ight-  
brown pellets of raw plastic that he had caught in neuston tows for pelagic
fish eggs, and several scientists at the University of Alaska mistook the
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samples of Day (1980) for fish eggs. The small, round pellets could also
be mistaken by the birds for the eyes of squids or fishes or for the bodies
o f  l a rva l  f i shes . Thus, it is not surprising that those seabirds feeding
primarily on crustaceans or cephalopods exhibit a higher occurrence of
plastic than do those species feeding primarily on fish.

Interspeci f ic  Variation in Plastic  Ingestion

An obvious question to be asked is whether seabirds actively select
specific kinds of plastic or randomly eat any plastic that they encounter
at sea. Examination of two data sets from the North Pacific suggests that
the former hypothesis is correct.

Table 6 compares the numbers and frequencies of colors of 833 plastic
particles ingested by Alaska seabirds (Day 1980) with numbers and
frequencies of colors of 250 pieces of floating plastic sighted from the
deck of a ship during a cruise in the subtropical North Pacific from
Honolulu, Hawaii, to Hakodate, Japan, between 10 and 22 August 1984
(Dahlberg and Day 1985; Day unpubl. data).

We make two assumptions about this latter data set: (1) We assume
that the frequencies of plastic colors in the subtropical North Pacific are
representative of the frequencies of colors of plastic in the subarctic
North Pacific, where the seabirds were collected; and (2) since about 73%
of the plastic particles ingested by these seabirds are raw polyethylene
pellets rather than plastic fragments, we assume that the frequencies of
raw polyethylene pellets in the ocean are reflected in the frequencies of
colors  of  these larger  plast ic  objects . We see no reason why there should
be geographic variation in frequencies of colors of plastic in the ocean;
Dahlberg and Day (1985) found no geographic variation in frequencies of
types of marine debris. No data are available for determining the accuracy
of the second assumption.

There is a significant difference between frequencies of colors of
plastic objects in the stomachs of seabirds from Alaska and frequencies of
colors  of  f loat ing plast ic  objects  (X 2  =  1 ,280.4;  7  df ;  P < 0 .001;  chi -
square goodness-of-fit test; Zar 1984). In this test, we omitted the color
columns “orange” and “transparent” (Table 6), since they could not be
adequately compared; although both colors were recorded in short-tailed
shearwaters, they were not recorded in subsamples examined. Hence, the
adjusted sample size for the subtropical North Pacific is 229. White,
ye l low, and blue occurred significantly less frequently in the birds than
they did in the ocean (partial chi-square value for cells = 214.5, 21.8,
and 34.5, respectively), whereas tan and brown occurred more frequently in
birds than they did in the ocean (partial chi-square value for cells = 78.9
and 225.6, respectively). Yellow, brown, blue, red, green, and black-gray
did not occur in proportions significantly different from that in the ocean
(partial chi-square values for each cell did not exceed 1.91, suggesting
that seabirds randomly ingest particles of these colors. There was some
selection for the “light brown” colors (white, ’  yellow, tan, brown; see
following paragraph) as a group, however, for they constituted 79.0% of the
plastic in the ocean but formed 85.0% of the plastic in the birds’ stomachs.



Table 6 .--Numbers and percentages of colors of plastic ingested by seabirds in Alaska
(from Day 1980) and numbers and percentages of colors of floating plastic objects
recorded in the subtropical North Pacific, l0-22 August 1984 (Day unpubl. data).
Chi-square contributions are for deviations from expected values, which are calculated
from frequencies seen in the North Pacific; total chi-square from goodness-of-f it
test = 1,280.4 (7 df; Zar 1984).

1The colors orange and transparent were recorded in the North Pacific (n = 15 and n = 6,
respectively) and in Alaska seabirds (short-tailed shearwaters; Day pers. observ.),  but not in
subsamples of plastic examined. Because no estimates of frequencies in seabirds were available
for these two colors, they were omitted from the table and the test .

2Expected number of particles in each color category, based on the frequency of each color in
the environment (i.e.,  the North Pacific).

3Chi-squared for P = 0.05 is 14.067; for P = 0.01 is 18.475; for P = 0.001 is 24.322 (all for
7  d f ) .
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An analysis of color-shape combinations of plastic particles ingested
by seabirds from Alaska (Day 1980) also provides evidence of selective
ingestion. To determine preferences for certain combinations of colors and
shapes of particles, the particles ingested by each species were classified
into four color-shape categories  ( “ l ight  brown-regular ,”  “ l ight  brown-
irregular, ”  “other  color-regular)” and “other color-irregular”) ,  and
deviations of frequencies of each particle type from the combined
frequencies of all species were determined with a chi-square test for
independence (Zar 1984). “Light brown” colors , which resemble the colors
of many natural prey items, were white, yellow, tan, and brown, and the
“other” color category included the remaining colors. “Regular” shapes
were pi l l ,  cyl inder,  sphere, and box-cube (as classified in Day 1980). All
regularly shaped particles were roughly similar in size and shape, in
contrast to the highly variable “irregular” particles.

The total X2 of 108.3 shows a significant dependence between the
species of seabird and the type of plastic eaten (Table 7). Only sooty
shearwaters, short-t ailed shearwaters, and tufted puffins appeared to
ingest plastic at random , whereas the others showed strong affinities for
or avoidances of certain color-shape combinations. The parakeet auklet,
which feeds primarily on zooplanktonic crustaceans (Bedard 1969), was the
most extreme in preferences: 94% of its plastic were in the light brown-
regular category. These preferences support the hypothesis that at least
some species mistake many particles for food items.

Other evidence for selective ingestion comes from the extreme
interspecific variation in ingestion frequencies seen in Table 2. Also,
some seabirds (e.g., Leach’s storm-petrel, fork-tai led storm-petrel ,
Cassin’s auklet) selectively ingest very small plastic particles (Day
1980) ,  indicating select ivity  for  s ize  of  part ic les  rather than for  color
or shape. Hence, although some species may ingest plastic randomly, most

are quite  speci f ic  in  the types of  plast ic  that  they eat .

Sex and Age-Related Variation in Plastic Ingestion

No significant differences in the number of plastic particles ingested
were found between sexes in any of the six seabird species examined from
Alaska (Table 8). This observation compares well with data on feeding
habits of monomorphic seabird species (most have monomorphic bills), in
which there is almost 100% overlap in intersexual food habits (Tuck 1960;
Bedard 1969; Sealy 1975; Wehle 1982).

Significantly more plastic particles were found in subadult parakeet
auklets and tufted puffins from Alaska than in adults (Table 8). No
significant differences between subadult and adult horned puffins were
found, although the relatively small sample size of subadults may have
affected the val idity  of  the stat ist ical  test . Age-related di f ferences in
food habits have been found in ancient murrelets (Sealy 1975) and tufted
and horned puffins (Wehle 1982), but not in marbled murrelets (Sealy 1975).

Subadult birds of many species are less efficient at foraging than are
adults (Orians 1969; Recher and Recher-1969; Dunn 1972; Morrison et al.
1978; Searcy 1978). Hence, there should be selective pressures on
subadults to compensate for poorer foraging efficiency by broadening their
feeding’ niches, possibly increasing the amount of nonfood items eaten. The
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Table 7 .--Numbers ‘and percentages of color-shape combinations of plastic
particles ingested by six seabird species in Alaska (data reanalyzed from

Day 1980). Also included are chi-square values for deviations from
expectation, using a chi-square R x C test for independence (Zar 1984);
total X2  of 108.3 shows a significant (P < 0.001; df = 15) dependence
between the species of seabird and the type of plastic eaten.



