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1.  INTRODUCTION 

Eastern Boundary Upwelling Systems (EBUSs), lo -
cated at the eastern coastlines of the Atlantic and 
Pacific Oceans, are among the most productive mar-
ine ecosystems worldwide and support economically 

valuable commercial and culturally important arti-
sanal fisheries (Pauly & Christensen 1995, Cole & 
McGlade 1998, Vargas et al. 2007). Driven by equa-
torward winds, surface water masses are pushed off-
shore and replaced by upwelled deep water provid-
ing strong nutrient supply to the euphotic zone. The 
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ABSTRACT: The Humboldt Upwelling System (HUS) supports high levels of primary production 
and has the largest single-stock fishery worldwide. The high fish production is suggested to be 
related to high trophic transfer efficiency in the HUS. Mucous-mesh grazers (pelagic tunicates 
and gastropods) are mostly of low nutritious value and might reduce trophic transfer efficiency 
when they are locally abundant. Unfortunately, little is known about the spatial dynamics of 
mucous-mesh grazers from Peruvian waters, limiting our understanding of their potential ecolog-
ical role(s). We provide a spatial assessment of mucous-mesh grazer abundance from the Peruvian 
shelf in austral summer 2018/2019 along 6 cross-shelf transects spanning from 8.5 to 16° S latitude. 
The community was dominated by appendicularians and doliolids. Salps occurred in high abun-
dance but infrequently, and pelagic gastropods were mostly restricted to the north. At low lati-
tudes, the abundance of mucous-mesh grazers was higher than some key species of crustacean 
mesozooplankton. Transects in this region had stronger Ekman transport, higher temperature, 
lower surface turbidity and a broader oxygenated upper water layer compared to higher-latitude 
transects. Small-scale lateral intrusions of upwelled water were potentially associated with high 
abundances of doliolids at specific stations. The high abundance and estimated ingestion rates of 
mucous-mesh grazers in the northern HUS suggest that a large flux of carbon from lower trophic 
levels is shunted to tunicates in recently upwelled water masses. The data provide important 
information on the ecology of mucous-mesh grazers and stress the relevance to increase research 
effort on investigating their functioning in upwelling systems.  
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4 major EBUSs (California Upwelling System, Hum-
boldt Upwelling System [HUS], Canary Upwelling 
System and Benguela Upwelling System) have high 
annual rates of primary production. In the California 
Upwelling System, production rates (323 g C m−2 
yr−1) are similar or somewhat lower compared to the 
Benguela (517 g C m−2 yr−1), Canary (539 g C m−2 
yr−1) and Humboldt (566 g C m−2 yr−1) Upwelling Sys-
tems (Chavez & Messié 2009). Fishery catches, how-
ever, are about 6- to 10-fold higher in the HUS (36−
89 mg C m−2 d−1) compared to the other systems (6−
8 mg C m−2 d−1) (Chavez et al. 2008). 

The Peruvian anchovy Engraulis ringens fishery in 
the HUS is the largest single-stock fishery world-
wide, contributing about 10% of the annual global 
fishery yield (FAO 2021). The background for this 
increased fish production in the HUS compared to 
other EBUSs has been reviewed thoroughly (Chavez 
et al. 2008), and various hypotheses exist. For exam-
ple, the outstanding fishery yield may be related to 
the close proximity of the HUS to the equator, result-
ing in stronger upwelling at low wind conditions and 
periodic re-setting of the food web (particularly pred-
ators of anchovy) due to El Niño−Southern Oscilla-
tion (Bakun & Weeks 2008), high ichthyoplankton 
retention rates during strong upwelling that favor 
anchovy recruitment (Brochier et al. 2011) or a high 
trophic transfer efficiency from primary producers to 
fish (Chavez et al. 2008). The latter might be related 
to a short trophic pathway or shoaling of the oxygen 
minimum zone which concentrates predators and 
prey in near-surface waters (Taylor et al. 2008, Schu -
kat et al. 2021). These explanations are not mutually 
exclusive. Even though the hypothesis of primary 
producers as the main prey resource of adult small 
pela gic fish (Ryther 1969) has been rejected (Espi -
noza & Bertrand 2008), a short classical food chain is 
widely assumed to support high trophic transfer effi-
ciency, and direct feeding on phytoplankton diet is of 
high importance for the larvae of some anchovy spe-
cies (Scura & Jerde 1977). This ‘classical’ food web in 
the HUS is assumed to be dominated by large pri-
mary producers (mostly large diatoms), herbivorous 
mesozooplankton micronekton (such as calanoid 
copepod species or krill) and small pelagic fish 
(González et al. 2004). 

The importance of mucous mesh-grazers, a group 
of tunicates and pelagic mollusks which are tradition-
ally seen as ‘trophic dead ends’, could be ex pected to 
be low in a ‘classical’ food web with high trophic 
transfer efficiency (Conley et al. 2018). However, ac-
cumulating evidence indicates that the micro bial 
food web might play a much more important role in 

