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Table S1. Description of all 41 Ecopath functional groups, including key species and references for 
diet and biological parameters. 

 Functional Group Example Taxa Group Description and Source(s) 
1 Blue Sharks Prionace glauca Biological parameters and diet follow 

‘blue sharks’ group in Howell et al. 
(2013), including some updated stock 
status information from the most recent 
blue shark assessment in the Pacific 
Ocean (Shark Working Group 2013). 

2 Other Sharks white sharks (Carcharodon 
carcharias), tiger sharks 
(Galeocerdo cuvier), shortfin 
Mako sharks (Isurus 
oxyrinchus), silky sharks 
(Carcharhinus falciformis), 
oceanic white tip 
(Carcharhinus longimanus), 
Galapagos shark 
(Carcharhinus 
galapagensis), bigeye 
thresher (Alopias 
superciliosus), common 
thresher (Alopias vulpinus), 
pelagic thresher (Alopias 
pelagicus), sandbar shark 
(Carcharhinus plumbeus), 
longfin mako (Isurus 
paucus), dogfish (Squalus 
mitsukurii, Squalus 
blainville), crocodile shark 
(Pseudocarcharias 
kamoharai) 

Biological parameters and diet follow 
‘other sharks’ group in Howell et al. 
(2013). 

3 Broadbill Swordfish Xiphias gladius Biological parameters and diet follow 
‘swordfish’ group in Howell et al. (2013). 
Diet information was updated to include 
Young et al. (2006). 

4 Blue Marlin Makaira nigricans Biological parameters and diet follow 
‘blue marlin’ group in Howell et al. 
(2013). 

5 Striped Marlin Tetrapturus audax Biological parameters and diet follow 
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‘striped marlin’ group in Howell et al. 
(2013). 

6 Other Billfishes sailfish (Istiophorus 
platypterus), black marlin 
(Makaira indica), shortbill 
spearfish (Tetrapturus 
angustirostris) 

Biological parameters and diet follow 
‘other billfishes’ group in Howell et al. 
(2013). 

7 Small Billfishes Juveniles of broadbill 
swordfish (Xiphias gladius), 
blue marlin (Makaira 
nigricans), striped marlin 
(Tetrapturus audax), sailfish 
(Istiophorus platypterus), 
black marlin (Makaira 
indica), shortbill spearfish 
(Tetrapturus angustirostris) 

Biological parameters and diet follow 
‘other billfishes’ group in Howell et al. 
(2013). Diet information was updated to 
include Shimose et al. (2010) and Young 
et al. (2006), mostly to downplay the 
importance of crustacean prey. Maximum 
sizes for billfishes in this group were 110 
cm, or approximately 8 kg. 

8 Baleen Whales Bryde's whale (Balaenoptera 
edeni), sei whale 
(Balaenoptera borealis) 

Biological parameters and diet follow 
Essington (2006) and Ramp et al. (2010, 
2014), with some updated diet 
information from Pauly et al. (1998). 
Consists primarily of Bryde’s whales 
(Balaenoptera edeni) and small numbers 
of sei whales (Balaenoptera borealis). 
Humpback whales (Megaptera 
novaeangliae) are not considered because 
they do not feed while residing in the 
CNP (Calambokidis et al. 1996). 

9 Toothed Whales false killer whale (Pseudorca 
crassidens), pantropical 
spotted dolphin (Stenella 
attenuata), rough-toothed 
dolphin (Steno bredanensis), 
common bottlenose dolphin 
(Tursiops truncatus); short-
finned pilot whale 
(Globicephala 
macrorhynchus), sperm 
whale (Physeter 
macrocephalus), Blainville's 
beaked whale (Mesoplodon 
densirostris), Cuvier's 
beaked whale (Ziphius 
cavirostris) 

