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Lanternfishes (family Myctophidae) constitute the most important component of the daily vertically 

migrating mesopelagic fish community. This research addresses the estimation of the trophic 

position and diet of myctophids using stable isotope analyses. Fishes were collected across the 

central Atlantic, from a very productive zone influenced by the northwest African upwelling to the 

oligotrophic equatorial waters. The survey also encompassed a zone of low oxygen concentration in 

the mesopelagic layers. Determinations of δ
13

C and δ
15

N values were made on the 20 most frequent 

and abundant myctophids, from small-sized species (e.g. Notolychnus valdivae) to larger ones (e.g. 

Myctophum punctatum). Isotope analyses on the seston and several plankton groups were also 

performed to assess the influence of zonal differences in trophic position (TP) calculations and to 

use as food sources in diet estimations. Myctophids displayed a narrow range of trophic positions, 

being greater than 2 and less than 4, except for N. valdiviae (1.7). Comparisons of diets estimated 

through an isotopic mixing model differentiated the smallest species, with a strong seston signature 

(Diogenichthys atlanticus and N. valdiviae), from the Diaphus species of medium sizes, (D. 

brachycephalus, D. holti, and D. rafinesquii), which feed on prey of higher TP values.  

 

Keywords: diet, mesopelagic fish, trophic relationships, δ
13

C, δ
15

N. 

 

Introduction 
Mesopelagic fishes are, both numerically and in terms of biomass, the greatest component of 

teleosteans of open oceans. Although the large biomasses of mesopelagic fishes reported are due to 

different families [lanternfishes (Myctophidae), bristlemouths (Gonostomatidae), hatchetfishes 

(Sternoptychidae), lightfishes (Phosycthydae), and dragonfishes (Stomiidae)], the family 

Myctophidae presents the highest species diversity both in oceanic and slope regions (Gjøsaeter and 

Kawaguchi, 1980; Hulley, 1981; Gibbs and Krueger, 1987). Lanternfishes are small fishes, with 

adult stages commonly ranging from 2 to 10 cm and with individual wet weights generally < 4 mg. 

Their main behavioural trait is a capacity for performing daily vertical migration through the water 

column. They move to mesopelagic layers during the day in search of predator refuge (Mehner and 

Kasprzak, 2011; Sutton, 2013) and ascend to the near surface layers at night for feeding following 

the nightly ascension of zooplankton (Merrett and Roe, 1974; Gartner et al. 1987). Therefore, these 

fishes play a substantial role in the active carbon transport through the water column, carrying the 

ingested zooplankton from the upper layers to deeper zones where they respire, excrete, and even 

serve as prey for fishes (both demersal and pelagic) (Bosley et al., 2004; Pakhomov et al., 2006; 
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Revill et al., 2009; Valls et al., 2011; Battaglia et al., 2013; Olafsdottir et al., 2016), mammals and 

sea birds (Hedd and Montevecchi; 2006; Cherel et al., 2008; Navarro et al., 2009). Mesopelagic 

fishes alone may contribute 8–40% of deep carbon flux (Davison et al., 2013; Hudson et al., 2014; 

Trueman et al., 2014), making this group of fishes an important unit in open ocean foodwebs and 

linking the lower trophic levels to upper predators. 

Trophic ecology of myctophid communities has been investigated through studies of gut 

content analyses (e.g. Clarke, 1980; Hopkins and Gartner, 1992, Hopkins et al., 1996; Bernal et al., 

2015; McClain-Counts et al., 2017) which identified these groups of fishes as mainly zooplankton 

feeders. More recent studies based on bulk stable carbon (δ
13

C) and nitrogen (δ
15

N) signatures have 

determined the trophic levels of several species in the Tasman Sea (Flynn and Kloser, 2012), 

Mediterranean Sea (Fanelli et al., 2011; Valls et al., 2014), and Gulf of Mexico (McClain-Counts et 

al., 2017). Scattered information on isotopic values of myctophids collected in general foodweb 

structure studies or in diet analysis of top predators are also frequently reported (Nilsen et al., 2008; 

Cherel et al., 2010; Fanelli et al., 2011, 2014; Colaço et al., 2013; Quintana-Rizzo et al., 2015). 

Stable isotope values of carbon (δ
13

C) and nitrogen (δ
15

N) are commonly used to determine 

carbon (C) sources and trophic levels, based on the similar C isotopic composition of consumers 

and prey and the enrichment of nitrogen (N) isotopes with each trophic level (Vander Zanden and 

Rasmussen, 1999). The isotopic composition of a consumer’s tissues is considered to be a result of 

its diet integrated through time and space, as light isotopes are preferentially mobilized in 

metabolic reactions (Fry, 2006). Therefore, stable isotopes can provide a measure of the trophic 

niche dimensions (Layman et al., 2012) and have been used to estimate the contributions of 

various prey sources to the diet of an organism (e.g. Carassou et al., 2008; Valls et al., 2014; 

McClain-Counts et al., 2017). Estimations of the trophic position of a given consumer can be made 

from the δ
15

N values of the consumer tissues and a reference baseline at the base of the foodweb 

(Post, 2002). Recent studies showed that isotopic enrichment varies along the foodweb (Caut et 

al., 2009; Hussey et al., 2014), and several methods have been proposed to deal with this 

variability when estimating trophic positions and consumer diets. The classical approach is to 

consider average enrichment factors between prey and consumer tissues for both carbon and 

nitrogen isotopes (e.g. Cherel et al., 2010, Valls et al., 2014). However, meta-analysis studies 

showed that the isotopic enrichment, particularly in the case of N, decreased in upper trophic 

levels and suggested corrections based on δ
15

N values of the reference baseline (Hussey et al., 

2014) or the isotopic composition of the diet (Caut et al., 2009).    

Research on mesopelagic fishes from the equatorial and tropical Atlantic has been mainly 

devoted to their taxonomic composition and diversity as well as their main patterns of vertical 

migration (Backus et al., 1970; Badcock and Merrett, 1976; Hulley, 1981; Hulley et al., 2016a, b; 

Olivar et al., 2017). Knowledge of myctophids diets from this region is more scarce (Merrett and 

Roe, 1974; Kinzer and Schultz, 1985), the closest and more complete investigations being those by 

Hopkins et al. (1996) and McClain-Counts et al. (2017) in the Gulf of Mexico. Additional dietary 

data on myctophids are available for more northern locations in temperate regions: Northeast 

Atlantic (Gjosaeter, 1973; Pusch et al., 2004; Pepin, 2013; Hudson et al., 2014) and western 

Mediterranean Sea (Scotto di Carlo et al., 1982; Bernal et al., 2013, 2015; Battaglia et al., 2014, 

2016).  

The present study aims to investigate the trophic position of myctophids from the equatorial 

and tropical Atlantic using C and N stable isotope analysis. The investigation covered specimens 

from the oligotrophic western sector (Morel et al., 2010) to near the North African coast, which is 

one of the most productive regions of the world due to the Mauritanian upwelling (Mittelstaedt, 

1983). Additionally, a permanent oxygen minimum zone (OMZ) at 300–600 m characterizes the 

eastern tropical North Atlantic (Karstensen et al., 2016). We selected the 20 most abundant species 

of this family ranging from small-sized species such as Notolychnus validivae to larger species such 

as Myctophum punctatum. Possible geographical differences arising from different environmental 

zones across the Atlantic and in relation to differences in the selected baseline were investigated. 
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Fish isotopic signatures were also analysed in combination with those from several groups of 

plankton in order to find out how these species differ in their diet preferences. 

