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The northern Humboldt Current upwelling system (HCS) belongs to the most productive marine ecosystems, providing five to eight times higher fisheries landings per unit area than other coastal upwelling systems. To solve this “Peruvian puzzle”, to elucidate the pelagic food-web structure and to better understand trophic interactions in the HCS, a combined stable isotope and fatty acid trophic biomarker approach was adopted for key zooplankton taxa and higher trophic positions with an extensive spatial coverage from 8.5 to 16°S and a vertical range down to 1,000 m depth. A pronounced regional shift by up to ∼5‰ in the δ15N baseline of the food web occurred from North to South. Besides regional shifts, δ15N ratios of particulate organic matter (POM) also tended to increase with depth, with differences of up to 3.8‰ between surface waters and the oxygen minimum zone. In consequence, suspension-feeding zooplankton permanently residing at depth had up to ∼6‰ higher δ15N signals than surface-living species or diel vertical migrants. The comprehensive data set covered over 20 zooplankton taxa and indicated that three crustacean species usually are key in the zooplankton community, i.e., the copepods Calanus chilensis at the surface and Eucalanus inermis in the pronounced OMZ and the krill Euphausia mucronata, resulting in an overall low number of major trophic pathways toward anchovies. In addition, the semi-pelagic squat lobster Pleuroncodes monodon appears to play a key role in the benthic-pelagic coupling, as indicated by highest δ13C’ ratios of −14.7‰. If feeding on benthic resources and by diel vertical migration, they provide a unique pathway for returning carbon and energy from the seafloor to the epipelagic layer, increasing the food supply for pelagic fish. Overall, these mechanisms result in a very efficient food chain, channeling energy toward higher trophic positions and partially explaining the “Peruvian puzzle” of enormous fish production in the HCS.
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INTRODUCTION

The northern Humboldt Current upwelling system (HCS) off Peru in the Pacific Ocean holds the world’s largest single-species fishery with a fish production per unit area that is higher than in any other region of the world ocean (Bertrand et al., 2004; Chavez et al., 2008; Castillo et al., 2019). The Peruvian anchovy fishery on Engraulis ringens alone provided up to ∼10% of the global marine fish catch in certain years. While ranked only third in primary production in comparison to the other three Eastern Boundary Upwelling Systems (EBUS), i.e., the Benguela, California, and Canary Current systems, the HCS provides a 5–10 times higher fishery yield (Carr, 2002; Chavez et al., 2008). This apparent paradox, the “Peruvian Puzzle”, though already targeted in various studies (e.g., Bakun and Weeks, 2008; Chavez and Messié, 2009; Espinoza et al., 2017), is not yet fully understood. It is clear that the trophic positions and interactions in between primary producers and commercially harvested fish, i.e., different zooplankton taxa, must play a critical role in the efficient transfer of energy along the food web, sustaining the outstanding fish production in the northern HCS. The present study focuses on the specific roles of key zooplankton taxa in the pelagic food web to elucidate the mechanisms that explain such a high trophic transfer efficiency (TTE) in the HCS and, thus, the enormous fish production.

Zooplankton species, especially copepods and euphausiids, are essential food sources for anchovies and sardines in the HCS, and thus important components of the food web. Acting as a crucial link, but also as an energy consumer between primary production and higher trophic positions (Ayón et al., 2008b), zooplankton plays a key role in terms of TTE. In coastal upwelling regions, copepods comprise up to 90% of the mesozooplankton in terms of abundance (Loick et al., 2005; Verheye et al., 2005). Their roles are very diverse and complex (e.g., Schukat et al., 2014), and details about their trophic positions, interactions and feeding behavior are needed in order to understand the functioning of the ecosystem.

Stable isotopes and fatty acids as trophic biomarkers provide integrated dietary information and allow to assess trophic positions and dietary preferences (Minagawa and Wada, 1984; Graeve et al., 1994; Dalsgaard et al., 2003). Stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) elucidate the basic carbon source and trophic positions, respectively (e.g., Minagawa and Wada, 1984). Heavier isotopes accumulate in the body tissues of consumers, whereas lighter ones are preferably metabolized and excreted owing to fractionation during food assimilation (France and Peters, 1997). The enrichment in δ15N by 3–4‰ per trophic position can be used to determine the trophic positions of consumers relative to their diets or preys (Minagawa and Wada, 1984). In contrast, carbon transported through the food web shows little change in the δ13C signature (0.4–1.0‰ per trophic position). Therefore, the δ13C ratio can be used to identify different sources of carbon and primary production at the basis of the food web (e.g., Post, 2002). The fatty acid trophic marker (FATM) concept is based on the findings that consumers incorporate typical fatty acids of certain phyto- and zooplankton groups without modification, which enables us to follow them through the food web (Kattner et al., 1994; Dalsgaard et al., 2003). The two biomarker approaches complement each other: Stable isotope ratios provide trophic positions, while fatty acid analyses reveal dietary preferences and predator-prey relationships.

Hitherto, zooplankton trophic positions and interactions in the HCS have not been well established, despite their importance in the ecosystem. Previous studies pooled zooplankton, copepods and/or euphausiids, as one group occupying the same trophic position or treated them as one “black” box within a certain range of trophic positions (e.g., Jarre-Teichmann, 1998; Espinoza et al., 2017). Such a simplistic view with a low taxonomic resolution does not reflect the complex diversity of zooplankton taxa and provides little insights into their role in the energy transfer.

The aim of this study is to “open” the zooplankton “black box” and to better understand the trophic interactions and the pelagic food-web structure in the HCS. Therefore, a large data set of key zooplankton taxa and higher trophic positions with an extensive spatial coverage was analyzed, and trophic interactions were evaluated using the combined biomarker approach of fatty acids and stable isotopes. Specifically, we test the following four hypotheses:

(i) The northern HCS off Peru is characterized by a regional shift in the δ15N baseline of the food web from North to South hampering direct regional comparisons of δ15N-derived trophic positions. In order to cope with this methodological challenge, here we apply an alternative approach of defining a δ15N food-web reference based on salps as herbivorous consumers.

(ii) Besides regional shifts in the δ15N signal, there are also vertical differences in δ15N ratios and, hence, calculated trophic positions of zooplankton species from different depth layers. The δ15N ratio of POM increases with depth. In consequence, the δ15N signals of suspension-feeding zooplankton permanently residing at depth are higher than those of surface-living species or diel vertical migrants feeding at night in the surface layer.

(iii) Since only relatively few biomass-rich crustacean species dominate the HCS zooplankton community, the overall food-web structure is rather simple with only a restricted number of major trophic pathways relevant for channeling most of the energy from primary production to anchovies. Such a highly efficient food web may partly solve the “Peruvian Puzzle” of enormous pelagic fish stocks and landings despite primary production rates similar to other EBUS.

(iv) Finally, the endemic squat lobster Pleuroncodes monodon plays a key role in the benthic-pelagic coupling in the HCS. By partly feeding on benthic resources and performing diel vertical migrations, the species provides a unique pathway for returning carbon and energy from the seafloor to the epipelagic layer, where it becomes available as prey for pelagic fishes. This re-import of organic matter into the euphotic zone may also contribute to the exceptionally high trophic transfer efficiency of the HCS.



MATERIALS AND METHODS


Sampling

As part of the CUSCO project (Coastal Upwelling System in a Changing Ocean), zooplankton and nekton organisms were sampled during the research cruise MSM 80 on board RV Maria S. Merian in the Humboldt Current upwelling system off Peru between 8°30′S and 17°00′S in December 2018/January 2019 (Figure 1). Due to low to moderate wind velocities, upwelling intensity was rather moderate during the entire cruise with sea surface temperatures between 17 and 24°C, usually around 22°C.
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FIGURE 1. Sampling stations in the Humboldt Current upwelling system off Peru providing zooplankton (solid circles) and zooplankton together with baseline samples (open circles). The sampled area was divided into northern (stns. 1–34), central (stns. 36–51), and southern regions (stns. 56–104) as indicated by the different transects (T1–T6).


Different plankton nets were deployed to collect the organisms: a multiple opening/closing net system (Hydro-Bios Multinet) and an Isaacs-Kidd Midwater Trawl (IKMT: 10 m2, mesh size 4 mm). Most of the organisms were collected by stratified vertical hauls with a Multinet Midi: mouth opening 0.25 m2, mesh size 200 μm, five nets (for station plan see Figure 1). At shallow stations close to the coast, the entire water column was sampled, whereas in deeper waters, maximum sampling depth was 1,000 m (for details of sampling stations see Supplementary Appendix Table 1). Immediately after each haul, specimens were sorted alive in the lab (for smaller organisms a dissecting microscope was used for identification). Apparently live and healthy individuals were stored in vials and deep-frozen at −80°C until further lipid and stable isotope analyses in Germany. At one station dinoflagellate samples were collected by bucket sampling in a red tide, i.e., red-brown-colored surface water. Bits of feathers were gathered from seabirds that landed on board during the night and were released the next morning. Fish was sampled opportunistically. We collected some fish in the IKMT and some were caught incidentally on a drifter mooring. For surface particulate organic matter (POM)/bulk seston samples, water (250–2,000 mL) was collected from CTD casts (for sampling details see Supplementary Appendix Table 2) and filtered under gentle pressure (200 mbar) through pre-combusted GF/F filters (Whatman, 25 mm Ø, 0.3 μm nominal pore size). Filters were acidified with 2 mL of 1 M HCl for 2 min to remove any inorganic carbon. The filters were transferred to 2 mL cryovials and stored at −20°C until further analysis at GEOMAR in Kiel, Germany. The majority of samples was frozen at −80°C and transported home by air freight on dry ice. Some samples were transferred into tin capsules and dried onboard for stable isotope analysis in Germany. If possible, samples for lipid and stable isotope analyses were taken from the same stations, net and depth intervals.