Table 8 .--Results of tests for sexual (A) and age-related (B)
differences in the number of plastic particles ingested by Alaska
seabirds (from Day 1980). Parakeet auklets were tested with a
Mann-Whitney test; all other species were tested with a median
test (Conover 1971). 

increased amount of plastic ingested by subadults also may be due to a
poorer perception of what constitutes a “good” food item, or to the
possibility that subadults naturally ingest a wide range of food items to
learn differences among them.

Geographic Variation in Plastic Ingestion

Day (1980) analyzed geographic variation in plastic ingestion in
seabirds from Alaska, dividing the marine waters of the state into three
regions : the Gulf of Alaska, the Aleutian Islands, and the Bering and
Chukchi Seas (Fig. 1). Five species of birds provided reasonable sample
sizes from each of these three regions. Two of these species (black-
legged kittiwake and thick-billed murre) had frequencies of plastic
ingestion too low for meaningful intraspecies comparisons, and thus, were
not tested. In the remaining three species (parakeet auklet, tufted
puffin, and horned puffin), the highest frequencies of ingestion and mean
numbers of particles per bird occurred in Aleutian Islands waters (Table 9;
chi-square R x C test; Conover 1971).



Figure 1 .--Location of three geographic regions of Alaska in which differences
in rates of plastic ingestion were tested (from Day 1980). The approximate
locations of major currents are adapted from Coachman et al. (1975), Tabata
(1975); Favorite et al. (1976), and T. C. Royer (pers. commun.).



Table 9 .--Geographic variation in the frequency of occurrence of plastic (A) and
in the mean number of plastic particles per bird (B) in the parakeet auklet, tufted
puffin, and horned puffin in Alaska (from Day 1980).
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Parakeet auklets in the Gulf of Alaska (X2 = 4.3; 1 df; P < 0.05) and
the Aleutian Islands (X2 = 18.1; 1 df; P < 0.001) had higher frequencies of
plastic ingestion than did birds in the Bering and Chukchi Seas. No
significant difference in frequencies was found between birds in the Gulf
of Alaska and the Aleutian Islands, although one of the expected values was
too small  for  val id  stat ist ical  test ing.

Horned puffins in the Aleutian Islands had a higher frequency of
plastic ingestion than did birds in the Gulf of Alaska (X2  = 5.9; 1 df; P<
0,05); significant differences were not found in any other test for this
species. Tufted puffins from the Aleutian Islands had a higher frequency
of plastic ingestion than did birds from the Gulf of Alaska (X2= 5.9; 1 df;
P < 0.05), but no other significant differences were found for this
species.

When the combined data for all birds of all species ingesting plastic
were tested among the three regions, a similar pattern emerged. A Kruskal-
Wallis test (BMDP program; Dixon and Brown 1979) showed significant
differences (P = 0) in the number of particles ingested among the three
regions. The birds in the Gulf of Alaska averaged 2.4 + 5.9 particles per
bird (n = 634), about two-thirds that of birds in the Aleutian Islands (X =
3.8 + 11.3 particles per bird; n = 391). Birds in the Bering and Chukchi
Seas averaged 0.6 + 2.2 particles per bird (n = 413), about one-seventh
that of birds in the Aleutians and about one-fifth that of birds in the
gul f . This geographic variation may be explained in terms of nonuniform
geographic input of plastic and subsequent dispersal by currents.

The synthesis of plastic requires large amounts of petrochemicals;
southern California and Japan are the two major petrochemical and plastics
manufacturing centers in the North Pacific (Guillet 1974; Wong et al.
1976). Any plastic entering the ocean in southern California probably
moves southward (i.e., away from Alaska) in the California Current system.
Any plastic entering the ocean in eastern Japan probably moves eastward in’
the North Pacific Drift Current (see Tabata 1975 and Favorite et al. 1976;
also see Wong et al. 1976, for information on “downstream” contamination of
the North Pacific Drift Current east of Japan by tar balls), which splits 
to form the California Current and the Alaska Current. Of the plastic
transported into the northern Gulf of Alaska by the Alaska Current, some
apparently moves inshore and is eaten by seabirds; most of the water moves
across the Gulf far offshore, however, far from where most of the seabirds
examined by Day were feeding. Some plastic must also enter inshore waters
there from the small population centers and fishing activities. Recent
studies by Royer (1975, 1983) indicate that there is little surface
divergence in this region, suggesting that most of the plastic should be
carried far offshore past this region.

The Alaska Current-Aleutian Stream system flows closely along the
southern edge of the Aleutian Islands (Fig. 1), and the proximity of
plastic in this nearshore current to birds breeding and feeding there
probably accounts for the high level of plastic ingestion observed there.
Surface flow into the Bering Sea is concentrated in Near Island Pass and
Commander Pass, and appears to be relatively small (Tabata 1975; Favorite-’
et al. 1976), explaining the lover amount of plastic ingested by birds in
the Bering and Chukchi Seas.
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The avai labi l i ty  of  large quantit ies  of  plast ic  in regions of  plast ic
production, which are more polluted than Alaska, may allow a much higher
degree of ingestion than in areas remote from plastic production. A
comparison of plastic ingestion between seabirds in California (Baltz and
Morejohn 1976) and Alaska (Day 1980) illustrates this point (Table 10). Of
seven species that were examined for plastic in both regions, all seven
from California were found to ingest plastic, whereas only four from Alaska
did. Of the four species that contained plastic in both regions,
California birds averaged about four times as many particles per bird as
did Alaska birds. Thus, we predict that seabirds foraging near areas of
extensive plastic production or manufacturing will have a higher incidence
of plastic and a higher mean number of particles per bird than will
seabirds foraging in areas of minor plastic production or manufacturing.

Table 10 . - -A comparison of  plast ic  ingestion in seven s e a b i r d  s p e c i e s
examined from Alaska and California. Data for Alaska birds are from Day
(1980) and for California birds are from Baltz and Morejohn (1976).

Temporal Variation in Plastic Ingestion

Inter- and intra-annual variations in plastic ingestion have been
‘examined by Day (1980). The primary species providing enough data to
examine long-term variations in plast ic  ingestion is  the short-tai led
shearwater; samples examined by D. L. Serventy (CSIRO Wildlife Research,
Helena Valley , W. A., Australia pers. commun.) and R. Mykytowycz (CSIRO
Wildlife Research, Canberra, Australia, fide D. L. Serventy) range as far
back as the 1950’s. The general  trend an an increase in al l  character-
ist ics  of  plast ic  ingest ion over  t ime , especially in’ the frequency of
occurrence of plastic and in the mean volume of, plastic per bird (Fig. 2).
Given that world plastic production is increasing by about 6% each year
(Guillet 1974), and that plastic litter may also be increasing exponen-
t ial ly  (Guil let  1974) ,  these increases in ingestion rates  probably ref lect
the continually increasing availability of plastic in the oceans.