 

Material and methods 
Sample collection 

Samples were collected during a cruise conducted across the equatorial and tropical Atlantic from 

off the Brazilian coast to south of the Canary Islands.  At each station, a CTD equipped with Niskin 

bottles was deployed to examine the oceanographic features (temperature, salinity, fluorescence, 

and oxygen) and collect water samples for chlorophyll concentrations and seston analyses. 

Zooplankton samples were collected in the epipelagic layer (0–200 m) from eight stations (Figure 

1) representing the available prey for vertically migrating myctophids. Samples were collected with 

a MOCNESS-1 net (1 m
2
 of mouth area and 200-µm mesh size) during both daylight and night 

periods. Tows were oblique at a ship speed of 1.5–2.5 knots and winch retrieval of 0.3 m s
–1

. 

Random subsamples were stored frozen until the sorting of specimens in the laboratory for stable 

isotope analysis (SIA). Specimens were identified to the lowest taxonomical level possible 

(species), but were later grouped at higher levels to provide enough sample for the isotopic 

determinations. Calanoid copepods from the mesozooplankton were used as the reference baseline 

for trophic position estimations as they are primarily herbivores (Bode et al., 2015). For myctophid 

diet estimations, the isotopic composition of copepods was averaged by herbivores or omnivores 

and carnivores based on the information provided in the literature (Bode et al., 2015; Benedetti et 

al., 2016) and other specimens grouped as crustacean macrozooplankton (Euphausiacea, 

Amphipoda, and Decapoda) or Chaetognatha. Additional reference material was provided by seston 

samples obtained by filtration of up to 4 l of seawater collected at three depths in the epipelagic 

layer (surface, deep chlorophyll maximum, and 200 m), with Niskin bottles attached to a rosette 

equipped with fluorometer. Samples were filtered onto glass fibre filters (Whatman GF/F, nominal 

pore size 0.7 µm) that were dried and processed as plankton samples for isotopic analysis. Isotopic 

values for seston at each station were weighted-average by considering the depth distribution of C 

and N (e.g. Fernández et al., 2014). 

Fish samples for SIA were obtained from these stations using a 35-m
2
 pelagic net, the 

“Mesopelagos” (Olivar et al., 2017). The 20 most abundant myctophid species occurring in the 

epipelagic layers at night were selected for the present investigation. Fishes were sorted, identified 

on board, and kept frozen (–20°C) until later SIA. In the laboratory, the standard length (SL) of 

each fish was measured before freeze drying. 

 

Stable isotope analyses 

Stable isotope determinations were made on oven dried plankton (50°C, 24 h) and freeze-dried fish 

(18 h). In the case of fish samples, portions of the dorsal musculature were selected, except for very 

small specimens that were analysed whole, the gut and gonads having been previously eliminated. 

All samples were ground to a fine and homogeneous powder with mortar and pestle, and 

subsamples were weighed ( 2 µg) and packed into tin capsules which were fed into an elemental 

analyser (Carlo Erba CHNSO 1108) coupled to an isotope-ratio mass spectrometer (Finnigan Matt 

Delta Plus). Values of natural abundance of stable isotopes were reported as δ
13

C or δ
15

N (‰) 

relative to Vienna Pee Dee Belemnite (VPDB) or atmospheric nitrogen, respectively (Coplen, 

2011). International Atomic Energy Agency USGS40 and L-alanine isotope standards were 

analysed with the samples along with internal acetanilide and sample standards (cyanobacteria 

culture of known isotope composition used as an internal control). Precision (±s.e.) of replicate 

determinations of standards and samples for both isotopes was <0.1‰ and <0.3‰ (n = 3), 

respectively. The analytical offset between certified and measured values was <0.1‰. All isotopic 

determinations were made in the Servicio de Análisis Instrumental of the Universidade da Coruña 

(Spain). 
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Samples were not treated to remove lipids or carbonates before analysis to prevent loss of 

material. For the estimation of diets, all δ
13

C ratios were normalized for lipid content using the 

equation for aquatic animals provided by Post et al., (2007):  

 

 Δδ
13

C = –3.32 + 0.99 · C:N        (1) 

 

where Δδ
13

C is the change in δ
13

C caused by lipids and C:N is the carbon-to-nitrogen ratio (by 

mass) of the sample. Seston values were not normalized on account that it is mostly composed of 

phytoplankton and protozoa and that it has been reported that there is not a relationship between 

C:N and Δδ
13

C in aquatic plants (Post et al., 2007). 

 

Estimation of trophic position (TP) 

Estimations of the trophic position of myctophids were obtained using three alternative models to 

compare the effect of using different trophic enrichment assumptions. First, the classical additive 

model (TPA) was employed (Post, 2002): 

 

TPA = [(δ
15

Nmyct – δ
15

Nbase)/TEF] + 2      (2) 

 

where  δ
15

Nmyc and δ
15

Nbase are the N isotopic signatures of the myctophids and the reference 

baseline (calanoid copepods), TEF (trophic enrichment factor) is the average enrichment between 

trophic levels (3.4‰, e.g. Stowasser et al., 2012), and 2 is the trophic level of the reference 

baseline.  

Second, an additive model was used, but TEF was variable (TEFv) and estimated from the 

δ
15

N value of the diet using the equation derived from the meta-analysis in Caut et al. (2009) for 

fish muscle, assuming that copepods were part of the diet of myctophids: 

 

TEFv = –0.281 δ
15

Nbase + 5.879       (3) 

 

TPC = [(δ
15

Nmyct – δ
15

Nbase)/TEFv] + 2      (4) 

 

Finally, estimates were calculated using a decreasing isotopic enrichment with the increase in 

trophic level, using the scaled model (TPS) of Hussey et al. (2014): 

 

TPS = 2 + [log(δ
15

Nlim – δ
15

Nbase) – log(δ
15

Nlim – δ
15

Nmyct)]/k   (5) 

 

where δ
15

Nlim is the saturating isotope limit as trophic position increases and k the rate at which 

δ
15

Nmyct approaches δ
15

Nlim. Values for δ
15

Nlim = 21.926 and k = 0.137 and were provided by the 

meta-analysis of Hussey et al. (2014). As for the other estimations, it is assumed that the reference 

zooplankton is a primary consumer with a trophic position of 2. Significant differences among 

species, stations, and sampling zones were tested with ANOVA and the a posteriori  Dunnett-C 

test. 

 

Diet estimation from stable isotope mixing model 

The contribution of several potential preys to the diet of the different species was estimated by 

applying the Mix SIAR Bayesian mixing model (SIAR v4.1.3, Stable Isotope Analysis in R) of 

Stock and Semmens (2013). Potential prey sources included seston and the plankton groups detailed 

above (herbivorous and omnivorous–carnivorous copepods, crustacean macrozooplankton, and 

chaetognaths) from samples taken at the same stations where each of the studied myctophid species 

were caught. Because fishes have also been reported as prey in several diet studies (Clarke, 1980; 

Hopkins and Gartner, 1992; Watanabe and Kawaguchi, 2003; Bernal et al., 2015), two trials 

including small mesopelagic fishes as potential prey were also performed. First, the smallest 
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myctophid (Notolychnus valdiviae) (maximum attainable size 25 mm) was used. A second analysis 

was performed including data of Cyclothone alba, a small fish of the family Gonostomatidae, 

selected as reference on the possible contribution of the genus Cyclothone [the most abundant 

mesopelagic fishes (Nelson, 2006)] in the diet of myctophids. 

