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Eastern boundary systems support major fisheries of species whose early stages depend on upwelling production. However, upwelling can be
highly variable at the regional scale, leading to complex patterns of feeding, growth, and survival for taxa that are broadly distributed in space
and time. The northern California Current (NCC) is characterized by latitudinal variability in the seasonality and intensity of coastal upwelling. We
examined the diet and larval growth of a dominant myctophid (Stenobrachius leucopsarus) in the context of their prey and predators in distinct
NCC upwelling regimes. Larvae exhibited significant differences in diet and growth, with greater seasonal than latitudinal variability. In winter,
during reduced upwelling, growth was substantially slower, guts less full, and diets dominated by copepod nauplii. During summer upwelling,
faster-growing larvae had guts that were more full from feeding on calanoid copepods and relying less heavily on lower trophic level prey. Yet, our
findings revealed a dome-shaped relationship with the fastest growth occurring at moderate upwelling intensity. High zooplanktivorous predation
pressure led to above average growth, which may indicate the selective loss of slower-growing larvae. Our results suggest that species whose
spatio-temporal distributions encompass multiple regional upwelling regimes experience unique feeding and predation environments throughout
their range with implications for larval survivorship.
Keywords: fine-scale imaging, larval fish, myctophids, trophic interactions, upwelling.

Introduction

The early life history stages of marine fishes are generally con-
sidered a bottleneck for year-class strength and fishery produc-
tion (Anderson, 1988; Houde, 2008). Survival through these
critical periods is largely determined by the ability of larvae to
find food and avoid predation in the highly dynamic pelagic
environment (Lasker, 1978; Bailey and Houde, 1989). One
key physical mechanism that may influence trophic interac-
tions and the subsequent growth, survival, and recruitment
(entry into the adult population) of the early life history stages
of fishes is upwelling. Coastal upwelling can influence the sur-
vival of the early life history stages of fishes directly, by dic-
tating the amount of food available in the water column and,
indirectly, by affecting the spatial distributions and encounter
rates between larvae, their prey, and their potential predators.

Coastal upwelling is often considered a hallmark for in-
creased food availability, as it promotes enhanced biologi-
cal productivity (Checkley and Barth, 2009 and references
therein). For pelagic larval fishes, high prey availability can
lead to high feeding success, fast growth, and large size-at-
age of larvae (Pepin et al., 2015). Typically, these traits are
thought to increase survival through the vulnerable early life
history stages and positively affect year-class strength (Ander-
son, 1988; Miller et al., 1988; Hare and Cowen, 1997). How-
ever, larvae feed selectively on available prey fields and the
degree to which increased production confers increasing feed-
ing is unclear (Robert et al., 2014). Further, in addition to in-
creasing potential food availability, coastal upwelling leads to

turbulent mixing of the nutrient-rich upper water column and
offshore transport of the surface layer. Both processes have
the potential to indirectly affect larval survival by modifying
larva-prey and larva-predator encounter rates (Lasker, 1978,
1981; Parrish et al., 1981; Gadomski and Boehlert, 1984).

The effect of upwelling on the early life history stages of
fishes is highly variable and appears to be system, scale, and
taxon dependent. Foundational hypotheses in the field of fish-
eries oceanography suggest that upwelling may be necessary
to replenish surface nutrients, but too much upwelling can dis-
rupt larval food aggregations and/or advect larvae into more
oligotrophic conditions offshore (“Stable OceanHypothesis”;
Lasker, 1978, 1981 and “Optimal Environmental Window”;
Cury and Roy, 1989). Hence, there may be a dome-shaped re-
lationship between upwelling intensity and recruitment with
the highest survivorship occurring during moderate upwelling
conditions when foraging success is high (due to nutrient in-
puts from upwelled waters coupled withmoderate turbulence-
induced increased encounter rates) and advection losses are
low. Upwelling phenology may also be an important char-
acteristic impacting larval survival, especially in seasonal up-
welling systems. For example, in the northern California Cur-
rent (NCC), a delayed onset of the upwelling season (i.e. the
spring transition) resulted in slower growth of northern an-
chovy (Engraulis mordax) larvae, with implication for recruit-
ment (Takahashi et al., 2012). In the NCC, the onset and
length of the upwelling season is linked to the arrival and
maintenance of a lipid-rich copepod community, which serves
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as important prey base for this species (Hooff and Peterson,
2006).

Variability in upwelling characteristics (i.e. intensity, dura-
tion, and phenology) leads to complex patterns of feeding,
growth, and survival of young fish. Yet, studies of variabil-
ity in larval and juvenile growth and feeding across different
upwelling regimes are rare. It is also challenging to simultane-
ously incorporate the influence of predation on survival due to
sampling constraints of net-based systems (i.e. for gelatinous
predators). Nonetheless, feeding opportunities are often spa-
tially correlated to predation risk (Bakun, 2006; McClatchie
et al., 2012) and predation may be the primary agent of larval
mortality (Bailey and Houde, 1989). Here, we analyze larval
growth and feeding patterns of a common yet understudied
fish relative to prey availability and co-occurring predation
pressure in four distinct NCC upwelling regimes.

The NCC is characterized by strong latitudinal gradients in
the intensity and seasonality of coastal upwelling. While the
central coast of Oregon has distinct downwelling (winter) and
upwelling (summer) seasons, northern California typically ex-
periences stronger and more persistent upwelling with more
interannual variability. In both locations, occasional winter
storms cause deep mixing of the water column and strong tur-
bulence in the surface layer (Bograd et al., 2009; Checkley and
Barth, 2009; García-Reyes and Largier, 2012). In the NCC,
upwelling is frequently associated with high production and
offshore transport of surface waters, while downwelling leads
to decreased production, reduced water column stratification,
and onshore transport (Checkley and Barth, 2009). Variabil-
ity in regional upwelling leads to changes in the community
structure of zoo- and ichthyoplankton (Hooff and Peterson,
2006; Auth, 2008), with implications for species interactions
and survival of young fishes.

Widely distributed from northern Baja California (∼30◦N)
to the Bering Sea (∼55◦N; Matarese et al., 1989; Beamish et
al., 1999; Brodeur and Yamamura, 2005), the northern lamp-
fish (Stenobrachius leucopsarus, Myctophidae) is frequently
one of the most abundant larval fish in the California Current
(e.g. Richardson and Pearcy, 1977; Auth and Brodeur, 2006;
McClatchie et al., 2018). They are small-bodied as adults,
short-lived, and can be considered a forage fish.Mature north-
ern lampfish have a protracted spawning season throughout
their range, which typically peaks in March each year (Fast,
1960; Smoker and Pearcy, 1970). Although an early study
suggested that their spawning season is shorter off Oregon
(October—March; Smoker and Pearcy, 1970), larval north-
ern lampfish are found in high abundances in spring and late
summer sampling (April/May—September/October; Richard-
son and Pearcy, 1977; Auth and Brodeur, 2006) indicating
that Oregon spawning encompasses both winter and summer
seasons. Northern lampfish eggs are infrequently sampled due
to a delicate chorion, so exact size-at-hatch is unknown, but
flexion and metamorphosis occur at ∼6.5 and 18 mm stan-
dard length (SL), respectively (Fast, 1960; Smoker and Pearcy,
1970; Matarese et al., 1989).