Laysan albatrosses in the Hawaiian Islands have also shown an increase
in frequency of occurrence of plastic over time. In 1966, 76% of 100
chicks found dead contained plastic (Kenyon and Kridler 1969), whereas. 90%
of 50 chicks examined there in 1982-83 did (S. I. Fefer, U.S. Fish and
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YEAR

Figure 2. - -Changes in plast ic - ingestion in the short-tai led shearwater,  
1950’s to 1977 (adapted from Day 1980). Sample sizes are in parentheses,

and horizontal bars represent combined data for the periods 1969-71 and
1974-75. Data from the 1950’s and early 1960’s are from D. L. Serventy
(CSIRO Wildlife Research, Helena Valley, W. A., Australia pers. commun.)
and R. Mykytowycz (CSIRO Wildlife Research, Canberra, Australia, fide
D. L. Serventy); they examined hundreds of short-tailed shearwaters during
the course of their studies. ’ Data from the period 1969-77 are from Alaska

(Day 1980) . (A) Frequency of occurrence of plastic; (B) mean number of
plast ic  part ic les  per  bird; (C) mean volume (ml) of plastic per bird.

Wildlife Service, Hawaiian and Pacific Islands National Wildlife ‘Refuge
this increase in frequency of occurrence is significant

No plastic was found in any of the parakeet auklets collected at St.
Lawrence Island in the mid-1960’s (J., Bedard, Universite Laval, Quebec,
Canada pers. commun.), yet approximately 50% of the parakeet auklets from.
the Bering and Chukchi Seas contained plastic in the period 1974-77 (Table
9 ) . Thus, it appears that ingestion of plastic by marine birds first
occurred in the early 1960’s in the Pacific (Kenyon and Kridler 1969) and
that plastic ingestion is increasing annually; plastic ingestion also
appears to have begun in the Atlantic in the early 1960’s (Rothstein 1973).
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Marine birds in Alaska also show intra-annual variation in plastic
ingestion (Day 1980). Figure 3 shows the mean number of plastic particles
per bird and the frequency of occurrence of plastic in short-tailed
shearwaters collected in Alaska and Australia and in tufted puffins
collected in Alaska.

In May, the mean number of particles per short-tailed shearwater was
relat ively  small , although about 80% of the birds contained plastic (Figs.
3A, 3B). The birds began ingesting plastic in large numbers in June
(X = 6.5 particles per bird). By July, the mean number of particles per
bird decreased slightly, so the rate of ingestion was not so high as the
rate of loss through wear, The percentage of birds with plastic had risen
s l ight ly , to 84%, indicating that ingestion was still occurring. A second
period of heavy plastic ingestion occurred in August, when the mean number
of particles per bird again increased; 98% of the birds contained plastic
at this time. The mean number of particles ingested again declined in
September, although virtually 100% of the birds contained at least some
p las t i c . During winter, the rate of ingestion was low, as indicated by
the data from Bass Strait: only 47% of the birds contained plastic, and
approximately 72% of these had two or fewer particles.

Essentially the same pattern is seen in tufted puffins (Figs. 3C, 3D):
Low frequencies of occurrence and low mean numbers of particles per bird in
May, high rates of plastic ingestion in midsummer , and decreased ingestion
rates and subsequent loss through wear late in the summer. A similar
pattern was also seen in parakeet auklets and horned puffins from Alaska
(Day 1980).

The frequency distributions for the wear classes (a relative grade of
how worn individual particles are) of individual particles support the
evidence that most plastic in boreal birds is ingested during the summer

(Fig.  4)  . In May, only the more-worn wear classes were represented,
indicating little ingestion during the winter and following the pattern

predicted from the decreased ingestion rates seen in Australian birds.
During June, the mean wear class decreased from 4.6 (worn-very worn> to 3.6
(relatively worn-worn), indicating that many less-worn particles were being
ingested; 50% of the particles were in wear classes 1-3, the less-worn
categories . The lack of wear-class 1 (fresh) particles is attributable to
the likelihood that not all particles are in wear class 1 when ingested.

The frequency-distributions for July and August were similar, with
those particles in the stomach wearing down. The bulk of the particles was
concentrated in wear classes 4 and 5, the more-worn categories. Although
“fresher” particles (wear classes l-3) were being ingested, the mean wear
c lass  inc reased  ( i . e . , particles became more worn) because the newly added
fresh particles constituted a proportionally smaller percentage of the
number of particles than they had in May and June. The mean wear class
again increased in September, and particles in the fresher wear classes
only constituted 10% of the sample at this point, indicating that the rate
of ingestion had decreased.

In summary, during the northern winter, the birds apparently eat
l i t t l e  p las t i c .  Consequent ly , that plastic remaining in the stomach wears
down (mean wear class approaches 5) and some is lost (the mean number of



Figure 3 .--Temporal variation in plastic ingestion in short-tailed
shearwaters (A, B) and in tufted puffins (C, D) in Alaska (adapted
from Day 1980 and Day unpubl. data). (A) Mean number of plastic
particles per bird in short-tailed shearwaters of unknownage col-
lected near Kodiak Island in 1977 and in Bass Strait, Australia,
during the boreal winters of 1978 and 1979 (I. J. Skira, National
Parks and Wildlife Service, Sandy Bay, Tasmania pers. commun.);
sample sizes are indicated in parentheses. ( B )  F r e q u e n c y  o f  o c c u r -
rence of plastic in short-tailed shearwaters, as above. (C) Mean
number of plastic particles per bird in adult tufted puffins col-
lected at Buldir Island in 1975; sample sizes are indicated in
parentheses. (D) Frequency of occurrence of plastic in tufted
puff ins, as above.
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Figure 4. --Frequency distributions of the wear class of individual
plastic particles found in short-tailed shearwaters collected in

Alaska during the summer of 1977 (from Day 1980). All birds were
collected near Kodiak Island, as in Figure 3. Wear on each piece was
determined by classifying the degree of angularity of the piece’s edge

and by examining the general surface of each piece. The degree of wear
was quanti f ied by a f ive-point  visual  index ( fresh,  relat ively fresh,
relatively worn, worn, and very worn), as described in Day (1980).
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particles per bird decreases). This  condit ion exists  unti l  May.  In late
spring and early summer, the birds again begin eating plastic, causing a
sharp rise in the mean number of particles per bird and a sharp decrease in
the mean wear class of the plastic, as seen in the June birds. In contrast 

to the June data, midsummer (July and August) means show relatively little
change, indicating that consumption of new particles is roughly balanced by
loss of particles through wear. The ingestion of plastic decreases near
the end of the summer, and smaller particles continue to be lost through
wear; the mean number of particles per bird decreases, and the mean wear
class approaches 5 (very worn> again. Wear then continues into the winter
months, completing the cycle. Although migratory seabird species from
higher latitudes appear to ingest plastic only during some months, it is
believed that nonmigratory tropical species are able to ingest plastic all
year (S. I. Fefer pers. commun.).

‘Since the particles do not pass into the intestine, the mean residence
time of plastic in the birds’ stomachs may he estimated. Although Day
(1980) estimated residence times of 2-3 months for ‘soft’ polyethylene and
l0-15 months for “hard” polyethylene, the data showing rapid loss rates in
short-tailed shearwaters and tufted puffins presented here and data for
phalaropes from Connors and Smith (1982) suggest that the mean residence
time of individual particles is shorter and is on the order of 6 months.
Obviously, there could be great variation in these rates, depending on the
number, size, and type of particles and other hard objects (e.g.,  pumice)
in a particular bird’s stomach.

