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FEEDING ECOLOGY OF TWO SUBTROPICAL SEABIRD 
SPECIES AT FRENCH FRIGATE SHOALS. H.4WAII 

Michael P. Seki and Craig S. Harrison 

A B S T R A C T  
Regurgitated food samples from black noddy. .Jnous minums. and red-footed booby. Sula 

sulu. were collected and anal17ed from French Frigate Shoals. Hawaii. Eighteen families of 
fishes. three families of cephalopods. and miscellaneous crustaceans were found in 396 black 
noddy samples. The most common prey were identified as fishes belonging to the families 
Synodontidae. Mullidae. and Microdesmidae and as the cephalopod family Ommastrephidae. 
Twenty-two families of fishes. primarily the Exocoetidae, Carangidae. and Mullidae. along 
with ommastrephid squids were found in the 456 red-footed booby samples. Our results 
suggest that these two species of seabirds are apex. opportunistic predators. Seasonal analyses 
reflect the variation of prey availability over the course of a year and lend support to the 
notion that this variation is a controlling factor in the timing of the species' breeding. The 
relationship between the trophic ecology of the seabirds and a tropical fishery is discussed. 

In recent years, interest involving the trophic relationships among seabirds has 
grown immensely. Much of the related research has been directed toward topics 
relevant to the management of commercial fisheries and the impact of such fish- 
eries on seabird populations (Nettleship et al., 1984). 

Seabirds are generally- apex predators in marine ecosystems and, as such, are 
potential competitors with commercial fisheries. Overfishing (Furness, 1984; 
Springer et al., 1986) and natural climatic fluctuations such as an El Niiio event 
(Schaefer, 1970; Idyll, 1973: MacCall. 1984; Gibbs et al., 1987) have historically 
altered the availability, quantity, or quality of seabird food supplies and, likewise, 
seabird populations of many world oceans. To make management decisions or 
simply predict the effect of such changes, it is important to know what effects 
fishing practices are likely to have on seabird populations and, conversely. whether 
seabirds do indeed compete with commercial fisheries. Idyll ( 1  973) suggested that 
fishery-seabird competition is most severe when the target involves identical 
species in identical size classes. Basic to the examination of seabird-fisheries 
interactions is that we acquire an understanding of the food requirements of the 
involved species. 

In the northwestern Hawaiian Islands (NWHI), fishery development proposals 
prompted an investigation into the feeding ecology of the 18 breeding species of 
seabirds. The results of the study are described in Harrison et al. (1 983). Although 
the phenomenally large sample size of the study eclipsed any prior tropical or 
subtropical seabird trophic study, it was not without deficiencies. In an attempt 
to represent all seabird species from each island, sampling was still inadequate 
for anything other than superficial seasonal analyses. Diamond (1 983) pointed 
out that. because the samples were taken from such a large geographical range, 
the species sampled cannot be said to constitute a community. 

Our study was undertaken in an attempt to limit and control geographical and 
seasonal variables and to establish a baseline from which future sampling could 
be used to monitor seabird population trends and food availability. 

METHODS 

Food samples from black nodd). .l?ioits I J J I ~ U ~ U S .  and red-footed booby. Sula sulu. were collected 
at French Frigate Shoals in the NWHI. The study site. located at the midpoint of the Hawaiian 
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Figure 1. French Frigate Shoals and the Hawaiian Archipelago. 

Archipelago at lat. 23"45'N and long. 166"1O'W, is a coral atoll consisting of 12 sandy islets and I 
volcanic pinnacle on a platformed crescent-shaped reef. The reef to a depth of 55 m covers about 648 
km' and forms a 363 km' lagoon (Fig. 1). Sampling was conducted on Tern Island, the largest of the 
sandy islets located near the northwest tip of the crescent (Amerson, 1971: Uchida and Uchiyama, 
1986). 

French Frigate Shoals is influenced during most of the year by the North Pacific high with nonh- 
easterly trade winds predominating. Surface water temperatures range from 20" to 25°C during the 
winter and from 25" to 27.5"C during the summer (Seckel, 1962; Armstrong, 1983). 

The decision to study the black noddy and the red-footed booby was based primarily upon their 
availability to be sampled throughout the year. Five stomach samples from each species were collected 
weekly between January 198 I and October 1982. Birds were generally captured alive by hand or with 
a long-handled. polypropylene fish net and induced to regurgitate. Each sample was then preserved 
in 10% formalin and returned to the laboratory for analysis. Most of the samples were taken from 
adult birds with sampling efforts concentrated between 1900 and 2300. 

Laboratory procedures for examination of the samples were similar to those employed by Harrison 
et al. (1983). Sample contents were emptied into a fine mesh strainer, rinsed in running water, sorted 
into identifiable groups. and counted. In lieu of using water displacement to measure prey biomass, 
food items were blotted dry and wet weights were measured to the nearest 0.1 g. If more than one 
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Table 1. Number, frequency of occurrence, weight, and index of relative importance (IRI) of the 
prey items in 396 black noddy food samples at Tern Island, French Frigate Shoals 

Freq. 
Prey species Total no. %No.  occur. % Freq. Total wl  Yo WI IRI 

Crustacea 
Penaeidae 

Brachyura (crab megalopa) 
Stomatopoda 

Pseudosquilla sp. 
Squilla sp. 
Lvsiosquilla sp. 