Latitudinal variability in the intensity and phenology of up-
welling within the range of northern lampfish make this sys-
tem and species ideal to tease apart relationships between up-
welling, trophic interactions, growth, and subsequent survival
of young fish.Myctophids represent an important trophic link
between zooplankton (e.g. copepods and euphausiids) and
large marine predators (e.g. tuna, salmon, seabirds, and ma-
rine mammals; Brodeur and Yamamura, 2005). Despite this

critical trophic role, northern lampfish are the focus of rela-
tively few studies. Knowledge of their larval stage is particu-
larly scant, with only one study examining larval growth (last
3d growth; Methot, 1981).

We hypothesize that variability in the growth and diet of
larval northern lampfish is related to the degree of upwelling
and its influence on prey availability and potential predation
pressure. To test this, we coupled otolith-derived measures of
growth, gut content analysis, and in situ plankton imagery in
four distinct NCC upwelling regimes: Oregon winter (typi-
cally downwelling), Oregon summer (typically moderate up-
welling), northern California winter (typically upwelling), and
northern California summer (typically strong upwelling). We
expected growth to vary seasonally and latitudinally, with
higher growth occurring during summer upwelling condi-
tions, especially in moderate Oregon upwelling compared to
the more intense upwelling off of northern California.

Materials and methods

Field sampling

Biological net samples and in situ plankton imagery were col-
lected during four research cruises in the NCC over a period of
two years,with two seasonal cruises in 2018 and two replicate
cruises in 2019: winter 2018 (W18; 15–23 February), summer
2018 (S18; 3–11 July), winter 2019 (W19; 3–11 March), and
summer 2019 (S19; 16–25 July).

During each cruise, we deployed nets at five stations and
continuously towed the plankton imager along two histor-
ically sampled cross-shelf transects, the Newport Hydro-
graphic Line (NH; seasonal upwelling) and the Trinidad Head
Line (TR; continuous upwelling; Figure 1). Station locations
were selected to capture shelf, shelf-break, and offshore envi-
ronments on each transect. All sampling occurred during full
daylight hours.

Biological sample collection
Biological samples were collected with a coupled Multi-
ple Opening/Closing Net and Environmental Sensing System
(MOCNESS; Guigand et al., 2005) that simultaneously sam-
pled with five sets of paired nets: 4-m2 nets fit with 1-mmmesh
and 1-m2 nets fit with 333-μmmesh. The first set of nets were
towed obliquely from the surface to depth (max 100-m) and
the remaining four sets were triggered remotely to sample dis-
crete 25-m depth bins. This system was towed behind the ship
at 0.75-1 m s−1 and was fit with a flowmeter and conductivity,
temperature, and depth sensors. Replicate MOCNESS tows
were performed at every station, except for the W18 cruise,
when sampling was limited by winter storm conditions. In ad-
dition to MOCNESS sampling, to sample prey that might be
excluded from the MOCNESS nets, a 0.2-m2 vertical ring-net
fit with 100-μmmesh and a flowmeter were deployed to 25-m
depth at every other station.

Immediately after MOCNESS and ring-net retrieval, nets
were rinsed with seawater, sieved, and individually preserved
in 95% ethanol. Ethanol was changed within 48 h of collec-
tion and again within 2 months to properly preserve otoliths
for growth analysis. Fish larvae collected by MOCNESS were
sorted in the laboratory, enumerated, and identified to the low-
est possible taxonomic level.Northern lampfishwere placed in
individual vials for future growth and diet analyses. Ring-net
samples were processed following Postel et al. (2000), with
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Figure 1. Mean concentration of northern lampfish (S. leucopsarus) larvae (individuals 1000 m−3) sampled along the NH Line off the coast of Oregon
(OR) and the TR Line off the coast of California (CA) in winter 2018 (W18; 15–23 February), summer 2018 (S18; 3–11 July), winter 2019 (W19; 3–11
March), and summer 2019 (S19; 16–25 July). “+” denotes true zeros and contour lines represent the 100-, 200-, and 2000-m isobaths.

subsamples of 1-5 mL and >200 individuals taken with a
Stempel pipette. Zooplankton were enumerated and identified
to the lowest possible taxonomic level. Taxa concentrations
were calculated for MOCNESS northern lampfish (ind. 1000
m−3) and ring-net zooplankton (ind. m−3) by dividing bio-
logical counts from each net by the volume of water filtered
through the net.

Imagery data collection
Zooplankton imagery data were collected using the In situ
Ichthyoplankton Imaging System (ISIIS; Cowen and Guigand,
2008), which was continuously towed the length of each tran-
sect within 24 h of every biological sample collection. This
resulted in replicate ISIIS tows being performed to align with
replicate MOCNESS tows, except for the S18 cruise when a
replicate ISIIS tow on the NH Line was not possible. ISIIS is
a low turbulence, high-resolution in situ shadowgraph imag-
ing system with a large sample volume (150–180 L s−1) and a
pixel resolution of 68-μm. Its large field of view (13 × 13
× 50 cm) allows it to capture fragile gelatinous taxa that

can be important predators of larval fishes but are difficult to
quantify with traditional net-based sampling techniques (Mc-
Clatchie et al., 2012; Luo et al., 2018). ISIIS was towed at a
speed of 2.5 m s−1 in a tight undulating fashion from the sur-
face to 100-m depth or within 2.5-m of the seafloor. It was fit
with multiple sensors to simultaneously collect physical data
including CTD (Sea-Bird SBE49 FastCAT), dissolved oxygen
(Sea-Bird 43), fluorescence (Wetlabs FLRT), and photosyn-
thetically active radiation (EPAR; Biospherical QCP-2300).
ISIIS data were transferred to ship-board computers via a fiber
optic cable.

Growth analysis

We used otolith microstructure analysis to investigate the age
and daily growth patterns of larval northern lampfish. Daily
otolith increment deposition has been validated for two simi-
lar myctophids in the region (Diaphus theta and Tarletonbe-
nia crenularis: Moku et al., 2001; Bystydzieńska et al., 2010,
respectively).
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To reduce any variability associated with depth and because
we had sufficiently large sample sizes during most cruises, we
restricted our growth analyses to MOCNESS larvae collected
in the top 50-m of the water column. A random subset of
those larvae ( n = 2620) were measured for SL and body
depth to the nearest 0.01-mm using a Leica MZ16 dissecting
microscope with a QImaging camera and Image Pro Premier
9.1 software. Random subsamples of∼30 individual northern
lampfish were selected from the NH and TR Lines on each
cruise for otolith microstructure analysis, except for winter
2018 TR where larvae were damaged due to conditions at
sea and all larvae with intact otoliths were used ( n = 6; to-
tal n = 216). Larvae <5 mm SL were excluded from otolith
analysis (Supplementary Figure S1).