Group consists of false killer whales, the 
most-frequently encountered dolphin 
species in offshore Hawaiian waters 
(pantropical spotted dolphin (Stenella 
attenuata), rough-toothed dolphin (Steno 
bredanensis), and common bottlenose 
dolphin (Tursiops truncates); R. Baird, 
pers. comm.), and other large toothed 
whale species common to offshore 
Hawaiian waters (sperm whale (Physeter 
catodon), short-finned pilot whale 
(Globicephala macrorhynchus), 
Blainville’s beaked whale (Mesoyloden 
densirostris), and Cuvier’s beaked whale 
(Ziphius cavirostris)). Biomass 
information comes from NMFS marine 
mammal stock assessment reports and 
Barlow (2006). Biological parameters 
follow ‘sperm whales’ group in Essington 
(2006) and ‘toothed whales’ group in 
Griffiths et al. (2010). Consumption rates 
were also taken from Oleson et al. (2010) 
and Barlow et al. (2008), and compared 
to ‘sperm whale’ and ‘toothed whales’ 
groups from Essington (2006) and 
Griffiths et al. (2010), respectively. Diet 
information for false killer whales comes 
from Oleson et al. (2010, and references 
therein) and Baird et al. (2008), as well as 
from Pauly et al. (1998) and Jefferson et 
al. (1993) for the dolphin, sperm, pilot 
and beaked whale species. Diet 
information was weighted according to 
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biomass of the different toothed whale 
species. 

10 Bigeye Tuna Thunnus obesus Biological parameters and diet follow 
‘bigeye tuna’ group in Howell et al. 
(2013). Diet information was updated to 
include King and Ikehara (1956). The 
importance of crustacean prey to juvenile 
bigeye tuna was reduced. Maximum sizes 
for juvenile bigeye tuna in this group 
were 100 cm, or approximately 16 kg. 

11 Juvenile Bigeye Tuna Thunnus obesus See above, group 10 
12 Yellowfin Tuna Thunnus albacares Biological parameters and diet follow 

‘yellowfin tuna’ group in Howell et al. 
(2013). Diet information was updated to 
include Olson et al. (2014), King and 
Ikehara (1956), Reintjes and King (1953), 
and Alverson (1963). Maximum sizes for 
juvenile yellowfin tuna in this group were 
120 cm, or approximately 29 kg. 

13 Juvenile Yellowfin Tuna Thunnus albacares See above, group 12 
14 Albacore Tuna Thunnus alalunga Biological parameters and diet follow 

‘bigeye tuna’ group in Howell et al. 
(2013). Diet information was updated to 
include Pinkas et al. (1971). Maximum 
sizes for juvenile albacore tuna in this 
group were 90 cm, or approximately 10 
kg. 

15 Juvenile Albacore Tuna Thunnus alalunga See above, group 14 
16 Skipjack Tuna Katsuwonus pelamis Biological parameters and diet follow 

‘skipjack tuna’ group in Howell et al. 
(2013). Diet information was updated to 
include Alverson (1963), transferring 
some of the importance of epipelagic fish 
prey to crustacean and mesozooplankton 
prey. Maximum sizes for juvenile 
skipjack tuna in this group were 30 cm, 
or approximately 0.5 kg. 

17 Juvenile Skipjack Tuna Katsuwonus pelamis See above, group 16 
18 Mahi-mahi Coryphaena hippurus Biological parameters and diet follow 

‘mahimahi’ group in Howell et al. (2013). 
19 Lancetfish Alepisaurus ferox Biological parameters and diet follow 

‘lancetfish’ group in Howell et al. (2013). 
Diet information was updated using Choy 
et al. (2013) and Moteki et al. (1993). 

20 Opah Lampris guttatus Diet information comes from Choy et al. 
(2013). Consumption rates follow ‘opah’ 
group in Griffiths et al. (2010). Very little 
biological data is available for opah, thus 
P:B is estimated from FishBase (at a 
temperature of 18°C). 

21 Snake Mackerel & Escolars snake mackerel (Gempylus 
serpens), Smith’s escolar 
(Lepidocybium 
flavobrunneum), oilfish 
(Ruvettus pretiosus), longfin 
escolar (Scombrolabrax 
heterolepis), Roudi escolar 
(Promethichthys prometheus) 

Snake mackerel (Gempylus serpens) and 
escolar (Lepidocybium flavobrunneum, 
Ruvettus pretiosus, Scombrolabrax 
heterolepis) diet information comes from 
Choy et al. (2013) and Nakamura and 
Parin (1993). Specific biological 
parameters are taken from the ‘mid-
trophic level fish’ group from Howell et 
al. (2013), as well as from FishBase (at a 
temperature of 18°C) and Polovina et al. 
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(2009). 
22 Other Large Pelagic Fishes wahoo (Acanthocybium 

solandri), pomfrets (Brama 
japonica, Taractichthys 
steindachneri, Taractes 
rubescens, Eumegistus 
illustris), mola (Mola mola, 
Ranzania laevis, Masturus 
lanceolatus) 

Follows ‘mid-trophic level fish’ group in 
Howell et al. (2013). However, diet 
information was re-balanced to remove 
snake mackerel (Gempylus serpens), 
opah (Lampris guttatus), and escolars 
(Lepidocybium flavobrunneum, Ruvettus 
pretiosus, Scombrolabrax heterolepis) 
into their own groups. Wahoo 
(Acanthocybium solandri) diet 
information was updated to include 
Zischke (2012, and references therein). 
Diet information for fishes from the 
family Molidae was updated to include 
Pope et al. (2010, and references therein). 