Lipid and Fatty Acid Analysis


Total Lipid Extraction

Prior to lipid analysis, deep-frozen specimens were lyophilized for 48 h and their dry mass (DM) was determined gravimetrically. To obtain sufficient biomass for the analysis (>1 mg DM) smaller zooplankton specimens of the same species and stage were pooled from the same station and sampling depth. For fishes, muscle tissue from the rear end was used for the analysis. Total lipid was extracted with dichloromethane/methanol (DCM/MeOH, 2:1 per volume) (Hagen et al., 2000). A Potter homogenizer as well as an ultrasonic cell disrupter were used for homogenization of the samples. Aqueous KCl solution (0.88%) was added prior to centrifugation and phase separation (Folch et al., 1957). The extracted total lipid mass (TL) was determined gravimetrically and expressed as % of dry mass (%DM).



Transmethylation and Fatty Acid Analysis

Transesterification induced by hexane and methanol with 3% concentrated sulfuric acid converted fatty acids to their methyl ester derivatives (Kattner et al., 1994). Using a gas chromatograph (Agilent Technologies 7890A) equipped with a DB-FFAP column of 30 m length and 0.25 mm inner diameter and a programmable temperature vaporizer injector, fatty acids (FAs) and fatty alcohols (FAlcs) were simultaneously separated and quantified.

FAs and FAlcs were identified by comparing their retention times with those of known standards. Unknown FA and FAlc components with less than 1% contribution to total fatty acids or alcohols in all samples were excluded from further analysis. Mass spectrometry data were kindly provided by Dr. Graeve (AWI) to identify unknown peaks with a significant area. The amounts of wax esters were calculated from the FAlc levels, assuming that the FAlc comprised 50% of the mass of the wax ester molecules (Kattner et al., 2003).



Evaluation

Following the trophic biomarker concept, FA compositions were evaluated: The FAs 16:0, 20:5(n–3) and 22:6(n–3) are typical components of biomembranes (e.g., Dalsgaard et al., 2003). The latter polyunsaturated fatty acids EPA and DHA were not used as fatty acid trophic markers (FATM), since these fatty acids are dominant components of biomembranes (phospholipids), but dietary information via FATM is incorporated in storage lipids like triacylglycerols and wax esters. Therefore, the relative contents of EPA and DHA increase much more during starvation than during feeding on diatoms or dinoflagellates, respectively, as biomembrane lipids gain dominance when storage lipids decline. High levels of 16:1(n–7) as well as 16:4(n–1) and 18:1(n–7) indicate a diatom-dominated diet, 18:4(n–) is a marker FA for dinoflagellates (e.g., Dalsgaard et al., 2003). Typical FAs synthesized by calanid copepods are 20:1(n–9) and 22:1(n–11) (Kattner and Hagen, 1995). The FA 18:1(n–9) is used as a carnivory marker (e.g., Dalsgaard et al., 2003). To assess the proportion of carnivorous compared to herbivorous feeding, the following modified carnivory index was applied (Bode et al., 2015):
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GraphPad PRISM (version 5.01; GraphPad Software, La Jolla, CA, United States1) and PRIMER (version 6.1.6; Plymouth Marine Laboratory, Prospect Place, Plymouth PL1 3DH, United Kingdom) were used to conduct all statistical analyses. The Kolmogorov–Smirnov test, D’Agostino and Pearson omnibus normality test and Shapiro–Wilk normality test were used, if data were normally distributed. The t-test for data with a Gaussian distribution or the Mann–Whitney test for distribution-free data were used to test for species- or group-specific differences. For overall comparisons of groups, one-way ANOVA and post hoc test (Tukey) or Kruskal–Wallis and Dunn’s test were used for normally distributed and distribution-free data, respectively. P-values < 0.05 indicate a significant difference.

To compare FA compositions with regard to taxon-specific and/or region- and depth-related differences, a Principal Component Analysis (PCA) was conducted. Variability in FAlc composition was not considered to avoid a separation of species depending on wax-ester storage. We considered all marker FAs and FAs with mean values >3% (group percentage). Prior to PCA, the FA percentages were arcsine-square-root transformed to ensure normality and homogeneity of variance.




Stable Isotope Analysis

For the determination of stable isotopes (δ13C and δ15N), approximately 1 mg of freeze dried (lyophilized) sample of the same species and stage was transferred into a tin capsule and weighed using a microbalance (Sartorius, NCII1S, precision ± 10 μg). To provide sufficient biomass for the isotope analysis, smaller specimens of the same species and almost always the same stage were pooled. Most copepods were used completely, whereas for larger animals only parts were analyzed. Sections of feathers (non-destructive method) and parts of the caudal fin were used to determine stable isotope ratios of seabirds and fish, respectively. Using a mass spectrometer (EA NA1500 Series 2, Carlo Erba Instruments) and helium as carrier gas, stable isotope analyses were performed by Agroisolab GmbH in Jülich, Germany. Stable isotope ratios of carbon and nitrogen were determined using the IAEA-VPDB (IAEA-C1) and atmospheric air (IAEA-N1) as standards, respectively. Isotopic ratios are expressed as δ13C and δ15N in ‰, according to the equation given in Hobson et al. (2002). To avoid any bias of δ15N, lipids were not extracted before the isotope analysis (Hobson et al., 2002; Mintenbeck et al., 2008). As total lipid levels were highly variable among the organisms, δ13C values were corrected considering the molar C/N ratios and employing a model, which normalizes ratios to a constant lipid content and is suitable for C:N ratios ≥ 4.0 (e.g., Smyntek et al., 2007; Mintenbeck et al., 2008). Lipid-corrected values are presented as δ13C’.

Particulate organic matter filter samples were oven dried at 60°C for 12 h and pelletized in tin capsules before being analyzed for POC/N concentration and isotopic composition (δ13C/δ15N). Isotopic composition was determined at GEOMAR using an elemental analyzer (Flash IRMS, Thermo Fisher) connected to a mass spectrometer (Delta V Advantage Isotope Ratio MS, Thermo Fisher) with the ConFlo IV interface (Thermo Fisher).


Determination of δ13C and δ15N From Preserved Net Samples

To maximize the number of samples and replicates for the regional comparison of species’ isotopic composition of δ15N (Figure 2), additional samples for stable isotope analysis were taken from preserved (4% formaldehyde in seawater solution) net samples (e.g., Bicknell et al., 2011). A correction factor (CF) for the formaldehyde-preserved samples was calculated by comparing the isotopic composition of preserved samples with that of deep-frozen (−80°C) samples from the same station and depth. For that purpose, preserved individuals were dried at 60°C and 1–2 mg of dry mass were transferred into tin capsules and sent to Agroisolab GmbH in Jülich, Germany, for measurements of δ13C and δ15N. CFs for stable isotope ratios of δ13C and δ15N as well as for carbon (C) and nitrogen (N) content (in %) were determined based on formaldehyde-preserved (n = 35) and frozen samples (n = 42) (Table 1). In general, δ15N increased by 1.2 ± 0.2‰ and δ13C decreased by 1.0 ± 0.6‰ due to preservation.
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FIGURE 2. Regional differences in δ15N isotope ratios of key crustacean species of the northern HCS off Peru. Copepod species Calanus chilensis and Nannocalanus minor, the OMZ-inhabiting Eucalanus inermis and the vertically migrating key krill species Euphausia mucronata from the northern transect (T1) via the central transect (T3) to the southern transects (T5 and T6). Lines indicate medians. All samples for one species were collected from the same depth layers.



TABLE 1. Correction factors (CFs) to compensate for changes in stable isotope ratios, carbon, and nitrogen content of copepod samples caused by formaldehyde-preservation (C5: copepodid 5; f: females).
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Calculation of Trophic Position

We used two different approaches to determine a δ15N baseline for the HCS food web:

i) POM samples (on filters) representing trophic position (TP) 1.

ii) Filter-feeding salps (Iasis cylindrica) as primary consumers representing TP 2.

Trophic positions were calculated via the equation:
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where λ is the TP of the organism used to estimate δ15Nreference and Δn is the enrichment in δ15N per TP. We applied the common average enrichment of 3.4‰ per TP (Peterson and Fry, 1987; Hobson and Welch, 1992).





RESULTS


Hydrography

Upwelling intensity was low to moderate during the entire sampling period according to low wind velocities and sea surface temperatures usually ranging between 22 and 24°C on the northern and 20 and 22°C on the southern Peruvian shelf. The upper 10 m of the water column were generally well ventilated with oxygen levels >150 μmol L–1. On the shelf, the oxygen minimum zone (OMZ, <45 μmol L–1) usually extended from 30 m depth to the seafloor with almost anoxic conditions (<1 μmol L–1) above the seafloor. Along the northern offshore transects, the OMZ spanned from ∼60 to ∼950 m depth with an anoxic core between 200 and 500 m. At the central and southern offshore stations, the OMZ was shallower, ranging from ∼30/40 m down to ∼900–1,000 m depth or the seafloor. Anoxic conditions occurred from ∼100 or 150–450 m.