Because no trophic enrichment factors (TEF) were available for myctophids, we used those 

calculated by Sweeting et al. (2007a,b) for fish muscle (mean 0.97, s.d. 1.08 for δ
13

C and mean 

3.15, s.d. 1.28 for δ
15

N) and previously applied in mesopelagic fishes isotopic studies of 

mesopelagic fishes (Valls et al., 2014) as well as in other marine fishes (Sweeting et al., 2007a,b). 

 

Results 
Environmental features  

A general overview of the main oceanographic features during the survey has been presented in 

Olivar et al. (2017). In summary, stratification and relatively high sea surface temperatures 

characterized most of the equatorial and tropical Atlantic, except for the three stations closer to the 

African coast. East North Atlantic Central Waters (ENACW) were present in the epipelagic layers 

of the three stations closer to the African coast (10–12), while South Atlantic Central Waters 

(SACW) occurred from near Brazil to Station 6 (Figure 1). In terms of production, the region also 

showed an increasing gradient from the oligotrophic waters of the western sector (Morel et al., 

2010) to the eastern sector, closer to the African coast, which received enrichment due to the effect 

of the Northwest African upwelling. In accordance with this, the surface concentration of 

chlorophyll a (Chl a) showed an increase northward across the region, with the lowest values in the 

western equatorial stations, where the presence of the deep chlorophyll maximum (DCM) was 

detected from 30–70 m (Stations 4–9). Conspicuously high Chl a values from surface to 50 m were 

observed off Cape Blanc (Station 11) (Figure 2). The last sampled station (12), despite its proximity 

to the upwelling region, presented a lower surface Chl a, but a wide and relatively deep DCM 

(Figure 2). Another important oceanographic feature was the oxygen minimum zone (OMZ) 

between 200 and 600 m in the vicinity of the Cape Verde Islands stations (7 to 10) (Olivar et al., 

2017). Taking into account these features and the results of a PCA analysis of oceanographic 

parameters (Olivar et al., 2017), comparisons were performed grouping the data into four zones 

(Zone 0: Station 12; Zone 1: Station 11; Zone 2: Stations 7–10; and Zone 3: Stations 4–6). 

 

Trophic position of myctophid species   

There were almost no significant differences in the stable isotope composition and C:N values of 

the seston and plankton groups among zones, but copepods and crustacean macrozooplankton 

showed high δ
15

N values in zone 2 (Table 1). Such variability suggests changes in the isotopic 

baseline that must be taken into account when estimating trophic positions.  

Values for myctophids (Table 2) also varied between species, stations, and sampling zones 

(ANOVA, P <0.05, Supplementary material, Table S1). The species with the lowest average δ
15

N 

values were Hygophum macrochir, Diogenichthys atlanticus, Ceratoscopelus warmingii, and 

Notolychnus valdiviae, while the maximum values were recorded for three species of Diaphus (D. 

mollis, D. rafinesquii, and D. dumerilii). However, there was a large overlap between mean values 

for the different species (Figure 3).  

Trophic positions estimated by the three methods were significantly correlated (Pearson r, P 

<0.001), but TPS produced lower values than the other methods, equivalent to ca. 1.4 or 1 trophic 

positions less than TPA or TPC, respectively (Figure 4). However, all estimates indicated that the 

myctophids displayed a narrow range of 1.5–2 trophic positions (± 0.34 s.e.). Trophic positions of 

individual species were between 2 and 4, except for the small-sized fish N. valdiviae, which 

presented the lowest trophic position, 1.7 (Table 2). 

Mean values of δ
15

N for the herbivorous copepods selected as the reference baseline showed 

zonal patterns different from those of myctophids. While the reference baseline had the lowest 

mean in Zone 1 (influenced by Northwest African upwelling waters) (Figure 5a), there were no 
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significant differences between the mean δ
15

N value of the myctophids (Figure 5b). This resulted in 

the mean TPS for myctophids in Zone 1 being significantly higher than those found in the other 

zones, with the lowest TPS observed in Zone 2 (Figure 5c). 

 

Interspecies differences in diet estimations 

All the myctophids analysed had C:N ratios >4, denoting high lipid content; therefore, δ
13

C values 

were lipid normalized following Post et al. (2007) before applying the stable isotope mixing model. 

N. valdiviae and Benthosema glaciale were the species with the highest lipid content. 

The isospace plot of δ
13

C and δ
15

N for those myctophids analysed and the feasible 

contribution of potential preys showed that the majority of the species fell inside the area defined by 

the values of the prey sources. Fishes collected at Station 11 were those that fitted best inside the 

main prey area (Figure 6), while the three species which had the lowest N values appeared in the 

periphery of the plots. The two tests, first using a small myctophid (N. valdiviae) and then a small 

gonostomatid (C. alba) as potential fish prey, showed similar patterns. The two models identify the 

same few species for which piscivory represents more than 20% of the diet. However, fish 

contributions were always lower when using the gonostomatid than the small myctophid 

(Supplementary material, Tables S2 and S3).    

The most outstanding result of the model (Figure 7 and Supplementary material,Table S2) 

was the high isotopic signature of seston in the diet of D. atlanticus (76%) and N. valdiviae (50%) 

and to a lesser extent in other species such as Lobianchia dofleini, Benthosema suborbitale, and 

small Diaphus brachycephalus (Station 11), Diaphus vanhoeffeni, Lampanyctus alatus (Station 11), 

and Lampanyctus pusillus (35–43%). Copepod contributions ranged from 12 to 65% and emerged 

as the most abundant prey in more than half of the species studied, with the highest contribution 

observed in the diet of Benthosema suborbitale and Notoscopelus resplendens (Station 12) (>60%), 

followed by H. macrochir, C. warmingii, Lampanyctus nobilis, L. alatus, Lepidophanes guentheri, 

D. dumerilii, Myctophum nitidulum, and D. mollis (30–47%), and with a higher contribution of 

herbivorous copepods in B. suborbitale, H. Macrochir, and N. resplendens. Crustacean 

macrozooplankton contributions ranged just from 5–24%, being >20% only in H. macrochir, L. 

nobilis, L. guentheri, and D. dumerilii.  The inputs of chaetognaths ranged from 3 to 22%, 

appearing as a relative important prey source just in large D. brachycephalus (49 mm from Station 

6), Diaphus holti, and M. punctatum (18–22%). The model also reported fish as an important 

potential prey in large D. brachycephalus (40%) and D. rafinesquii (36%), followed by L. dofleini, 

D. holti, L. pusillus, and L. guentheri (26–28%). Results for the species H. macrochir deserve some 

comments because this is a common and abundant species across the central Atlantic for which no 

previous diet information is available. Our model showed a diet dominated by herbivorous 

copepods (38%), crustacean macrozooplankton (24%), and seston (21%). 