Sagittal otoliths were dissected and stored in immersion oil
on a glass slide for ∼3 d to “clear” prior to reading. Prepared
otoliths were read along the longest axis at 400x magnifi-
cation using a Zeiss Axio compound microscope fit with a
QImaging camera and Image Pro Premier 9.1 software. Larval
otoliths were visible through the top of the cranium prior to
dissection and growth increments were well defined. Otolith
microstructure revealed three distinct growth regions after a
prominent hatch-check: (1) fast growth and wide increments
for ∼3–7 d, (2) consistently slow growth and narrow incre-
ments for about 12 d, followed by (3) increasing growth in-
crements to the otolith’s edge (Supplementary Figure S2). Each
otolith was read twice by the same reader without access to
any sampling data. If the two reads differed by ≤5%, one read
was randomly chosen for analysis. If reads differed by >5%,
the otolith was read a third time. Otoliths where the three
reads differed by >5% were removed from analysis (n = 1;
Sponaugle et al., 2010).

We enumerated daily increments to provide an estimate of
age and used twometrics to analyze growth patterns: (1) mean
daily growth (MDG) which is the average increment width of
each day of life and (2) mean recent growth (MRG), which is
the average increment widths of each individual over the last
three full days of life (Supplementary Figure S2). We used the
latter to best align with sampled environmental conditions be-
cause it is unknown how long larvae had been associated with
the environmental conditions (including prey and predators)
at the time of collection.

Because otolith increment width increases with the age of
the fish, we detrended the last three increment widths for age
by calculating a detrended growth index:

DGij=
(
Gij−Gj

)
SD−1

j , (1)

where DGij is the detrended growth of individual i at age j,
Gij is otolith-based growth (increment width) for individual i
at age j, Gj is the mean otolith-based growth of all individuals
at age j, and SD is the standard deviation of G. Detrending
growth of the last three full days of life (i.e. last three complete
increment widths) for age allows us to compare the MRG of
differently aged larvae (Robert et al., 2009; Sponaugle et al.,
2010).

We comparedMRG across cruises and locations using anal-
ysis of covariance (ANCOVA) with age as a covariate. There
were no significant interactions between age and cruise or lo-
cation prohibiting the interpretation of ANCOVA results.AN-
COVAs were followed by a Tukey HSD post-hoc test, when
applicable.

Diet analysis

We examined the gut contents of all larval northern lamp-
fish used in otolith analysis that had intact guts (n = 174).
Most larvae collected during winter 2018 storm conditions
had damaged guts, hence W18 fish were excluded from diet
analysis.

Larval guts were dissected in a few drops of glycerol on a
microscope slide under a Leica MZ16 dissecting scope.We re-
moved the entire gastrointestinal tract and then gently teased
out prey using minutien pins, starting with the anterior end
(Llopiz and Cowen, 2008). Prey were identified to the lowest
taxonomic level possible, enumerated, andmeasured along the
longest dimension (prosome length, carapace length, or total
length) under the Leica MZ16 dissecting microscope with a
QImaging camera and Image Pro Premier 9.1 software. Prey
lengths were converted to biomass with published length to
dry weight conversions, using temperate system conversions
whenever possible (Uye, 1982; Berggreen et al., 1988; Webber
and Roff, 1995; Lindley et al., 1999; Kaeriyama and Tsutomu,
2002; Cornet-Barthaux et al., 2007; Nakamura et al., 2017).
When copepod order could not be discerned, we used the con-
version provided for the pooled copepod community (“total
copepodia”; Uye, 1982). Unknown crustacean biomass was
estimated with the mean of the conversions used for all crus-
tacean prey groups.

We calculated feeding incidence as the percentage of lar-
val northern lampfish with prey in their gut. Larvae with no
prey in their gut were excluded from all other diet analyses
(n = 38). Three metrics were used to describe larval diet com-
position: frequency of occurrence (%FO; % of larvae with a
particular prey type in the gut), numerical percentage (%N;%
of each prey type out of all prey types consumed), and relative
biomass (%B; % biomass of each prey type out of total con-
sumed prey biomass). These metrics were calculated for every
prey type in each season and location. Because larvae had a
broader size range in summer (5.3–12.0 mm SL) compared to
winter (5.1–7.9 mm SL), summer larvae were split into small
(<8 mm SL) and large (>8 mm SL) size classes to investigate
differences in feeding incidence and diet composition across
season considering potential ontogenetic changes in feeding
habits.

Consumed prey biomass was calculated for each larva by
summing the dry weights of all consumed prey. We divided
this value by larval SL3 to account for increased gut capac-
ity with larval size. These calculations were also performed
for each individual prey group. Finally, we calculated stan-
dardized gut fullness as the residuals of the linear relation-
ship between consumed prey biomass and larval SL3 (Dower
et al., 1998). We use SL3 instead of SL, which is tradition-
ally used (Gleiber et al., 2020), because post-flexion growth
in northern lampfish entails a substantial increase in body
depth (more so than length). Mean standardized consumed
prey biomass and gut fullness were compared across sea-
sons and locations using Wilcoxon rank sum tests (non-
parametric) and Welch’s t-tests (parametric), respectively. T-
tests were used to compare gut fullness because one group
(NH winter) had a parametric distribution and t-tests are ro-
bust to non-normality as long as sample size is large (n =
∼30). There was no significant difference in total standard-
ized consumed prey biomass or gut fullness between years
(p = 0.12 and p = 0.22, respectively) or size classes (p = 0.42
and p = 0.13, respectively) in summer so these groups were
pooled.
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Prey availability and potential predation pressure

ISIIS imagery data were processed following Luo et al. (2018)
and Schmid et al. (2020), with the full pipeline code open-
sourced in Schmid et al. (2021). After automated classifica-
tion, images were probability filtered following Failletaz et al.
(2016), achieving 90% predictive accuracy per taxon. A ran-
dom subsample of images was then classified by a human an-
notator and the results compared with the automated classi-
fication. The resulting confusion matrix was used to correct
taxa concentrations during post-processing [Correction fac-
tor(taxon) = Precision(taxon)/Recall(taxon)]. Corrected taxa
concentration estimates and co-collected physical data were
kriged onto a grid equal to the length of each transect at 2-m
vertical and 500-m horizontal resolution.

Prey groups of interest were selected based on our gut con-
tent analysis. We focused our analysis on prey taxa that var-
ied substantially in their importance to larval diets across
seasons and/or locations: calanoid copepods, copepod nau-
plii, and protists. While copepod nauplii are an important
prey resource for northern lampfish (see the "Results" sec-
tion), they are not quantitatively captured by ISIIS due to
their small size and indistinct morphology. Thus, biological
ring-net samples were used to supplement imagery data to
capture the copepod nauplii group. Since all prey groups
were standardized to concentration, the nauplii data could
be easily integrated for a more holistic evaluation of prey
availability.

