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1.  INTRODUCTION

Growth, survival, and recruitment of the critical
early life stages of fishes is contingent upon their
ability to find food and avoid predation in a physi-
cally and biologically heterogeneous environment
(Bailey & Houde 1989, Houde 2008). Consequently,
the spatio-temporal distributions of prey and pred-
ator zooplankton taxa can significantly influence

fish population dynamics. Spatial variability in
plankton distributions is often attributed to physical
gradients in density, temperature, and/or salinity
that vary over a wide range of spatial and temporal
scales (Graham et al. 2001, Benoit-Bird & McManus
2012, Acha et al. 2015). When abrupt, these gradi-
ents can concentrate zooplankton and larval fishes
(Grimes & Finucane 1991, Morgan et al. 2005,
Munk 2007), creating regions of intensified biologi-
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cal interaction that may disproportionately affect
larval fish survival.

Physical features that aggregate prey resources are
thought to allow larval fishes to grow quickly and in-
crease survival through their most vulnerable life
stages (Lasker 1975). High prey availability typically
leads to high feeding success, fast growth, and large
size-at-age of larvae (Sponaugle et al. 2009, Pepin et
al. 2015). Consequently, oceanographic features that
concentrate plankton may lead to heightened re cruit -
ment success (Lasker 1975, Shulzitski et al. 2015,
2016). However, this may not always be the case, as
the same features that aggregate prey and enhance
larval fish feeding also typically concentrate known
larval fish predators, especially gelatinous zoo plank -
ton (Purcell & Arai 2001, Bakun 2006, McClatchie et
al. 2012, Luo et al. 2014). The potentially confounding
effects of increased predator abundances are not well
understood, due, in part, to the difficulty of sampling
fragile gelatinous taxa with traditional net-based tech-
niques. Detailed studies on the fine-scale spatial dis-
tributions of larval fishes, their prey, and their preda-
tors are needed to understand the mechanisms of
larval success and relationships to physical processes.

In many coastal ecosystems, riverine discharge into
the ocean creates a shallow, low-salinity, high-
turbidity plume that is marked by sharp physical
 gradients at the plume fronts. Characterized by den-
sity discontinuities and hydrodynamic convergence,
plume fronts have been shown to aggregate phyto-,
zoo-, and ichthyoplankton in a variety of systems in-
cluding the Gulf of Mexico (Grimes & Finucane 1991,
Govoni 1997), Chesapeake Bay (Reiss & McConaugha
1999, Roman et al. 2005), the Gulf of Ancud (Castro et
al. 2011), the Sea of Japan (Watanabe et al. 2014), and
the Columbia River in the northern California Current
(NCC; Morgan et al. 2005, Peterson & Peterson 2008).
River plumes are important habitats for larval fishes,
and several studies have demonstrated increased en-
counter rates leading to higher feeding success in
 larval fish associated with a plume compared to their
non-plume-associated conspecifics (e.g. Govoni &
Chester 1990, Govoni 1997, Lochmann et al. 1997).
Through the accumulation and retention of zooplank-
ton, the location of plume fronts may play an im -
portant role in fish population dynamics.

While plume fronts can alter the spatial distributions
of zooplankton and are suspected to influence larval
fish survival, they are highly variable and often ephe -
meral in nature. This is particularly true for tidally
modulated river plumes where once- or twice-daily
freshwater injections modify the strength and location
of plume fronts (Acha et al. 2015). One such plume is

the Columbia River Plume (CRP) in the NCC. The
NCC is oceanographically complex and characterized
by dynamic wind-driven upwelling and downwelling
processes that support a dense planktonic community
(Peterson & Miller 1975). Within the NCC, the Oregon−
Washington coastal ecosystem is further complicated
by significant freshwater inputs from the second
largest runoff river in the USA, the Columbia River
(Federal Columbia River Power System; https:// www.
bpa.gov/news/ pubs/GeneralPublications/edu-The-
Federal- Columbia-River-Power-System-Inside-Story.
pdf). Here, riverine outflow is modulated by large
tides that create a plume that varies in volume from 2
to 11 × 1010 m3 (Hickey et al. 1998), is typically on the
order of 20 m deep (Bowman 1988), and can extend
hundreds of kilometers beyond the continental shelf
(García Berdeal et al. 2002, Hickey et al. 2005). The
plume region within 50 km of the river mouth is par-
ticularly dynamic and varies over small spatial and
temporal scales as a result of twice-daily tidal pulses
that modify the plume structure (Horner-Devine et
al. 2009). At peak ebb tide, the outflow velocity can
exceed 3 m s−1, creating strong frontal gradients that
have been shown to transport zooplankton off the
continental shelf at a rate 5 times faster than typical
wind-driven transport (Horner-Devine et al. 2009,
 Peterson & Peterson 2009). During coastal upwelling
events, the plume is diverted southward where it has
a longer residency time and is characterized as a far-
field ‘aged’ plume (Horner-Devine et al. 2009).