The available data permit examination of the impact of the birds’
ingestion of the at-sea density of plastic. At the peak of summer
ingestion, short-tailed shearwaters average about 7.4 particles per bird
(F ig .  3 ) . With an est imated population of  18 x  l0 6  b irds (I .  J .  Skira
pers. commun.), this yields an estimated “standing stock” of 133 x l06

particles in the stomachs of this species. The average residence time of
the particles is estimated to be 6 months. Therefore, the average removal
of plastic by this species is approximately 0.7 x l06  particles per day in
the middle of the summer. The peak of plastic ingestion by the short-
tailed shearwater was in June, with a mean increase of  2 .1  part ic les  per
bird; thus, a peak of 1.3 x l06 particles per day were removed from the
ocean during June by this species.

Shaw (1977) estimated that plastic density in Alaska waters is about:
one piece per 9,000 m2 of ocean surface (= 111.1 pieces per km2); using a
rough estimate of 3.0 x l06 km2 of ocean surface in the waters around
Alaska, we estimate that there are approximately 333 x l06 pieces of
ingestible plastic in the waters around Alaska. The rate of “recruitment”
into this “plastic population” is probably low, since estimates of water
circulation times in the subarctic North Pacific range between 2 and 5
years (T. Royer, Institute of Marine Science, University of Alaska,
Fairbanks, Alaska pers. commun.). When one considers that the short-
tailed shearwater alone removes about 80 x l06 particles from the waters
around Alaska during June and August (primarily in shelf and shelf-break
waters), and that other species are ingesting plastic at the same time, it
appears that birds are decreasing the-at-sea density of plastic in Alaska
waters. Although our estimates of rates of ingestion may be high and
Shaw's estimates of plastic density may be low, it is apparent that the
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birds are decreasing the density of plastic enough to cause the Synchronous
late-summer decline in ingestion seen in all species (Fig. 3).

Effects of Plastic Ingestion on the Physical Condition
and Reproduction of Marine Birds

Perhaps the most important question to be asked about plastic inges-
tion is whether or not the presence of plastic in the gut has a detrimental
effect on the physical condition or reproductive performance of the birds.
These effects could take several forms, including direct ones such as star-
vation, intest inal  blockage,  ulceration,  and internal  injury,  or  indirect
ones, such as decreased physical “quality” or reproductive performance.

Starvation could be caused by the physical presence of plastic in the
stomach. In birds, hunger and satiety are regulated by receptors in the.
-hypothalamus, where various stimuli reaching the central nervous system
influence food intake (Sturkie 1965). Appetite (hunger) can be stimulated
by the contraction of an empty stomach, cold temperatures, or the sight of
food, and can be inhibited (satiety) by dehydration, distension of the
stomach or intestines, warm temperatures, or  exercise  (Sturkie  1965) .  A
large amount of plastic in the stomach of a bird could decrease feeding
activity by maintaining stomach distension and preventing stomach
contraction, thus signaling “satiety” to the hypothalamus. Although
plastic has been associated with starvation in some birds (Bond 1971;
Bourne and Imber 1982), Bourne and Imber correctly pointed out that one
must  be careful  with this  interpretation,  for  i t  is  o ften di f f icult  to
determine if the plastic ingested caused the starvation or if the plastic
was ingested because the bird was starving.

Intestinal blockage--preventing the passage of food into the
in tes t ine--can only occur if a bird eats a large volume of plastic or a

particularly  bulky piece of  plast ic . Intestinal blockage by elastic thread
cuttings (Pal-slow and Jeffries 1972) and by nylon threads (Bourne 1976),
-which tend to roll into a ball in the stomach (Parslow and Jeffries 1972;
R. H. Day pers. observ.), has also been documented. Intestinal blockage by
large, bulky items has been documented in Laysan albatross chicks (Kenyon
and Kridler 1969; Pettit et a1. 1981; S. I. Fefer pers. commun.).

Ulceration and internal injury could be caused by the presence of
jagged edges on plastic fragments or by a long period of contact between

the plastic and the mucosa of the stomach wall. Van Franeker and
Camphuijsen (1984) found a nail embedded in a thick layer of fatlike
material in the distal part of the gut of a northern fulmar. Local
ulcerations of stomach mucosa as a result of plastic ingestion have been
recorded in northern fulmars (Bourne 1976) and in Layaan albatross chicks
(Pettit et al.  1981; S. I.  Fefer pers. commun.).

Indirect effects of plastic ingestion may take the form of decreased
phys i ca l  “qua l i ty ” of the bird or decreased reproductive performance. To
test  for  the ef fects  of  plast ic  ingest ion on the physical  qual ity  of  the
birds, Day (1980) calculated linear regressions for the number, weight, and
volume of plastic particles versus the body weight and body fat class of
short-tailed shearwaters and parakeet auklets from Alaska. In al l  cases,
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weak (r2  < 0.17) negative slopes were found for the lines, and the lines
were not significantly different from zero, (P. > 0.05), indicating a
slightly negative and weak relationship between increasing amounts of
plastic and weights of the birds. No relationship was found when the above
variables were plotted against body fat class. Thus, plastic ingestion had
limited effects on the physical quality of these birds, at least in terms
of body weight and body fat condition. A negative relationship between the
amount of plastic and body fat condition has been found in red phalaropes
in California, however (Conners and Smith 1982).

The ingestion of plastic may have detrimentally affected the
reproduction of parakeet auklets in Alaska in 1976 (Day 1980). Nonbreeding
adults average twice as many particles (X = 34.3 + 23.9 particles per bird;
n = 12) as did breeding adults (x = 17.4 + 16.3 particles per bird; n =
25); these differences were significant (T = 216.5; P < 0.01; Mann-Whitney
one-tailed test; Conover 1971). The nonbreeder category included failed
breeders and birds that had bred in previous years. Some of the parakeet
auklets had up to 81 pieces of plastic in the stomach, which appeared to
distend the stomach fully. In several cases, many of the particles had
become embedded in “socket" that had formed in the mucosa of the stomach;
under these conditions, the presence of plastic appears to have been
detrimental to the function of the stomach. Day (1980) suggested that the
decrease in reproductive performance also could have been related to
decreased feeding during the prebreeding season.

 Another interpretation of  this  observation is  possible .  Since,  as  we
have shown, there is age-related variation in the amount of plastic
ingested by subadult versus adult parakeet anklets (Table 8), there is a’
possibi l i ty  that  there is  also  age-related variat ion in plast ic  ingest ion
within the “adult” category. I f  this  is  true,  young adults  would ingest
more plastic than would older adults. Young adult seabirds tend, in
general, to increase in reproductive success with increasing age and
experience, and many fail at reproduction in their first or second years of
breeding (Richdale 1957; Asbirk 1979; Thomas 1983). As a result, the
observed poor reproductive success of parakeet auklets containing large 
amounts of plastic may have actually been the result of normally poor
reproductive success of first or second time breeders.