There is a paucity of data on predation upon larval fishes in
the NCC to inform potential predator selection. Predation by
zooplankton is rarely quantified because of the variety of po-
tential predators (Bailey and Houde, 1989) and the difficulty
in sampling some taxa (i.e. gelatinous taxa) with net-based
systems. Yet, several studies indicate that larval fishes may
make up a significant portion of the diets of some taxa includ-
ing chaetognaths, ctenophores, siphonophores, and hydrome-
dusae (reviewed in Alvarino, 1985; Purcell, 1985). Anecdo-
tally, northern lampfish have been observed in the gastric cav-
ities of ctenophores (Auth and Brodeur, 2006) and chaetog-
naths (the present study) in the NCC, so these taxa were se-
lected as the potential predator groups for analysis.

Mean prey and potential predator concentrations (ind.
m−3) were calculated for shelf and offshore portions of each
transect (delineated by the shelf break, 200-m isobath). For
the imagery data, mean taxa concentration was computed for
each 1-m vertical bin down to 50-m depth. For the ring-net
data, mean taxa concentration was computed for all net tows
on the shelf and off the shelf along each transect.

Statistical modelling

We used generalized additive models (GAMs) to examine the
effect of upwelling, prey availability, and potential preda-
tion pressure on the recent larval growth of northern lamp-
fish. The response variable in this model was the individ-
ual MRG (last three full days) of 174 northern lampfish,
which was the subset of larvae used in growth analysis with
intact guts. The covariates were upwelling (continuous), in
situ temperature (continuous), and protist (continuous, log
transformed), copepod nauplii (continuous, log transformed),
calanoid copepod (continuous, log transformed), and preda-
tor (continuous, log transformed) concentrations. We also
incorporated an early growth parameter (mean increment
width over the first third of each fish’s life), as an individual’s

recent growth is likely impacted by their growth history (i.e.
fish that grow fast early in life are more likely to continue
growing fast later in life; Pepin et al., 2015). Finally, we tested
the use of a random effect (intercept) of net tow to account
for the fact that individuals from the same MOCNESS tow
are more likely to have similar growth, but model selection
indicated that models without the random intercept were
best.

Upwelling was the cumulative daily Coastal Upwelling
Transport Index (CUTI; https://mjacox.com/upwelling-indic
es/) 10 d prior to capture. This period was selected to account
for the lag between physical forcing and phyto- and zooplank-
ton abundance. It is thought that phyto- and zooplankton lag
wind stress by∼7 and∼13–16 d, respectively (Spitz and Allen,
2005). Because CUTI is a measure of vertical transport fol-
lowing wind stress, we chose the intermediate lag of 10 d.
Temperature was calculated from MOCNESS environmental
data, as the mean per net associated with each fish collec-
tion. We included temperature in the model to examine the
role of upwelling after considering the well-documented ef-
fect of temperature onmetabolically induced growth (Gillooly
et al., 2001). This is important to account for in upwelling
systems where temperature and production often have an in-
verse relationship. Mean concentrations of protists (imagery
data), copepod nauplii (ring-net data), calanoid copepods (im-
agery data), and predators (ctenophores and chaetognaths
combined; imagery data) used corresponded to the location
of fish collection on each transect. Predator taxa were pooled
due to collinearity.

Variance inflation factors (VIF) indicated that correlations
between covariates were not problematic (values ≤ 3; Zuur et
al., 2010). Smoothing functions were applied to each covari-
ate and the number of knots was restricted to four to avoid
model overfitting. A backward stepwise approach for model
selection was used to compare full and reduced versions of
the models and the model with the lowest Akaike’s informa-
tion criterion (AIC) and generalized cross validation (GCV)
was chosen as the best model if it was the simpler version.
If the model with the lowest AIC and GCV was the more
complex model, it was only selected if it differed significantly
(ANOVA, p < 0.05) from the reduced version. Model resid-
uals were checked for deviations from normality, homogene-
ity of variance, and other abnormalities. All modelling anal-
yses were conducted using the R software (v 4.0.4) package
“mgcv” (Wood, 2021).

Results

Environmental setting

Upwelling varied seasonally and latitudinally throughout the
sampling. In general, and consistent with expectations, up-
welling was stronger in summer compared to winter and in
northern California (TR) relative to Oregon (NH). Cumula-
tive upwelling 10 d prior to sampling ranged from 0.81 to
21.02 m3s−1 (Table 1). The mean cumulative upwelling was
lowest during W19 in both locations. Off Oregon (NH), the
strongest upwelling 10 d prior to sampling occurred during
S19, while northern California (TR) experienced the most in-
tense upwelling during S18, which was more than 3x greater
than the following summer (S18 = 19.59 m3s−1, S19 = 6.20
m3s−1). Both locations experienced interannual variability in
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Table 1.Northern lampfish (S. leucopsarus) concentration, upwelling during sampling, and concentrations of environmental prey (protists, copepod nauplii,
and calanoid copepods) and predators (chaetognaths and ctenophores) sampled along the NH and TR Lines during the winters and summers of 2018 and
2019.

Winter Summer

All NH TR All NH TR

Northern lampfish (ind. 1000 m-3) 17.1 (±4.7) 15.3 (±4.3) 19.1 (±8.6) 34.0 (±4.5) 21.0 (±6.3) 46.0 (±6.2)
Upwelling (CUTI; m3s-1) 4.1 (0.8–12.9) 2.5 (0.8–4.3) 6.3 (2.9–12.9) 8.2 (3.0–21.0) 3.4 (3.0–3.9) 12.9 (5.5–21.0)
Prey
Protists (ind. m-3)1 9.8 (±1.6) 12.7 (±2.1) 6.9 (±2.0) 21.1 (±3.2) 17.8 (±6.5) 23.5 (±3.2)
Copepod nauplii (ind. m-3) 3754.7 (±644.5) 4146.3 (±1298.0) 3363.1 (±488.6) 6995.2 (±1088.6) 6673.8 (±1742.0) 7316.5 (±1462.3)
Calanoid copepods (ind. m-3) 29.0 (± 16.7) 17.1 (± 3.7) 40.9 (± 31.8) 44.0 (± 9.2) 70.8 (± 15.5) 23.9 (± 3.7)
Predators
Chaetognaths, ctenophores (ind. m-3) 2.9 (±0.5) 4.4 (±0.5) 1.3 (±0.3) 3.4 (±0.5) 2.9 (±0.7) 3.7 (±0.8)

Column “All” summarizes the mean winter and summer taxa concentration across both locations and years. Northern lampfish were sampled with a
MOCNESS, copepod nauplii with a ring net, and all other taxa with the In situ Ichthyoplankton Imaging System (ISIIS). Upwelling values are the cumulative
daily CUTI (Coastal Upwelling Transport Index; https://mjacox.com/upwelling-indices/) 10 d prior to each sampling event. Concentrations are reported as
mean ± SE and upwelling is mean and range. Data are separated by year in Supplementary Table S1.

upwelling within each season, but the magnitude of variability
was much greater in TR relative to NH (Figure 2).