 

Discussion 
There are numerous studies examining the feeding regimes of myctophids from different oceans 

and periods. However, there are still a large number of species and regions for which information is 

scarce or unavailable. Most previous investigations were made using microscopical examination of 

gut contents, which gives information of what has been recently eaten (Merrett and Roe, 1974; 

Hopkins and Gartner, 1992; Hopkins et al., 1996; Bernal et al. 2015; Battaglia et al., 2016). This is 

a time-consuming process requiring high skills in identifying prey items, a job often complicated by 

digestive processes. All of these result in a lack of data on where and what a particular fish is 

eating. The expansion of indirect studies such as those based on isotope analyses provides 

information on longer time-scales of assimilated material. A recent investigation on mesopelagic 

fishes from the Gulf of Mexico combined gut content and isotope analyses to identify the trophic 

structure of mesopelagic fishes (McClain-Counts et al., 2017) and showed not only the usefulness 

of this last method, but also the strength of combining the two methods.  
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Reference studies on gut content analysis characterized myctophids as mainly opportunist 

zooplanktivorous fishes, selecting for particular prey among the available zooplankton (Merrett and 

Roe, 1974; Clarke, 1980; Hopkins and Gartner, 1992; Gartner et al., 1997). Larval myctophids 

consume eggs and larval stages of copepods (Sabatés and Saiz, 2000; Contreras et al., 2015), while 

adult copepods, euphausiids, amphipods, and ostracods are among the most cited and frequent prey 

for adult myctophids, with an increase in prey size with increasing length (Hopkins and Gartner, 

1992; Pusch et al., 2004; Suntsov and Brodeur, 2008; Shreeve et al., 2009; Bernal et al., 2013; 

Hudson et al., 2014; Saunders et al., 2015). Some myctophid species were reported to also consume 

relatively large amounts of salps and gelatinous organisms (Suntsov and Brodeur, 2008; Shreeve et 

al., 2009; Hudson et al., 2014; Saunders et al., 2015; McClain-Counts et al., 2017), as well as other 

fishes (Clarke, 1980; Kinzer, 1982; Hopkins and Gartner, 1992; Pusch et al., 2004; Bernal et al., 

2015). Studies using stable isotopes and fatty acid markers also conclude that the main prey items 

are calanoid copepods and euphausiids (Petursdottir et al., 2008; Valls et al., 2014). Therefore, 

myctophids occupy a key position in the foodweb for the intermediate transfer of nutrients from 

plankton to upper trophic levels, and this was confirmed by studies of their isotopic composition 

(Table 3). 

  

Trophic position  

All the myctophids from this study are daily vertical migrators and were collected in the epipelagic 

layer at night (Olivar et al., 2017), where they were feeding, as has been observed for these same 

species in other investigations (Clarke, 1980; Kinzer and Schultz, 1985; Hopkins and Gartner, 

1992; Bernal et al., 2015) and confirmed by their full stomachs (stomach weight represented from 

10 to 20% of total body weight). Therefore, the influence of increasing δ
15

N values associated with 

feeding depth, as observed in other mesopelagic species (McClain-Counts et al., 2017), can be ruled 

out. However, a number of other aspects, such as developmental stage, may affect isotopic 

composition. In this study, all the analysed specimens were adults except for D. atlanticus (19 mm, 

immature), L. nobilis (48 mm, immature), and the small size class of N. resplendens (36 mm, 

immature). This may explain the generally higher δ
15

N values in the present study when compared 

to those of the same species in the Gulf of Mexico by McClain-Counts et al. (2017), which were 

reported to be mostly juveniles. In addition, changes in the source of nitrogen for the primary 

producers needs to be taken into account when estimating tropic position, since it results in local 

changes in the baseline that need to be properly taken into account when estimating trophic position 

(e.g. Choy et al., 2012). In most studies, trophic position values of individual species varied 

between ca. 2 (fully herbivore) to 4 (secondary carnivore). Even when there are uncertainties 

caused by the selection of the appropriate baseline and TEF, the estimates are very similar in all 

oceans. In our study, the use of a scaled TEF produced lower trophic position values than those 

using constant TEF, but maintained the essential difference among species. The scaling approach 

was useful in studies of large foodwebs (including upper trophic levels, e.g. sharks) that resulted in 

being underestimated with constant TEF (e.g. Hussey et al., 2014). However, for studies of the 

lower part of the foodweb, the scaling of the TEF by the baseline 
15

N value tends to produce lower 

trophic position values than the use of a constant increase, as shown in the present study with 

myctophids and other studies with planktivores (Bode et al., 2017). In any case, the distribution of 

trophic positions among myctophid species in this and other studies reflects their opportunism in 

consuming different prey. For example, investigations on B. glaciale of similar sizes to those 

studied here (30–42 mm) and from different regions showed similar TPA, 3.3 in the subpolar North 

Atlantic (Petursdottir et al., 2008), between 3.5 and 3.8 in the western Mediterranean (Fanelli et al., 

2014; Valls et al., 2014), and 3.3 in our study (Table 2, TPA). Mean values of TPA reported for 

other species in the western Mediterranean, such as M. punctatum, L. dofleini, D. holti, and L. 

pusillus (Fanelli et al., 2011, 2014; Valls et al., 2014), also differed by less than 0.3 trophic 

positions of the equivalent estimates of the same species in our study. This suggests that these 

species play a similar trophic role in very different environments. 
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The relatively high values of 
15

N in seston (between 5 and 6‰) and plankton (between 6 

and 9‰) found in all zones in this study support the idea of the low influence of diazotrophic 

nitrogen in the plankton foodweb (e.g. Fernández et al., 2014). Differences in δ
15

N values among 

zones for herbivorous copepods can be related to changes in the species composition of 

zooplankton and also to their phytoplankton prey. Large isotope differences have been reported 

among different species of the same zooplankton groups (e.g. for chaetognaths; Bohata and 

Koppelmann, 2013). The differences in water masses, productivity, and oxygen concentrations 

between zones may also account for the observed differences in δ
15

N due to changes in the source 

of nitrogen for primary production (e.g. Aberle et al., 2010). In particular, stations in Zone 2 (with 

low phytoplankton biomass in surface layers and with the OMZ in the mesopelagic layers) were 

characterized by higher δ
15

N and lower δ
13

C values than at Station 11 in Zone 1 (affected by the 

highly productive waters of the Northwest African upwelling and characterized by high 

phytoplankton biomass). The equatorial waters of Zone 3 had very low phytoplankton biomass and 

a very deep and weak chlorophyll maximum (Olivar et al., 2017), but the isotopic signatures of 

plankton were quite similar to those of Zones 0 and 2, where the foodweb would most likely be 

based on the diffusive flux of inorganic nitrogen across the pycnocline (e.g.  Fernández-Castro et 

al., 2015).  

 

Comparative feeding preferences 

The reliability of diet determination from isotopic mixing models has some uncertainties that are 

related particularly to TEF and to the sources included (Fry, 2006; Caut et al., 2009). Because no 

experimental enrichment data are available for myctophids, we used the data from Sweeting et al. 

(2007a, b) previously applied to the muscle of marine fishes (Sweeting et al., 2007a, b; Valls et al., 

2014). The lack of a particular prey group implies that its contribution cannot be computed and it is 

assigned then into the groups actually introduced. For example, the lack of data on ostracods or 

gelatinous plankton affects the actual diet estimations. While aware of these shortcomings, the 

present data are not intended to present the diet spectrum for each species, but to present a 

comparative framework.  