coastal upwelling areas than traditionally considered 
(Neuer & Cowles 1994, Cuevas et al. 2004, Vargas et 
al. 2007, Rocke et al. 2020). While key crustaceans 
such as copepods and euphausiids effectively feed on 
‘larger’ prey, with copepods having consumer:prey 
size ratios of ~10:1 to 30:1 for 50% relative clearance 
rates (Hansen et al. 1994), understudied mucous-
mesh grazers (thaliaceans, thecosome pteropods) can 
effectively feed on much smaller particles, exceeding 
consumer:prey size ratios of 10 000:1 (Conley et al. 
2018). In the case of appendicularians, particles as 
small as viruses can be consumed (Lawrence et al. 
2018). Hence, the link between mucous-mesh grazers 
and the microbial food web may be a pathway 
through which mucous-mesh grazers play a much 
more important role in coastal upwelling areas than 
traditionally considered. These gelatinous taxa such 
as tunicates, which can have high individual and 
population growth rates under suitable environmen-
tal conditions (Deibel & Lowen 2012), may also play 
an important role in the export of carbon from pelagic 
to deeper waters (Luo et al. 2020) via the rapid 
sinking rates of large salp fecal pellets and export of 
organic matter in appendicularian houses and car-
casses towards the seafloor (Perissinotto & Pakhomov 
1998, Luo et al. 2020, 2022). However, despite their 
potentially high relevance to marine biogeochemical 
and trophodynamic processes (Henschke et al. 2016), 
the role of mucous-mesh grazers in the HUS is largely 
unexplored (Ayón et al. 2008). 

Upwelling systems are physically dynamic systems 
in terms of changes in upwelling intensity and mix-
ing processes (Rossi et al. 2009, Gruber et al. 2011), 
with pronounced variability observed both tempo-
rally (e.g. short upwelling pulses to long-term cli-
matic effects) and spatially (e.g. small filaments to 
large oceanographic currents). The effects of vari-
able environmental conditions on mucous-mesh 
grazer community dynamics within the HUS are 
largely unknown. Lavaniegos & Ohman (2003) clas-
sified pelagic tunicates of the California current into 
cool-phase and persistent groups. The occurrence of 
patches of mucous-mesh grazers is difficult to predict 
(Boero et al. 2008), and patches can be of various 
sizes ranging from a few kilometers to >100 km in 
width (Paffenhöfer & Lee 1987, Deibel & Paffenhöfer 
2009). In the present study, we used a spatial sam-
pling approach to investigate (1) whether the abun-
dance and composition of the mucous-mesh grazer 
community was related to differences in regional 
hydrographic conditions with a special emphasis on 
up welling intensity and (2) whether the spatial pat-
tern of mucous-mesh grazers was related to primary 
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production and/or the abundance and species com-
position of copepods, in order to (3) provide insights 
into the potential trophodynamic role of mucous-
mesh grazers in the HUS. 

2.  MATERIALS AND METHODS 

2.1.  Sampling 

Sampling was carried out during cruise MSM80 of 
the RV ‘Maria S. Merian’ along the Peruvian coastline 
(8.5−16° S, Fig. 1). Samples were mainly collected at 
stations along inshore−offshore transects. Samples 
were taken both day and night (at time of arrival at 
the station) from 27 December 2018 at 8.5° S (Transect 
1, T1) to 25 January 2019 at 16° S (T6). Transect loca-
tions were partly based on the knowledge of the an-
chovy spawning grounds covering the northern stock 
(T1 and T2) and the southern stock (T5 and T6). For 
taxonomic analyses of mucous-mesh grazers, 42 ob -
lique hauls with a multiple closing net (MCN, 0.25 m2 
net opening, equipped with a flow meter; MultiNet 
Midi, Hydro-Bios) were conducted at a vessel speed 

of 2 knots. A station/net overview is provided in 
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m725p029_supp.pdf. Three nets per 
haul with a mesh size of 300 μm were analyzed. In 
general, the upper 100 m interval (or the entire water 
column at stations with shallower depths) was sam-
pled in 3 depth ranges: below, within and above the 
thermocline. Where the water column was largely 
well mixed and homogenized, similar depths were 
used as at nearby stations. Crustacean mesozooplank-
ton were sampled with vertical MultiNet hauls (MCN, 
0.25 m2 net opening, mesh size 200 μm, MultiNet 
Midi, Hydro-Bios). All MultiNet samples were imme-
diately preserved in a solution of 4% formaldehyde 
buffered with sodium-tetraborate in filtered sea water. 
At each station, a conductivity, temperature, depth 
(CTD) meter (Sea-Bird SBE 911plus) measured tem-
perature, salinity, oxygen and turbidity. Water sam-
ples from CTD casts were taken for HPLC analyses 
providing chlorophyll a (chl a) concentrations (profiles 
provided in Fig. S1) and taxonomical data from 4−
7 depths within the upper 100 m. Additionally, high-
resolution temperature and salinity measurements 
were made using a ScanFish II undulating CTD (EIVA 

a/s) equipped with a Seabird 911+ 
CTD along sampling transects. Scan-
Fish II sampling was conducted a max-
imum of 1 d before the start or 1 d after 
the completion of net sampling at the 
respective transect. 

2.2.  Laboratory work 

In the laboratory, samples were 
transferred into sorting fluid consist-
ing of 5% propylene glycol, 0.5% 
propylene phenoxytol and 94.5% tap 
water (Steedman 1976). If necessary, 
samples were subsampled using a Fol-
som plankton splitter, and all mucous-
mesh grazers and copepods were 
identified to species level whenever 
possible using a stereo-microscope 
(Leica M165C and MZ12.5). For a sub-
stantial proportion of the mucous-
mesh grazers, however, species iden-
tification was not possible due to the 
fragility of specimens. Appendiculari-
ans were only identified to family 
level. Thaliacean life stages were not 
separated, and buds were excluded 
from taxonomic analyses. 
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Fig. 1. Sampling locations (red dots) during cruise MSM80 of the RV ‘Maria S. 
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2.3.  Data analysis 