Kriged temperature profiles aligned well with expectations
based on the upwelling experienced during each sampling
event. The water column was well mixed throughout win-
ter sampling, but vertical thermal stratification existed during
summer sampling with the thermocline shoaling toward the
shelf in NH and TR both years. Vertical stratification was es-
pecially strong at NH where surface waters (<10-m) were up
to ∼5–9◦C warmer than those at depth (∼50-m). The sum-
mer water column was moderately more well mixed at TR.
Summer surface temperatures were fairly uniform across the
TR shelf, while NH exhibited cooler inshore and warmer off-
shore surface waters beyond the upwelling front (Supplemen-
tary Figure S3).

Northern lampfish distribution

Northern lampfish were the most abundant larval fish
throughout our sampling (n= 6563), accounting for 13.7%of
the total abundance of larval fishes in the winter and 32.3% in
the summer. The overall mean concentration of larval north-
ern lampfish was 27.7 (± 3.3) ind. 1000 m−3 and ranged from
2.2 (± 1.3; W18) to 55.0 (± 8.7; S18) ind. 1000 m−3 across
cruises (Supplementary Table S1). Concentrations were gen-
erally higher in summer than in winter and at TR relative to
NH (Table 1). Larvae were broadly distributed across the shelf
throughout our sampling effort (Figure 1). They were concen-
trated in the upper 75-m of the water column, declining in
abundance to 100-m. Larvae used in analysis were caught at
a mean temperature of 10.6◦C in the winter and 10.7◦C in the
summer.

Northern lampfish size, age, and growth

Larvae subject to growth analysis ranged in size from 5.0 to
12.0 mm SL and were 2–55 d post hatch (dph). Though the
largest (>9 mm SL, >1.75 mm body depth) and oldest (>45
dph) larvae were only present in the summer, there was general
coherence in size and age across seasons (Figure 3). Less than
6% of larvae were ≥ 40 dph. The overall population somatic
growth rate was 0.11 mm d−1. There was a significant positive
relationship between fish size vs. age, otolith size vs. age, and
the fish size-at-age residuals vs. otoliths size-at-age residuals

in all years, seasons, and locations except for W18 TR, due to
low sample size (n = 6; Supplementary Table S2).

MRG (mean growth over the last three full days of life)
was significantly slower in winter than in summer during both
years at NH (p< 0.001) and in 2019 at TR (p< 0.001; Figure
4). The non-significant difference in MRG between 2018 sea-
sons at TR (p = 0.39) is likely due to small sample size (W18,
n = 6). There was no significant within-season interannual
variability in MRG, except for TR summer, when MRG was
significantly faster in S19 than in S18 (p = 0.001; Figure
4B). Finally, there was no significant difference in MRG be-
tween locations during any cruise (p = 0.26, p = 0.72,
p = 0.67, and p = 0.41 for W18, S18, W19, and S19,
respectively).

Similarly, MDG (mean increment widths for each day of
life) and size-at-age (otolith radius-at-age) varied by season;
in both years, fish grew faster, and attained larger sizes-at-age
in summer than in winter (Figure 5). This variability was ap-
parent at all ages. At ∼15 dph, larvae at TR were growing sig-
nificantly faster and were larger-at-age in S19 relative to S18
(Figure 5B andD).Winter interannual differences could not be
examined at TR due to low sample size. At NH within season
interannual variability in MDG and size-at-age was minimal
(Figure 5A and C).

Northern lampfish diet

Northern lampfish feeding incidence was ∼20.9% higher in
summer than in winter. Feeding incidence was similar across
locations in both seasons, differing by no more than 5.2%
between NH and TR (Table 2). Similarly, standardized con-
sumed prey biomass, gut fullness, and diet composition varied
across cruises with diet differences greater between seasons
than among locations.

Larval northern lampfish consumed more prey and had
fuller guts in summer compared to winter, with significantly
higher standardized ingested prey biomass (NH p = 0.04, TR
p < 0.001) and gut fullness (NH p = 0.04, TR p = 0.003)
in both locations (Figure 6). There was no significant dif-
ference in standardized ingested prey biomass or gut full-
ness between years (p = 0.12 and p = 0.22, respectively)
or summer larval fish size classes (p = 0.42 and p = 0.13,
respectively).
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(a) (b)

(c) (d)

Figure 2. Daily CUTI for the NH (45◦N; solid line) and the TR Lines (41◦N; dotted line) during (a) winter 2018 (W18), (b) summer 2018 (S18), (c) winter
2019 (W19), and (d) summer 2019 (S19), with sampling dates highlighted in grey. Positive values signify upwelling, zero are neutral conditions, and
negative values are downwelling.

In winter, northern lampfish larvae primarily consumed eu-
phausiid calyptopsis (46.3%) and copepod nauplii (45.0%),
which comprised >90% of their total ingested biomass.
In summer, while larvae continued to consume these taxa,
they also incorporated calanoid copepods into their diets.
Calanoid copepods (26.1%) were the second largest contrib-
utor to summer total ingested biomass and were important
for both larger (>8 mm SL; 41.3%) and smaller (<8 mm
SL; 7.5%) larvae (Figure 7B). However, the size of ingested
calanoid copepods differed between summer size classes, with
larger larvae consuming significantly larger calanoid cope-
pods (0.58 ± 0.03 mm prosome length) than smaller larvae
(0.45 ± 0.04 mm prosome length; p = 0.01). Ostracods were
regularly ingested throughout the year, and protists were con-
sumed only in winter, as reflected in ingested prey counts
(Figure 7A).

Larvae ingested a significantly higher biomass of copepod
nauplii and protists in both locations inwinter (NH p= 0.002,
TR p < 0.001 and NH p = 0.03, TR p = 0.02, respec-
tively) and calanoid copepods in summer (NH p = 0.03, TR
p= 0.01; Figure 8A and B). Interannual differences in ingested
biomass were only apparent in TR, where larvae consumed
a substantially higher biomass of calanoid copepods in S19
compared to S18 and a moderately higher biomass of ostra-
cods in S18 compared to S19 (Figure 8C and D).

Prey availability and potential predation pressure

Prey availability differed more between seasons than lo-
cations, with the concentration of protists and calanoid

copepods roughly 1.5–2x higher in summer than in winter
(p = 0.02 and p = 0.002, respectively). There was no signif-
icant difference in copepod nauplii abundance between sum-
mer and winter (p = 0.08), as they attained high concen-
trations throughout our sampling effort (Table 1). This sea-
sonal pattern largely held within each location, except for
calanoid copepods at TR in 2018 (p = 0.90) and protists at
NH (p = 0.94). The typical seasonal pattern of higher sum-
mer calanoid abundance was evident at TR in 2019 (p= 0.03;
Supplementary Table S1). Predation pressure also varied sea-
sonally, but only at TR, where predators (chaetognaths and
ctenophores) were more abundant in summer (p= 0.03; Table
1). Within each season, there was no significant locational
difference in protist or copepod nauplii concentration (win-
ter p = 0.09, summer p = 0.48; winter p = 0.66, summer
p = 0.58, respectively), but calanoid copepods were signifi-
cantly more abundant at NH than TR in summer (p= 0.008).
The same was true for predators in winter (p = 0.008; Table
1). Finally, there were no significant within-season interannual
differences in protist, copepod nauplii, and calanoid copepod
availability in either location, but predators were more abun-
dant in S19 than in S18 at TR (p= 0.03; Supplementary Table
S1).