Zooplankton Dry Mass and Total Lipid Content

Copepod DM ranged between 0.06 ± 0.01 mg DM ind.–1 in female Centropages brachiatus and 0.54 ± 0.03 mg DM ind.–1 in female Euchaeta rimana. Among the euphausiids, Nematoscelis sp. represented the smallest species with 4.9 ± 0.9 mg DM ind.–1 and 15–17 mm body length, whereas Euphausia eximia (13.3 ± 5.9 mg DM ind.–1, body length: 16–25 mm) represented the heaviest euphausiid in this study. The most abundant euphausiid Euphausia mucronata reached a similar mean dry mass of 12.1 ± 5.2 mg DM ind.–1 and a body length of 20.2 ± 2.3 mm. Among the decapods, Gennadas sp. comprised the smallest specimens with 88.2 ± 16.3 mg DM ind.–1 (body length: 22–35 mm), while adult squat lobsters P. monodon weighed on average 234.1 ± 47.3 mg DM ind.–1 (body length: 30–40 mm). The heaviest decapod was Acanthephyra sp. with 665 ± 319.0 mg DM ind.–1 and body lengths of 48–70 mm (Table 2).


TABLE 2. Dry mass (DM), total lipid (TL), wax ester (WE) contents, fatty acid (FA) and fatty alcohol (FAlc) compositions of zooplankton and fishes of the northern HCS.
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Total lipid (TL) levels were usually moderate, with lowest values of 2.0 ± 0.1% DM in salps and highest in the deeper-living peracarid Gnathophausia sp. (47.8 ± 2.1% DM). Copepod lipid levels ranged from 7.5 ± 1.4% DM in Subeucalanus mucronatus to 16.3 ± 5.7% DM in copepodite stage C5 of Calanus chilensis. In comparison to the C5 copepodids, C. chilensis females exhibited slightly lower lipid levels of 13.4 ± 4.2% DM. Lipid contents of euphausiids varied between 8.6 ± 1.8% DM in E. eximia and 13.6 ± 7.7% DM in Nematoscelis sp., while E. mucronata had lipid levels of 11.3 ± 2.6% DM. The peracarid Gnathophausia sp. and the decapods Acanthephyra sp. and Gennadas sp. had higher mean lipid levels between ∼31 and ∼48% DM, whereas the squat lobster P. monodon had lower lipid levels of 15.6 ± 4.1% DM (Table 2).



Fatty Acid and Fatty Alcohol Composition

Fatty acid compositions were taxon-specific and did not depend on sampling area or depth. Most species showed a dominance of typical membrane fatty acids (Table 2 and Figure 3), e.g., 16:0, 20:5(n–3) and 22:6(n–3). In copepods, diatom marker FAs 16:1(n–7), 16:4(n–1), and 18:1(n–7) ranged between ∼3% of total fatty acids (TFA) in E. rimana and ∼11% TFA in female Eucalanus inermis, S. mucronatus and cyclopoids. In the dominant krill species E. mucronata, the diatom marker FA contribution was significantly higher with 9.0 ± 1.5% TFA compared to Nematoscelis sp. with 3.8 ± 0.9% TFA (Kruskal–Wallis test; Dunn’s test, H = 8.33, df = 3, p < 0.05). The decapod Gennadas sp. had significantly lower mean levels of 16:1(n–7), 16:4(n–1), and 18:1(n–7) (5.8 ± 1.0% TFA) than P. monodon adults (14.0 ± 1.2% TFA) (Kruskal–Wallis test; Dunn’s test, H = 15.46, df = 4, p < 0.05). The FA marker 18:4(n–3), indicative of dinoflagellates, generally occurred in low to moderate amounts (0.0–6.7% TFA). Thaliacea, except for Pyrosoma sp., were the group with the highest levels of the dinoflagellate marker (4.6–6.7% TFA). Among the krill species, E. mucronata had the highest levels of the dinoflagellate marker with 4.1 ± 1.0% TFA, significantly higher than in Nematoscelis sp. (Kruskal–Wallis test; Dunn’s test, H = 12.28, df = 4, p < 0.05). Maximum concentrations of the monounsaturated marker FAs 20:1(n–9) and 22:1(n–11) synthesized de novo by calanid copepods were detected in the decapod Gennadas sp. (12.0 ± 1.2% TFA). In comparison, adult squat lobsters P. monodon had significantly lower levels of calanid copepod markers with 1.0 ± 0.2% TFA, (Kruskal–Wallis test; Dunn’s test, H = 19.10, df = 4, p < 0.05). Zero to low calanid markers were detected in copepods, except for bulk samples of cyclopoids (∼4% TFA) and for C. chilensis (∼1.2–6.0% TFA). The carnivory marker 18:1(n–9) was highest in decapods (∼49–60% TFA), except for P. monodon, which only contained ∼10% TFA. The chaetognath Eukrohnia sp. showed a very high amount of this carnivory marker (∼39% TFA). Among the fish species, highest levels of the carnivory marker were determined in muscle tissue of the mesopelagic Diogenichthys laternatus (59.9% TFA) and for specimens of Cyclothone sp. (30.2 ± 2.8% TFA).
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FIGURE 3. Fatty acid biomarker compositions of plankton and nekton. Bars are divided into contributions of marker fatty acids for diatoms [16:1(n–7), 16:4(n–1), 18:1(n–7)] in light-green, dinoflagellates [18:4(n–3)] in dark-green, calanid copepods [20:1(n–9), 22:1(n–11)] in orange, carnivory [18:1(n–9)] in red, and typical fatty acids of biomembranes [16:0, 20:5(n–3), 22:6(n–3)] in gray. If n ≥ 3, mean values are presented; taxa with asterisk: n < 3, measured value presented or mean value calculated from two measured values (note break in scale). Groups are sorted according to phylogeny; within each group, taxa are arranged by increasing amounts of carnivory marker fatty acid levels; different stages or tissues of the same species/genus are grouped together. C5: copepodid 5; f: females; m: males; juv: juveniles. Taxa with asterisk: n < 3.


Among the eight copepod taxa investigated, three contained considerable amounts of fatty alcohols (mean values ≥10% of total lipid), indicating the storage of wax esters (Table 2). C. chilensis, E. rimana and the cyclopoid bulk samples exhibited moderate to high wax ester portions between 29.4 ± 0.4% TL (E. rimana) and 65.0 ± 2.7% TL (C. chilensis males). C. chilensis C5s and males contained significantly higher wax ester amounts (∼60% TL) than their female conspecifics with ∼40% TL (Mann–Whitney test, p < 0.01). The long-chain mono-unsaturated fatty alcohols (FAlcs) 20:1 and 22:1 (together >45% TFAlc) dominated in all stages of C. chilensis as well as in the cyclopoids, whereas the saturated FAlc 16:0 prevailed in E. rimana with ca. 90% TFAlc. Very high wax ester contents occurred in deep-sea decapods (ca. 65% TL) and the peracarid Gnathophausia sp. with 75% TL. In contrast, squat lobsters P. monodon did not accumulate wax esters. Within the group of chaetognaths, Eukrohnia sp. had wax ester levels of around 50% TL with high concentrations of the short-chain fatty alcohol 16:0 (∼60% TFAlc), whereas Sagittidae contained no fatty alcohols.

Although individuals were sampled across an extensive region and depth range, principal component analysis (PCA) based on FA compositions of crustaceans mostly grouped individuals of the same species closely together (Figure 4). The first two principal components (PCs) account for 66% of the variance among the crustaceans. PC1 is mainly represented by positive values for 18:1(n–9), 18:1(n–7) and phytanic acid and negative values for 22:6(n–3), 24:1(n–9), and 22:1(n–11) all listed in decreasing order of explanatory power. PC2 is characterized by positive values for 22:1(n–11), 16:1(n–7), and 16:4(n–1) and negative values for 22:6(n–3) and 18:1(n–9), again listed in decreasing order of explanatory value. The copepods Nannocalanus minor and E. rimana were characterized by very high amounts of 22:6(n–3) of ∼49% TFA. Different contributions of the carnivory marker 18:1(n–9) further distinguished the various copepod species: S. mucronatus C5 copepodids (4.4 ± 0.2% TFA), E. inermis (5–9% TFA) and E. rimana (11.2 ± 0.4% TFA) contained higher amounts of this carnivory marker FA than all other copepod species (usually well below 5% TFA). The euphausiids showed comparably high values of 18:1(n–9), ranging from 6–9% TFA in E. mucronata to 9–20% TFA in Nematoscelis sp. and Nematobranchion flexipes, which separated them from most copepods. The adult squat lobster P. monodon was distinguished from the euphausiids by the higher amounts of 16:1(n–7) and phytanic acid.
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FIGURE 4. Principal component analysis (PCA) based on fatty acid compositions of copepods, euphausiids and the decapod P. monodon. Taxa are arranged according to the first two principal components PC1 and PC2. C5: copepodid 5; f: females; m: males; juv: juveniles.