In our model, seston emerges as an important component in the diet of small size species 

such as D. atlanticus (19 mm) and N. valdiviae (20 mm) (27 and 25 mm of maximum attainable 

sizes, respectively, according to Hulley and Paxton, 2016b), while published data on gut content 

analysis indicated a diet almost exclusively (80–90%) based on copepods (Clarke, 1980; Kinzer and 

Schulz, 1985; Hopkins and Gartner, 1992; McClain-Counts et al., 2017). Our results suggest that in 

the zone where these species were caught (Zone 2, south of Cape Verde Islands, where OMZ 

occupies the mesopelagic layers), prey availability may be different from that in other regions, and 

they probably fed on prey of lower trophic positions than previously observed.  

According to our estimations, among the studied myctopids, the top predators (with higher 

proportions of fishes and chaetognaths) are large D. brachycephalus (49 mm), D. rafinesquii (57 

mm), and D. holti (44 mm), although neither fishes nor chaetognaths were cited among prey items 

in previously reported gut contents analysis of D. rafinesquii (Podrazhanskaya, 1993). Copepods 

arose as the main prey for several species of myctophids with different maximum sizes and body 

morphology, coinciding with most previous investigations on myctophid diets (Clark, 1980; Kinzer 

and Schulz, 1985; Alwin and Gjosaeter, 1988; Hopkins and Gartner, 1992; Hopkins et al., 1996; 

McClain-Counts et al., 2017). It is interesting to note how the same species, but from different 

stations, showed different proportions of prey. In some cases, this may be attributed to size, such as 

in D. brachycephalus and N. resplendens, where small specimens showed a higher seston signature. 

However, B. suborbitale of similar size group from Stations 7 and 12 showed a higher seston 

signature for the first station, which, as for D. atlanticus and N. valdiviae, could be explained by a 

different copepod availability in the two zones, reflecting the opportunistic feeding of the species. 

The two fishes selected as potential prey for myctohids were chosen because their small size 

(ca. 25 mm), but N. valdiviae co-occurs with the rest of myctophids in the upper layers at night, 
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while C. alba is a non-migrator species, as are the other bristlemouths (Olivar et al., 2017). The 

relative contribution of N. valdiviae in the estimated diets was always higher than that of C. alba, 

which could be related to this lack of co-occurrence. Nevertheless, the general agreement in the 

species denoting piscivory, no matter which species is used in the model, indicated that the method 

as used here is useful to differentiate coarse groups in the diet (in this case, fish prey), but not 

conclusive to resolve to species level. 

In summary, stable δ
13

C and δ
15

N isotope analysis determined TP and established wide diet 

comparisons among myctophids from the central Atlantic. There are important overlaps in TP 

among species, but significant differences were detected between species in the upper and lower 

trophic positions, with very small-sized myctophids in the lower range. However, size is not the 

only determinant for these differences because the largest species in our study, M. punctatum, M. 

nitidulum, and C. warmingii, occupy intermediate TPs. In spite of the variability in absolute δ
15

N 

values from the species of this study and other regions, the estimated species TP varies in a 

relatively small range, thus placing myctophids between ca. 2 (fully herbivore) to 4 (secondary 

carnivore). The similarity between TP of species in this study and in other regions suggests that 

they play a similar role in very different environments. The use of C and N in diet estimations 

through isotopic mixing models identifies copepods as the main prey for most of the species and 

also allows for the differentiation of a group of small species, i.e. D. atlanticus, N. valdiviae, N. 

resplendens, and B. suborbitale, feeding on small prey items (seston and copepods) from three 

relatively large species of genus Diaphus, i.e., D. brachycephahus, D. rafinesquii, and D. holti 

preying on fish and chaetognaths. Nevertheless, this cannot be related just to size because these 

were not the largest species of the study, and other factors related to feeding behaviour, e.g. mouth 

morphology, or visual adaptations, may also have an important role in feeding behaviour.  

 

Supplementary material 
The Supplementary material available at the ICESJMS online version of this paper includes three 

tables showing results of ANOVA on mean δ
15

N, δ
13

C, C:N molar ratio for myctophids by stations 

and species listed in Table 2 and MixSIAR estimated contribution (mean and standard deviation, 

s.d.) of seston, plankton, and a small myctophid (Notolychnus valdiviae) and of seston, plankton, 

and a small gonostomatid (Cyclothone alba) to the diet of the most abundant myctophids of the 

central Atlantic in April 2015. 
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Table 1. Mean and standard deviation (s.d.) values of the isotopic composition of seston and 

plankton prey groups in the zones marked in Fig. 1. Significant means are indicated by different 

letters (ANOVA and Dunett C tests, P <0.05). n: number of samples, Copepoda H: herbivorous 

copepods, Copepoda OC: omnivorous and carnivorous copepods, macrozooplankton: crustacean 

macrozooplankton (Decapoda, Euphausiacea and Amphipoda). δ
13

C and C:N values were not 

corrected for lipids. 

 

Zone Group δ15N δ13C C:N  

Mean s.d. C-test Mean s.d. C-test Mean s.d. C-test n 

0 Seston 6.51 

  

–22.03 

  

7.77 

  

1 

 

Copepoda H 4.90 0.47 a –21.95 0.13 a 5.76 0.66 a 2 

 

Copepoda OC 6.20 0.40 a –22.12 0.84 a 6.81 1.07 a 8 

 

Macrozooplankton 6.83 0.84 b –21.43 1.78 a 5.39 1.21 a 2 

 

Chaetognaths 8.56 0.65 a –20.84 1.14 a 5.53 0.71 a 2 

1 Seston 4.89 

  

–20.56 

  

7.62 

  

1 

 

Copepoda H 4.35 0.95 a –20.82 0.69 a 10.38 5.04 b 5 

 

Copepoda OC 4.94 0.79 a –21.47 0.79 a 9.77 5.04 b 9 

 

Macrozooplankton 4.72 1.14 a –20.57 0.87 a 7.29 2.36 a 8 

 

Chaetognaths 6.55 0.55 a –19.94 0.06 a 5.99 0.02 a 2 

2 Seston 6.64 0.81 a –23.23 0.71 a 8.43 0.61 a 4 

 

Copepoda H 7.44 1.07 b –21.92 0.83 a 5.97 1.16 a 29 

 

Copepoda OC 7.45 1.38 b –22.10 0.74 a 6.34 1.57 a 45 

 

Macrozooplankton 7.48 1.04 b –21.53 0.62 a 5.64 0.61 a 27 

 

Chaetognaths 8.80 1.11 a –21.12 0.50 a 5.74 0.59 a 18 

3 Seston 4.93 0.93 a –23.73 0.01 a 8.10 0.41 a 2 

 

Copepoda H 5.47 1.30 a –21.77 0.88 a 5.19 0.34 a 9 

 

Copepoda OC 5.97 2.13 a –22.14 0.93 a 6.91 2.31 a 24 

 

Macrozooplankton 6.05 1.28 a,b –21.64 1.28 a 5.78 1.68 a 16 

 

Chaetognaths 7.46 1.48 a –21.49 1.03 a 5.69 1.21 a 7 
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Table 2. Mean and standard deviation (s.d.) values of δ
15

N, δ
13

C, C:N molar ratio, and trophic 

position estimates for myctophid species in each station. The gonostomatid fish Cyclothone alba is 

also added for comparison. The error of the estimates was computed by additive propagation of 

errors in δ
15

N of myctophids and the herbivorous copepods used as the reference baseline. n: 

number of samples. δ
13

C and C:N values were not corrected for lipids. 