In systems such as the CRP, fronts are often defined
by and sampled along their visually observable sur-
face discontinuity that marks the vertical plume front
(Grimes & Finucane 1991, Morgan et al. 2005). How-
ever, frontal boundaries occur along both the vertical
and horizontal margins, and because plumes are
shallow features, the frontal gradient along their hor-
izontal plane is often much larger than the vertical
gradient. In the CRP, the formation of distinct vertical
and horizontal fronts can change the spatial distribu-
tions of zooplankton and may be important features
structuring zooplankton communities. Where strong
vertical fronts have been shown to aggregate plank-
ton along the leading edge of the plume, strong hori-
zontal gradients are thought to vertically compress
phyto- and zooplankton beneath the plume. For ex -
ample, in the absence of plume waters, zooplankton
tend to aggregate in the upper 25 m of the water col-
umn, but when the plume is present, zooplankton
aggregate at 10 m depth beneath the base of the
plume (Peterson & Peterson 2008, 2009).

The Columbia River and its associated plume are a
biological hotspot in the Northeast Pacific Ocean.
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Not only does this region support many important
marine fisheries, including Dungeness crab Cancer
magister and the largest runs of Pacific salmon
(Onco rhynchus spp.) in the continental USA, it also
serves as an important spawning and nursery habitat
for the northern stock of northern anchovy Engraulis
mordax (Richardson 1981, Emmett et al. 1997, 2005,
2006). In contrast to many other riverine dominated
coastal systems, intense hydroelectric regulation of
the Columbia River creates artificially high summer
flows resulting in a dominant and year-round influ-
ence on NCC waters (Henderikx Freitas et al. 2018).
Thus, the CRP is a particularly useful system to study
how river plumes influence the spatial distributions
of zooplankton communities and how those spatial
distributions may impact larval fish trophic interac-
tions and population dynamics.

While decades of work have demonstrated that
river plumes serve an important role in structuring
coastal ecosystems, the physical effects of tidally con-
trolled river plumes on zooplankton spatial distribu-
tions, larval fish trophic interactions, and ultimately
survival remain poorly understood. This is likely due
to the highly dynamic nature of river plumes and the
inability of many traditional sampling techniques to
resolve both the vertical and horizontal plume mar-
gins and fine-scale biological processes. Elucidating
these requires high-resolution sampling that can be
achieved with underwater imaging, where, with re -
cent technological advancements, data are collected
at the scale of an individual larva. We used the high-
resolution In situ Ichthyoplankton Imaging System
(ISIIS) coupled with state-of-the-art machine learn-
ing techniques to investigate the fine-scale spatial
distribution of larval fishes, their prey, and their
predators in the CRP over space (inshore versus off-
shore) and time (through the progression of a tidal
series). Our goal was to measure how various zoo-
plankton and larval fish distributions respond to
changes in physical variables. By examining individ-
uals of a diversity of taxonomic groups over time and
space, we aimed to determine the degree to which
larval fishes overlap with their prey and predators in
this dynamic system.

2.  MATERIALS AND METHODS

2.1.  Data collection

Towed in situ imagery data were collected in the
NCC just south and offshore of the Oregon−
Washington state boundary aboard the NOAA Fish-

eries RV ‘Bell M. Shimada,’ as part of the NOAA
Northwest Fisheries Science Center Pre-Recruitment
Survey (Brodeur et al. 2019). Sampling occurred dur-
ing daylight hours (08:00−19:00 h PDT) on 23−24 June
2016, and included 2 sequential 25 km cross-plume
(parallel to the coastline) transects 10 km offshore of
the Columbia River mouth and one 60 km cross-shelf
transect south of the river mouth (perpendicular to the
coastline), which was split into inshore and offshore
sections for further analyses, to capture the plume in-
fluence nearshore (Fig. 1A). During the former tran-
sect, we transited the same cross-plume line through
the progression of the Columbia River ebb-flood tide
series (Fig. 1C). The imager was towed at a speed of
2.5 m s−1 in a tight undulating fashion from the surface
to 100 m depth or within a few meters of the seafloor
in shallower regions. Each undulation provided 2
quasi-vertical profiles of the water column. Our sam-
pling resulted in 76 full undulations or 152 quasi-
vertical profiles.