23 Sea Birds albatrosses (Phoebastria 
immutabilis, Phoebastria 
nigripes), sooty tern 
(Onychoprion fuscatus), 
Bulwer’s petrel (Bulweria 
bulwerii), brown noddy 
(Anous stolidus), black 
noddy (Anous tenuirostris), 
wedge-tailed shearwater 
(Puffinus pacificus) 

This group is comprised of representative 
common tropical sea birds with known 
oceanic feeding habits: black-footed 
albatross (Phoebastria nigripes), Laysan 
albatross (Phoebastria immutabilis), 
sooty tern (Onychoprion fuscatus), 
wedge-tailed shearwater (Puffinus 
pacificus), and Bulwer’s petrel (Bulweria 
bulwerii). Diet information comes 
primarily from Harrison et al. (1983) and 
Shealer (2002) and was weighted 
according to biomass of the different sea 
bird species. Biomass was estimated 
using numbers of breeding pairs for the 
Hawaiian Archipelago from Harrison and 
Seki (1987) and Harrison et al. (1984). 
Other biological parameters follow 
‘seabirds’ group in Griffiths et al. (2010). 

24 Sea Turtles loggerhead (Caretta caretta), 
leatherback (Dermochelys 
coriacea), olive ridley 
(Lepidochelys olivacea), 
green (Chelonia mydas) 

Diet information is based primarily on 
sea turtle species known to feed in 
oceanic central North Pacific waters: 
green (Chelonia mydas; Arthur and 
Balazs 2008; Parker et al. 2011), 
leatherback (Dermochelys coriacea; 
Jones & Seminoff 2013; Bjorndal 1997), 
loggerhead (Caretta caretta; Parker et al. 
2005), and olive ridley (Lepidochelys 
olivacea; Jones & Seminoff 2013; 
Bjorndal 1997). Biomass estimates were 
taken from Jones et al. (2012) for 
leatherback turtles, and from National 
Marine Fisheries Service biological 
opinions and 5-year reviews. Other 
biological parameters were estimated 
using growth and mortality data in Jones 
et al. (2012) and Jones et al. (2011) for 
leatherback turtles, Wabnitz et al. (2010) 
for green turtles, and Swimmer et al. 
(2014) for loggerhead turtles. P:B and 
Q:B were variable between leatherback 
turtles and the other hard-shelled species, 
and were thus weighted according to 
biomass estimates of the different turtle 
species. 

25 Small Epipelagic Fishes beloniformes (Exocoetidae, Follows ‘epipelagic fish’ group in Howell 
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Hemiramphidae, Belonidae, 
and Scomberesocidae 
families), jacks (Family 
Carangidae), rainbow runner 
(Elagatis bipinnulata), small 
tunas (Auxis spp., Euthynnus 
affinis), clupeiformes 
(Clupeidae and Engraulidae 
families) 

et al. (2013). Diet information was 
updated to include Van Noord et al. 
(2013). 

26 Zooplanktivorous 
Micronekton Fishes 

Myctophidae, 
Gonostomatidae, 
Sternoptychidae, 
Bathylagidae, 
Bregmacerotidae, and 
Phosichthyidae families 
(among others) 

Biological parameters follow 
‘mesopelagic fish’ group in Howell et al. 
(2013), and has been further informed by 
Torres et al. (1979) and Childress et al. 
(1980). Diet information was re-balanced 
to remove the families belonging to the 
carnivorous micronekton group. Diet 
information comes primarily from Clarke 
(1980), Clarke (1982), and Hopkins et al. 
(1996). Biomass estimates were derived 
in the same way as the ‘carnivorous 
micronekton fish’ group. 