Chl a measurements were derived from HPLC 
analysis. Upwelling was characterized by curl-dri-
ven upward velocity, representing the more spa-
tially wide spread upwelling, and the Ekman trans-
port as a unit of offshore transport and coastal 
up welling (Fig. 2). Regarding Ekman transport 
(Fig. 2), originally negative numbers indicating 
westward transport of water masses were trans-
formed to positive values to improve comparability 
with Ekman pumping and to make data more intu-
itive. Herein, descriptions of upwelling comprise 
the period of sampling and the 2 wk period before 
sampling, as upwelling signals might result in a 
delayed re sponse in zooplankton. Ekman transport 
averages are provided for a grid (25 km resolution) 
within a range of 100 km from the coast. Due to 
characteristics of wind-stress curl, the Ekman 
pumping estimation is valid for areas 50−100 km to 
shore. Additionally, the climatological mean values 
(1980−2019) for Ekman transport and Ekman pump-
ing for the months of December and January are 
provided. The upwelling data were based on the 
wind product of ERA5 data sets provided by the 
European Centre for Medium-Range Weather Fore-
casts. The comparison of ingestion rates of gelati-

nous groups and copepods was based on stocks, as 
the variable sampling depths be tween both data 
sets hampered a comparison of depth-specific 
abundance. Ingestion rates of stocks were calcu-
lated based on literature values per specimen 

32

Species              Species              IR (μg C      Reference 
group                                           ind.−1 d−1)       
 
Copepoda          Calanus                 3.6           Boyd et al.  
                           chilensis                                 (1980) 

                           Centropages         3.8           Vargas &  
                           brachiatus                              González   
                                                                          (2004) 

                           Nannocalanus      5.1           Schukat  
                           minor                                      et al. (2013) 

Oikopleuridae   Oikopleura           4.2           Vargas &  
                           longicauda                             González   
                                                                          (2004) 

Doliolidae          Doliolum              21.0          Katechakis   
                           denticulatum                         et al. (2004) 

Salpidae             Iasis                     36.87         González  
                           cylindrica                               et al. (2000)

Table 1. Literature values used for ingestion rate (IR) calcu-
lations. The IR estimate for the most dominant mucous-mesh 
grazer species was used for the calculation of the IR of the  

entire family

Fig. 2. Upwelling parameters calculated along the latitudinal gradient of the study region. (A) Ekman transport was calculated 
for a 100 km band from shore. (B) Ekman pumping was calculated for the 50−100 km band from shore. Dashed lines represent 
climatological averages (CAs) of the austral summer months January and February. Two-week averages are depicted with 
solid lines for December 2018 (orange colors) and January 2019 (blue colors). Red points on solid lines indicate the sampling  

periods at the respective latitudes
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(Table 1) multiplied by stocks. Since information on 
mucous-mesh grazer ingestion rates is scarce, val-
ues of the most abundant species were used as rep-
resentative numbers for the respective families. 

2.4.  Statistical analysis 

The station map (Fig. 1) was prepared using the R 
package ‘ggOceanMaps’ and the ETOPO1 1ARC-
minute global relief model from NOAA (Amante & 
Eakins 2009). The zooplankton counts were stan-
dardized to ind. m−3. Statistics and graphs were 
compiled at the family level in order to prevent 
biases related to individuals that could not be iden-
tified to species level. The vertical distribution was 
analyzed by calculating the weighted mean depth 
(WMD) following Pearre (1973): WMD = ∑ (ni di)/ ∑ 
ni, where n is the abundance in ind. m–3 and d is the 
center of the sampled depth interval in meters. The 
comparison of vertical distributions of day and night 
was exclusively based on samples outside twilight 
periods. Subsequently, the significance of day−night 
differences and between north and south was 
assessed for the most abundant families (n ≥ 5 per 
factor level) with Mann-Whitney tests. Nonmetric 
multidimensional scaling (NMDS) was conducted 
using R (‘vegan’ package, Oksanen et al. 2020) in 
order to get in sight on potential differences in 
mucous-mesh grazer community composition and 
its drivers. The ana lyses were exclusively conducted 
for mucous-mesh grazer data and abiotic parame-
ters from 3 depth bins (5−15, 16−30 and 31−50 m). 
As the oxygen concentration limits the occurrence 
of many dominant taxa within the HUS to lower 
depths, we restricted the analysis on potential driv-
ers to the upper 50 m. Categories for latitude (north: 
Stations [Stns] 1−36, center: Stns 38−66, south: Stns 
67−104) and topography (oceanic: >2000 m, slope: 
200−2000 m, shelf: 100−200 m, coast: <100 m) were 
formed to account for difference in latitudinal and 
inshore−offshore distribution. Upwelling data were 
provided as one value per latitude per day. For the 
analysis, the first and second half of a month were 
averaged separately. Subsequently, the value from 
the period in which the sampling was conducted 
was considered ‘while sampling’ and the period 
before was denoted as ‘before sampling’. For the 
NMDS, abundance data were square-root trans-
formed to account for the high dominance of indi-
vidual families within the gelatinous community 
and Bray-Curtis  distance was used. Environmental 
parameters were fitted using the ‘ENVFIT’ function 

(Oksanen et al. 2020). Significance outcomes and 
further common testing results (ANOSIM and Man-
tel’s test) are not presented for several reasons. 
First, Moran’s I-tests indicated spatial autocorrela-
tion for the majority of both independent and de -
pendent variables. Furthermore, distinguishing 
between the effects of individual drivers was ham-
pered by high levels of collinearity of  environmental 
variables. In addition, the spatial resolution of 
potential drivers was not consistent. For up  welling 
parameters, only one value per latitude exists. Local 
effects might therefore be masked by high longitu-
dinal variability. Chl a and crustacean data were 
entirely excluded from NMDS analyses in order to 
prevent loss of data points when exclusively using 
fully overlapping stations. Other potential drivers 
such as currents or water masses were also not 
included. Hence, a meaningful statistical compari-
son of all drivers was not possible. 