A decrease in reproductive performance could also result from
hydrocarbon pollutants associated with plastic. Hydrocarbons such as DDE;

and polychlorinated biphenyls (PCB’s) are suspected of lowering the levels
of one or more -steroid hormones , resulting in delayed ovulation (Peaka11 
1970); any delay in normal reproductive cycles in arctic seabirds may-
contribute to reproductive failures. Although no data are available for
raw polyethylene pellets, polystyrene spherules have been found to have
PCB’s concentrated from seawater onto their surfaces (Carpenter et al.
1972). An increase in the number of particles ingested would thus bring
more hydrocarbons into the birds’ bodies, preventing successful
reproduction.

An explanation alternative to our interpretation can be proposed from
the above data. Birds in poor condition may eat more plastic than do
healthy birds because they are in poor condition; since these birds are
already in poor condition , they probably will not reproduce anyway,



yielding the same results. This possibility notwithstanding, the
likelihood of decreased reproductive performance as a result of plastic
ingestion warrants further investigation.

DISCUSSION AND CONCLUSIONS

Sources of Plastic

Two major types of plastic are ingested by marine birds: plastic
fragmentsand raw plastic pellets. Other types of plastic such as
polystyrene spherules, foamed polystyrene (i.e.,  Styrofoam), toys, and
other  objects , are eaten by seabirds only rarely (Day 1980). Only Lasean
albatrosses eat much of these latter types of plastic (S. I.  Fefer pers.
commun . ).

The primary sources of plastic fragments appear to be at-sea solid-
waste disposal and (particularly) by discarding plastic objects from
fishing boats and marine shipping (Scott 1972, 1975; Cundell 1973; Venrick
et al. 1973; Colton 1974; Shaw 1977; Feder et al. 1978; Merrell 1980;
Morris 1980a). In the early 1970’s, for example, approximately 4.5 x 104

metric tons of plastics were discarded at sea each year (National Academy
of Sciences 1975 cited in Merrell 1980); Guillet (1974) contends that
plastic packaging litter is presently increasing at an exponential rate.
Some of the nearshore plastic evidently comes from nearby population
centers  ( e . g . , Cundell 1973), although currents and winds play a major role
in distributing most of this debris far from its origin (e.g.,  Venrick et
al. 1973; Scott 1975; Merrell 1980). This larger debris is subsequently.

broken into smaller fragments, which are then ingested by seabirds. The
areas  o f  o r ig in  o f  th i s  w ide ly  d i spersed  p las t i c  a re  o f t en  d i f f i cu l t  t o
“determine. Studies in the Pacific Ocean, however, have shown that 108 of
109 identifiable plastic items eaten by Laysan albatrosses from the
“Hawaiian Islands originated in Japan (Pettit et al. 1981) and that most of
‘the litter found on beaches in the Aleutian Islands originated from
Japanese and American fishing boats (Merrell 1980). At the latter site,
countries represented by identifiable plastic litter were Japan, the United
States, the U.S.S.R., Republic of Korea, Canada, Bulgaria, Rumania, and the
Netherlands, in order of decreasing frequency. Work in Scotland has shown
that most of the plastic debris there also comes primarily from shipping
(Scott 1975).

Raw polyethylene pellets are the raw form of polyethylene as it is
synthesized from petrochemicals; these pellets are then shipped around the
world to manufacturing sites, where they are melted down and fabricated
into bags, squeeze bottles, toys, and many other everyday items. Because
these pellets are shipped worldwide, the origins of pellets found at sea
are difficult to determine.
pellets cannot be determined,

Although the country of origin of these
there are many ways in which they enter the

sea. Many pellets probably enter the sea in effluents from plastic-
synthesis plants , as has been reported for polystyrene in the North
Atlantic (Kartar et al. 1973, 1976; Hays and Cormons 1974; Morris and
Hamilton 1974). In Goa, India, plastic factories simply dump their waste
plastic into the nearby river, which then carries it to the sea (Nigam
1982). Pellets are also used as- packing around larger objects in ships’
holds and sometimes are moved in bulk, as is grain; errors in loading and
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unloading ships at ports allow escapement into the sea. Pel lets  are
sometimes used on the decks of Ships to reduce -friction for moving large
objects, then are washed from the decks and into the sea (Anonymous 1981).
After entering the sea, pellets are dispersed through the world’s oceans by
currents and winds.

There are several mitigating actions that could reduce entry of
plastics into the oceans. Fi ltering ef f luents from synthesizing-
manufacturing plants is relatively easy and will save the companies money.

Reducing effluent loss of polystyrene spherules from manufacturing sites in
the United Kingdom caused a rapid reduction in ingestion of those spherules
by organisms in nearby waters within 3 years (Kartar et al. 1976).
Improving loading and unloading procedures at docks would also decrease
entry into the oceans. Reductions in the at-sea discarding of plastic
litter could be effected by making litter control a requirement for fishing
permits (as suggested by Merrell 1980) or by making shipboard incinerators
a requirement for licensing a ship.

Another mitigating action is to alter the degradation rates of the
plastics themselves. Guillet (1974) and Gregory (1978, 1983) have shown
that weathering of polyethylene and Styrofoam occurs naturally and eventu-
ally leads to disintegration and dispersal as “dust.” G r e g o r y  ( 1 9 8 3 )  
stated that it would require 3-50 years for complete disintegration to
occur on the beach, and apparently much longer at sea. One way to acceler-
ate degradation is to make the plastics highly degradable under normal
conditions. The plastics industry has encountered many practical problems
in trying to produce degradable plastics, however’ (Taylor 1979; contra
Guillet 1974), leaving regulation of loss into the sea as a more feasible
and realistic method of reducing the abundance of plastic in the oceans.,

Rates of Ingestion in Marine Birds:
A Look to the Future

We feel that it is appropriate to discuss the monitoring of species or
groups of seabirds for rates of plastic ingestion. Those species or groups
ingesting the most plastic (either with the highest frequencies of occur-
rence or the highest mean number of particles per bird) should be monitored
closely in the future. As we have shown, procellariiform birds are the
seabirds most vulnerable to plastic pollution (Tables l-3). A high
percentage of the species examined contain plastic, the two highest average
amounts of ingestion occurred in this group, and the earliest records of ’
plastic ingestion by marine birdswere from this group (Kenyon and Kridler
1969; Rothstein 1973). Procellariiform birds tend to scavenge at sea and,
to ingest randomly any plastic that they encounter (Table 7; Ashmole 1971;
Day 1980; Day pers. observ.) . They also tend to eat large or oddly-shaped
plastic objects (see comments in Table 2) that may cause intestinal
blockage or internal injury (e.g.,  Bourne 1976; Pettit et al. 1981). These
birds also pass ingested plastic on to their chicks through regurgitation-
f eed ing  ( e . g . , Kenyon and Kridler 1969; Rothstein 1973), perhaps increasing
prefledgling mortality. Procel lari i form birds also  feed at  or  near the 
sea’s surface and eat a high frequency of crustaceans and cephalopods
(Ashmole 1971), two prey groups that are correlated with high rates of 

p las t i c  inges t i on  (Tab les  4 ,  5 ) . On the other hand, procellariiform birds
are able to eliminate some plastic by egesting casts containing
indigestible items, such as squid beaks.
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Another species of major concern is the parakeet auklet (Table 2).
This species averaged the highest number of plastic particles of 37 species
of seabirds in Alaska, 13.7 particles per bird, and showed evidence of
decreased reproductive performance there as a result (Day 1980). This
species preys primarily on crustaceans , a prey group linked to high rates
of  ingest ion of  plast ic  (Table  5) . Some of the stomachs examined by Day
were fully distended because so much plastic was present.
should be monitored closely for ingestion,

Phalaropes also
because the few data available

(Table 2) indicate a capacity for high rates of plastic contamination. At
present, the other species of seabirds appear to have low rates of plastic
ingestion, indicating that less-intensive monitoring is needed.