Penaeus marginatus 

Cephalopoda 
Teuthoidea 

Onychoteuthidae 
Ommastrephidae 

Cranchiidae 
Sthenoteuthis oualaniensis 

Cranchia scabra 
Osteichthyes (unidentified fishes) 

Leptocephali 
Clupeidae 

Spratelloides delicatulus 
Photichthyidae 

Vinciguerria sp. 
Synodontidae 

Trachinocephalus invops 
Synodus sp. 

Gonorhynchidae 
Gonorhynchus gonorhynchus 

Hemiramphidae 
0x.vporha mph us micropterus 

Exocoetidae 
Pare.uocoetus brachJppterus 
Exocoetus volitans 

Neoniphon sp. 
Neoniphon sammara 

Macrorhamphosus sp. 

Holocentridae 

Macrorhamphosidae 

Scorpaenidae 
Dactylopteridae 

Echeneidae 
Carangidae 

Dactvloptena orientalis 

ivaucrates ductor 
Decaprerus sp. 
Decaprerus tab! 

Corjphaena sp. 
Coryphaena equiselis 

Coqphaenidae 

Mullidae 
Pomacentridae 
Cheilodactylidae 

Sphyraenidae 

Labridae 
Blenniidae 

Cheilodactj.lus vittarus 

Sphvraena sp. 

2 
8 
4 

13 
I 

28 
3 

42 
3 

110 
16 

1 
I 

117 
64 

I44 

13 
3.294 

107 
23 

29 
I 
3 

63 
2 
5 

124 

I 
7 

7 - 
12 

I 
7 - 
3 
5 
1 

3 
3 

959 
1 

2 
5 
I 
6 

0.03 
0.13 
0.07 
0.22 
0.02 
0.47 
0.05 

0.70 
0.05 
1.83 
0.27 
0.02 
0.02 
1.95 
1.07 

2.40 

0.22 
54.83 

1.78 
0.38 

0.48 
0.02 
0.05 
1.05 
0.03 
0.08 
2.06 
0.03 
0.02 

0.03 
0.20 

0.02 
0.03 

0.05 
0.08 
0.02 

0.05 
0.05 

15.96 
0.02 

0.03 
0.08 
0.02 

. 0.10 
3 4  n-ln 

1 
8 
4 
3 
I 
7 
3 

29 
3 

64 
1 1  

1 
1 

28 
41 

22 

I 
27 1 
33 

7 

17 
1 
3 

37 
2 
5 

40 
1 
1 

2 
7 

1 
2 

3 
5 
1 

3 
3 

185 
1 

2 
4 
I 
5 

0.25 
2.02 
1.01 
0.76 
0.25 
I .77 
0.76 

7.32 
0.76 

16.16 
2.78 
0.25 
0.25 
7.07 

10.35 

5.56 

0.25 
68.43 

8.33 
1.77 

4.29 
0.25 
0.76 
9.34 
0.5 1 
1.26 

10.10 
0.25 
0.25 

0.5 I 
1.77 

0.25 
0.5 1 

0.76 
I .26 
0.25 

0.76 
0.76 

46.72 
0.25 

0.5 1 
1.01 
0.25 

0.5 0.02 0.0 1 
2.3 0.10 0.46 
0.4 0.02 0.09 
0.3 0.01 0.17 
0.1 0.00 0.01 
3.4 0.15 1.10 
0.4 0.02 0.05 

11.0 0.49 8.71 
9.1 0.41 0.35 

131.5 5.91 125.08 
62.4 2.80 8.53 
0.1 0.00 0.0 1 
0.4 0.02 0.0 1 

16.7 0.75 19.09 
21.2 0.95 20.91 

70.2 3.16 30.91 

6.9 0.31 0.13 
861.5 38.73 6,402.31 

36.7 1.65 28.57 
3.4 0.15 0.94 

23.0 1.03 6.48 
0.1 0.00 0.0 I 
7.7 0.35 0.30 

36.7 1.65 25.22 
1.7 0.08 0.06 
5.4 0.24 0.40 

23.6 1.06 31.51 
2.2 0.10 0.03 
2.6 0.12 0.03 

0.6 0.03 0.03 
1.1 0.05 0.44 

0.3 0.01 0.0 1 
0.2 0.01 0.02 

1.4 0.06 0.08 
3.1 0.14 0.28 
1.8 0.08 0.03 

1.8 0.08 0.10 
1.0 0.04 0.07 

684.6 30.77 2,183.23 
0.4 0.02 0.0 I 

1.7 0.08 0.06 
1.5 0.07 0.15 
0.4 0.02 0.01 

1.26 1.0 0.04 0.18 
I L  U.LU 9 2.27 2.9 0.13 0.75 
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Table 1. Continued 

Freq. 
Prey species Total no % N o  occur % Freq Total w Vi Wt IRI 

Microdesmidae 
Prereleotrrs heteroptera 
Gunne1ichth.w curiosus 

Gempvlus serpens 
Gempylidae 

Scombridae 
Istiophoridae 
Nomeidae 

Nomeus gronovrr 
Pleuronectoidei (flatfishes) 