3.  RESULTS 

3.1.  Upwelling parameters 

Ekman transport (Fig. 2A) was variable across lati-
tudes during the cruise period, but broadly followed 
the climatological averages for December and Janu-
ary with 2 peaks observed (8−10° S and around 14° S) 
across the sampling area. In general, coastal up -
welling was stronger in December than in January. 
At T1 (8.5° S, 27−29 December), strong up welling 
(~1.5 m2 s−1) was prevalent during the first and last 
2 wk periods of December. At T2 (9.5° S, 1−3 Janu-
ary), Ekman transport was higher during the second 
half of December (~1.6 m2 s–1) and the first half of 
January (~1.3 m2 s–1) in comparison to the monthly 
climatological averages of the respective months. At 
12° S (T3, 6−7 January), Ekman transport during the 
first half of January (~0.85 m2 s−1) and the last 15 d of 
December (~0.85 m2 s−1) was lower than long-term 
climatological averages for these time periods. 
Towards 14° S, Ekman transport reached its second 
peak value and was relatively high (~1.45 m2 s−1 dur-
ing the first 15 d of January) at T4 (14.5° S, 11−13 
January) where coastal upwelling had also been 
strong in the second half of December (~1.55 m2 s−1). 
Further south, Ekman transport rapidly declined to 
values partly below climatological averages at T5 
(15.3° S, 14−18 January, ~1.2 m2 s−1 for the first half of 
January and ~0.95 m2 s−1 for the second half) and T6 
(16° S, 24−25 January, ~0.8 m2 s−1 for the first half of 
January and ~0.63 m2 s−1 for the second half). 
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In contrast to Ekman transport, curl-driven up well -
ing (Ekman pumping) was relatively intense and 
highest in the central portion of the sampling area 
with local minima at 10.25° S and around 14.5° S 
(Fig. 2B). The Ekman pumping calculated for the 
cruise period was higher than the long-term climato-
logical average, with a peak at 13.5° S, a local mini-
mum at 14−15.5° S and a second peak at ~16.5° S 
(Fig. 2B). On the temporal scale, there was an in -
crease in Ekman pumping from the beginning of 
December towards the end of January in the north, 
but an opposite trend was observed south of 12° S 
with an exception between 14 and 14.75° S (compare 
lines showing bi-weekly periods in Fig. 2B). 

3.2.  Additional hydrographical parameters 

In general, the Peruvian shelf is broad and shallow 
in the north and narrows towards the southern waters 
off Peru. In the north, surface waters were largely 
dominated by warm subtropical surface water except 
for a coastal band of 100 km, where shelf waters were 
largely homogenized and, hence, subsurface waters 
were colder than further offshore (Fig. 3A,B). At dis-
tances >100 km, the vertical temperature profile of T1 
was distinctly stratified. At T2, the vertical tempera-
ture gradient was narrower. Further south (Fig. 3C−F), 
the upper mixed water layer was closer to the surface 
compared to T1 and T2. At T4, a distinct inshore−off-
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Fig. 3. ScanFish transect profiles of (A−F) temperature, (G−M) salinity and (N−S) dissolved oxygen concentration along each  
of the 6 transects (T1−T6) in the Humboldt Upwelling System
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shore shift from well mixed to stratified waters oc-
curred at ~75 km distance to shore, whereas T3, T5 
and T6 revealed a more diffuse inshore−offshore pat-
tern with a tendency to wards more homogenized 
 water closer to the coast. The salinity data of the Scan-
Fish CTD indicated subsurface maxima across all 
transects (Fig. 3G−M), although these maxima were 
more distinct at transects with moderate to stronger 
Ekman transport. At T1, a low saline water mass on 
the upper shelf (<100 km to shore) with less saline wa-
ter than further offshore at that transect indicated po-
tential lateral intrusion of recently upwelled water 
(Fig. 3G). Transects with low coastal upwelling, espe-
cially T3, revealed strong vertical homogeneity in 
salinity. At T5, an eddy structure was indicated by 
high vertical homogeneity interrupting the subsurface 
maximum of surrounding waters, and a stronger oxy-
cline was observed in the southern sampling region 
(Fig. 3L). The vertical oxygen profile at all transects 
was characterized by an oxygen minimum zone ex-
tending from 20 to 60 m (upper edge) down to several 
hundred meters (Fig. 3N−S). At T1, the oxygen profile 
abruptly changed from waters >100 km to shore to 
water masses on the upper shelf (Fig. 3N). At stations 

progressively further from shore, the oxygenated 
layer reached deeper depths (dissolved oxygen: 
~5 mg l−1 at mid-transect to further offshore). At sta-
tions <100 km to shore, the upper oxygenated water 
mass was much narrower (~7 mg l− 1). Oxygen con-
centrations below the oxycline tended to be higher in-
shore than offshore. At the other transects, no such 
prominent inshore−offshore pattern occurred. More 
re markable was the general trend of shoaling of the 
upper oxygenated water layer and a tendency of de -
creasing oxygenation (to almost anoxic water) within 
the oxygen minimum zone towards the central and 
southern sampling area. 