Monitoring should be done at selected sites in the Northern and
Southern Hemispheres and in all oceans. Birds found dead on beaches and
birds collected for museums should be examined closely for frequencies of
ingestion and for the amount of plastic ingested; birds found dead should
also be checked for the cause of death and chlorinated hydrocarbon levels
should be determined. Any sampling gaps can then be filled with selective
col lect ing of  species  o f  interest . We suggest a 2- or  3-year cycle  for
monitoring.

Feeding Habits and Plastic Ingestion

A few species of seabirds evidently ingest at random any plastic or
objects that they encounter. Before the production of plastics, most
objects encountered by birds at the sea's surface were digestible (except
for floating pumice) ; selection may have favored those species that 
ingested any such objects (Rothstein 1973). Many species, however, select
f o r  spec i f i c  k inds ,  c o l o r s , shapes, color-shape combinations, or sizes of
‘plastic (Day 1980). Such selection suggests that these species are
mistaking plastic objects (a recent addition to the surface of the ocean)
for  prey i tems. Prey items that the light-brown pellets most resemble to
the authors are planktonic crustaceans and pelagic fish eggs. Other colors
of pellets may resemble the eyes of fishes or squids, the bodies of larval
fishes, or other, unknown food items.

It is likely that not a single factor, but a suite of (sometimes)
interact ing factors , affects the amount of plastic ingested by seabirds.
These factors include the feeding method and prey type-of the species, the
tendency for generalist or specialization in feeding habits, age of the
birds ,  t ime of  year , at-sea density  of  plast ic , and geographic location of

I

the birds.

The Problem of Effects of Plastic Ingestion

It is unfortunate that we still do not know, the true extent of the
ef fects  of  plast ic  ingest ion. We suspect that, for most species, the rates
of ingestion and the amounts of plastic ingested are low enough that there
is  l i t t le  detr imental  e f fect  on the birds involved. There are several
species, mentioned earlier, that have been shown to exhibit sufficiently
high rates of ingestion to warrant concern. Decreased feeding rates before
breeding may result in poorer physical condition of the bird, leading to an
inability to secure or maintain a breeding territory,: to lay high-quality
eggs, or to successfully incubate those eggs. Data from parakeet auklets
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(Day 1980) suggest that any or all of these conditions may apply to that
species, and data from short-tailed shearwaters (Day 1980) and red
phalaropes (Connors and Smith 1982) suggest a link between high amounts of
plastic ingested and decreased physical “quality.” The possibility of
hydrocarbon contamination through plastic ingestion (Carpenter et al. 1972)
also has serious implications. Consequently, we believe that carefully
controlled experiments on the effects of plastic ingestion need to be
performed to determine whether or not a serious problem really exists.
These experiments could conceivably be performed in conjunction with zoos
or schools Of veterinary Science.

ACKNOWLEDGMENTS

We thank the following individuals and organizations for aid rendered,
in connection with’ this study: J. Bedard, M. S. W.’ Bradstreet, E. W. Chu,
A. W. DeGange, D. V. Derksen, T. J. Dixon, S. I. Fefer, C. S. Harrison,
G. L. Hunt, Jr., M. J. Imber, R. Mykytowycz, M. Naughton, H. Ogi, G. A.
Sanger, G. Searing, D. L. Serventy, I. J. Skira, and R. S. Wood all
generously provided us with many of the samples and data upon which this
study was based. Special thanks go to G. L. Hunt, Jr., M. J. Imber, and
the personnel of the U.S. Fish and Wildlife Service, Anchorage, Alaska.
Part of the funding to do this research was provided by the U.S. NOAA/BLM
Cuter Continental Shelf Environmental Assessment Program and by the Vice-
Chancellor for Research and Advanced Study, University of Alaska, Fair-
banks, Alaska. The 1984 data were gathered aboard the TV Oshoro Maru of
Hokkaido University, Hakodate, Japan; special thanks go to Captain Y.
Masuda and-T. Minoda, M. Kajihara, and H. Nakano. D. G. Shaw analyzed the
chemical composition of the plastic samples from Alaska. E. C. Murphy and
D. P. Pengilly provided statistical advice and performed some analyses.
This manuscript was improved by comments from G. J. Divoky, D. D. Gibson,
S. I. Fefer, B. Kessel, B. E. Lawhead, S. F. MacLean, Jr., C. P. McRoy, P.
G. Mickelson, E. C. Murphy, and P. G. Ryan. Funds to attend this meeting 
were provided by the Southwest Fisheries Center Honolulu Laboratory,
National Marine Fisheries Service, NOAA, and by the University of Hawaii
Sea Grant Program. This is Contribution No. 577 of the Institute of Marine
Science, University of Alaska, Fairbanks, AK 99701.

LITERATURE CITED

Ainley , D. G. , A. R. DeGange, L. L. Jones, and R. J. Beach-.
1981. Mortality of seabirds in high-seas salmon gill nets. Fish.

B u l l . , U.S. 79:800-806.

American Ornithologists’ Union.
1983. Check-list of North American birds. Allen Press, Lawrence,

Kansas, 6th ed., 877 p.

Anonymous.
1981. Galapagos tainted by plastic, pollution. Geo 3:137.

Asbirk, S.
1979. The adaptive significance of the reproductive pattern in the

black guillemot, Cepphus grylle. Vidensk. Medd. Dan. Naturhist.
Foren. 141: 19-80.



380

Ashmole, N. P.
1971. Seabird ecology and the marine environment. In D. S. Farner

and J. R. King (editors), Avian biology, Vol. 1, pg. 223-286. Acad.
Press, N.Y.

Baltz, D. M., and G. V. Morejohn.
1976. Evidence from seabirds of plastic particle pollution off

central  Cali fornia. West. Birds 7:111-112.

Bedard, J.
1969. Feeding of the least,

Lawrence Island, Alaska.
crested, and parakeet auklets around St.

Can. J.. Zool.. 47:1025-1050.

Below, T. H.
1979. First  reports  of  pel let  e ject ion in 11 species .  Wilson Bull .

91:626-628.

Bond, S. I.
1971. Red phalarope mortality in southern California. Calif. Birds

2:97.

Bourne, W. R. P.
1976. Seabirds and pollution. In R. Johnston (editor), Marine

pollution, p. 403-502. Acad. Press, N.Y.

Bourne, W. R. P., and M. J. Imber. 
1982. Plastic pellets collected by a prion on Gough Island, central’

South Atlantic Ocean. Mar. Pollut. Bull. 13:20-21.

Brown, R. G. B., S. P. Barker, D. E. Gaskin, and M. R. Sandeman.
1981. The foods of great and sooty shearwaters Puffinus gravis and p.

griseus in eastern Canadian waters. Ibis 123:19-30.