27 Carnivorous Micronekton 
Fishes 

Stomiidae, Melamphaidae, 
Chiasmodontidae, and 
Paralepididae fish families, 
and Anguilliformes 

Biomass was estimated from best 
available trawling studies conducted in 
offshore waters surrounding the Hawaiian 
Islands: Drazen et al. (2011), Pahkomov 
and Yamamura (2010), and Maynard et 
al. (1975). Due to the mobility of 
midwater fishes, trawls are known 
underestimates of mesopelagic fish 
biomass by at least an order of magnitude 
(Koslow et al. 1997; Kaartvedt et al. 
2012). Thus, the highest biomass estimate 
of the three trawling studies was selected, 
and a correction factor of 3 was used to 
account for trawl capture inefficiency. 
This correction factor was chosen to keep 
biomass estimates comparable to the 
‘mesopelagic fish’ group in Howell et al. 
(2013). 
Diet information comes primarily from 
Clarke (1980), Clarke (1978), Clarke 
(1973), DeWitt and Cailliet (1972), and 
Lancraft et al. (1988). Biological 
parameters are drawn from the 
‘mesopelagic fish’ group in Howell et al. 
(2013), and from Davison et al. (2013). 
Additionally, Torres et al. (1979) and 
Childress et al. (1980) who showed that 
the metabolic rate decreases with depth 
and that non-migratory mesophotic fishes 
have an even lower metabolic rate 
compared to the migratory (e.g. the 
‘zooplanktivorous micronekton fishes’ 
group) species. Metabolic rates 
(respiration/biomass ratio in Ecopath) 
decreased with depth indicating that the 
input parameters follow this 
thermodynamic rule well. 

28 Decapod Crustaceans Ophlophoridae, Pandalidae, 
Pasaphaeidae, Penaeidae, 

Diet information from this group comes 
primarily from Podeswa (2012), Hopkins 
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Sergestidae, Pandalidae, 
Benthesicymidae families 

et al. (1994), and Flock and Hopkins 
(1992). Biological parameters follow 
those of the ‘invertebrates’ group in 
Howell et al. (2013) and the ‘mesopelagic 
crustaceans’ group in Griffiths et al. 
(2010). 

29 Other Crustaceans mysids (Eucopeidae, 
Lophogastridae families), 
hyperiid amphipods, isopods, 
lobster phyllosoma, 
stomatopods, scyllarids 

Diet information from this group comes 
primarily from Podeswa (2012) and 
Hopkins et al. (1994). Biological 
parameters follow those of the 
‘invertebrates’ group in Howell et al. 
(2013) and the ‘mesopelagic crustaceans’ 
group in Griffiths et al. (2010). 

30 Predatory Gelatinous pelagic cnidarians 
(Siphonophora, Ctenophora, 
Scyphozoa, hydromedusae) 

Diet information is summarized from 
Purcell (1980), Purcell (1991), and 
Purcell and Arai (2001). Biomass was 
estimated using average biomass of 
pelagic cnidarians (Siphonophora, 
Ctenophora, Scyphozoa) for the North 
Pacific Tropical Gyre biome in Lucas et 
al. (2014). Proximal and elemental 
compositions from Lucas et al. (2011) 
were used to convert from carbon to wet 
weight biomass. Other biological 
parameters are summarized from a meta-
analysis by Pauly et al. (2009). 

31 Filter-feeding Gelatinous Pyrosomatidae and Salpidae 
families, pelagic tunicates 
(Class Appendicularia) 

Diet information is summarized from 
Madin et al. (2006), Bone et al. (2003), 
Purcell and Madin (1991), and Alldredge 
and Madin (1982). Salps, pyrosomes, and 
appendicularians were considered 
generalist feeders across particle size 
classes ranging from approximately < 
1µm (appendicularians) to upwards of 
4µm (salps and pyrosomes). Biomass was 
estimated in the same way as was done 
for the ‘predatory gelatinous animals’ 
group, but using biomass for chordates 
(pyrosomes and salps). Other biological 
parameters are summarized from a meta-
analysis by Pauly et al. (2009) for the 
central North Pacific. 

32 Epipelagic Mollusks Ommastrephidae 
(Ommastrephes bartramii, 
Sthenoteuthis oualaniensis, 
Eucleoteuthis luminosa, 
Hyaloteuthis pelagica), 
Onychoteuthidae (Onykia 
spp., Onychoteuthis spp.), 
Argonautidae, Carinariidae, 
Davoliniidae, Loliginidae, 
Sepiolidae, and 
Thysanoteuthidae families 

Follows ‘epipelagic mollusks’ group in 
Howell et al. (2013). Diet information 
was updated to include Parry (2006) and 
Watanabe et al. (2004). 