Carnivory Index

The carnivory index (CI, Table 2), based on the fatty acid ratio 18:1(n–9)/[16:1(n–7) + 16:4(n–1) + 18:1(n–7) + 18:4(n–3) + 18:1(n–9)], reflects the proportion of carnivorous compared to herbivorous feeding in an organism. An organism with a CI close to zero is predominantly herbivorous, whereas an organism with CI close to 1 is primarily carnivorous; values in between indicate different levels of omnivory. Copepods exhibited a wide range of CI values between 0.09 in Acartia sp. and 0.72 in E. rimana. C. brachiatus, cyclopoids and all stages of C. chilensis had mean CIs below 0.3, while E. inermis and N. minor ranged between 0.32 ± 0.07 and 0.46/0.49. With 0.37 ± 0.06, the dominant krill species E. mucronata showed a significantly lower CI than Nematoscelis sp. with 0.72 ± 0.10 (Kruskal–Wallis test; Dunn’s test, H = 12.8, df = 3, p < 0.01). The squat lobster P. monodon had significantly lower ratios of carnivory with values of 0.43 ± 0.01 in juveniles and 0.38 ± 0.01 in adults compared to the deep-sea decapods Gennadas sp. and Acanthephyra sp. and the peracarid Gnathophausia sp. (Mann–Whitney test, p < 0.001) with means between 0.78 and 0.89. The chaetognath Eukrohnia sp. showed a much higher CI with 0.71 ± 0.06 than the other dominant chaetognath Sagittidae (0.37 ± 0.02). Within the group of Thaliacea, Pyrosoma sp. had a significantly higher CI of 0.44 ± 0.01 than salps with values ranging between 0.16 and 0.28 (Mann–Whitney test, p < 0.05). Among the fishes, the CI of the mesopelagic Cyclothone sp. ranked first with 0.73 ± 0.02. Sarda chilensis exhibited with 0.53 ± 0.05 slightly higher CIs than the anchovy E. ringens (0.48 ± 0.08).



Stable Isotope Ratios (δ13C and δ15N)

Most samples for stable isotope analysis were collected in the northern part of the investigation area from 8.5 to 10.5°S. The ratios of δ15N and δ13C’ for this region are shown in Figure 5 for surface (100/50–0 m) and deeper layers (600–200 m) within the OMZ. In general, low isotope ratios at the surface occurred in Thaliacea (I. cylindrica and Pyrosoma sp.) and POM (δ15N: ca. 2–6‰; δ13C’: ca. −23 to −20‰). I. cylindrica δ15N ratios at stns. 7, 15, and 18 were comparable or slightly higher than the corresponding POM values, while δ15N at stn. 4 was ∼2‰ higher for the salps than for POM. δ15N values of copepods inhabiting waters <50 m depth ranged from 3.9 ± 0.2‰ in N. minor to 6.7 ± 0.6‰ in C. chilensis. δ13C’ mean values of these copepods varied greatly from -21.3 to −17.4‰. Intraspecific differences in δ13C’ ratios were detected between stations: The copepod C. chilensis had a higher value of −17.4‰ at the coast (Figure 5A, turquoise) compared to its offshore conspecifics with −19.8‰ (Figure 5A, orange). For the diel vertical migrating euphausiids, mean δ15N (5.1–7.7‰) and δ13C’ values (−21.2 to −19.1‰) were in a similar range as for copepods from the upper water layers. δ15N of the squat lobster P. monodon (7.8 ± 0.7‰) was comparable to that of the euphausiids, whereas the δ13C’ ratios of P. monodon were extraordinarily high (−15.2 ± 0.6‰). Among the key fish species, the eastern Pacific bonito Sarda chilensis had a slightly higher δ15N value of 13.3 ± 1.2‰ compared to the anchovy E. ringens with 11.2 ± 0.2‰, but similar δ13C’ values of −16.4 to −16.6‰, respectively.
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FIGURE 5. Isotope ratios δ13C’ and δ15N of plankton, nekton and seabirds from the northern part (stns. 1–34) of the HCS off Peru. For n ≥ 3, mean and standard deviation are plotted. (A) Species inhabiting the upper water layers (50–0 m), diel vertical migrants (DVM) and seabirds. (B) Species inhabiting the oxygen minimum zone (OMZ) from 600 to 200 m. POM samples from the OMZ derived from depths of max. 300 m. C4, C5: copepodid 4, 5; f: females; m: males; juv: juveniles. Symbols signify species and colors signify the different stations (station numbers are indicated for POM and salps). Asterisks mark samples collected from the southern study area recalculated for the northern stn. 4 accounting for the regional shift in δ15N baseline.


In contrast to the surface, mean δ15N values for POM were 1.4–3.8‰ higher within the OMZ core, while δ13C’ values fell into a similar range within and above the OMZ. Deeper-living copepods (>200 m depth) within the OMZ core had about 4–8‰ higher δ15N values (∼11–15‰) than surface living ones and only a small range in mean δ13C’ values (−20.0 and −19.1‰). δ15N of deep-living decapods were lower (∼7.6–9.3‰) than those of the deep-sea copepods. The mesopelagic fish Cyclothone sp. was enriched in δ15N (10.0‰; 11.4‰) and δ13C’ (−18.9‰; −18.4‰) as compared to the surface-dwelling anchovy and eastern Pacific bonito.

A strong regional shift in δ15N values occurred in many taxa; values generally increased from the northern to the southern part of the study area (Figures 2, 6). The increase in δ15N ratios of ∼4–5‰ from Transect 1 (T1) in the North to T6 in the South was significant for the copepod species N. minor, C. chilensis, and E. inermis and for the euphausiid E. mucronata (Mann–Whitney test, p < 0.01). Despite the significant regional shift in δ15N ratios, the organisms maintained their relative positions toward each other.
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FIGURE 6. Regional differences in δ15N ratios of plankton, nekton and seabirds of the HCS off Peru. Sampling regions are color- and symbol-coded. For n ≥ 3, mean and standard deviation are plotted. (A) Species generally inhabiting the upper water layers (50–0 m), diel vertical migrants and seabirds. (B) Species inhabiting the oxygen minimum zone (OMZ) from 600 to 200 m. Copepods and decapods are adult females (f), unless indicated otherwise. C5: copepodid 5; f: females; m: males; juv: juveniles; stns.: stations.


Regionally differentiated δ15N ratios for more than 50 taxa from the base of the food web up to fish and seabirds are shown in Figure 6. Mean δ15N varied greatly from 2.0‰ in salps and POM to 15.4‰ in deep-sea copepods, fish and storm petrels. The δ15N values increased from the North to the South for all taxa investigated, except for the deep-sea copepod Metridia sp. and the seabirds. The copepods from the upper water layers covered the entire δ15N range of the euphausiids and squat lobsters, whereas the deep-sea copepods exhibited the highest δ15N of the investigated taxa from the OMZ, higher than the δ15N values of POM, amphipods and decapods from the OMZ. The chaetognath Sagittidae from the upper water layers had similar values compared to the salp I. cylindrica, while the chaetognath from the OMZ, Eukrohnia sp., showed higher values, comparable to those of Cyclothone sp. and the deep-sea copepods. The Peruvian anchovy E. ringens had ∼1.5‰ lower δ15N mean ratios compared to the eastern Pacific bonito S. chilensis in the central and southern investigation area.

Trophic positions calculated with either POM as reference for TP 1 or the salp I. cylindrica as reference for TP 2 are shown in Table 3. TPs calculated via I. cylindrica are presented in the following. The copepods C. chilensis (TP 1.8–2.6) and N. minor (TP 1.4–1.9) occupied low TPs, while S. mucronatus had more variable TPs between 2.1 and 3.1. Specimens of E. inermis occupied higher TPs (3.3–5.0) within the OMZ at depth of 600–200 m as compared to surface-dwelling individuals (TP 2.0 ± 0.3). Copepods from deeper water layers >500 m had similar high TPs (3.8–5.3) as E. inermis in the OMZ. The squat lobster P. monodon occupied a TP of 2.5 ± 0.3 as adults and 2.7 as zoea larvae (n = 1). Among the krill species, E. mucronata and E. eximia had TPs between 2.1 and 2.6. Euphausia distinguenda showed a high variation in TP, ranging from TP 2.2 ± 0.2 at transect 2 to TP 3.9/3.7 at transect 1. N. flexipes and Nematoscelis sp. showed TPs of 2.9–3.5. Adult E. ringens had a TP of 3.4 ± 0.1, while larvae occupied a lower TP of 2.4 (n = 1). TPs of adult Sarda chilensis were higher (∼4) than those of E. ringens.


TABLE 3. Stable isotope ratios (δ15N and δ13C’) and trophic positions (TP) of pelagic species from the northern HCS.
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DISCUSSION


Challenges in the Determination of Trophic Positions

We are aware that our data were obtained only from one expedition during one season (December 2018/January 2019). Therefore, inter-annual and seasonal variations cannot be detected by our dataset alone. Trophic positions may shift due to different environmental conditions such as the availability of prey or different sources of primary production (e.g., Castro et al., 2020).