3.3.  Mucous-mesh grazer community 

The mucous-mesh grazer community was domi-
nated by appendicularians (up to 255 ind. m−3, mostly 
Oikopleura longicauda) and doliolids (up to 171 ind. 
m−3, mostly Doliolum nationalis; Fig. 4). Salps oc -
curred relatively infrequently at stations but their 
abundance was occasionally high (up to 195 ind. m−3, 
mostly Iasis cylindrica). Small pyrosomes (up to 
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Fig. 4. Abundance of the more frequently encountered species of mucous-mesh grazers per station (Stn) and sampling depth 
at transects T1−T3. Note the different abundance scale at Stn 10. Sun and moon symbols indicate the time of day of sampling
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2.4 ind. m−3, only Pyrosoma atlanticum) as well as the 
gastropod families Cavolinidae (up to 3.7 ind. m−3), 
Desmopteridae (up to 1.6 ind. m−3) and Limacinidae 
(up to 8.0 ind. m−3) were less abundant and fairly re -
stricted to the northern sampling region. These num-
bers refer to the highest abundance per net. When 
integrating all 3 nets covering, in most cases, the 
upper 100 m, the maxima (ind. m−3) were lower 
(appendicularians: 107, doliolids: 89, salps: 47, pyro-
somes: 1.2, Cavolinidae: 1.2, Desmopteridae: 0.6, 
Lima ci nidae: 4.6). 

At T1, abundance was distinctly higher at stations 
on the upper shelf (Stns 10−14) compared to further 
offshore (Stns 1−4, Fig. 4). At Stn 7, overlapping with 
the transition from largely well mixed to stratified 
water masses, the abundance was low compared to 
stations further inshore and offshore. A high abun-
dance of salps was only found at Stn 10, whereas the 
remaining stations of T1 were dominated by either 
appendicularians or doliolids. At T2, the mucous-
mesh grazer community was largely dominated by 
appendicularians that were highly variable in abun-
dance. At T3, mucous-mesh grazer taxa were absent 
or occurred at very low abundance at the most 
coastal stations (Stns 43, 40 and 38). With increasing 

distance to shore, the abundance of doliolids and 
appendicularians increased. A similar pattern was 
found for T4, with a very high abundance of salps at 
Stn 53 (Fig. 5). At T5, doliolids were abundant at the 
coastal stations, whereas appendicularians were 
more abundant at Stns 78 and 80. At T6, mucous-
mesh grazers only occurred in large numbers at the 
most offshore station, and salps were present at 2 of 
the 4 stations. 

The rare taxa (Desmopteridae, Cavoliniidae, Lima -
ci nidae and Pyrosomatidae; Fig. 6) were largely re -
stricted to T1 and T2. Except for the occurrence of 
Limacinidae and Cavoliniidae at low abundance at 
few stations (40, 80, 83 and 102), and slightly higher 
abundance of the same taxa at Stns 43, 45 and 99, 
there were no individuals present at the other sta-
tions along T3, T4, T5 and T6. Thus, these transects 
were excluded from graphs. 

The vertical distribution was variable across taxo-
nomic groups. In general, the abundance of mucous-
mesh grazers was very low below the thermocline. 
Gastropods in the families Limacinidae and Desmo -
pteridae (Fig. 6) were more abundant in the surface 
layers during nighttime compared to daytime hauls, 
and the WMD of Limacinidae was statistically signif-
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Fig. 5. Abundance of the more frequent species of mucous-mesh grazers per station (Stn) and sampling depth at transects  
T4−T6. Note the different abundance scale at Stn 99. Symbols as in Fig. 4
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icant between night and day (p < 0.05, n = 21). For 
tunicates, no diel differences in depth distribution 
were identified. 

3.4.  Abiotic drivers 

Latitudinal differences were detected in the com-
position of the gelatinous zooplankton community 
(according to NMDS, Fig. 7). Especially the mucous-

mesh grazer communities at stations northwards of 
T3 were more similar to each other in comparison to 
stations further south. Topographical categories, in 
contrast, did not appear to structure the community 
composition of mucous-mesh grazers in a consistent 
way. For 2-dimensional ordination, most factors ap -
peared to be relevant (‘ENVFIT’ function), except for 
Ekman pumping during and prior to the sampling 
period, as well as salinity at all 3 depth intervals and 
turbidity at 31−50 and 51−70 m. 
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Fig. 6. Abundance of rare species per station (Stn) and sampling depth at transects T1 and T2. Symbols as in Fig. 4

Fig. 7. Nonmetric multidi-
mensional scaling (NMDS) 
of the mucous-mesh grazer 
community. Symbols are 
used to distinguish between 
latitudinal and inshore−
offshore categories. To im-
prove readability, not all 
variables and depth inter-
vals are displayed. Hence, 
salinity and Ekman pump-
ing, which were found to be 
of no relevance to the gelat-
inous species composition, 
were removed from the 
NMDS plot. Temp: temper-
ature; Oxy: oxygen; Turb: 
turbidity; ET: Ekman trans-
port; ws: 2 wk period of 
sampling; bs: 2 wk period 
before ws. Numbers such as 
‘5.15m’ describe the depth 
interval, in this case 5−15 m
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3.5.  Mucous-mesh grazers vs. chl a concentration 
vs. copepod abundance 

In general, the maximum abundance of specific 
herbivorous/omnivorous copepods (dominated by 
Calanus chilensis and Centropages hamatus) was 
higher than that of mucous- mesh grazers across 
most of the sampling area (Fig. S2). However, the 
abundance of mucous-mesh grazers exceeded that of 
copepods at stations in northern coastal water 
masses (T1) and at offshore stations along T4 and T6. 
In contrast, herbivorous/omnivorous copepods were 
more widespread across the sampling area and most 
abundant at T3. Chl a concentrations were generally 
higher at stations that were relatively close (within 
50 km) to shore. At coastal stations along T1 and T5, 
high chl a concentrations tended to be associated 
with a high abundance of mucous-mesh grazers, 
while at all other transects, increased mucous-mesh 
grazer abundance coincided with relatively low con-
centrations of chl a. 