Bothidae 
Balistidae 
Tetraodontidae 

Lagocephalus lagocephalus 

556 
2 

29 

9.25 83 
0.03 2 
0.48 16 

20.96 
0.5 1 
4.04 

145 
14 
2 
7 
3 
3 
3 
1 

I 

2.41 60 
0.23 7 
0.03 2 
0.12 2 
0.05 2 
0.05 3 
0.05 2 
0.02 I 

0.02 1 

15.15 
I .77 
0.5 1 
0.5 1 
0.51 
0.76 
0.5 1 
0.25 

0.25 

100.1 4.50 
0.2 0.01 
6.3 0.28 

65.4 2.94 
2.1 0.09 
0.3 0.01 
1.3 0.06 
1.3 0.06 
0.6 0.03 
1.1 0.05 
0.2 0.01 

0.4 0.02 

288.20 
0.02 
3.07 

8 1.05 
0.57 
0.02 
0.09 
0.06 
0.06 
0.05 
0.0 1 

0.0 1 

item in the same taxon was present and could not be distinguished as a whole individual, the total 
weight and number of individuals were recorded. When possible, lengths of the prey were taken, 
including standard length (SL) for fishes. mantle length (ML) for cephalopods, carapace length for 
shrimps. carapace width for crabs. and total length for all others. No attempt was made to measure 
the lengths of any prey items that were well digested. 

Prey items were identified to the lowest possible taxon by using the methods described in Hamson 
et al. (1983). When possible. fishes were identified by external anatomical characters and morpho- 
metrics. In many cases. however. the fishes were in an advanced stage ofdigestion and required clearing 
of the flesh and staining of the vertebrae with Alizarine S (Taylor, 1967). A combination of vertebral 
counts and morphological characters was then used for identification. Invertebrates were identified 
by undigested hard parts and external morphological features. In the case ofcephalopods, this included 
beaks. pens, and luminous organs among other anatomical features; for crustaceans, exoskeletons and 
walking appendages were the primary identification characters. 

To analyze the data, we employed the index of relative importance (IRI) developed by Pinkas et 
al. ( I  97 I )  to assess the value of prey items. The IRI incorporates percentage by number (N), weight 
(W). and frequency of occurrence (m: 

IRI = %F(O/oN + %W). 

Although this index has its shortcomings (Hyslop, 1980), it provides a basis for ranking the prey items 
that is representative of the three measures traditionally used in stomach content analyses. Because 
the objective of the study was to identify the major prey and their importance to the birds, we excluded 
the unidentifiable remains from the IRI analyses. 

T o  examine erects due to seasonal variation in prey availability as reflected by any differences in 
diet. the data were separated by season [winter (December-February). spring (March-May), summer 
(June-August). and fall (September-November)] and then analyzed. 

RESULTS 
Black Noddv. -Three hundred and ninety six black noddy samples were collected 
and analyzed for this study. Regurgitated samples averaged 5.7 g and 15.2 prey 
items (Table 1). Overall, the diet was composed of fishes (IRI = 18,287.5), ceph- 
alopods (IRI = 3 16.1). and crustaceans (IRI = 7.94). The fishes, representing 18 
families, occurred in 98.2% of the samples, comprised 90.0% of the total aggregate 
weight. and accounted for 96.1 O/o of the total number of food items. Fish families 
with the highest IRI values were Synodontidae (IRI = 6,723.0), Mullidae (IRI = 
2.183.2). and Microdesmidae (IRI = 296.15). To a lesser degree, Gempylidae and 
Holocentridae also were common forage items. Nearly all of the fishes taken as 
prey were juveniles or larvae: unfortunately. this meant that many ofthe specimens 
were not identifiable beyond the family level. The only synodontid that was 
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Table 2. Percent frequency of occurrence of prey families by season for the black noddy at Tern 
Island, French Frigate Shoals 

Winler Spring Summer 
Prey families (N = 98) (N  = 121) ( N =  I l l )  

Fall 
(N = 6 6 )  - 

Penaeidae 
Brachyura (crab megalopa) 
Stomatopoda 
Teuthoidea 
On ychoteuthidae 
Ommastrephidae 
Cranchiidae 
Unidentified fishes 
Leptocephali 
Clupeidae 
Photichthyidae 
Synodontidae 
Gonorhynchidae 
Hemiramphidae 
Exocoetidae 
Holocentridae 
Macrorhamphosidae 
Scorpaenidae 
Dactylopteridae 
Echeneidae 
Carangidae 
Coryphaenidae 
Mullidae 
Pomacentridae 
Cheilodactylidae 
Sphyraenidae 
Labridae 
Blenniidae 
Microdesmidae 
Gempylidae 
Scombridae 
Istiophoridae 
Nomeidae 
Pleuronectoidei 
Bothidae 
Balistidae 
Tetraodontidae 

6.12 
2.04 
7.14 

11.22 
1.02 

20.41 
2.04 

10.20 
11.22 

1.02 

92.86 
13.27 

7.14 
5.10 
2.04 
3.06 

3.06 
1.02 

20.4 I 
I .02 

1.02 
4.08 
4.08 

44.90 
25.91 

2.04 
2.04 
2.04 

1.65 

I .65 
7.44 
0.83 

11.57 

4.96 
11.57 

1.65 
0.83 

70.25 
2.48 
1.65 
6.6 1 
3.3 1 

0.83 

3.3 1 
0.83 

59.50 

0.83 
3.31 

2.48 
4.96 

19.01 
2.48 

1.65 
0.83 

3.60 
6.3 1 
0.90 

18.92 

6.31 
4.50 

15.32 

42.34 
0.90 

17.12 
9.01 

1.80 

1.80 
1.80 
2.70 

61.26 

0.90 

I .80 
9.01 

12.61 
1.80 
0.90 

1.52 
3.03 
1.52 
3.03 

27.27 

7.58 
16.67 
3.03 

75.16 

3.03 
9.09 

34.85 

1.52 
1.52 

1.52 
37.88 

1.52 

37.88 
19.70 
3.03 
1.52 

1.52 
1.52 

identified to species was Truchinocephalus mvops, and no mullids were identified 
beyond family, a problem also encountered during the Hamson et al. ( 1  983) 
study. Ptereleotris heteropteru comprised nearly all of the microdesmids with the 
exception of two Gunnelichthys curiosus. The pelagic ommastrephid squids were 
the most important cephalopod, and stomatopods were the most important crus- 
tacean. 