Baseline Shifts Due to Nitrogen Dynamics

δ15N isotope ratios provide integrated dietary information and can therefore be used to reveal trophic roles and positions of organisms within the food web. In contrast to the fatty acid signals, substantial regional differences in δ15N values occurred over the extended study area, with an overall tendency of higher isotope ratios toward the southern region (∼14–16°S). In some species, such as the key copepod C. chilensis, a strong increase of the δ15N ratio of up to ∼5‰ was determined from North (8.5°S) to South (16°S), resulting in high δ15N of ∼11‰ for this species in the South. The key krill species E. mucronata increased by ∼4‰ in mean δ15N ratios from the northernmost to the southernmost transect. A similar increasing gradient of δ15N values for higher trophic position organisms (i.e., fish and squid) from 5°S to 15°S was observed by Espinoza et al. (2017). The strong spatial differences in δ15N values between conspecifics indicate a substantial shift in δ15N baseline ratios.

Such baseline shifts are apparently caused by different nitrogen dynamics that are driven by the shallow and pronounced OMZ in the northern HCS (Chavez and Messié, 2009). OMZs like the one in the northern HCS are sites of intense nitrogen loss, which leads to an enrichment of δ15N baseline values (Sigman et al., 1999; Graham et al., 2010). Denitrification within the OMZ causes isotopic fractionation where isotopically lighter nitrate (δ14N) is respired by bacteria leaving behind subsurface nitrate enriched in δ15N. This nitrate with higher δ15N values is upwelled to the surface, where it is taken up by phytoplankton and passed on through the food web to higher trophic levels (Mollier-Vogel et al., 2012; Doering et al., 2019). The intensified oxygen depletion from North to South in the northern HCS provides evidence for the strongest denitrification rates that have been previously reported from the south (Fuenzalida et al., 2009; Bertrand et al., 2010; Espinoza et al., 2017). Our results suggest that oxygen dynamics are the primary driver for the pronounced latitudinal differences in δ15N values in the northern HCS off Peru.

Additionally, preferential uptake of NO3– containing lighter δ14N by phytoplankton in surface waters results in progressive enrichment of δ15N in left over nitrate (Granger et al., 2009; Mollier-Vogel et al., 2012). Phytoplankton takes up the remaining δ15N enriched NO3–, thus propagating the signal along the food web (Mollier-Vogel et al., 2012). Surface depletion in inorganic nutrients was observed on Transects 5 and 6 in the South (Kastriot Qelaj, pers. comm., Geomar Helmholtz Centre for Ocean Research, Kiel), which coincides with maximum δ15N values measured. Therefore, phytoplankton in this region may have already consumed enriched NO3–, resulting in a baseline with higher δ15N values. These complex nitrogen dynamics complicate the interpretation of δ15N data over larger spatial scales in a highly variable system such as the HCS.

The pronounced differences in δ15N values between northern, central and southern regions of the HCS off Peru highlight the importance of adequate baseline values to avoid misinterpretations of the species’ regional feeding behavior. In fact, calculated trophic positions for C. chilensis and other species did not differ between regions, when shifts in the baseline were taken into account. Hence, we accept our first hypothesis of pronounced regional shifts in the δ15N baseline of the food web from North to South.

A promising approach for future research in such highly dynamic systems is the compound-specific isotope analysis of amino acids (CSIA-AA) that allows to distinguish between variations in isotope ratios caused by baseline shifts and heterogeneity due to changes in feeding behavior (e.g., Hannides et al., 2009; Larsen et al., 2013; Hetherington et al., 2017). The difference in δ15N enrichment of source amino acids and trophic amino acids may lead to a more precise determination of trophic positions without the need for an independent baseline determination (e.g., McClelland and Montoya, 2002; Chikaraishi et al., 2009; Hetherington et al., 2017). Current studies work toward improving trophic position assessments via CSIA-AA (e.g., Ohkouchi et al., 2017; Ishikawa, 2018; Ramirez et al., 2021).



Selection of Food-Web Components as Reference for Baseline

In this study, we applied two different approaches to calculate trophic positions: Particulate organic matter (POM) as reference for TP 1 and a filter-feeding salp (I. cylindrica) as reference for TP 2.

Particulate organic matter generally consists of a very heterogeneous and largely unknown mixture of particles and organisms within the water column. It may vary significantly in isotope ratios (e.g., Stowasser et al., 2012; Pakhomov et al., 2019; Protopapa et al., 2019), as also observed in our study. As a result of its heterogeneity, POM does not only represent TP 1 (primary producers), but may include different trophic positions (Pakhomov et al., 2019), also shown in our data by the higher δ15N values of POM compared to other organisms like salps or the copepod N. minor. Variation in δ15N values also occurred between POM sampled at the surface vs. POM sampled at the chlorophyll maximum, highlighting the heterogeneous composition of POM.

Primary consumers, exhibiting lower turnover rates compared to phytoplankton, can provide a more stable baseline for isotopic studies (Cabana and Rasmussen, 1996). Several studies used filter-feeding salps as baseline for the calculation of trophic positions (e.g., Richoux and Froneman, 2009; Stowasser et al., 2012; Ménard et al., 2014). The use of salps for baseline values is also discussed controversially due to the involvement of these organisms in the microbial food web and knowledge gaps concerning food selection and contribution to the classical food web (Henschke et al., 2016; Pakhomov et al., 2019).

Copepods have also been used as baseline references in previous studies (e.g., Olson et al., 2010; Espinoza et al., 2017). However, copepods occupy a wide range of trophic positions, are often omnivorous and can shift their diets to adapt dynamically to local feeding conditions (e.g., Schukat et al., 2014; Henschke et al., 2015). In our study, the copepod with the lowest δ15N was N. minor (<5‰ in the north, ∼9‰ in the south). This species is not described as a true herbivore. Also, samples of N. minor were only derived from a few stations. Therefore, we refrained from setting a TP (2 or 2.5) as baseline for this species. Instead, we chose POM and the salp I. cylindrica as reference baselines in the present study. I. cylindrica proved more realistic for TP determination, providing reasonable TPs for different species matching literature values. In contrast, the TP calculation with POM samples, with themselves rather high δ15N ratios, delivered unrealistically low trophic positions (<2) for many mesozooplankton species (Table 3).

We applied an enrichment factor of 3.4‰ (e.g., Minagawa and Wada, 1984; Espinoza et al., 2017; Pizarro et al., 2019; Castro et al., 2020) to calculate trophic positions. Studies showed that the enrichment factor is dependent on tissue and diet (Caut et al., 2009; Madigan et al., 2012; Bastos et al., 2017). Henschke et al. (2015) suggested a lower enrichment factor for zooplankton and Hussey et al. (2014) demonstrated that discrimination decreases with increasing δ15N of the diet and therefore suggested decreasing discrimination factors with increasing trophic levels. Espinoza et al. (2017), however, reported no significant differences when applying fixed versus decreasing discrimination factors. Also modern approaches like the Bayesian estimation of trophic positions (Quezada-Romegialli et al., 2018) still use a default enrichment factor of 3.4‰.




Food-Web Structure and Key Players of the Northern Humboldt Current Upwelling System

Euphausiids are major contributors to macrozooplankton communities in eastern boundary upwelling systems (EBUS), while up to 90% of mesozooplankton abundance is comprised of copepods (e.g., Loick et al., 2005; Verheye et al., 2005; Antezana, 2010). In this study, we focus on medium to large-sized copepods [prosome length (PL) ca. 1–5 mm]. Nevertheless, small-sized copepods (PL ≤ 1 mm) can make a major contribution to biomass and secondary production, especially closer to the coast (Judkins, 1980; Criales-Hernández et al., 2008; Huggett et al., 2009) interlinking classical and microbial food webs (Calbet and Saiz, 2005; Vargas et al., 2007). However, in the northern HCS off Peru both juvenile and adult anchovies (E. ringens) forage mainly on euphausiids and larger-sized copepods (2–4 mm), i.e., Eucalanus and Calanus (e.g., Espinoza and Bertrand, 2008, 2014). In contrast to the Canary and Benguela Currents in the Atlantic, squat lobsters are important in the food webs of the California and Humboldt Currents in the Pacific (e.g., Gutiérrez et al., 2008; Espinoza et al., 2017). This is the first study presenting stable isotope as well as fatty acid profiles of various copepod species and other meso- and macrozooplankton components in the northern HCS off Peru. With regard to the major trophic pathways leading to the high fishery landings of anchovies, three dominant prey species of E. ringens (Espinoza and Bertrand, 2008) are key components in the pelagic food web of the northern HCS off Peru: the copepods C. chilensis and E. inermis (Judkins, 1980; Hirche et al., 2014; Schukat et al., 2021) and the krill E. mucronata (Riquelme-Bugueño et al., 2012; Kiko and Hauss, 2019). In addition, a fourth crustacean species, the squat lobster P. monodon, is an important component of the northern HCS food web (Gutiérrez et al., 2008; Espinoza et al., 2017).