2.2.  ISIIS

ISIIS (Cowen & Guigand 2008) is a towed, low tur-
bulence, high-resolution in situ shadowgraph imaging
system. It has a large sampling volume (150−185 l s−1)
and is capable of capturing and quantifying both rare
plankters, like larval fishes, and their more abundant
prey and predators. Additionally, its large field of
view (13 × 13 × 50 cm) allows the system to image
fragile gelatinous taxa (McClatchie et al. 2012, Luo et
al. 2014, 2018), which can be important prey and
predators of larval fishes but are difficult to enumerate
with traditional net-based sampling techniques
(Fig. 2). Sensors on ISIIS include a CTD (Sea-Bird SBE
49 FastCAT), dissolved oxygen (Sea-Bird 43), chloro-
phyll a (chl a) fluorescence (Wetlabs FLRT), and pho-
tosynthetically active radiation (EPAR; Biospherical
QCP-2300). Data from ISIIS are transferred via fiber
optic cable to a ship-board computer where images
are time-stamped and stored. Imagery data are pro-
cessed, trained, and tested for automated classification
following protocols detailed by Luo et al. (2018).
These methods are briefly described below.

2.2.1.  Image processing

ISIIS files (AVI stacks) were parsed into single
frames and flat-fielded to subtract background noise
using a k-harmonic means clustering algorithm. Indi-
vidual plankters, known as regions of interest, were
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detected, segmented from the full frame, assigned a
unique name identifier (including a detailed time
stamp), and saved as jpg files. Each jpg file contains
an individual plankter and will hereafter be referred
to as a vignette.

2.2.2.  Classification training

A sparse convolutional neural network (sCNN) was
used for automated classification of vignettes (single
organism images) into taxa categories. sCNNs are
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Fig. 1. (A) Study area, showing the 2 cross-plume transects and the cross-shelf transect in relation to the mouth of the Columbia
River on 23−24 June 2016. Depth contours are the 200, 500, 1000, and 2000 m isobaths. (B) Bakun upwelling index values for
45° N during the month that sampling occurred, with the grey box highlighting our sampling dates. (C) Tidal height estimates
(meters above Mean Lower Low Water) for Astoria, Oregon (CoOp, National Ocean Service, NOAA, Station 9349040). Grey
shaded regions indicate sampling periods during the transects (shown in A). Times are in Pacific Daylight Time (PDT)

Fig. 2. Images of representative plankton taxa taken by the In situ Ichthyoplankton Imaging System (ISIIS) in the northern 
California Current
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state-of-the-art for the automated identification of in
situ plankton imagery (Graham 2015, LeCun et al.
2015, Luo et al. 2018). The sCNN is a deep learning
tool and was trained using ‘SparseConvNets’ with
‘Fractional Max-Pooling’ (Graham 2015) with a custo -
mized NCC training library that consisted of 161 cate -
gories including phyto-, zoo-, and ichthyo plankton,
particles, and noise artifacts (e.g. bubbles at the sur-
face; Table S1 in the Supplement at www. int-res. com/
articles/ suppl/  m13367_ supp. pdf). This training library
was built by extracting and manually identifying
51 870 vignettes from the entire NCC imagery collec-
tion (including the 3 transects analyzed in this study)
to accurately capture the diversity of organisms in our
sampling region. Both clear and noisy images were
included to account for the different water masses
sampled, and training of the sCNN continued until an
error rate of ≤5% at 400 epochs was attained. An
epoch is when the entire dataset is passed though the
sCNN once, and the weights, which contain the infor-
mation that the CNN learned during that epoch, are
updated.

The sCNN assigned 161 probabilities to each
vignette, indicating to which one of the 161 cate-
gories the vignette likely belonged. The category
with the highest probability was selected as the pre-
dicted identification. Following automated classifica-
tion, the 161 categories were mapped onto 72 final
groups due to the consolidation of multiple cate-
gories of the same taxa that needed to be kept sepa-
rate for automated classification because of differ-
ences in orientation, life-stage, or size (Table S1).

2.2.3.  Classification testing

Filter-thresholding (sensu Faillettaz et al. 2016,
Schmid et al. 2020) was applied to remove low-
 confidence vignettes using a LOESS model. The
model calculates a probability threshold cutoff for
90% classification precision at the broader group
level. Vignettes with a maximum probability of less
than or equal to the calculated cutoff for their cate-
gory were re-classified as ‘unknown’ (Table S1).
Applying this thresholding reduces the occurrence of
false positive identifications substantially. Prediction
of true spatial distributions is still possible after
removing low classification confidence vignettes
(Faillettaz et al. 2016).