Recent growth modelling

The MRG of northern lampfish was influenced by environ-
mental conditions, prey availability, and potential predation
pressure (Figure 9; deviance explained = 48.6%). MRG dis-
played a dome-shaped relationship with upwelling intensity
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(a)

(b)

(c)

Figure 3. (a) Size (SL), (b) body depth, and (c) age frequency distributions
of northern lampfish (S. leucopsarus) examined for otolith and gut
content analysis. Fish were sampled from the NCC during the winters
(blues) and summers (golds) of 2018 and 2019. W18 = winter 2018,
W19 = winter 2019, S18 = summer 2018, S19 = summer 2019

(p< 0.001): growth was lower than average during the weak-
est upwelling and rapidly increased to a peak at intermediate
values before decreasing, but largely remaining above average,
at the most intense upwelling experienced in TR during S18
(Figure 9A).However,we note that interpretation of predicted
MRG at intermediate upwelling values is challenged by low
sample size.MRGwas strongly and positively affected by tem-
perature (p < 0.001), with above-average growth at tempera-
tures > 11˚C (Figure 9B).When environmental calanoid cope-
pod concentrations were low, northern lampfish larvae had
below average MRG, whereas they had above average MRG
at high calanoid copepod concentrations (p = 0.002; Figure
9D). The opposite was true for copepod nauplii concentra-
tions, which had a weaker and negative impact on MRG
(p= 0.009; Figure 9C). Finally, northern lampfish growth was
consistently below average at increasing predator concentra-
tions but increased quickly at the highest predator concen-
trations experienced throughout sampling (p = 0.005; Figure
9E).

Discussion

Northern lampfish larvae exhibited significant differences in
growth and diet across NCC upwelling regimes, with greater
seasonal than latitudinal variability. Growth was generally
faster in the summer, when upwelling was stronger and lar-
vae consumed more calanoid copepods, fewer copepod nau-
plii and protists, and had substantially higher gut fullness,
than in the winter. During reduced upwelling in the winter,
slower-growing larvae had guts that were less full and di-
ets that were dominated by lower-trophic-level prey (i.e. pro-
tists and copepod nauplii). These patterns resulted in summer
larvae that were significantly larger-at-age than winter lar-
vae. However, when summer upwelling was the most intense,
and despite comparable environmental prey availability, larval
northern lampfish consumed fewer calanoid copepods, grew
more slowly, and were smaller-at-age than in more moderate
upwelling conditions. Finally, high zooplanktivorous preda-
tion pressure was correlated to above average growth, which
may indicate a selective loss of slower-growing larvae that are
less able to escape predation (Anderson, 1988; Gleiber et al.,
2020).

Larval northern lampfish otolith microstructure

Larval northern lampfish grew at a somatic growth rate of
0.11 mm d−1, which is comparable to other slower-growing,
high-latitude myctophids (Methot, 1981; Moku et al., 2001).
Their otoliths were comprised of well-defined bands with
three distinct growth regions after a prominent hatch-check:
(1) fast growth and wide bands for approximately 3–7 d, (2)
consistently slow growth and thin bands for about 12 d, fol-
lowed by (3) increasing growth increments to the otolith’s
edge. Nishimura et al. (figure 4B, 1999) also observed this
growth pattern on the interior section of adult northern lamp-
fish otoliths and a similar growth history is evident in an-
other larval myctophid in the region, Tarletonbeania crenu-
laris (figure 3 in Bystydzieńska et al., 2010). Interestingly,
despite having very similar morphology and growth rates
(0.13 mm d−1), the growth pattern of larval D. theta is quite
different, with increments gradually increasing in width from
the core to the otolith edge (figure 1A in Moku et al., 2001).
The discrepancy in larval growth patterns between northern
lampfish andD. thetamay provide amechanism to confidently
discern between morphologically similar species.

Seasonal variability in larval northern lampfish diet
and growth

Similar to other larval myctophids, the diet composition of
northern lampfish consisted of protists, ostracods, larval eu-
phausiids, copepod nauplii, and cyclopoid and calanoid cope-
pods (Conley and Hopkins, 2004; Sassa and Kawaguchi,
2005). However, larval diets were affected by seasonal vari-
ability in the plankton community. Of particular impor-
tance is the environmental abundance of copepod nauplii and
calanoid copepods relative to their seasonal importance in
northern lampfish diets. During reduced upwelling in winter,
northern lampfish primarily consumed copepod nauplii. They
continued to feed on nauplii in summer upwelling conditions,
but also incorporated calanoid copepods into their diets. This
resulted in northern lampfish with a substantially greater rel-
ative biomass of nauplii in their guts in winter compared to
summer. Yet, copepod nauplii were equally available in the en-
vironment in both seasons. In contrast, when the availability
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(a) (b)

Figure 4. Mean ± SE detrended growth during the last three complete days of life (MRG) of northern lampfish (S. leucopsarus) collected in the winter
(blues) and summer (golds) of 2018 and 2019 along the (a) NH and the (b) TR Lines. Significance is indicated to the right of each data point, with points
sharing letters not significantly different from each other (p ≥ 0.05). Sample sizes are indicated above the x-axis. W18 = winter 2018, W19 = winter
2019, S18 = summer 2018, and S19 = summer 2019

(a) (b)

(c) (d)

Figure 5. Mean ± SE (a, b) daily growth (otolith increment width) and (c, d) size-at-age (otolith radius-at-age) of larval northern lampfish (S. leucopsarus)
collected in the NCC in winter (blues) and summer (golds) of 2018 and 2019 on the (a, c) NH and the (b, d) TR Lines. Ages were truncated when n < 5
observations. W18 = winter 2018, W19 = winter 2019, S18 = summer 2018, and S19 = summer 2019

of calanoid copepods increased in summer, their biomass in
larval northern lampfish diets significantly increased. These
patterns suggest that larval northern lampfish respond oppor-
tunistically to increases in calanoid copepods. Although larger
northern lampfish consumed more calanoid copepods, prefer-
ential feeding on calanoids cannot be attributed to an onto-
genetic shift in diet, as this pattern holds for winter and sum-
mer larvae in the same size class (5–8 mm SL). Preference for
calanoid copepods has been observed for multiple species of
larval fish in a variety of systems including, among others,

larval tunas (Thunnus atlanticus) in the Straits of Florida
(Gleiber et al., 2020), Atlantic cod (Gadus morhua) in the
Gulf of St. Lawrence (Robert et al., 2011), and European hake
(Merluccius merluccius) in the Catalan Sea (Morote et al.,
2011). Further evidence for dietary selection is evident in lar-
val consumption of the lowest trophic level prey (i.e. protists).
Protist ingestion was restricted to the less productive winter
season, even though they were twice as abundant in summer.