Calanoid Copepods With Focus on Calanus chilensis: Concentrated Secondary Production and Food for Predators at Higher Trophic Positions in the Surface Layer

Most of the calanoid copepods in the surface layer occupied TPs of 2–2.5, referring to herbivorous and omnivorous feeding during the time of sampling. Smaller-sized copepods such as Acartia tonsa and C. brachiatus (PL ca. 1–1.5 mm) are very abundant in the northern HCS off Peru (e.g., Ayón et al., 2008a; Criales-Hernández et al., 2008). The genus Centropages feeds on a variety of prey items from phytoplankton to fish larvae with preferences for microheterotrophs (e.g., Turner et al., 1985; Calbet et al., 2007). This omnivorous feeding, including large amounts of ciliates and heterotrophic flagellates, may play an important role, interlinking the microbial loop and the ‘classical food’ chain (Calbet and Saiz, 2005; Calbet et al., 2007). Concerning the trophic pathways toward the anchovy, smaller-sized copepods, however, play a minor role as prey, whereas the larger-sized Calanus species are important prey items for anchovies (e.g., Espinoza and Bertrand, 2008, 2014). C. chilensis is endemic to the HCS, prevailing along the Chilean and Peruvian coast from ∼3.5 to 45°S (e.g., Escribano et al., 2003; Hirche et al., 2014; Schukat et al., 2021). Although it is assumed to be herbivorous (Boyd et al., 1980), information about its feeding preferences is scarce. The low carnivory index of <0.3 together with the elevated amounts of diatom fatty acid markers with up to ∼9% TFA in the present study point to a predominantly herbivorous feeding by C. chilensis. Calculated TPs of 1.9–2.2 for female C. chilensis using the salp I. cylindrica as baseline (TP = 2) support a herbivorous feeding habit of this copepod. C. chilensis is often restricted to the upper 50 m above the OMZ, reaching maximum abundances of 44,000 ind. m–2 (Escribano et al., 2009; Hirche et al., 2014; Schukat et al., 2021). Concentrated biomass of about 3 mg DM m–2 with secondary production extending from the coast far offshore in the northern HCS facilitates easy and efficient foraging on C. chilensis by planktivorous predators such as Peruvian anchovies (Schukat et al., 2021). Hence, C. chilensis represents a classical link between primary production and fish, thereby supporting a short and efficient food chain and high anchovy landings.



Euphausia mucronata: Dominant Krill Species With Diel Vertical Migration, Main Food Supply for Adult Anchovies

From personal observations during the research cruise MSM 80 and from published sources (e.g., Antezana, 2009, 2010), it is clear that E. mucronata is the dominant krill species in the northern HCS. This species alone occurs in densities of up to 16,500 ind. 1000 m–3, whereas the following five most abundant euphausiid species together account for ≤1,600 individuals per 1,000 m–3 (Antezana, 2009), i.e., they are one order of magnitude less abundant. E. mucronata conducts extended diel vertical migrations from its daytime habitat at ca. 250 m in the OMZ to feed in the surface layer at night (Antezana, 2009). The species is well adapted to temporarily staying within the essentially anoxic OMZ. It shows a high activity of the enzyme lactate dehydrogenase providing sufficient energy without immediate oxygen demand in the OMZ during daytime (González and Quiñones, 2002; Tremblay and Abele, 2016). E. mucronata plays a major role in the carbon flux of the HCS due to its active transport of carbon through vertical migration and the passive transport via the production of large, fast-sinking fecal pellets (e.g., González et al., 2000, 2009). Furthermore, this species occupies a key role in the energy transfer of the HCS food web (e.g., Antezana, 2010). E. mucronata has the ability to shift to a more omnivorous diet, if phytoplankton is depleted (Riquelme-Bugueño et al., 2020) and can even prey on anchovy eggs (Krautz et al., 2007).

Filter-feeders consume a wide size range of food particles, in case of krill, from bacteria to mesozooplankton. They leave little space and opportunities for other, more specialized consumers. Hence, pelagic communities dominated by filter-feeders tend to be less complex with a reduced number of abundant species, limited major trophic pathways and, thus, a higher overall TTE. This has first been shown for lake ecosystems with water fleas (Daphnia spp.) as dominant filter-feeding zooplankton, but it also holds true for marine food webs, where often krill, thaliaceans and appendicularians are the important filter-feeders (Martin et al., 2017).

Our study highlights the different dietary preferences among euphausiid species in the northern HCS. E. mucronata had the lowest carnivory index compared to the other euphausiids. Its trophic position of ∼2.5 (via salp as TP 2) indicates herbivorous to omnivorous feeding. E. mucronata and E. eximia (TP: 2.1–2.9, CI: 0.4–0.5) are more herbivorous than N. flexipes and Nematoscelis sp. with TPs ∼3.0 and carnivory indices CIs of 0.7. E. mucronata is the mainstay in the diet of adult Peruvian anchoveta, providing >80% of the dietary carbon input (Espinoza and Bertrand, 2008, 2014; Espinoza et al., 2009). This species occupied TPs that were ∼1–1.5 lower than that of adult anchovy with TP 3.4 and the Pacific bonito with TP ∼4, supporting its role as prey source for pelagic fish. With its enormous biomass, E. mucronata indeed plays a key role in the rapid transfer of energy from primary producers to pelagic fish and other higher-level predators (Antezana, 2010). This represents a major trophic pathway, partially explaining the high trophic transfer efficiency of the HCS food web.



Pleuroncodes monodon: Benthic-Pelagic Coupling as “Inverse Export”, a Unique Transfer of Organic Matter From the Seafloor to the Surface Layer?

Semi-pelagic squat lobsters are endemic and, therefore, unique to the Eastern Pacific EBUS, i.e., the California Current with Pleuroncodes planipes and the HCS with P. monodon. There are no ecological counterparts in the Canary and Benguela Currents. Early life stages of P. monodon are pelagic while juveniles and adults off Chile are bentho-demersal (e.g., Gallardo et al., 1993; Palma, 1994). In contrast, P. monodon off Peru was considered as fully pelagic (Gutiérrez et al., 2008). Elliott et al. (2011a,b) and Kiko et al. (2015), however, report a benthic occurrence of P. monodon also off Peru. These specimens remaining on the seafloor during daytime are well adapted to severely hypoxic or even anoxic conditions in shelf regions (Kiko et al., 2015). At least parts of the population conduct diel vertical migration, ascending to the surface layer at night, presumably to feed on phyto- and zooplankton and to replenish their oxygen debt. During research cruise MSM 80, we also found massive swarms of juvenile/adult P. monodon at the sea surface far away from the shelf over >5,000 m water depth. Therefore, a fully pelagic lifestyle (e.g., Gutiérrez et al., 2008) seems to be possible, at least temporarily. Most likely, squat lobsters feed rather opportunistically on benthic invertebrates and sulfur bacteria mats on the seafloor as well as on phyto- and zooplankton in the surface layer (Gallardo et al., 1994; Contreras et al., 2007; Funes et al., 2018).

In the present study, adult P. monodon from surface waters (50–0 m) had the highest δ13C’ values (North: −15.2 ± 0.6‰; Central: −14.7 ± 0.7‰) of all analyzed taxa. These values are similar to published δ13C ratios of −16.0 to −14.3‰ (Espinoza et al., 2017). High δ13C values are generally related to high productivity (Oczkowski et al., 2016) and may indicate that the foraging area of P. monodon is located within a smaller highly productive coastal zone (Espinoza et al., 2017). Samples of adult P. monodon for stable isotope analysis indeed derived from shelf stations (<150 m water depths). However, the difference in δ13C’ signals between POM and squat lobsters, from the same stations and water depths, was rather high with ∼4‰. Castro et al. (2020) determined on average ∼5‰ lower δ13C ratios for POM as for macroalgae off Chile. The high P. monodon δ13C’ ratios of this study were in the range of those for Chlorophyta (−16.0 to −14.5‰) off central Chile (Castro et al., 2020). Potentially, high δ13C’ values could be due to ingestion of suspended particles (debris) of degraded macroalgae that drift away from the coastal zone (Miller and Page, 2012). Another explanation for the high δ13C’ ratios could be that P. monodon derive their food at least partly from benthic resources, similar to the squat lobster Munida gregaria (Funes et al., 2018). In this case, P. monodon could be a key player in benthic-pelagic coupling, comparable to the squat lobster M. gregaria found inter alia off Chile (Funes et al., 2018). Gallardo et al. (1994) suggested that mats of sulfur bacteria may serve as refuge and food source for P. monodon offspring. Polychaetes could be another potential benthic food source, for example Paraprionospio pinnata is known to dominate the benthic macrofauna off central Chile during non-El Niño years (Contreras et al., 2007). Feeding on sulfur bacteria and/or polychaetes would explain the high δ13C’ ratios of squat lobsters. If so, benthic feeding and diel vertical migration in P. monodon could provide a unique pathway for recovery of organic matter from the seafloor back to the surface layer, where squat lobsters are an important prey for larger pelagic fishes, such as bonitos, mackerels, and tunas (e.g., Bernard et al., 1985; Elliott and Paredes, 1996), and potentially sea lions and seabirds (Arias-Schereiber, 1996; Jahncke et al., 1998). The Pacific bonito as well as chub and jack mackerels are prominent species in the Peruvian fisheries (Produce–Peru, 2019). In the case of benthic feeding, our fourth hypothesis can be accepted, as the re-import of organic matter into the euphotic zone may also contribute to the exceptionally high trophic transfer efficiency of the HCS.