 

 

Species SL (mm) n Station  δ
15N δ13C C:N Trophic position estimates 

Mean s.d. Mean s.d. Mean s.d. Mean s.d. TPA TPC TPS Error 

Benthosema glaciale 
(Reinhardt, 1837)  

34.3 1.2 3 11 8.95 0.27 –20.50 0.29 7.82 1.01 3.30 2.92 2.88 0.35 

Benthosema suborbitale 

(Gilbert, 1913) 

28.7 4.0 3 7 8.36 0.54 –20.26 0.12 4.46 0.09 2.76 2.57 2.52 0.30 

24.0 1.0 3 12 8.41 0.07 –20.34 0.54 4.86 0.37 2.84 2.63 2.58 0.23 

Ceratoscopelus warmingii 

(Lütken, 1892)  
58.7 5.0 3 6 7.43 0.45 –20.94 0.49 5.47 0.33 3.11 2.74 2.70 0.54 

Diaphus brachycephalus 
(Tåning, 1928) 

48.7 0.6 3 6 9.77 0.46 –19.49 0.19 4.46 0.17 3.85 3.23 3.26 0.54 

33.0 1.7 3 11 8.16 0.15 –19.02 0.13 4.32 0.11 3.05 2.74 2.69 0.31 

Diaphus dumerilii (Bleeker, 

1856) 
53.0 4.0 3 4 9.50 1.65 –20.29 0.82 4.94 0.59 2.61 2.52 2.46 0.95 

Diaphus holti (Tåning, 1918) 44.3 5.5 3 11 9.13 0.74 –18.25 0.65 4.38 0.33 3.35 2.95 2.93 0.50 

Diaphus mollis (Tåning, 1928)  53.3 1.2 3 9 9.99 1.08 –19.72 0.71 4.24 0.33 2.46 2.42 2.37 0.65 

Diaphus rafinesquii (Cocco, 

1838)  

57.3 0.6 2 11 9.35 0.60 –19.12 0.20 4.67 0.02 3.42 3.00 2.98 0.45 

58.0  1 12 10.14   –19.33   5.23   3.39 3.04 3.01 0.21 

Diaphus vanhoeffeni (Brauer, 

1906) 
35.3 0.6 3 7 8.81 0.42 –20.54 0.42 4.73 0.29 2.90 2.68 2.63 0.27 

Diogenichthys atlanticus 
(Tåning, 1928) 

19.0 1.3 3 7 7.05 0.34 –20.74 0.57 4.24 0.28 2.35 2.26 2.23 0.24 

Hygophum macrochir 

(Günther, 1864) 
41.0 1.0 3 11 6.53 0.12 –18.63 0.50 4.49 0.12 2.54 2.38 2.34 0.30 

Lampanyctus alatus (Goode 

and Bean, 1896) 

48.3 0.6 3 7 8.44 0.28 –19.14 0.19 4.00 0.01 2.78 2.59 2.54 0.22 

49.7 1.5 3 11 8.54 0.38 –20.13 0.17 5.88 0.43 3.17 2.82 2.78 0.38 

Lampanyctus nobilis (Tåning, 
1928) 

47.7 3.1 3 4 9.31 0.32 –19.12 0.16 3.99 0.03 2.55 2.47 2.41 0.54 

Lampanyctus pusillus 

(Johnson, 1890) 

34.5 0.7 2 11 8.90 0.94 –20.07 0.45 5.64 0.38 3.28 2.90 2.87 0.56 

34.0  1 12 8.99   –20.85   5.80   3.03 2.77 2.72 0.21 

Lepidophanes guentheri 

(Goode and Bean, 1896) 
52.0 8.2 3 4 9.47 0.14 –19.09 0.00 4.05 0.02 2.60 2.51 2.45 0.48 

Lobianchia dofleini 

(Zugmayer, 1911)  

28.5 2.1 2 11 8.91 0.70 –20.29 0.23 5.40 0.48 3.28 2.91 2.87 0.48 

28.0  1 12 9.94   –20.15   4.80   3.32 2.99 2.96 0.21 

Myctophum nitidulum 

(Garman, 1899) 

73.0 1.4 2 7 8.14 0.10 –18.53 0.09 4.01 0.19 2.69 2.52 2.47 0.17 

69.0  1 8 8.27 
 

–18.97 
 

3.95 
 

2.32 2.27 2.23 0.15 

59.5 4.9 2 10 9.37 0.01 –19.38 0.65 4.08 0.17 2.61 2.51 2.46 0.21 

56.0  1 12 8.53   –19.31   4.11   2.88 2.66 2.61 0.21 

Myctophum punctatum 

(Rafinesque, 1810) 
66.0 2.6 3 11 8.68 0.13 –18.09 1.65 4.52 1.03 3.21 2.85 2.81 0.31 

Notolychnus valdiviae (Brauer, 
1904)  

20.6 1.0 7 9 7.46 0.57 –22.51 0.24 7.52 0.67 1.67 1.70 1.76 0.49 

Notoscopelus resplendens 

(Richardson, 1845) 

35.5 0.7 2 7 8.23 0.14 –19.99 0.03 4.15 0.06 2.72 2.54 2.49 0.18 

36.0  1 8 10.55 
 

–19.72 
 

4.26 
 

3.03 2.86 2.81 0.15 

41.0 1.7 3 12 8.69 0.19 –19.85 0.91 4.15 0.15 2.93 2.70 2.65 0.27 

Cyclothone alba (Brauer, 
1906) 

25.7 0.6 3 8 9.16 0.32 –19.98 0.45 4.17 0.10 2.27 2.25 2.21 0.43 



17 

 

Table 3. Upper and lower values of trophic position of myctophid species from the literature 

compared with those found in the present study. TEF: trophic enrichment factor. All factors from 

the literature were estimated using the additive model of constant TEF while for comparative 

purposes both additive (TFA) and scaled (TFS) values are provided in this study. 

 

Number 

of species TEF 

Trophic position 

Zone Reference 

Lower Upper 

2 3.80 3.3 4.0 N Atlantic (subpolar) Petursdottir et al. (2008) 

3 2.75 3.0 4.0 W Mediterranean Fanelli et al. (2011) 

13 3.15 3.3 4.0 W Mediterranean Valls et al. (2014) 

12 3.20 2.3 3.9 S Pacific (Tasman Sea) Flynn and Kloser (2012) 

14 3.20 3.3 4.2 Southern Ocean Cherel et al. (2010) 

8 3.40 3.7 4.4 Southern Ocean Stowasser et al. (2012) 

5 3.40 3.1 3.6 N Atlantic (temperate) Colaço et al. (2013) 

10 2.54 2.8 4.2 W Mediterranean Fanelli et al. (2014) 

16 3.40 2.9 3.5 S Pacific (subtropical) Hunt et al. (2015) 

9 2.00 1.0 4.2 W Atlantic (Gulf of Mexico) McClain-Counts et al. (2017) 

20 3.40 1.7 3.9 Equatorial and subtropical  Atlantic  This study 

20 Scaled 1.8 3.3 Equatorial and subtropical  Atlantic  This study 
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Figure captions 

 

Figure 1. Location of sampling stations across the equatorial and tropical Atlantic during April 

2015. Red dots indicate CTD profiles and circles the stations where plankton and myctophids 

samples for isotopic analysis were collected. Stations were grouped in four broad zones. 