None of the previous studies effectively examined seasonal differences in diet 
composition. In this study, we found that the prey items that ranked high when 
all data were pooled remained high when the data were separated by season (Table 
2), although the order of their ranking may have changed. With the assumption 
that the birds are high-level. opportunistic predators, we believe that this result 
reflects seasonal changes in prey availability. The frequency of occurrence of the 
highest ranked families was plotted against season and analyzed by years. We 
extracted the data for black noddies sampled at French Frigate Shoals in 1978- 
1980 from the Harrison et al. ( 1  983) study for inclusion in this analysis (Fig. 2). 
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Table 3. Number, frequency of occurrence, weight (In grams), and index of relative importance (IRI) 
of the prey items in 456 red-footed booby food samples at Tern Island, French Frigate Shoals 

Freq. 
Prey species Total no. Yo No occur. % Freq. Total w 46 Wt IRI 

Cephalopoda 
Teuthoidea 

Ommastrephidae 
Ommastrephes sp. 
Ommastrephes hartramii 
Sthenoteuthis oualuniensrs 

Osteichthyes (unidentified fishes) 
Photichthyidae 

Vinciguerria sp. 
Synodontidae 

Gonorhynchidae 
Gonorhynchus gonorhynchus 

Hemiramphidae 
Oxyporhamphus micropterus 
Euleptorhamphus virrdus 
Hvporhamphus acutiis pacificus 

Parexocoetus hrachypterus 
Exocoetus sp. 
Exocoetus volrtans 
Exocoetus monocirrhus 
C-vpselurus sp. 
Cheilopogon sp. 
Hirundichthys speculiger 

Exocoetidae 

Holocentridae 
Veliferidae 

Priacanthidae 
Meta vel1 fer m ultispr nosus 

Prracanthus sp. 
Priucanthus alalaua 

Naucrates ductor 
Decapterus sp. 
Decapterus macarellus 
Decapterus tab1 
Decapterus macrosoma 
Selar crumenophthalmus 

Corvphaena sp. 
Corvphaena hrppurus 
Coryphaena equiselis 

Carangidae 

Coryphaenidae 

Emmelichthyidae 
Mullidae 
Kyphosidae 

Cheilodactylidae 

Ammodytidae 
Gempylidae 

Scom bridae 

Kyphosus higihhris 

Cheilodact.vlus vtttatur 

Gempylus serpens 

Aiixrs thazard 
Katsuwonus pelamis 
Thunnus alalunga 

Istiophoridae 

1 
22 

704 
I 

30 
124 

9 

I 
5 

13 
36 
41 
26 

I 
480 
145 
65 
24 

I O  
6 
2 

7 - 

7 - 
3 

27 
6 
1 

29 
6 

18 
85 

4 

8 
3 
8 
2 

362 

7 - 

7 - 

7 '. 