In earlier studies, Peruvian anchovies had δ13C values similar to those of P. monodon, indicating an overlap in food source and foraging habitat. Similar δ15N signals of the two species even suggested equivalent trophic positions with possible competition (Gutiérrez et al., 2008; Espinoza et al., 2017). Due to the opportunistic sampling of fish, anchovy samples covering the entire sampling area were not available for our analyses. These limited data do not show such an overlap in δ13C’ values of adult squat lobsters (−15.2 to −14.7‰) and anchovies (−16.6‰). Only the zoea larvae of P. monodon had wider δ13C’ ranges of −19.4 to −16.5‰ overlapping with the range of anchovies. Lower δ13C’ ratios in zoea larvae than in adult squat lobsters can be explained by the larvae feeding predominantly on pelagic primary production. δ15N ratios of anchovies were ca. 3‰ higher than those of adult P. monodon, indicating differences in trophic positions and feeding preferences.

Deviations between our data and published studies may be explained by the pronounced variability of δ15N values (13.8–22.8‰) in anchovies, due to varying feeding preferences (Pizarro et al., 2019), different sampling seasons and locations or the use of different tissues with different turnover rates for the stable isotope analysis (Macneil et al., 2005; Jardine et al., 2006; Caut et al., 2009). Espinoza et al. (2017) analyzed anterior dorsal muscle tissue, whereas we used samples from caudal fins for the analyses.



Eucalanus Inermis and the Oxygen Minimum Zone

The important role of the extremely pronounced OMZ with an anoxic core between ca. 100 or 200 and 500 m depth in structuring the pelagic realm of the northern HCS has been highlighted in many studies (Hidalgo et al., 2005; Escribano et al., 2009; Hirche et al., 2014). E. inermis, the prevailing species among a complex of ∼five species of the genus Eucalanus in the HCS (Thiel et al., 2007), is the dominant calanoid copepod in the OMZ of the HCS (Flint et al., 1991; Hidalgo et al., 2005), well adapted to the OMZ with its low oxygen requirements (Hidalgo et al., 2005). Although this species may remain in the upper boundary of the OMZ with limited excursions into surface waters (Hidalgo et al., 2005), Eucalanus has been determined as an important copepod prey item of Peruvian anchovies (Espinoza and Bertrand, 2008).

In the present study, E. inermis had very variable mean δ15N values of 9.5 to 15.2‰ mostly depending on their depth of occurrence. Individuals from the surface layer had a mean δ15N ratio of ∼10‰ occupying a TP of 2, whereas individuals from the OMZ had higher and more variable mean δ15N values of ∼10–15‰ (Table 3) occupying higher TPs from 3 to 5. The most likely explanation for this difference between surface- and OMZ-inhabiting individuals is that OMZ-inhabiting E. inermis feed at depth within the OMZ on older, degraded POM consisting of detritus and marine snow (Boyd et al., 1980; Altabet, 1988; Gaye-Haake et al., 2005). Surface-water POM mainly consists of fresh phytoplankton with low δ15N ratios, whereas POM in the OMZ contains more degraded organic matter and detritus with higher δ15N values. It is known from many ocean regions that the stable isotope ratios of POM increase with increasing water depth (e.g., Laakmann and Auel, 2010), as sinking organic particles are eaten and again egested as well as modified and restructured by zooplankton and microorganisms on their way to deeper layers. These processes result in further fractionations and enrichment of heavier isotopes. Thus, there is a baseline shift with regard to the δ15N signal of POM with increasing water depth. Surface-dwelling E. inermis mainly feed on fresh phytoplankton with lower δ15N values (present study; Williams, 2013). This is supported by carnivory indices of E. inermis suggesting a herbivorous to omnivorous feeding behavior (present study; Hidalgo et al., 2005; López-Ibarra et al., 2018).

The increase in δ15N ratios of POM with increasing water depth also explains the well-known fact that deep-sea copepods, which exclusively consume sinking organic particles, usually have much higher δ15N signals than suspension-feeding, i.e., mainly herbivorous, copepods in the surface layer. This has been clearly shown for copepod communities in the Benguela Current upwelling system (Schukat et al., 2014) and again in the present study for the HCS. Deep-sea copepods of the genera Lucicutia, Gaetanus, Valdiviella, Bathycalanus, Metridia, and predatory Paraeuchaeta from the OMZ had rather high δ15N values between 10 and 16‰ (Figure 5). In contrast, all surface-dwelling copepods from the same northern investigation area had low δ15N ratios <7‰, supporting our second hypothesis that the vertical differences in δ15N ratios lead to higher δ15N signals of suspension-feeding zooplankton permanently residing at depth compared to those of surface-living species or diel vertical migrants feeding at night in the surface layer.

In the same context, the rather low δ15N ratios <10‰ of the decapod shrimps Acanthephyra and Gennadas as well as the peracarid Gnathophausia from the OMZ are rather surprising (Figure 5). Decapods are usually considered as carnivores. However, in the present study, the three species had lower δ15N signals than almost all copepods from the same region and depth range. This observation raises the question of the major food sources of deep-sea decapods and Gnathophausia in the HCS. The most likely explanation would be that these species conduct diel vertical migrations and feed on POM and maybe copepods in the surface layer at night. Thus, they would incorporate the lower δ15N signals of surface POM and zooplankton prey and carry it into their daytime habitat within the OMZ. The lower δ15N signal of 7-8‰ of Acanthephyra would fit nicely to values of 4–5‰ for surface POM as potential prey, while higher values of 8–10‰ in Gennadas and Gnathophausia indicate a more omnivorous to carnivorous feeding behavior. Potentially, this may include surface-dwelling copepods with δ15N signals of 4–6‰ in the northern part of the study area (Figure 5).




Toward Solving the “Peruvian Puzzle”: Potential Reasons for the High Trophic Transfer Efficiency of the Humboldt Current Upwelling System

A highlight of the present study is its comprehensive assessment of trophic biomarkers in many species of the pelagic HCS community over a vast regional (8.5–16°S) and vertical range (regularly down to 1,000 m depth). Food webs associated with upwelling ecosystems are much more complex and dynamic than previously thought with diverse trophic interactions (Vargas et al., 2007; Espinoza and Bertrand, 2008; Schukat et al., 2014, 2021). With regard to the major trophic pathways leading toward the high anchovy landings our results indicate that five species seem to play a crucial role in the high TTE of the northern HCS: (i) the surface-dwelling copepod C. chilensis; two species with diel vertical migration: (ii) the krill E. mucronata and (iii) the squat lobster P. monodon, (iv) E. inermis as frequent inhabitant of the OMZ, and (v) the Peruvian anchovy E. ringens, the world’s most important commercial fish species in terms of landings. These five species are key in the energy flux of the northern HCS, which leads to a rather limited number of major trophic pathways from primary producers to the Peruvian anchovy.

Moreover, the key species are characterized by specific and unusual life-cycle adaptations and characteristics that differ from those of similar species in other EBUS and therefore most likely contribute to the enormous TTE of the northern HCS. C. chilensis deviates from the most relevant calanid copepods in other EBUS and higher latitudes by its lack of ontogenetic vertical migration, its lack of extensive lipid reserves and its lack of a dormant phase at depth (Schukat et al., 2021). Its biomass mostly remains compacted in the surface layer limited by the OMZ and provides a highly concentrated food supply and superb feeding conditions for Peruvian anchovies and sardines (Sardinops sagax).

In contrast to other EBUS, the secondary production of C. chilensis in the northern HCS extends much further offshore, up to 200 km from the coast (Schukat et al., 2021), resulting in a much larger area of high productivity. Similar suggestions were made by Espinoza et al. (2009) for the role of euphausiids. A higher availability of euphausiids attributed to the narrower shelf in the northern HCS compared to the Canary and Benguela systems might increase the importance of krill in the Pacific versus the Atlantic upwelling systems. During strong upwelling in the northern HCS, colder coastal waters can spread far from the shelf allowing coastal communities including small pelagic fish to extend their range of distribution far from the coast (Swartzman et al., 2008).

A unique feature of the HCS is the shallow and pronounced OMZ. The Peruvian anchovy is apparently not affected by a very shallow oxycline below 10 m (Bertrand et al., 2008, 2010) and benefits from the concentrated zooplankton biomass at the surface. Such concentrated prey may increase the fish carrying capacity (Bertrand et al., 2011). In contrast, in the other EBUS with a less pronounced and deeper OMZ, zooplankton exhibits a more extensive vertical distribution. Moreover, compared to other EBUS, the HCS probably has a higher zooplankton production related to a more efficient use of primary production by zooplankton and a strong connection between coastal and offshore pelagic ecosystems (Espinoza and Bertrand, 2008).