 

Figure 2. Vertical profiles of chlorophyll a concentration in the first 200 m of the water column in 

Stations 4–6 (equatorial), 7–9 (Cape Verde), and 10–12 (near the African coast).  

 

Figure 3. Mean s.e. δ
15

N for myctophids sorted by descending values. Different letters indicate 

significantly different means (ANOVA and Dunnett-C a posteriori test, P <0.05).. 

 

Figure 4. Comparison of trophic position estimates of myctophid species using three different 

models. TPA: additive model with constant isotopic enrichment, TPC: additive model with variable 

isotopic enrichment, TPS: scaled enrichment model (see Methods for details of the models). Model 

II regression lines for TPA (continuous line) or TPC (dashed line) are displayed. r:  correlation 

coefficient.  

  

Figure 5. Mean (±s.e.) δ
15

N values for herbivorous copepods (a) and myctophids (b), and trophic 

position estimates (c, TPS) by the zones indicated in Figure 1. Different letters indicate significantly 

different means (ANOVA and Dunnett-C a posteriori tests, P <0.05).  

 

Figure 6. Isospace of δ
13

C and δ
15

N for myctophids included in the MixSIAR mixing model and 

feasible contribution of potential prey (solid black dots) to their diets. Bars denote 95% confidence 

intervals. Species abbreviations, first letter of genus, and species (see Table 2 for full names). 

 

Figure 7. Mean relative contribution of seston, copepods (H: herbivorous, OC omnivorous–

carnivorous), crustacean macrozooplankton, chaetognaths, and a small myctophid (Notolychnus 

valdiviae) as potential prey sources to the diet of the most abundant myctophids across the 

equatorial and tropical Atlantic. Mean standard length of the specimens included in the analysis and 

station number indicated after species names. 
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Figure 1. Location of sampling stations across the equatorial and tropical Atlantic during April 

2015. Red dots indicate CTD profiles and circles the stations where plankton and myctophids 

samples for isotopic analysis were collected. Stations were grouped in four broad zones. 
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Figure 2. Vertical profiles of chlorophyll a concentration in the first 200 m of the water column in 

Stations 4–6 (equatorial), 7–9 (Cape Verde), and 10–12 (near the African coast).  
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Figure 3. Mean s.e. δ

15
N for myctophids sorted by descending values. Different letters indicate 

significantly different means (ANOVA and Dunnett-C a posteriori test, P <0.05).. 
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Figure 4. Comparison of trophic position estimates of myctophid species using three different 

models. TPA: additive model with constant isotopic enrichment, TPC: additive model with variable 

isotopic enrichment, TPS: scaled enrichment model (see Methods for details of the models). Model 

II regression lines for TPA (continuous line) or TPC (dashed line) are displayed. r:  correlation 

coefficient. 
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Figure 5. Mean (±s.e.) δ

15
N values for herbivorous copepods (a) and myctophids (b), and trophic 

position estimates (c, TPS) by the zones indicated in Figure 1. Different letters indicate significantly 

different means (ANOVA and Dunnett-C a posteriori tests, P <0.05).  
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Figure 6. Isospace of δ

13
C and δ

15
N for myctophids included in the MixSIAR mixing model and 

feasible contribution of potential prey (solid black dots) to their diets. Bars denote 95% confidence 

intervals. Species abbreviations, first letter of genus, and species (see Table 2 for full names). 
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Figure 7. Mean relative contribution of seston, copepods (H: herbivorous, OC omnivorous–

carnivorous), crustacean macrozooplankton, chaetognaths, and a small myctophid (Notolychnus 

valdiviae) as potential prey sources to the diet of the most abundant myctophids across the 

equatorial and tropical Atlantic. Mean standard length of the specimens included in the analysis and 

station number indicated after species names. 
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Table S1. Results of ANOVA on mean δ
15

N, δ
13

C, C:N molar ratio for myctophids by stations and 

species listed in Table 2 or sampling zones as shown in Figure 1. 

 

    SS d.f. MS F P 

δ15N Between stations 14.148 7 2.021 2.209 0.043 

 Within stations 64.950 71 0.915    

 Total 79.098 78      

δ13C Between stations 43.969 7 6.281 6.639 <0.001 

 Within stations 67.176 71 0.946    

 Total 111.145 78      

C:N Between stations 41.097 7 5.871 5.987 <0.001 

 Within stations 69.623 71 0.981    

 Total 110.720 78      

δ15N Between species 52.985 19 2.789 6.301 <0.001 

 Within species 26.113 59 0.443    

 Total 79.098 78      

δ13C Between species 93.590 19 4.926 16.555 <0.001 

 Within species 17.555 59 0.298    

 Total 111.145 78      

C:N Between species 94.916 19 4.996 18.649 <0.001 

 Within species 15.804 59 0.268    

 Total 110.720 78      

δ15N Between zones 6.597 3 2.199 2.278 0.086 

 Within zones 72.419 75 0.966     

 Total 79.016 78       

δ13C Between zones 18.249 3 6.083 4.911 0.004 

 Within zones 92.890 75 1.239     

 Total 111.140 78       

C:N Between zones 4.723 3 1.574 1.114 0.349 

 Within zones 105.987 75 1.413     

 Total 110.710 78       
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Table S2. MixSIAR estimated contribution (mean and standard deviation, s.d.) of seston, plankton, 

and a small myctophid (Notolychnus valdiviae) to the diet of the most abundant myctophids of the 

central Atlantic in April 2015. Trophic discrimination factors coming from Sweeting et al. (2007a, 

b). 
 

 

  SL (mm) Chaetognatha Copepoda H Copepoda OC Fish_N. valdiviae Macrozooplankton Seston 

Species Station  Mean  s.d. Mean  s.d. Mean  s.d. Mean  s.d. Mean  s.d. Mean  s.d. Mean  s.d. 