Carpenter, E. J.
1976. Plast ics ,  pelagic  tar ,  and other  l i t ter .  In E.  D.  Goldberg

(editor), Strategies for marine pollution monitoring, p. 77-89.
Wiley, N.Y.

Carpenter, E. J., S. J. Anderson, G. R. Harvey, H. P. Miklas, and B. B.
P e c k .

1972. Polystyrene spherules in coastal waters. Science (Wash., D.C.)
178:749-750.

Carpenter, E. J., a n d  K .  L .  S m i t h ,  J r .
1972. Plastics on the Sargasso Sea surface. Science (Wash., D.C.)

175:1240-1241.

Carter, H. R. , and S. G. Sealy.
1984. Marbled murrelet mortality due to gill-net fishing in Barkley

Sound, British Columbia. In D. N. Nettleship, G. A. Sanger, and P.
F. Springer (editors), Marine birds: Their feeding ecology and
commercial fisheries relationships, p. 212-220. Can. Wildl. Serv.,
Spec. Publ.



381

C l a r k e ,  M .  R .
1966. A review of the systematics and ecology of oceanic squids.

Adv. Mar. Biol. 4:91-300.

Coachman, L. K., K. Aagard, and R. B. Tripp.
1975. Bering Strait: The regional physical oceanography. Univ.

Wash. Press, Seattle, Wash., 172 p.

Coleman, F. C., and D. H. S. Wehle.
1983. Caught by accident: The fishermen's unwanted harvest. Oceans

16:65-69.

1984. Plast ic  pol lution: A worldwide oceanic problem. Parks 9:9-12.

Colton, J. B.,  Jr..
1974. Plastics in the ocean. Oceanus 18:61-64.

Colton, J. B., Jr., F. D. Knapp, and B. R. Burns.
1974. Plastic particles in surface waters of the northwestern

Atlantic . Science (Wash., D.C.) 185:491-497.

Conant, S.
1984. Man-made debris and marine wildlife in the Northwestern

Hawaiian Islands. 'Elepaio 44:(9)87-88.

Connors, P. G., and K. G. Smith.
1982. Oceanic  plast ic  part ic le  pol lution: Suspected effect on fat

deposit ion- in red phalaropes.  Mar.  Pol lut .  Bull .  13:18-20.

Conover, W. J.
1971. Pract ical  nonparametric  stat ist ics .  Wiley,  N.Y. ,  461 p.

Crockett, D. E., and S. M. Reed.
1976. Phenomenal Antarctic fulmar wreck. Notornis 23:250-252.

Cundell, A. M.
1973. Plastic materials accumulating in Narragansett Bay. Mar.

Pol lut .  Bull .  4 :187-188.

Dahlberg, M. L., and R. H. Day.
1985. Observations of man-made objects on the surface of the North 

Pacific Ocean. In R. S. Shomura and H. 0. Yoshida (editors),
Proceedings of the Workshop on the Fate and Impact of Marine Debris,
26-29 November 1984, Honolulu, Hawaii. U.S. Dep. Commer., NOAA
Tech. Memo. NMFS, NOAA-TM-NMFS-SWFC-54. [See this document.]

Day, R. H.
1980. The occurrence and characteristics of plastic pollution in

Alaska's marine birds. M.S. Thesis, Univ. Alaska, Fairbanks,
Alaska, 111 p.

Dixon, W. J., and M. B. Brown (editors).
1979. BMDP-79: Biomedical computer programs. Univ. Calif. Press,

Berkeley, Calif. ,  880 p.



382

Dunn, E. K.
1972. Effect of age on the fishing ability of sandwich terns, Sterna

Sandvicensis. Ibis 114:360-366.

Favorite ,  F . , A. J. Dodimead, and K. Nasu.
1976. Oceanography of the subarctic Pacific region, 1960-71. Int .

North Pac. Fish. Comm. Bull. 33:1-187.

Feder, H. M., S. C. Jewett, and J. R. Hilsinger.
1978. Man-made debris on the Bering Sea floor. Mar. Pollut. Bull.

9:52-53.

Furness, B. L.
1983. Plastic particles in three procellariiform seabirds from the
Benguela Current,  South Africa.  Mar.  Pol lut .  Bull .  14:307-308.

Gjosaeter, J.,  and R. Saetre.
1974,. Predation of eggs of capelin (Mallotus villosus) by diving

ducks. Astarte 7:83-89.

Gochfeld, M.
1973. Effect  of  art i fact  pol lution on the viabi l i ty  of  seabird

colonies on Long Island, New York. Environ.  Pol lut .  4 :1-6.

Gregory, M. R.
1977. Plastic pellets on New Zealand beaches. Mar. Pollut. Bull.

8:82-84.

Gregory, M. R.
1978. Accumulation and distribution of virgin plastic granules on New

Zealand beaches. N.Z. J. Mar. Freshwater’ Res. 12:399-414.

1983. Virgin plastic granules on some beaches of eastern Canada and
Bermuda. Mar. Environ. Res. 10:73-92.

Guil let ,  J .  E.
1974. Plastics, energy, and ecology--a harmonious triad. Plast .

Eng. 30:48-56.

Harrison, C. S. , T. S. Hida, and M. P. Seki.
1983. Hawaiian seabird feeding ecology. Wildl. Monogr. 85:1-71.

Hart, J. L.
1973. Pacific fishes of Canada. Fish. Res. Board Can. Bull. 180:1-

740.

H a y s ,  H . ,  and G. Cormons.
1974. Plastic particles found in tern pellets, on coastal beaches,

and at factory sites. Mar.  Pol lut .  Bull .  5 :44-46.

Jewett, S. C.
1976. Pollutants of the northeastern Gulf of Alaska. Mar. Pollut.

Bull. 7:169.



383

Kartar, S., F. Abou-Seedo, and M. Sainsbury.
1976. Polystyrene spherules in the Severn Estuary--a progress report.

Mar. Pollut. Bull. 7:52.

Kartar, S., R. A. Milne, and M. Sainsbury.
1973. Polystyrene waste in the Severn Estuary. Mar. Pollut. Bull.

4:144.
Kenyon, K. W., and E. Kridler.

1969. Laysan albatrosses swallow indigestible matter. Auk 86:339-
343.

Mauchline, J.
1980. The biology of mysids and euphausiide. Adv. Mar. Biol. 18:1-

681.

M a y r ,  E . , and G. W. Cottrell (editors).
1979. Check-list of birds of the world. Mus. Comp. Zool. (Harvard

Univ. ) , vol. 1, 2d ed. Cambridge, Mass., 547 p.

Merrel l ,  T .  R. ,  Jr .
1980. Accumulation of plastic litter on beaches of Amchitka Island,

Alaska. Mar. Environ. Res. 3:171-184.

Morris, A. W., and E. I. Hamilton.
1974. Polystyrene spherules in the Bristol Channel. Mar. Pollut.

Bull .  5 :26-27.

Morris, R. J.
1980a. Floating plastic debris in the Mediterranean. Mar. Pollut.

Bull. 11:125.

1980b. Plastic debris in the surface waters of the South Atlantic. 
Mar. Pollut. Bull. 11:164-166.

Morrison, M. L., R. D. Slack, and E. Shanley, Jr.
1978. Age and foraging abi l i ty  relationship of  o l ivaceous

cormorants. Wilson Bull. 90:414-422.