33 Mesopelagic Mollusks Enoploteuthidae, 
Pyroteuthidae, 
Amphitretidae, 
Histioteuthidae, Gonatidae 
(Gonatopsis spp., Gonatus 
spp.), Cranchiidae, and 
Chiroteuthidae (Chiroteuthis 

Follows ‘mesopelagic mollusks’ group in 
Howell et al. (2013). Diet information 
was updated to include Passarella and 
Hopkins (1991). 
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spp.) families 
34 Bathypelagic Fishes Anoplogastridae, Ceratiidae, 

Himantolophidae, 
Oneirodidae, Melamphaidae, 
Sternoptychidae, 
Omosudidae, 
Chiasmodontidae, 
Cyematidae, and 
Eurypharyngidae families 

Biological parameters follow 
‘bathypelagic fish’ group in Howell et al. 
(2013). Based on the low metabolic rate 
of bathypelagic fishes (Torres et al. 1979, 
Childress et al. 1980) we decreased the 
Q/B value to 2.4. Diet information was 
drawn from existing literature: Hopkins 
et al. (1996), Gordon et al. (1985), Clarke 
(1978), Clarke (1982). 

35 Mesozooplankton copepods (Neocalanus 
robustior, Pleuromamma 
xiphias, Euchaeta rimana, 
Oithona spp.), chaetognaths, 
pteropods, euphausiids, 
amphipods 

Biological parameters and diet follow 
‘mesozooplankton’ group in Howell et al. 
(2013). 

36 Microzooplankton ciliates, copepod nauplii, 
heterotrophic dinoflagellates, 
protozoa, tintinnids 

Biological parameters and diet follow 
‘microzooplankton’ group in Howell et 
al. (2013). 

37 Diatoms diatoms (Class 
Bacillariophyceae) 

Biological parameters follow ‘large 
phytoplankton >5µm’ and ‘small 
phytoplankton <5µm’ groups in Howell 
et al. (2013). Large phytoplankton were 
further divided into diatoms, diazotrophs, 
and other types of >5µm phytoplankton, 
using 1991 biomass output from ESM2.1 
(see Methods). 

38 Diazotrophs Trichodesmium, Richelia, 
other small cyanobacterial 
diazotrophs 

See above, group 37 

39 Other Large Phytoplankton some prymnesiophytes, 
pelagophytes, and 
crptophytes 

See above, group 37 

40 Small Phytoplankton Prochlorococcus, 
Synechococcus, 
picoeukaryotes, other 
cyanobacteria 

See above, group 37 

41 Detritus particulate organic matter Parameters follow ‘detritus’ group in 
Howell et al. (2013). 
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Table S2. Balanced Ecopath diet matrix showing percent diet composition (wet weight basis) of consumers (columns) and their prey items (rows). J. =Juvenile, L = 
Large, Pel = Pelagic, MN = micronekton, Crus. = Crustacean. 
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Continuation Table S2 
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Figure S1. Pre-balance check of Ecopath input parameters. *After evaluation, we halved the Q:B 
of juvenile skipjack tuna, which also led to a reduction in the adult skipjack tuna Q:B ratio, and we 
almost doubled the Q:B for lancetfish. The other parameters that are outliers (e.g., low biomass of 
some phytoplankton groups, sea birds and sea turtles, high Q:B ratio for seabirds) were double-
checked but we maintained confidence that they are correct based on the best available literature and 
expert opinion. For the phytoplankton groups in particular, the ecosystem in consideration is a highly 
oligotrophic, open ocean system and so low phytoplankton biomass is expected. On a per group basis, 
in line with available literature information phytoplankton biomass is dominated by small cells. 
Biomass estimates presented here fit directly with ESM outputs, as outlined in the Methods section.
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Other   Crustaceans group (#29)

Carnivorous Micronekton Fishes group (#27)

Decapod Crustaceans group (#28)

Mesopelagic Mollusks group (#33) Bathypelagic Fishes group (#34)

Epipelagic Mollusks group (#32) Other Crustaceans & Epipelagic Mollusks group

 
Figure S2. Vulnerability analyses of each micronekton functional group. Results show the 
absolute change in biomass (y-axis) per functional group (x-axis) between using a vulnerability value 
of 1 and 2 (grey), and 10 and 2 (black). Titles at the top of each graph indicate the micronekton group 
that underwent a 30% reduction in biomass. 