3.6.  Grazing effect 

The relative contribution of grazing in dominant 
copepods vs. gelatinous taxa was variable across 
transects and stations (Fig. 8). At T1 and T5, the 

ingestion rates of gelatinous species exceeded those 
of dominant copepod species at the most coastal sta-
tions. At T2, T4 and T6, however, the estimated 
ingestion rate of mucous-mesh grazer species was 
higher than that of copepod species at the offshore 
stations. At T3, the overall ingestion rate was esti-
mated to be very high. The very high ingestion rate 
was almost exclusively related to high abundance of 
copepod species. 

4.  DISCUSSION 

4.1.  Species composition 

The mucous-mesh grazer community within the 
HUS is largely understudied (Ayón et al. 2008). For 
a large fraction of gelatinous zooplankton species, 
including thaliaceans, the only data source from 
Peruvian waters is an unpublished, qualitative 
report from the Instituto del Mar del Perú 
(IMARPE). Regarding the species composition in 
the present study, the genera found are mostly 
included in the species list of Ayón et al. (2008). 
However, one re markable new finding is the occur-
rence of pyrosomes (Pyrosoma atlanticum), which 
have not been previously described in Peruvian 
waters. 
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Fig. 8. Ingestion rate (IR) of dominant copepod species and mucous-mesh grazer families per transect (T1−T6) in the Humboldt  
Upwelling System
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4.2.  Vertical distribution 

The HUS is well known for its sub-surface oxygen 
minimum zone (OMZ) constraining the depth distri-
bution of most species sensitive to hypoxia to the 
upper ~20 to 50 m (Valdés et al. 2021). The OMZ 
influences the zooplankton community composition, 
vertical migration behavior and the resulting vertical 
carbon flux (Criales-Hernández et al. 2008, Kiko & 
Hauss 2019, Schukat et al. 2021). Although we sus-
pect that a shallow thermocline/oxycline constrained 
diel vertical migration (DVM) behavior of most 
mucous-mesh feeders within the HUS, studies con-
ducted on other systems with OMZs denoted 
 species-specific differences in DVM, including verti-
cal migration into waters with low oxygen concentra-
tions (Maas et al. 2012). In the present study, the ver-
tical distribution of mucous-mesh grazers such as 
appendicularians (e.g. Oikopleura longicauda) was 
largely restricted to oxygenated water masses above 
and within the thermocline. 

Small-scale DVM, however, was suggested for sev-
eral gastropod taxa in the present study migrating 
into the thermocline at daytime. Similarly, gastro -
pods within the family Limacinidae were reported to 
conduct DVM within the Benguela Upwelling Sys-
tem (Koppelmann et al. 2013). Assessing patterns in 
DVM of highly mobile species such as pyrosomes is 
difficult since this group occurred at only a few sta-
tions and our sampling was confined to the upper 
100 m of the water column while, for example, P. 
atlan ticum has been reported to conduct DVM over 
several hundreds of meters (Andersen & Sardou 
1994). The vertical distribution of salps has been 
 re ported to be diffuse during the daytime, with ac -
cumu la tion in surface waters during nighttime 
(Nogueira Júnior et al. 2015). This pattern would be 
challenging to detect in the present study given the 
infrequent occurrence of salps. The lack of doliolids 
in water masses below the thermocline is not surpris-
ing since this group has been reported to avoid oxy-
gen-deficient water masses in the Canary Current 
system (Hoving et al. 2020). All in all, oxygen poten-
tially plays an important role in the vertical structur-
ing of mucous-mesh grazers, especially in the south 
(e.g. between 14 and 16°S), where a thin (~20 m) 
layer of well-oxygenated surface water sits on top of 
a several hundred-meter deep OMZ. Our strategy of 
defining sampling depth bins (ranges) based on 
hydrographic conditions facilitated ecological com-
parisons within and among our 6 cross-shelf tran-
sects but made it difficult to resolve and compare 
patterns of diel vertical migration. 

4.3.  Spatial distribution of mucous-mesh  
grazers in the HUS 

Thaliacean species have been reported to occur 
mainly in open-ocean waters, and only few species 
have been reported to be abundant in shelf waters 
(Deibel & Paffenhöfer 2009, Conley et al. 2018). In 
the present study, thaliaceans were most abundant in 
coastal waters, although mucous-mesh grazers were 
also highly abundant in surface waters at a few off-
shore stations along T4 and T6. Although pyrosomes 
had not previously been reported in Peruvian waters 
and only reported once in Chilean waters (Palma & 
Apablaza 2004), they were found at several stations 
in the northern region of the Peruvian shelf. Consid-
ering the sampling gear, the abundance of larger 
individuals might even be underestimated. This 
common, tropical tunicate has gained considerable 
research interest due to its mass occurrence between 
2016 and 2018 within the Californian Current Sys-
tem, especially off Oregon, and its expansion to 
higher latitudes (Sutherland et al. 2018, Miller et al. 
2019, Schram et al. 2020). 