Nigam, R.
1982. Plastic pellets on the Caranzalem beach sands, Goa, India.

Mahasagar  15 :125 -127 .

Ohlendorf, H. M., R. W. Risebrough, and K. Vermeer.
1978. Exposure of marine birds to environmental pollutants. U.S.

Fish Wildl. Serv., Wildl. Res. Rep. 9:1-40.

Orians, G. H.
1969. Age and hunting success in the brown pelican (Pelecanus

occ identa l i s ) . Anim. Behav. 17:316-319.

Outram, D. N.
1958. The magnitude of herring spawn losses due to bird predation on

the west coast of Vancouver Island. Progr . Rep. Pac. Coast Stn.,
Fish. Res. Board Can. 111:9-13.



384

Paralow, J. L. F., and D. J. Jeffries.
1972. Elastic thread pollution of puffins. Mar.  Pol lut .  Bull .  3 :43-

45.

Peakall, D. B.
1970. p,p’DDT: Effect on calcium metabolism and concentration of

estradiol in the blood. Science (Wash. , D.C.) 168:592-594.

Pett i t ,  T .  N. , G. S. Grant, and G. C. Whittow.
1981. Ingestion of plastics by Laysan albatross. Auk 98:839-841.

P ia t t ,  J .  F . , D. N. Nettleship, and W. Threlfall.,
1984. Net-mortality of common murres and Atlantic puffins in

Newfoundland, 1951-81. In D. N. Nettleship, G. A. Sanger, and P. F.
Springer (editors), Marine birds: Their feeding ecology and
commercial fisheries relationships, p. 196-207. Can. Wildl. Serv.,
Spec. Publ.

P ia t t ,  J .  F . , and D. G. Reddin.
1984. Recent trends in the west Greenland salmon fishery, and

implications for thick-billed murres. In D. N. Nettleship, G. A.
Sanger, and P. F.  Springer (editors) ,  Marine birds:  Their  feeding
ecology and commercial fisheries relationships, p. 208-210. Can.
Wildl. Serv., Spec. Publ.

Powers, K. D., and J. A. Van OS.
1979. A concentration of greater shearwaters in the western North

Atlantic . Am. Birds 33:253.

Randall ,  B.  M., R. M. Randall, and G. J. Roussow.
1983. Plastic particle pollution in great shearwaters (Puffinis

gravie) from Gough Island. S. Afr. J. Antarct. Res. 13:49-50.

Raymont, J. E. G.
1983. Plankton and productivity in the oceans. Zooplankton, vol. 2.

2d ed. Pergamon Press, N.Y., 824 p.

Recher, H. F., and J. A. Recher.
1969. Comparative foraging efficiency of adult and immature little

blue herons (Florida caerulea). Anim. Behav. 17:320-322.

Reed, S.
1981. Wreck of kerguelen and blue petrels. Notornis 28:239-240.

Richdale, L. E.
1957. A population study of penguins. Oxford Univ. Press, Lond.,

195 p.

Rothstein,  S.  I .
1973. Plast ic  part ic le  pol lution of  the surface of  the Atlantic

Ocean : Evidence from a seabird.. Condor 75:344-345.

Royer, T. C.
1975. Seasonal variations of waters in the northern Gulf of Alaska.

Deep-Sea Res. 22:4C3-416.



385

Royer, T. C.
1983. Observations of  the Alaska coastal current. In H. Gade, A.

Edwards, and H. Svendsen (editors), Coastal oceanography, p. 9-30.
Plenum Press, N.Y.

Scott, G.
1972. Plastics packaging and coastal pollution. Int. J. Environ.

Stud. 3:35-36.

1975. The growth of  plast ics  packaging l i tter .  Int .  J .  Environ.
Stud. 7:131-132.

Sealy, S. G.
1975. Feeding ecology of the ancient and marbled murrelets near

Langara Island, British Columbia. Can. J. Zool. 53:418-433.

Searcy, W. A.
1978. Foraging success in three age classes of glaucous-winged gulls.

Auk 95:586-588.

Shaw, D. G.
1977. Pelagic tar and plastic in the Gulf of Alaska and Bering Sea.

Sci. Total Environ. 8:13-20.

Shaw, D. G. , and G. A. Mapes.
1979. Surface circulation and the distribution of pelagic tar and

p l a s t i c . Mar. Pollut. Bull. 10:160-162.

Shiber, J. G.
1979. Plastic pellets on the coast of Lebanon. Mar. Pollut. Bull.

10:28-30.

1982. Plastic pellets on Spain’s “Costa de1 Sol” beaches. Mar.
Pollut. Bull. 13:409-412.

Sturkie ,  P.  D.  (editor) .
1965. Avian physiology. Cornell Univ. Press, Ithaca, N.Y., 766 p. 

Tabata, S.
1975. The general circulation of the Pacific Ocean and a brief

account of the oceanographic structure of the North Pacific -Ocean.‘
Part 1. Circulation and volume transports. Atmosphere 13:134-168.

Taylor, L.
1979. Degradable plastics: Solution or illusion? Chemtech 9:542-

548.

Thomas, c. s.
1983. The relationships between breeding experience, egg volume, and

reproductive success of the kittiwake Rissa tridactyla. Ib i s
125:567-574.

Tuck, L. M.
1960. The murres. Can. Wildl. Ser. 1:1-260.



386

Tul l ,  C .  E . , P. Gennain, and A. W. May.
1972. Mortality of thick-billed murres in the west Greenland salmon

fishery. Nature (Lond.) 237:42-44.

Van Dolah, R. F. , V. G. Burrell, Jr., and S. B. West.
1980. The distribution of pelagic tars and plastics in the South
At lant i c  B ight .  ‘Mar .  Po l lu t .  Bu l l .  11 :352 -356 .

Van Franeker, J. A.
1983. Plastics--een bedreiging voor zeevogels. Nieuvebrief NSO 4:41-

61.

Van Franeker, J. A., and C. J.
1984. Report on Fulmarus
August  1983 .  Vers l .  en

Camphuijsen.
glacialis Expedition II, Jan Mayen, June-
Technische Gegevens 39:1-34.

Vauk-Hentzelt, E.
1982. Misbildungen, verletzungen, und krankheiten auf Helgoland

erlegter silbermowen [Deformities, injuries, and illnesses of silver
gulls that died in Helgoland]. Niedersachaischer Jager 15:700-702.

Venrick, E. L., T. W. Backman, W. C. Bartram, C. J. Platt, M. S. Thornhill,
and R. E. Yates.

1973. Man-made objects on the surface of the central North Pacific
Ocean. Nature (Lond.) 241:271.

Wehle, D. H. S.
1982. Food.-of adult and subadult tufted and horned puffins. Murrelet

63: 51-58.

Wong, C. S., D. R. Green, and W. J. Cretney.
1974. Quantitative tar and plastic waste distributions in the Pacific

Ocean. Nature (Lond. )  247:30-32.

1976. Distribution, and source of tar on the Pacific Ocean. Mar.
Pol lut .  Bull .  7 :102-106.

Zar, J. H.
1984. Biostatist ical  analysis . 2d ed. Prentice-Hall, Englewood

Cli f fs ,  N.J. ,  718 p.