1 
3 

54 
1 
1 

29 
1 
1 

0.04 
0.9 1 

29.10 
0.04 
1.24 
5.13 
0.37 

0.04 
0.2 I 

0.54 
1.49 
1.69 
1.07 
0.04 

19.84 
5.99 
2.69 
0.99 
0.08 
0.41 
0.25 
0.08 
0.08 

0.12 
0.08 
1.12 
0.25 
0.04 
0.08 
1.20 
0.25 
0.74 
3.5 I 
0.17 

0.33 
0.12 
0.33 
0.08 

14.96 

0.08 

0.04 
0.12 

2.23 
0.04 
0.04 
I .20 
0.04 
0.04 

1 
16 

214 
1 

17 
66 

7 

1 
1 

5 
29 
30 
20 

1 
276 

77 
48 
16 
2 
9 
6 
2 
2 

3 
2 
7 
4 
1 
2 

22 
6 
9 

29 
3 

7 
2 
8 
1 

55 

2 

1 
1 

30 
1 
1 

18 
I 
1 

0.22 
3.51 

46.93 
0.22 
3.73 

14.47 
I .54 

0.22 
0.22 

1.10 
6.36 
6.58 
4.39 
0.22 

60.53 
16.89 
10.53 
3.5 1 
0.44 
1.97 
1.32 
0.44 
0.44 

0.66 
0.44 
1.54 
0.88 
0.22 
0.44 
4.82 
1.32 
1.97 
6.36 
0.66 

1.54 
0.44 
1.75 
0.22 

12.06 

0.44 

0.22 
0.22 

6.58 
0.22 
0.22 
3.95 
0.22 
0.22 

0.6 0.00 
70.9 0.19 

4,597.9 12.21 
14.4 0.04 

963.4 2.56 
2,723.7 7.24 

28.3 0.08 

0.9 0.00 
1.3 0.00 

16.0 0.04 
444.0 1.18 
992.3 2.64 
871.6 2.32 

2.8 0.01 
12,181.3 32.36 
3,261.7 8.66 
3,217.0 8.55 
1,107.2 2.94 

143.1 0.38 
955.1 2.54 
545.9 1.45 
176.7 0.47 

2.3 0.01 

17.6 0.05 
6.2 0.02 

209.1 0.56 
144.7 0.38 

2.3 0.01 
2.2 0.01 

491.9 1.31 
730.7 1.94 
268.3 0.71 

1,511.8 4.02 
41.6 0.11 

57.7 0.15 
70.8 0.19 

332.0 0.88 
11.5 0.03 

679.7 1.81 

7.7 0.02 

0.9 0.00 
0.6 0.00 

183.7 0.49 
0.3 0.00 

35.9 0.10 
440.0 1.17 

12.6 0.03 
0.4 0.00 

0.01 
3.86 

1,938.68 
0.02 

14.17 
178.99 

0.69 

0.01 
0.05 

0.64 
16.98 
28.49 
14.88 
0.0 1 

3.1 59.67 
247.44 
118.36 
13.79 
0.20 
5.8 1 
2.24 
0.24 
0.04 

0.1 1 
0.04 
2.59 
0.55 
0.0 1 
0.04 

12.10 
2.89 
2.86 

47.89 
0.18 

0.74 
0.14 
2.12 
0.02 

202.25 

0.04 

0.0 1 
0.03 

17.90 
0.01 
0.03 
9.36 
0.02 
0.01 
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Table 3. Continued 

Freq 
Prey spcc1es Tom1 no % N o  occur % Freq Total w1 % W l  IRI 

Nomeidae 1 0.04 1 0.22 4.7 0.01 0.0 I 
Nomeus gronorii 2 0.08 2 0.44 3.7 0.0.1 0.04 

Monacanthidae 1 0.04 1 0.22 1.9 0.01 0.0 I 
Tetraodontidae 

Lagocephalus lagocephalus I 0.04 1 0.22 20.2 0.05 0.02 
Molidae 

Ranzania laevis 5 0.21 3 0.66 36.8 0.10 0.20 

Using the 1978-1980 data as the initial baseline, there is little difference in the 
198 1 data and definite trends in the occurrence of the major species in the diet 
through the course of a year. Winter and fall peaks of synodontid and microdesmid 
occurrences coincide with lower occurrence frequencies of mullids. Likewise, spring 
and summer frequencies of mullids in the diet seem correlated with lower fre- 
quencies of synodontids and microdesmids. It is likely that these trends also reflect 
relative abundance of the fishes in the epipelagic environment during these sea- 
sons. Samples taken in 1982, however, appear to deviate from the trends of prior 
years for some of the prey families. For example, the frequency of mullids in the 
diet increased in fall 1982 when compared to previous years, and ommastrephid 
squids were absent in the black noddy diets, whereas in previous years their 
occurrence peaked in the fall. Conversely, the occurrence of microdesmids showed 
little variation between any of the years. 

We collected 386 prey items in sufficiently good condition to obtain reliable 
length measurements. These prey items ranged in length from 4 mm (brachyuran 
crab megalopa) to 74 mm (Gempvlus sevpens) (X = 32.45 mm, s = 11.49). The 
smallest fishes among the diet components were three larval scorpaenids, 9 mm 
each. Among major prey families, Synodontidae (N = 1 18) were 2 1-53 mm SL 
(X = 40.1, s = 4.6). Mullidae (N = 21) were 46-62 mm SL (X = 52.8, s = 3.9), 
Microdesmidae (N = 120) were 18-34 mm SL (X = 27.8, s = 2.4), and Ommas- 
trephidae (N = 12) were 22-55 mm ML (X = 40.5, s = 8.7). 

Individual weights of prey items that were nearly intact were also recorded. 
The 390 measurements (X = 0.5, s = 0.7) ranged from numerous items weighing 
0.1 g to an ommastrephid squid. Sthenoteuthis oualaniensis, weighing 4.3 g. Both 
length and weight data collection involved only prey items with minimal digestion, 
and we did encounter a few cases in which some larger prey items had undergone 
more significant digestion and accurate measurements could not be obtained. 
These prey are not included in the above summaries, and any resultant bias should 
be considered. 
Red-.footed Booby. -We collected and analyzed 456 red-footed booby samples. 
Food samples averaged 83.0 g and 5.3 prey items (Table 3). Overall, fishes (IRI 
= 13,200.2) and cephalopods (IRI = 3.192.7) made up the entire composition of 
prey items identified in the samples. The fishes, representing 22 families, occurred 
in 93.4% of the samples, comprised 77.8% of the total aggregate weight, and 
represented 63.5% ofthe total number of food items. Fish families with the highest 
IRI values were Exocoetidae (IRI = 6.306.8), Carangidae (IRI = 207.0), and 
Mullidae (IRI = 202.1). Of the exocoetids identified to species, Parexocoetus 
brachlptevus and Exocoetus volitaris appear to be the most important. Although 
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Table 4. Percent frequency of occurrence of prey families by season for the red-footed booby at Tern 
Island, French Frigate Shoals 

Winler Spnw Summer Fall 
Prey families (N = 104) (N = 129) (N = 124) (N = 99)  