The semi-pelagic squat lobster P. monodon is not an important prey item of anchovies, but for many other pelagic fishes and apex predators, it represents a key component in the northern HCS food web. Benthic feeding on sulfur bacteria mats (Van Dover and Fry, 1989) and diel vertical migration of P. monodon would provide a unique energy transfer from the seafloor back to the surface layer. Such a “reverse” transport of organic matter could potentially reduce net export and increase the organic matter available for consumption in the surface layer. That would be a novel mechanism increasing the overall TTE in the HCS. In combination, all these factors support a structured food chain toward anchovies with an unusually high TTE in the HCS.
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Copepod species Stage Cruise Station Depth (m) n $13C 315N %C %N

Metridia lucens f M100-1 1874 180-20 3 1.03 1414 1.51 1.37
Metridia lucens f M100-1 1876 20-0 3 1.08 1.22 1.64 1.29
Calanoides natalis f M100-1 1874 80-20 3 1.00 1.38 1.08 0.96
Calanus chilensis f MSM 80 4 50-0 34 1.038 1.21 1.97 2.02
Calanus chilensis C5 MSM 80 4 50-0 34 1.06 1.14 1.49 1.33
Nannocalanus minor f MSM 80 7 20-0 3 1.07 1.35 1.50 1.45
Euchaeta rimana f MSM 80 7 20-0 8 1.06 1.22 1.38 1.48
Mean CF 1.05 £0.03 1.24 +£0.09 1.51 +£0.25 1.41 £0.29
Water-rich copepod

Eucalanus inermis f MSM 80 1 600-400 34 1.02 0.73 2.66 2.21
Eucalanus inermis f MSM 80 4 500-200 4 1.06 0.66 2.35 1.68
Eucalanus inermis f MSM 80 94 50-0 2-5 1.03 0.81 1.90 1.56
Mean CF 1.04 £0.02 0.73+0.06 2.30 + 0.31 1.81 £0.28

Measurement results of formaldehyde-preserved samples have to be multiplied with the respective CF to provide realistic values for unpreserved conditions. Besides data
from the HCS based on samples from the research cruise MSM 80, table also includes data from the Benguela Current upwelling system derived from research cruise
M100-1 and analyzed accordingly with the same methods. n: number of analyses.
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Chaetognatha Amphipoda Thaliacea Fishes

Eukrohnia sp. Sagittidae Gammaridae Hyperiidae Colonial salps I. cylindrica Pyrosoma sp. Cyclothone sp. E. ringens S. chilensis
n (ind) 3 3 3(6) 3(5) 3(6) 2(6) 3 3 3 3
Dry mass (mg ind~") 547 £1.96 8.13+£3.85 2.86 +1.93 12.63 + 2.53 86.13 + 16.08 61.77 + 33.06 99.75 + 20.70 N.A. N.A. N.A.
Total lipid (% DM) 16.7 £ 3.7 4.7/11.2 17.56+10.0 6.9+ 0.3 1.4 +041 22433 2.4+0.3 1621 + 5.6 19.9+93 5.6+ 35
Wax esters (% TL) 481 +£14.0 - - 8.44+20 - - - 30.3+12.0 - -
Fatty acids (% TFA)
14:0 0.7+0.3 1.6+09 24+ 1.1 2.6+05 45+0.8 6.4/6.0 49+18 1.1+£06 1.2+04 2.3+0.3
16:0 7.4 4383 129+ 09 11.1+£0.3 16.8+0.9 12.3+0.2 12.1/12.1 17.7+£79 124+ 14 14.2 £0.9 145+ 0.7
16:1(n-7) 12.7+15 6.8+ 0.4 21+05 1.8+04 3.3+0.3 2.5/2.6 32+04 82+ 1.7 1.1+£1.9 6.6 + 3.0
16:4(n-1) 0.3+0.3 - - - 0.54+0.0 - - 0.5+0.3 0.9 +£0.1 0.6+0.2
18:0 1.8+0.6 40+0.3 29+06 29+0.3 2.5+ 0.1 3.0/2.8 27+24 40+0.8 55+ 1.1 2.7+08
18:1(n-7) 2.44+06 1.44+02 12405 1.3+02 1.0+ 0.1 0.6/0.6 1.1+£04 1.9+ 01 2.7+0.1 2.4 401
18:1(n-9) 39.0+82 50+£06 72+08 146+ 2.1 3.0+0.2 2.9/25 59+14 30.1£23 59+ 0.6 125+ 1.6
18:2(n-6) 0.7 +0.2 21 +03 1.8+04 09+0.2 2.1+0.0 1.5/1.5 25+09 09+0.2 1.0+0.2 1.0+ 01
18:4(n-) - 02+0.2 3.8+23 0.24+0.3 6.7 +0.2 4.4/4.9 3.24+0.8 0.44+0.3 1.8+0.1 1.8+04
Phytanic acid - 0.3+£0.6 - - - - - - - -
20:1(n-9) 1.6+04 1.0+09 0.6 +0.3 1.2+02 0.4+0.0 0.5/0.4 - 1.0+£0.3 0.3+0.5 0.7+0.2
20:4(n-6) 1.5+04 3.7 £ 01 4.0+09 3.4+ 0.1 2.3+0.1 3.3/2.8 41+16 22+04 49+0.9 19+03
20:5(n-) 4.4 +£0.7 16.0+ 0.5 13.4+0.3 102+ 1.1 17.1 £ 0.1 12.3/11.7 6.6 +28 53+04 189+ 14 8.8+0.7
22:1(n-11) 1.1+03 - - - 0.5+ 0.1 0.5/0.5 1.1+£05 1.3+£1.0 - -
22:6(n-) 191 +1.6 36.9+25 39.0+1.3 40.6 £0.9 34.1+£0.6 40.7/41.3 32.1+£12.7 23.8+3.8 31.4+£1.2 36.0 £ 3.8
24:1(n-9) 1.3+0.2 3.7+07 - - - - - 1.6+05 1.8+0.3 0.6+0.4
Carnivory index 0.71 £0.06 0.37 £0.02 0.51 +£0.09 0.81 £0.08 0.21 +£0.01 0.28/0.24 0.44 £ 0.01 0.73 £0.02 0.48 +£0.08 0.583 £ 0.05
Fatty alcohols (% TFAIc)
14:0 6.2+ 0.4 - - - - - - 70+13 - -
16:0 60.4 +£2.8 - - 584 +1.4 - - - 60.7 £ 5.1 - -
16:1 3.3+09 - - - - - - - - -
18:0 35+04 - - 120+ 0.3 - - - 6.9+ 0.3 - -
18:1(n-7) 6.3+2.0 - - - - - - 31+24 - -
18:1(n-9) 7.44+38 - - 10.8+ 0.9 - - - 11.4+47 - -
20:1 71+48 - - 189+ 1.6 - - - - - -
22:1 58+22 - - - - - - 10.9+8.38 - -

All marker FAs and FAs with mean values >3% (group percentage) are presented. FA and FAIc compositions are shown as percentages of total fatty acids (% TFA) and total fatty alcohols (% TFAlc), wax esters in %
of total lipid (% TL). Carnivory index (Cl) = 18:1(n-9)/[Z herbivory markers + 18:1(n-9)]. £ herbivory markers: sum of 16:1(n-7), 16:4(n-1), 18:1(n-7), 18:4(n-3). n (ind), number of samples (total number of individuals);
f: female; m: male; C5: copepodid 5, juv: juvenile. Taxa analyzed: Pterotrachea sp., Acartia sp., Centropages brachiatus, Calanus chilensis, Eucalanus inermis, Euchaeta rimana, Nannocalanus minor, Subeucalanus
mucronatus, cyclopoid copepoda (cop.) bulk samples, Euphausia eximia, Euphausia distinguenda, Euphausia mucronata, Nematobranchion flexipes, Nematoscelis sp., Acanthephyra sp., Gennadas sp., Pleuroncodes
monodon, Gnathophausia sp., Eukrohnia sp., Sagittidae, Gammaridae, Hyperiidae, colonial salps, lasis cylindrica, Pyrosoma sp., Cyclothone sp., Engraulis ringens, Sarda chilensis.
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—17./£0.6
-18.0+0.3

—-18.3+ 0.4

-20.9+0.2
-19.7+ 0.5
—-20.0+1.3
—-20.6 £0.2
-189+0.5
—20.1/-19.3
—-19.9/-20.0
—-19.0+0.6
-19.3+0.4
-20.3
—20.4+0.4
-19.2
-18.1+05

—17.9/-19.3
-18.9/-18.4

9.3+0.7

9.2+11

9.5+ 04
120+£1.9
108+ 1.6
103+ 1.0
162 +£0.7
11.9/13.8
10.5/11.1
15.4+£1.0
149+0.7
3.4
6.3+0.9
6.8
8.0+0.2

12.4/10.3
10.0/11.4

52 +01

4.9+0.3

46+1.8
4.6 £0.5
4.4 +£0.7
4.9+0.7
5.7+0.6
6.4/11.5
5.8/7.9
81+26
10.1+£0.6
6.0
4.4+1.3
6.2
4.7+£0.2

4.1/4.5
3.9/4.1

n.d.

3.0+0.3

3.0+ 0.1
50+06
3.3+05
2.0+0.3
n.d.
4.2/4.8
3.8/4.0
52+0.3
53+02
1.3
n.d.
2.0
n.d.

3.8/3.7
n.d.

22+02

21+£0.3

2.6 +£0.1
3.8+06
3.0+05
21+0.3
29+0.2
3.2/3.8
2.8/3.0
4.2 +0.3
4.3 +0.1
0.4
n.d.
1.7
1.3+0.0

3.5/2.7
2.4/2.8

Trophic positions are calculated with lasis cylindrica [TP (I)] or POM [TP (P)] as reference levels. Asterisks mark samples collected from the southern study area recalculated
for the North (stn. 4) accounting for the regional shift in 8'°N baseline. n (ind): number of samples (total number of individuals); C5: copepodid 5; f: females; m: males; juv:
juveniles; n.d.: not determined, no baseline value available.