B. glaciale 11 34.3 1.2 0.15 0.14 0.17 0.11 0.11 0.10 0.20 0.12 0.14 0.10 0.24 0.11 

B. suborbitale 12 24.0 1.0 0.03 0.04 0.51 0.18 0.14 0.11 0.08 0.06 0.10 0.10 0.15 0.14 

B. suborbitale 7 28.7 4.0 0.08 0.06 0.15 0.13 0.14 0.10 0.09 0.07 0.12 0.09 0.42 0.08 

C. warmingii 6 58.7 5.0 0.13 0.10 0.24 0.16 0.19 0.12 0.15 0.10 0.11 0.09 0.19 0.08 

D. brachycephalus 6 48.7 0.6 0.22 0.24 0.12 0.11 0.09 0.08 0.40 0.25 0.10 0.13 0.08 0.05 

D. brachycephalus 11 33.0 1.7 0.09 0.10 0.15 0.15 0.08 0.10 0.16 0.13 0.11 0.12 0.41 0.19 

D. dumerilii 4 53.0 4.0 0.09 0.08 0.17 0.15 0.23 0.18 0.21 0.15 0.20 0.17 0.10 0.07 

D. holti 11 44.3 5.5 0.20 0.21 0.12 0.10 0.09 0.10 0.27 0.18 0.11 0.11 0.21 0.16 

D. mollis 7 53.3 1.2 0.11 0.13 0.18 0.19 0.17 0.18 0.13 0.14 0.15 0.17 0.25 0.10 

D. rafinesquii 11 57.3 0.6 0.13 0.17 0.09 0.08 0.06 0.07 0.36 0.23 0.07 0.08 0.28 0.22 

D. vanhoeffeni 7 35.3 0.6 0.09 0.10 0.17 0.19 0.15 0.15 0.10 0.10 0.14 0.15 0.35 0.11 

D. atlanticus 7 19.0 1.3 0.03 0.04 0.06 0.07 0.06 0.07 0.04 0.04 0.05 0.05 0.76 0.10 

H. macrochir 11 41.0 1.0 0.04 0.05 0.38 0.32 0.09 0.16 0.05 0.04 0.24 0.29 0.21 0.19 

L. alatus  7 48.3 0.6 0.08 0.10 0.21 0.22 0.19 0.19 0.11 0.12 0.16 0.17 0.25 0.11 

L. alatus  11 49.7 1.5 0.11 0.13 0.13 0.13 0.09 0.11 0.21 0.15 0.12 0.11 0.35 0.20 

L. nobilis 4 47.7 3.1 0.07 0.10 0.13 0.16 0.28 0.28 0.25 0.23 0.21 0.24 0.05 0.05 

L. pusillus 11 34.5 0.7 0.13 0.15 0.10 0.10 0.07 0.09 0.27 0.20 0.09 0.09 0.35 0.22 

L. guentheri 4 52.0 8.2 0.08 0.11 0.12 0.15 0.28 0.27 0.26 0.24 0.21 0.24 0.05 0.05 

L. dofleini 11 28.5 2.1 0.09 0.11 0.08 0.09 0.06 0.07 0.28 0.22 0.07 0.07 0.43 0.24 

M. nitidulum  7 73.0 1.4 0.12 0.10 0.19 0.14 0.19 0.13 0.16 0.12 0.17 0.13 0.17 0.11 

M. punctatum 11 66.0 2.6 0.18 0.20 0.16 0.14 0.13 0.14 0.18 0.13 0.16 0.16 0.18 0.14 

N. valdiviae 7 20.6 1.0 0.05 0.05 0.15 0.17 0.15 0.15 0.06 0.06 0.09 0.10 0.50 0.12 

N. resplendens 7 35.5 0.7 0.08 0.09 0.19 0.19 0.16 0.16 0.11 0.12 0.14 0.15 0.31 0.19 

N. resplendens 12 41.0 1.7 0.03 0.05 0.50 0.22 0.14 0.14 0.07 0.08 0.10 0.13 0.16 0.18 
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Table S3. MixSIAR estimated contribution (mean and standard deviation, s.d.) of seston, plankton, 

and a small gonostomatid (Cyclothone alba) to the diet of the most abundant myctophids of the 

central Atlantic in April 2015. Trophic discrimination factors coming from Sweeting et al. (2007a, 

b). 
 

 

  SL (mm) Chaetognatha Copepoda H Copepoda OC Fish_C. alba Macrozooplankton Seston 

Species Station Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. 

B. glaciale 11 34.3 1.2 0.11 0.10 0.19 0.10 0.12 0.08 0.15 0.07 0.24 0.15 0.19 0.09 

B. suborbitale 12 24.0 1.0 0.05 0.05 0.52 0.22 0.11 0.10 0.06 0.05 0.09 0.11 0.18 0.16 

B. suborbitale 7 28.7 4.0 0.07 0.06 0.13 0.09 0.19 0.13 0.02 0.03 0.16 0.12 0.42 0.09 

C. warmingii 6 58.7 5.0 0.11 0.09 0.19 0.15 0.21 0.14 0.10 0.06 0.23 0.14 0.16 0.10 

D. brachycephalus 6 48.7 0.6 0.18 0.20 0.14 0.13 0.14 0.11 0.29 0.16 0.19 0.16 0.06 0.05 

D. brachycephalus 11 33.0 1.7 0.07 0.08 0.17 0.15 0.09 0.11 0.11 0.08 0.18 0.15 0.38 0.18 

D. dumerilii 4 53.0 4.0 0.09 0.10 0.13 0.15 0.36 0.23 0.06 0.06 0.29 0.22 0.08 0.06 

D. holti 11 44.3 5.5 0.15 0.18 0.15 0.12 0.12 0.12 0.21 0.11 0.20 0.16 0.17 0.13 

D. mollis 7 53.3 1.2 0.12 0.13 0.17 0.18 0.22 0.21 0.04 0.07 0.21 0.20 0.24 0.11 

D. rafinesquii 11 57.3 0.6 0.11 0.13 0.13 0.10 0.09 0.10 0.27 0.14 0.15 0.12 0.25 0.18 

D. vanhoeffeni 7 35.3 0.6 0.10 0.10 0.16 0.16 0.18 0.16 0.03 0.05 0.17 0.16 0.36 0.11 

D. atlanticus 7 19.0 1.3 0.03 0.03 0.06 0.06 0.07 0.07 0.01 0.01 0.05 0.06 0.78 0.11 

H. macrochir 11 41.0 1.0 0.04 0.04 0.40 0.32 0.08 0.12 0.03 0.03 0.29 0.31 0.16 0.17 

L. alatus  7 48.3 0.6 0.08 0.10 0.19 0.20 0.25 0.23 0.02 0.04 0.20 0.20 0.26 0.11 

L. alatus  11 49.7 1.5 0.10 0.11 0.15 0.12 0.11 0.12 0.14 0.10 0.17 0.14 0.33 0.17 

L. nobilis 4 47.7 3.1 0.07 0.12 0.10 0.15 0.44 0.32 0.04 0.06 0.32 0.30 0.04 0.04 

L. pusillus 11 34.5 0.7 0.10 0.12 0.13 0.12 0.10 0.10 0.20 0.12 0.15 0.13 0.32 0.20 

L. guentheri 4 52.0 8.2 0.07 0.12 0.09 0.15 0.45 0.32 0.04 0.06 0.31 0.30 0.03 0.04 

L. dofleini 11 28.5 2.1 0.08 0.09 0.11 0.10 0.08 0.09 0.20 0.13 0.12 0.10 0.41 0.22 

M. nitidulum  7 73.0 1.4 0.07 0.09 0.21 0.22 0.30 0.28 0.02 0.03 0.21 0.22 0.19 0.12 

M. punctatum 11 66.0 2.6 0.14 0.17 0.17 0.14 0.13 0.13 0.13 0.09 0.26 0.21 0.15 0.12 

N. valdiviae 7 20.6 1.0 0.04 0.05 0.13 0.14 0.18 0.17 0.02 0.02 0.11 0.11 0.52 0.13 

N. resplendens 7 35.5 0.7 0.07 0.08 0.14 0.14 0.18 0.17 0.03 0.04 0.14 0.13 0.44 0.12 

N. resplendens 12 41.0 1.7 0.04 0.05 0.52 0.23 0.11 0.13 0.05 0.05 0.10 0.14 0.19 0.19 

 

 

 