Cephalopoda 
Teuthoidea 
Ommastrephidae 
Unidentified fishes 
Photichthyidae 
Synodontidae 
Gonorhynchidae 
Hemiramphidae 
Exocoetidae 
Holocentridae 
Veliferidae 
Priacanthidae 
Carangidae 
Coryphaenidae 
Emmelichthyidae 
Mullidae 
Kyphosidae 
Cheilodact ylidae 
Ammodytidae 
Gempylidae 
Scombridae 
lstiophoridae 
Nomeidae 
Monacanthidae 
Tetraodontidae 
Molidae 

1 1.54 
45.19 

0.96 

0.96 
4.8 1 

31.73 
65.38 

10.58 
4.8 1 

8.65 
0.96 

4.8 1 

4.65 
46.5 1 
0.78 

13.95 
85.27 

1.55 

3.88 
3.10 

10.08 
0.78 
0.78 
0.78 
8.53 

0.78 

1.55 

0.81 
2.42 

66.13 
3.23 

4.03 
62.10 
0.81 
0.81 
6.45 

30.65 
3.23 
0.8 1 

20.97 

10.48 
10.48 
0.4 1 
2.42 

1.01 
47.47 

1.01 
1.01 

16.16 
73.74 

1.01 

3.03 
13.13 
3.03 

7.07 

1.01 
7.07 

1.01 
0.8 1 

many of the flyingfishes could not be identified beyond the family level, it is 
possible that many of the larger cvpselurine flyingfishes were the bulk of the 
unidentified family members. Fishes of the genus Decapterus (especially D. mac- 
rosoma) comprised nearly all of the carangids, and as mentioned earlier, none of 
the mullids could be identified more specifically. Other fishes that contributed 
significantly to the red-footed booby diet included halfbeaks (Hemiramphidae), 
snake mackerels (Gempylidae), and tunas (Scombridae). The pelagic squid family 
Ommastrephidae (IRI = 2,978.7) accounted for all of the identified cephalopods, 
most of which were identified as S. oualaniensis. 

We again found that the prey families that ranked high when all data were 
pooled. also ranked high when separated into seasons (Table 4). The frequency 
of occurrence of these prey families was then plotted against season and analyzed 
by years (Fig. 3). Unfortunately the red-footed booby samples for French Frigate 
Shoals in Harrison et al. (1  983) were insufficient to compare to our current in- 
formation. Although there are variations between years (especially between om- 
mastrephids and exocoetids), abundances of mullids, carangids, and ommastre- 
phids appear to peak during the summer, whereas exocoetids peak in the spring 
and are least abundant in the summer. At Aldabra Atoll, Diamond (1  974) reported 
ommastrephids to be most abundant during the wet season (November-March) 
and exocoetids, although present throughout the year, to be most abundant during 
the dry season (April-October). 

We obtained 245 measurements of prey items with a mean length of 86.4 mm 
SL (s = 22.4) and ranging from 11  mm ML (S. oualaniensis) to 304 mm SL 
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(Euleptorhamphus viridus). The smallest fish collected was a juvenile flyingfish, 
Cheilopogon sp., at 35 mm SL. Among major prey families, Exocoetidae (N = 
64) were 35-188 mm SL (X = 134.8, s = 27.8), Mullidae (N = 23) were 38-102 
mm SL (a = 62.7, s = 18.3), and Ommastrephidae (N = 106) were 11-141 mm 
ML(% = 86.4, s = 22.4). 

A total of 261 prey items in condition good enough to obtain accurate weight 
data were collected. These prey ranged from a juvenile billfish weighing 0.4 g to 
a flyingfish, Hirundichthys speculiger., weighing 97.7 g (W = 25.6 g, s = 18.6). Again, 
we emphasize that both length and weight data collection involved only prey 
items with minimal digestion. Larger and more digested prey were taken, but 
accurate measurements were not obtainable and, therefore, not summarized here. 

DISCUSSION 

Monitoring food habits can be extremely important in assessing the general 
health and stability of seabird populations (Fefer et al., 1984). Such assessments 
require the establishment of comprehensive baselines and must overcome a prob- 
lem common among past seabird diet studies, that is, the inability to obtain 
samples year-round. This is a reflection of individual phenologies of seabird 
species, many of which spend much of the year entirely at sea. As mentioned 
earlier, black noddies and red-footed boobies were selected as our study species 
primarily because both reside at Tern Island throughout the year. In addition, 
the feeding ecology of these species could provide valuable insights into fisheries 
interactions. Our preliminary study indicated that both seabirds relied, at least 
in part, on fishes targeted for fisheries development (Harrison et al., 1983). Black 
noddies typically feed nearshore, often in association with jacks (Caranx sp.); red- 
footed boobies are deepwater feeders occasionally found in association with tuna 
schools. 

Our description of the black noddy diet is consistent with prior spdies in that 
fishes form a very high proportion of this species' diet composition (Stonehouse, 
1962; Ashmole and Ashmole, 1967b; Diamond, 1983; Harrison et al., 1983). 
Ashmole and Ashmole ( 1  967b) found 17 fish families accounting for 95% of the 
number of food items and occurring in 96% of the samples. The major families 
found in their study at Christmas Island were Exocoetidae (which ranked highest) 
followed by Scombridae and Blenniidae (ranking equally second). Diamond ( 1983) 
found Mullidae (Upeneus sp.) to be the most abundant prey item at Cousin Island. 
The most related study was that conducted by Harrison et al. (1983) in which 
pooled samples collected at seabird colonies throughout the NWHI showed the 
highest ranked prey for the black noddy to be mullids, followed by synodontids 
and clupeids. When considering only those samples collected from French Frigate 
Shoals. there was no difference from the current study in the highest ranked fish 
prey; synodontids were by far the highest. followed by mullids and microdesmids. 
In all of the studies, the only invertebrate found to be of importance to black 
noddies is the squid family Ommastrephidae (in particular, Sthenofeuthis [Syrn- 
plectoteuthis] oualaniensis). 