Similar to P. atlanticum, pelagic gastropod species 
were largely restricted to the northern Peruvian shelf, 
but their abundance was relatively low in comparison 
to pelagic tunicates. This restricted (low latitude) dis-
tribution of pelagic gastropods is not surprising, as the 
group was dominated (62% abundance) by the tropi-
cal/subtropical species Limacina trochiformis. Other 
abundant species such as L. bulimoides and Desmo -
pterus papilio are also common in the Benguela Up-
welling System (Dadon & Masello 1999, Koppelmann 
et al. 2013). Quesquén Liza (2005) also reported a 
clear decline in L. trochiformis from the northern to 
the central and southern Peruvian waters but also in-
dicated that most gastropod species were equally dis-
tributed across latitudes, which does not agree with 
our findings. Since the data set in the present study 
are based only on a single cruise, we cannot derive 
clear conclusions from these differences. 

In general, there is an extraordinarily high tempo-
ral and spatial variability in the reported distribution 
and abundance of gelatinous species. Thaliaceans 
often occur in patches, mostly 2−3 km wide but occa-
sionally also reaching >100 km in diameter (Paffen-
höfer & Lee 1987, Deibel & Paffenhöfer 2009, Everett 
et al. 2011, Takahashi et al. 2015). On the southeast-
ern shelf of the USA, Paffenhöfer & Lee (1987) 
reported 10 d increases in abundance of 25- and 5-
fold for salps and doliolids, respectively. Depending 
on the timing and the sampling location, abundance 
varied by several orders of magnitude. For example, 
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Deibel & Paffenhöfer (2009) listed peak abundances 
of salps from 17 studies of 1.6 to >700 ind. m−3 and 
from 14 studies on doliolids ranging from 8 to 
48 000 ind. m−3. These fluctuations and variations re -
ported in the literature suggest that, rather than com-
paring abundances across studies and systems, more 
information can be gained by comparing the poten-
tial abiotic and biotic drivers (or oceanographic struc-
turing) of the mucous-mesh grazer community. 

The abundance values for the smallest taxa (ap -
pen dicularians, doliolids) could have been slightly 
underestimated, since a mesh size of 300 μm may not 
catch these sizes quantitatively. However, the large 
number of individuals indicated a high catch effi-
ciency for these taxa. 

4.4.  Potential drivers of mucous-mesh  
grazer abundance 

The NMDS analysis indicates high relevance of the 
drivers temperature, oxygen and turbidity. Due to 
the limitations previously described, this section will 
encompass a discussion on a more comprehensive 
set of potential drivers affecting the mucous-mesh 
grazer community. During the sampling period, the 
water masses off Peru were characterized by typical 
latitudinal patterns in Ekman transport and Ekman 
pumping. Peaks in coastal upwelling and Ekman 
transport occurred in the north and around 14° S, 
whereas Ekman pumping displayed the inverse pat-
tern. Following known surface water mass character-
istics based on temperature and salinity ranges 
(Ayón et al. 2008, Aronés et al. 2009), the upper 
water masses studied can largely be described as 
either ‘subtropical surface water’ or ‘cold coastal 
water’. The mollusk and pyrosome distribution can 
be assumed to be mostly driven by the occurrence of 
warm water, due to the dominance of tropical to sub-
tropical species. For example, L. trochiformis, the 
dominant gastropod species in this study, was re -
stricted to water masses >16.8°C in the Atlantic and 
preferred temperatures >24°C (Chen & Bé 1964). 
Temperature might also be a main factor associated 
with the high abundance of P. atlanticum in the 
northern sampling area, since the occurrence of this 
species in the California Current was associated with 
marine heat waves in the previous years (Miller et al. 
2019). Moreover, water temperature appears to be a 
key factor impacting the distribution of thaliaceans. 
Although the occurrence of salps has often been 
associated with colder water masses, the distribution 
of salps was too patchy in the present study to reveal 

any potential driver(s) of their spatial dynamics. On 
the other hand, the abundance of the dominant 
doliolids (Doliolum spp., mostly D. nationalis and D. 
denticulatum) has been associated with relatively 
warm-water masses in the Kuroshio (Lavaniegos & 
Ohman 2003, Ishak et al. 2020, 2022). Currents and 
warm temperatures appear to be the drivers of the 
distribution and abundance of these species in north-
ern regions of the HUSs. 

Even though doliolids were only found in northern 
(warm) waters, their peak abundance was in compa-
rably cold, freshly upwelled water further inshore. 
Support for upwelling being the main driver of the 
formation of doliolid patches comes from the results 
of several studies conducted along the eastern US 
coast, where the formation of large thaliacean 
patches (mainly Thalia democratica and Dolioletta 
gegen bauri) was related to intrusions of nutrient-rich 
cold water (Paffenhöfer & Lee 1987, Deibel & Paffen-
höfer 2009). Additional studies confirm the impor-
tance of upwelling for the distribution and abundance 
of thaliaceans (Paffenhöfer & Lee 1987, González et 
al. 2000, Li et al. 2011, Martin et al. 2017). In contrast, 
Lavaniegos & Ohman (2003) re ported that upwelling 
did not affect the long-term abundance of tunicates in 
the California Upwelling System. Although Ekman 
transport was suggested to be less relevant than tem-
perature, oxygen and turbidity in shaping the spatial 
distribution of tunicates in the present HUS study, the 
analysis (BIOENV) could be biased since only one 
Ekman transport value is provided per latitude, 
whereas CTD data were collected at each station. 