Our findings indicate that northern lampfish larvae can
respond to the more productive food-web during enhanced
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summer upwelling by selectively feeding on higher-trophic-
level prey (i.e. calanoid copepods). Heightened copepod abun-
dance in summer is well documented in this seasonal system
(Peterson and Miller, 1977). In addition to seasonal variabil-
ity in overall copepod abundance, the copepod community
also shifts between seasons. The winter downwelling com-
munity is typically dominated by warm-water copepods that
are transported poleward in the Davidson Current, while the
summer upwelling community is characterized by cold-water
species transported to the NCC from subarctic source wa-
ters (Peterson and Miller, 1977; Hooff and Peterson, 2006).
These subarctic copepods tend to accumulate lipids, mak-
ing them an important prey base for many predator taxa
(Peterson and Schwing, 2003; Hooff and Peterson, 2006;
Tomaro et al., 2012; Peterson et al., 2014). While the adult
forms of these species are likely too large (>3 mm pro-
some length) to be consumed by fish larvae in this study
(5–12 mm SL), their smaller, younger, but still lipid-rich,
life stages may provide superior nutrition for larval north-
ern lampfish in summer (Peterson, 1986; Liu and Hopcroft,
2007).

Consumption of calanoids appears to be beneficial for
northern lampfish growth and survival. A high reliance on
nauplii biomass in winter resulted in reduced growth and
smaller-at-age larvae, while less dependence on nauplii and
the incorporation of calanoid copepods in summer led to
faster growing and larger-at-age larvae. In seasonally produc-
tive systems, some prey taxa (i.e. copepod nauplii) are likely
important for sustenance year-round, while other high value
taxa (i.e. calanoid copepods) confer enhanced growth when
available during more productive conditions (i.e. summer up-
welling). Because northern lampfish have a protracted spawn-
ing season that places larvae in the pelagic water column dur-
ing both optimal (summer) and suboptimal (winter) feeding
environments, there are likely effects on larval survivorship as
well as possible carry-over effects on growth and survival later
in life.

It should be noted that although all sampling occurred dur-
ing full daylight hours, daylength, photoperiod, and the inten-
sity of solar input differs between winter and summer in the
NCC. These metrics have the potential to impact the strength
and magnitude of zoo- and ichthyoplankton vertical migra-
tions, which may affect winter and summer comparisons of
taxa concentrations in the upper water column. Some stud-
ies suggest that vertical migration distance decreases with in-
creasing photoperiod (Conroy et al., 2020), while others have
found that migration amplitude is greater in the summer than
the winter (Li et al., 2021). It is thus difficult to discern the true
impacts of seasonal differences in zoo- and ichthyoplankton
vertical migrations on our results, not only due to these con-
flicting findings but also because most studies on this topic
occurred in regions that experience more substantial changes
to seasonal daylength (i.e. polar regions) than the NCC.

Interannual variability in larval northern lampfish
diet and growth

Modelling individual recent growth across NCC upwelling
regimes revealed a dome-shaped relationship, with growth
peaking at intermediate upwelling intensities. Recent growth
was below average when upwelling was minimal, but rapidly
increased with moderate upwelling conditions. Growth then
decreased again at the highest upwelling intensity (as mea-
sured in 2018 at TR). During that time, upwelling 10 d prior
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(a) (b)

Figure 6. Stenobrachius leucopsarus (a) mean standardized total consumed prey biomass [μg dry weight/S. leucopsarus SL (mm3)] and (b) mean gut
fullness expressed as residual gut content biomass (residuals of total consumed prey biomass vs. SL3) of larvae collected on the NH and the TR Lines
during the winter (blue) and summer (gold) of 2018 and 2019. ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05

to sampling was 3x greater than the following year. Despite
interannual variability in summer upwelling intensity at this
location, ambient calanoid copepod abundances remained rel-
atively consistent. Yet, fish consumed an order of magni-
tude lower calanoid copepod biomass resulting in significantly
slower larval growth than they did the following year. To-
gether, these findings suggest that there is a physical mecha-
nism limiting feeding.

Theoretical models suggest larval fish feeding is not only de-
termined by ambient food availability but also by larvae-prey
encounter rates. Upwelling is typically accompanied by tur-
bulent mixing of the nutrient-rich upper water column.When
intense, upwelling-induced turbulence can negatively impact
encounter rates between larval fishes and their prey, thereby
reducing feeding success (Cury and Roy, 1989; MacKenzie et
al., 1994). The negative effects of too much upwelling-induced
turbulence have been demonstrated for other species in the
California Current. A common pleuronectid in the region
(English sole, Parophrys vetulus) feeds most successfully in
lower upwelling conditions when their preferred prey, appen-
dicularians, are aggregated rather than dispersed (Alldredge,
1982; Gadomski and Boehlert, 1984). Similarly, too much
upwelling-induced turbulence is thought to disrupt planktonic
food aggregations for northern anchovy (E. mordax; Lasker,
1978, 1981). While empirical evidence for subsequent effects
on recruitment to the adult population remain equivocal (Pe-
terman and Bradford, 1987; Peterman et al., 1988) and re-
sponses to upwelling related turbulence appear to be system,
scale, and taxon (both predator and prey) dependent, our find-
ings are consistent with the conceptional model that at low up-
welling intensity, feeding is production limited while at high
upwelling intensity it is turbulence limited.

Early life history success in seasonally driven
systems

The NCC supports major fisheries of species whose larval
and juvenile stages depend on upwelling-driven primary and

secondary production. Yet, most NCC fishes spawn in winter
when downwelling or reduced upwelling prevails and some
species, such as northern lampfish, have protracted spawning
seasons that encompass both winter (downwelling) and sum-
mer (upwelling) conditions (Richardson and Pearcy, 1977;
Auth and Brodeur, 2006).

We found that northern lampfish consumed fewer and
lower-trophic-level prey in the winter than in the summer,
with significant effects on growth. This begs the question:
what is the benefit of winter spawning? One possibility is
that the need for larval retention nearshore outweighs the
need for fast growth. Because nutrient supply is linked to off-
shore transport in upwelling systems, fishes must find a bal-
ance between transport/retention, feeding, and growth dur-
ing their vulnerable early life history stages. A hypothesized
solution to this problem is that fishes evolve reproductive
strategies that place larvae in the pelagic realm during pe-
riods or locations that minimize the probability of offshore
advection (Parrish et al., 1981) while providing enough pro-
duction for sustenance and slower, but sufficient, growth for
survival.