Similarly, our results of the red-footed booby diet further document the findings 
of previous studies conducted at Oahu, Hawaii (Ashmole and Ashmole, 1967a), 
at Christmas Island (Schreiber and Hensley, 1976). Aldabra Atoll (Diamond, 
1974: 1983), and the NWHI (Harrison et al., 1983): The diet of red-footed boobies 
is composed predominantly of flyingfishes and ommastrephid squids. Ashmole 
and Ashmole ( 1  967a) found that. in addition to these major prey, snake mackerels 
were important. Carangidae (primarily Decapterus sp.), Mullidae, Scomberesoc- 
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idae (Cololabis saira), and Scombridae were the other highly ranked fish prey 
families found in pooled samples collected at seabird colonies throughout the 
NWHI (Harrison et al., 1983). When only the samples collected from French 
Frigate Shoals were considered, there was no difference in the highest ranked prey 
families from the current study. 

These results suggest that, as with other subtropical seabirds, black noddies and 
red-footed boobies are apex, opportunistic predators. They apparently will feed 
on almost anything of appropriate size that becomes available in the surface waters 
near roosting and breeding areas. Their opportunistic character is evidenced by 
prey diversity. The 34 prey families taken by black noddies and the 23 prey 
families taken by red-footed boobies represent very diverse diets when compared 
to seabird diets in temperate areas (Pearson, 1968) or in Peru where anchovies 
constituted 80-96% of the seabirds' food (Jordan, 1967). Although many prey 
families are represented by just a few specimens taken during a single season, 
these incidental prey are further indicators of an opportunistic predator (Diamond, 
1983). These prey may be eaten only when common prey items are scarce, but 
their presence enables a species to survive during food shortages. Their importance 
should not be underestimated (Ashmole and Ashmole, 1967b). 

Our seasonal analyses lend support to the notion that peak food availability 
created by natural distribution of prey species is the controlling factor in the 
timing of seabird breeding. Although most of the seabirds in the NWHI breed in 
the spring and summer months, black noddies have adapted to a breeding season 
that begins in the winter (Fefer et al., 1984). It has been proposed that black 
noddies are able to raise their young in the winter because they feed in association 
with winter-resident, inshore, predatory fishes; their phenology, however, may be 
attributed more to the apparent natural fall and winter abundance of synodontids 
and microdesmids. This is discussed more in detail below. The importance of the 
dartfish, Ptereleotris heteroptera, as a prey item is unique to black noddies among 
the NWHI seabirds (Hamson et al., 1983). Mullids reportedly spawn during 
spring-summer in Hawaii (Miller, 1974; Moffitt, 1979) and, hence, the lower 
occurrence of these juveniles in the fall. Corbin (1 977) hypothesized that juvenile 
mullids have 1.5- to 2-month pelagic stages before settling into their adult benthic 
habitat. Red-footed boobies breed primarily in the spring-summer but are capable 
of egg laying throughout the year (Nelson, 1978). Likewise, occurrence frequencies 
of exocoetids and ommastrephid squids in the booby diet peak in the spring- 
summer but boobies exploit this resource year-round. The distribution and abun- 
dance of flyingfishes reportedly alter with seasonal shifts of sea-surface isotherms 
(Bruun, 1935; Parin, 1963; 1968; Shuntov, 1968). For subtropical exocoetid species, 
optimal surface temperatures are 2 1.5"-26"C (Parin, 1963). Harman and Young 
( 1  985) reported that early growth stages of ommastrephid squids were collected 
throughout the year in Hawaii indicating year-round spawning. Specifically, larval 
S. oualaniensis were found in greatest abundance in the fall. Seasonal prey avail- 
ability, breeding phenology, and the trophic relationships of the these seabirds 
are further influenced by their interactions with the local fisheries. 

Perhaps the greatest concern involving seabirds is their interrelationships with 
various aspects of commercial fisheries. It has been well-documented that, in 
many parts of the world, there is significant competition between seabirds and 
fisheries (Crawford and Shelton, 1978: Furness, 1982; Safina and Burger, 1985). 
In the relatively pristine environment of the NWHI, commercial fisheries are still 
very much in their infancy, and considerable attention is directed towards seabirds 
and their role in the marine ecosystem as the interest in the exploitation of the 
resources continues to grow. Prior studies in the NWHI have recognized that 
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seabirds remove significant amounts of energy from the ecosystem. Fefer et al. 
( 1984) reported that NWHI seabirds consume some 4 10,000 t of marine resources 
each year, and Polovina ( 1  984) estimated that seabirds consume 42% of the annual 
production of small pelagic fishes and squid in an ecosystem model of the French 
Frigate Shoals. Nevertheless, it is difficult to assess what, ifany, impact the NWHI 
seabirds have on commercial fisheries or vice versa, even when they remove such 
substantial amounts of energy. Tropical ecosystems are complicated by the mi- 
gratory nature of tuna stocks and other predators on which the birds depend to 
drive prey to the surface. The juvenile forms of fishes and squid that comprise 
much of the food consumed by seabirds are below the trophic levels that would 
directly affect commercial fisheries. 