The abundance of appendicularians was positively 
related to warm temperature and decreased pH in a 
Norwegian mesocosm study (Winder et al. 2017), but 
other studies have reported year-round production at 
varying temperatures (Tomita et al. 1999, Yebra et al. 
2022) or the importance of phytoplankton production 
as a key driver. In Japanese waters, for example, the 
abundance of Oikopleura longicauda was related to 
chl a, rather than physical factors (Tomita et al. 2003). 
In the present study, the largely restricted vertical 
distribution to upper water masses was unrelated to 
spatial patterns of chl a. Appendicularian houses can 
get clogged more easily and discarded more often at 
high diatom abundance (Sato et al. 2001). Further-
more, not merely the quantity but also the size of 
prey particles is highly relevant for rates of filtering 
and ingestion by this group (Tiselius et al. 2003). 

Analyzing the trophic interactions and potential ef-
fects of chl a concentration (bottom-up control) on the 
mucous-mesh grazers in the present study is chal-
lenging. Although chl a was considered to be a pri-
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mary driver for ‘blooms’ of dense thaliacean patches 
in other areas (Deibel & Paffenhöfer 2009), there was 
little correspondence between chl a concentration 
and thaliacean abundance across HUS stations. Al-
though there was some evidence for the bottom-up 
control of doliolids along T1 and T5, spatial co-occur-
rence of filter feeders and food is difficult to interpret; 
the strength of local grazing pressure and potential 
for top-down control on phytoplankton communities 
is not known. Furthermore, there was little overlap 
between patterns of distribution of mucous-mesh 
grazers and herbivorous/omnivorous copepods. A 
broader, trophodynamic view is needed (of a variety 
of predators and prey) as well as process studies (e.g. 
in situ incubations) to make robust statements on bi-
otic drivers of spatial distribution. Furthermore, small-
scale (local) features might be more relevant than 
large-scale dynamics within upwelling areas for 
structuring the plankton community (Bode et al. 2013, 
Bertrand et al. 2014). We highlight an example using 
continuous ScanFish CTD data and the correspon-
dence between what appears to be laterally intruded 
upwelled water masses and higher mucous-mesh 
grazer abundance at T1. Thaliaceans, having one of 
the highest reported somatic growth rates of all multi-
cellular animals, high rates of asexual reproduction 
and short generation times (Lucas & Dawson 2014), 
can rapidly form dense patches in response to favor-
able oceanographic conditions (Paffenhöfer & Lee 
1987). 

4.5.  Ecological role of mucous-mesh grazers  
in the HUS 

In general, the latitudinal differences in the abun-
dance of mucous-mesh grazers along the Peruvian 
shelf area implied large differences in the ecological 
importance of these animals in the north versus the 
south of the HUS during our sampling campaign. 
Their higher abundance than dominant copepods 
combined with estimated rates of ingestion in the 
northern sampling region and at offshore stations on 
T4 and T6 suggests that mucous-mesh grazers can, at 
least temporally, play an important trophodynamic 
role within the zooplankton community off Peru. 
Nonetheless, it must be clearly stated that our results 
only provide a rough estimate of grazing effects, 
since first, ingestion rates of single species were as -
signed to the broader taxonomical family level, and 
second, size-related differences of ingestion rates 
were not taken into account. Furthermore, the data 
represent a snapshot of a dynamic system. Lavanie-

gos & Ohman (2003) described the long-term dynam-
ics of cold and warm phases in the California Current 
and corresponding population dynamics of various 
tunicates, providing a classification of tunicates into 
cold-water and more persistent communities. Such 
classifications cannot be provided within our study. 
Nonetheless, we suggest that the spatial upwelling 
patterns, which correspond to the climatological pat-
tern within this time of year, potentially favor re -
peated high abundance of mucous-mesh grazers. 
Bertrand et al. (2014) showed that spatial dynamics 
of seascape are mostly driven by ocean dynamics at 
scales less than 10 km. The high variability in abun-
dance, especially the large accumulation of mucous-
mesh grazers in freshly upwelled water along T1 
strengthens the outcomes of Bertrand et al. (2014). A 
better understanding of spatiotemporal dynamics 
will require further sampling periods.  

Assessing the trophodynamic role of mucous-
mesh grazers in the HUS and elsewhere is ham-
pered by large uncertainties in estimates of their 
clearance and ingestion rates. For example, the 
range in clearance rates reported for the salp Pegea 
confoederata exceeded one order of magnitude 
depending on the method applied (Sutherland & 
Thompson 2022). For the doliolid D. denticulatum, 
Katechakis et al. (2004) reported ingestion rates 
from 0.01 to 68.0 μg C ind.−1 d−1, while Alldredge 
(1977) reported water clearance rates of different 
appendicularian species that ranged from 36 to 
1400 ml ind.−1 h−1. Furthermore, rates measured in 
the laboratory by pigment measurements, defeca-
tion rates and particle depletion can underestimate 
in situ rates (Sutherland & Madin 2010). Despite 
these uncertainties, ingestion and clearance rates of 
mucous-mesh grazers generally exceed those of 
crustacean species (Katechakis et al. 2004, Conley 
et al. 2018). González et al. (2000) indicated that the 
grazing rate of one salp species (Salpa fusiformis) 
formed almost 50% of the grazing rate of the entire 
crustacean zooplankton community in Chilean 
waters. Therefore, given the relative abundances 
and estimated ingestion rates of these consumers, it 
is not unreasonable to assume that a large flux of 
lower trophic level carbon is shunted to tunicates in 
newly upwelled waters in the north and at offshore 
stations in the south of our HUS sampling area. The 
implications of the high abundance of members of 
the mucous-mesh community in coastal waters 
known to be a spawning ground for Peruvian an -
chovy are unclear but potentially very important to 
study using not only broad-scale monitoring (this 
study) but also small-scale process investigations. 
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