Another possibility is that winter-spawned northern lamp-
fish obtain a survival advantage later in life. In this system,
the biological spring transition (typically April–May) follows
the onset of upwelling and marks the arrival of a copepod
community that is dominated by large, cold-water, lipid-rich
species (see above; Hooff and Peterson, 2006). The presence
of this highly nutritious prey base is vital for the feeding and
survival of the early life history stages of NCC fishes (Peter-
son and Schwing, 2003; Hooff and Peterson, 2006; Tomaro et
al., 2012; Peterson et al., 2014). However, these studies largely
focused on the juvenile stage when fish can theoretically con-
sume adult cold-water copepods with a prosome length of
∼3 mm (Peterson, 1986; Liu and Hopcroft, 2007). Most ma-
rine fishes, including larvae, are gape-limited: larvae are ini-
tially constrained to small prey, with size of prey available
to them increasing as they grow, especially for mid-to-high
latitude taxa (Pepin and Penney, 1997; Llopiz, 2013). At the
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(a)

(b)

Figure 7. Stenobrachius leucopsarus larvae ingested prey (a) count and
(b) biomass [μg dry weight], presented as proportion of all consumed
prey collected along the NH and the TR Lines. Summer fish are
separated into small (<8 mm SL) and large (>8 mm SL) categories to
account for seasonal size differences. n = 58 (winter), n = 75
(summer < 8 mm), and n = 41 (summer >8 mm). Unk = unknown

biological spring transition, surviving winter-spawned larvae
would be several months old, and although slower-growing,
might be large enough to capitalize on the largest (adult) lipid-
rich prey base typical of summer.

We found a significant ontogenetic shift in ingested calanoid
copepod prey size, with larger larvae consuming larger
calanoid copepods. Back-calculated birthdates indicate that at
the biological spring transition (29 May, 2018 and 5 June,
2019), surviving winter-spawned northern lampfish would
have been 3.5–4.5 months old (13 January–17 February birth-
dates) in 2018 and 3-4 months old (3 February–7 March) in
2019.While the larval duration for this species is unknown, an
abrupt change in adult northern lampfish otolith microstruc-
ture at ∼70 dph (Nishimura et al., 1999) may indicate meta-
morphosis. Additionally, a similar species in the region is es-
timated to be 71 dph at juvenile transformation (D. theta,
Moku et al., 2001), thus winter-spawned northern lampfish

are likely to be at or near transition to the juvenile stage at the
time of the spring transition. Therefore, while winter-spawned
northern lampfish have substantially lower feeding success
and consequently slower larval growth than summer-spawned
fish, winter-spawning may lead to a survival advantage for the
juvenile stage in summer coinciding with availability of large,
nutritious adult copepod prey. Such a tradeoff between fast
and slow larval growth and subsequent juvenile success may
underlie the persistence of a protracted spawning behaviour
in seasonally driven systems. How this tradeoff carries over
to successful recruitment to the adult population is unclear
but likely varies among years.

Predation

Predator (chaetognath and ctenophore) abundances signifi-
cantly influenced measured northern lampfish larval growth.
After factoring in prey availability and environmental con-
ditions, the partial effect of predators indicates that larval
growth was consistently below average at low-to-mid range
predator abundances and was above average at the high-
est concentration of predators. The finding of faster larval
growth in high predator environments may be the result of
predators selectively consuming smaller, slower-growing lar-
vae (Gleiber et al., 2020).While the abundance of these poten-
tial predators in our study only varied seasonally at TR, other
multi-year studies have documented higher chaetognath and
ctenophore abundances at NH in summer compared to winter
(Peterson and Miller, 1976; Keister and Peterson, 2003). Fur-
ther, other potential gelatinous predators, such as hydrome-
dusae, can increase in abundance during upwelling conditions
(Miglietta et al., 2008). Such increased predator abundances
may lead to enhanced summer predation pressure on north-
ern lampfish. The “growth-mortality”hypothesis and its three
corollaries (“bigger-is-better,”“stage duration,”and “growth-
selective predation”), suggest that larger size, faster growth,
and quicker development reduces vulnerability to predation
(Anderson, 1988). Thus, fast larval growth may be important
to the survival of summer-spawned larvae in the high-predator
environment typical of summer. Although predation pressure
will also be higher for winter-spawned northern lampfish at
this time, they may be better suited to escape predation due
their older age, larger size, and advanced developmental stage
when they encounter the high-predator summer environment.

Mode of predation likely impacts the larval growth re-
sponse. While we focused on the effects of gelatinous taxa,
which tend to be passive (ctenophores, hydromedusae) or am-
bush (chaetognath) predators, active predators (e.g. some non-
gelatinous zooplankton, higher trophic taxa) probably also
predate upon larval northern lampfish, and the predator effect
on growth likely differs between more passive and more active
taxa. Predators that actively search out prey may selectively
feed on larger prey items, which would result in a growth pat-
tern opposite of that observed in our data (i.e. slower growth
at high predation pressure due to the selective consumption of
larger, faster-growing individuals).
In situ imagery allowed us evaluate predator distributions

that could offset the perceived advantages of heightened feed-
ing under certain upwelling regimes. Traditional net-based
sampling techniques have limited our ability to resolve zoo-
planktivorous predation on larval fishes, especially for frag-
ile gelatinous taxa. Nonetheless, predation may be the pri-
mary agent of larval mortality (Bailey and Houde, 1989) and
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(a) (b)

(c) (d)

Figure 8. Seasonal (a, b) and interannual (c, d) northern lampfish (S. leucopsarus) mean standardized total consumed prey biomass [μg dry weight/S.
leucopsarus SL (mm3)] of individual prey groups on the (a, c) NH and the (b, d) TR Lines. S18 = summer 2018, S19 = summer 2019. ∗∗∗p < 0.001,
∗∗p < 0.01, and ∗p < 0.05

Figure 9. GAM smooth functions showing the partial effects of each covariate after accounting for the other covariate effects on the MRG (last 3
complete days) of individual larval northern lampfish (S. leucopsarus; n = 174). Upwelling is the cumulative CUTI (m3s−1) 10 d prior to each fish collection
and taxa concentrations are all log + 1 transformed. 95% confidence intervals (grey shading) and partial residuals (points) are shown for each covariate.
Model AIC = 362.8, deviance explained = 48.6%
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understanding the implications of variable predation pressure
across upwelling regimes is necessary for a comprehensive ex-
amination of the influence of upwelling on larval survival.
This need is greater than ever, as the abundance of some po-
tential gelatinous predators is increasing in the NCC (Brodeur
et al., 2019).

Conclusions

In the NCC, most fishes spawn during winter downwelling or
reduced upwelling and some have protracted spawning that
encompasses multiple seasons. For the latter, understanding
the growth and feeding repercussions of spawning phenology
is important to elucidate the mechanisms underlying recruit-
ment variability. Our findings demonstrate variability in lar-
val northern lampfish feeding and growth across upwelling
regimes, with moderate upwelling conditions conferring the
fastest growth. While we suggest that winter-spawned larvae
with slower larval growth may experience enhanced juvenile
success once upwelling commences, this is likely to vary across
years and extension of this work across life history stages is
needed to tease apart these relationships. Finally, as interest in
harvesting mesopelagic resources grows (Hidalgo and Brow-
man, 2019), it is imperative that we understand the basic ten-
ants of myctophid early life histories, including their growth
and diets, and the relationship between these metrics and vari-
able oceanographic conditions. Their role in the pelagic food-
web of such productive systems is understudied yet likely to
be highly important.
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