The development of a fishery that exploits coastal pelagic species would have 
the most significant impact on the natural existence of the seabirds. Both black 
noddies and red-footed boobies have been identified as species that regularly 
occurred in flocks feeding in association with predatory fishes (King, 1970; Gould, 
197 I). A great majority (75.4%) of predatory fish schools found under flocking 
birds in Hawaii have been identified as skipjack tuna, Katsuwonus pelamis (Har- 
rison and Seki, 1987); therefore, the relationship of the birds with this tuna species 
requires some discussion. The diet composition of Hawaiian skipjack tuna is 
similar to that of these seabirds (Yuen, 1959; Waldron and King, 1963). The fish 
families Carangidae (predominantly Decapterus sp.), Scombridae, and Mullidae 
and the squid family Ommastrephidae were the most common prey in both 
studies. There is obviously some overlap of components with the noddy diet, 
which includes mullids and ommastrephids among its major components, and 
with the booby diet, which includes all of these common prey. Although no 
seasonal analysis was conducted on the tuna feeding studies, skipjack tuna are in 
greatest abundance during their peak spawning season from May to September 
(Matsumoto et al., 1984). We can speculate that, if indeed the birds depend on 
predatory fishes to make the prey available, the major prey of both the fishes and 
birds should be similar during these months. It is, therefore, not surprising that 
carangids and mullids are taken most frequently during the spring and summer 
months by both noddies and boobies and that juvenile scombrids only occur in 
the bird diets during the summer and fall. Likewise, the overlapping occurrence 
frequencies of prey families are lowest during the winter months. Size ranges of 
the major prey taken were also similar between skipjack (Hamson and Seki, 1987) 
and the birds, which provides further evidence that prey of the seabirds are also 
probably the forage for tunas. Ashmole and Ashmole (1968) suggested that the 
lack of flyingfishes in the diets of tunas compared to seabirds is probably due to 
the ability of these fishes to escape submarine predators by flying and, thus, 
rendering them vulnerable to aerial predation. For black noddies that also feed 
in association with inshore resident jacks, there was no overlap in dietary com- 
ponents (Parrish et al., 1980), and it is doubtful that predatory fishes play a major 
role in the noddies’ ability to exploit the large numbers of synodontids and mi- 
crodesmids in the winter. Such a phenomenon is strictly attributed to a seasonal 
influx of prey in the ecosystem and the opportunistic predatory ability of the 
noddies. 

In conclusion, although we have furthered our understanding of the trophic 
ecology of tropical and subtropical seabirds, our limited knowledge of the marine 
ecology and fisheries of the region prevent further insight into the role of seabirds 
in the ecosystem. Improvements in our ability to identify postlarval and juvenile 
fishes and squids will result in refinements in our analyses of dietary specialization. 
Such a task will not be easy because young stages of fishes and squids are very 
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difficult to sample with even state-of-the-art gear. It is ironic that pelagic seabirds 
have served as the most effective sampling gear for much of the small nektonic 
epipelagic fauna. Distributional data of juvenile organisms, such as the ommas- 
trephid squid, S. oualaniensis (Young, 1975; Okutani and Tung, 1978), the dart- 
fish, P. heteroptera (Randall and Hoese, 1985), and the monvong, Cheilodactylus 
rdttatus (Randall, 1983), are based primarily on the collections of seabird food 
samples. Our results here support the proposition by Ashmole and Ashmole (1 968) 
to use seabird food samples to study seasonal variation of epipelagic fauna of 
tropical oceanic areas. 

We need to improve our knowledge of seabird foraging ranges and locations. 
This information would be most critical during the incubation and chick-rearing 
periods when food demands become more localized around nesting areas. Pre- 
liminary foraging distances have been inferred from incubation shifts and feeding 
frequencies of young (Harrison and Hida, 1980), but these estimations are ex- 
tremely crude, and alternative methods of assessment should be sought. The use 
of radiotelemetry to identify feeding locations has been employed experimentally 
on the brown noddy, Anoirs stolidus, a congener of the black noddy (Hamson 
and Stoneburner, 198 1). Use of this technology should be expanded in the future. 

Finally, historical studies have failed to incorporate concurrent oceanographic 
data with diet. Occurrences of major ecological perturbations such as an El Niiio 
Southern Oscillation (ENSO) event have been shown to have significant impacts 
on diets as well as breeding phenologies of birds in other areas (Schaefer, 1970; 
Idyll, 1973; MacCall, 1984; Gibbs et al., 1987). Our seasonal analyses of black 
noddy prey frequencies reveal considerable deviations in the fall 1982 from trends 
of prior years. Although we did not have concurrent time series of oceanographic 
and environmental data to examine any pertubations that may have influenced 
the changes in trends, we could not help but speculate as to the possibility that 
limited effects of the 1982-1983 ENSO may have had some impact even this far 
west in the Pacific. Whatever the reason for the variation in diet, breeding pop- 
ulations were not adversely affected as they were at Christmas Island during the 
same period (Schreiber and Schreiber, 1983; 1984; Gibbs et al., 1987). Obtaining 
oceanic physical information around the colonies and foraging areas would be 
most beneficial to the monitoring of seabird populations and to the understanding 
of the ecosystem dynamics. 
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