The final classification pipeline performance was
evaluated using a confusion matrix (Hu & Davis 2006,
Tharwat 2018). We compared the results of 86 681
randomly selected and manually identified vignettes

to their automated predicted classification from the
sCNN. This provided a number of true positives
(TPs), false positives (FPs), and false negatives (FNs)
in our dataset, and performance for each class was
then calculated based on precision (P = TP/(TP+FP)),
recall (R = TP/(TP+FN)), and F-score, which is the
first harmonic mean of precision and recall (F-score =
2×P×R/(P+R)).

2.2.4.  Image post-processing and 
concentration estimates

Final vignettes were merged with simultaneously
collected environmental data using the time stamp
and binned into 1 m vertical depths along the ISIIS
towpath. Fluorescence volts were converted to chl a
concentrations based on a calibration for our instru-
ment done by SeaBird on 29 January 2016, and envi-
ronmental data were kriged (Matlab package
‘EasyKrig’ v.3.0) onto a grid equal to the length of
each transect at 1 m vertical and 500 m horizontal res-
olution. Plume waters were defined using the refer-
ence salinity of ≤32.5 for the CRP (Barnes et al. 1972).

Taxa concentrations (ind. m−3) were estimated
using the volume of water imaged, average tow
speed, and time spent in each 1 m bin. A correction
factor based on the confusion matrix results (Hu &
Davis 2006, Schmid et al. 2020) was applied to the
calculated concentrations according to the following
equation

(1)

2.3.  Ecological analyses

Key taxonomic groups were selected for analysis
based on their ecological significance as potential
prey or predator groups of larval fishes. Calanoid
copepods and appendicularians are frequently found
in the guts of larval fishes (Baier & Purcell 1997, re-
viewed by Llopiz 2013). Appendicularians, in particu-
lar, are estimated to comprise 97% of the diet of a
pleuro nectid in this region (Gadomski & Boehlert
1984). Calanoid copepods dominate the plankton off
Oregon (Peterson & Miller 1975) and are a more im -
portant prey resource than cyclopoid copepods at
mid- and high latitudes (Llopiz 2013). Chaetognaths
are primarily carnivorous, and several studies suggest
that based on their high abundance and the presence
of fish larvae in their guts, they may cause significant
mortality (reviewed by Alvarino 1985). Finally, larval

Correction factor
Precision rate

Recall rate
taxon

taxon

taxon
=
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fishes make up a significant portion of the diets of
some gelatinous taxa, including ctenophores, siphono -
phores,andhydromedusae(re viewedbyPurcell1985).
With few notable exceptions (Gadomski & Boeh lert
1984), there is a lack of information on the  diets of and
predation upon larval fishes in the NCC compared to
other regions (e.g. the Straits of Florida; see Llopiz &
Cowen 2009). To ac count for this knowledge gap, zoo-
plankton were combined into the following higher
taxonomic groupings for all analyses: larval fishes,
calanoid copepods, ap pendicularians, chaeto gnaths,
ctenophores, hydro medusae, and siphono phores.
Concentrations of each taxon per depth bin along the
sampling transects were calculated, and Kruskal-
Wallis tests were used to compare the mean con -
centrations in plume (salinity ≤32.5) and non-plume
waters (salinity >32.5). Finally, each individual within
these taxa was measured along its major axis. Taxa
size distribution plots were created to evaluate the po-
tential for predator−prey interactions.

2.3.1.  Zooplankton community analyses

Ordination was used to determine if the zooplank-
ton community structure differed between the 2
plume types (tidal plume and far-field plume) and
oceanic habitat. Data were binned into 1 m vertical
depth bins across each transect. Tidal plume habitats
were defined as those directly off of the river mouth
(Transects 1 and 2) where salinity was ≤32.5, far-field
plume habitats were classified by the same salinity
value but located inshore, south of the river mouth
(Transect 3 inshore), and oceanic habitats were
where salinity was >32.5.

Ordination was done using non-metric multidimen-
sional scaling (NMDS) in the R (v. 3.5.2) package ‘ve-
gan’ v. 2.5-6 (Oksanen et al. 2019) with a Bray-Curtis
distance measure. NMDS ordinates sample units (1 m
depth bins across each transect) in multi dimensional
species space to identify samples with similar zoo-
plankton communities, where the more similar in
composition 2 samples are, the closer they appear in
space. The relationship between stress and dimen-
sionality was examined to find the smallest number of
axes where the reduction in stress (a measure of the
goodness-of-fit between the species data and the
final ordination) adequately plateaued (Mather 1976).
The 2 dominant ordination axes are presented graph-
ically for ease of visualization. We tested the null
hypo thesis of no difference in zooplankton communi-
ties among tidal plume, far-field plume, and oceanic
habitats using the ‘adonis’ function in ‘vegan,’ which

computes a non-parametric permutational multivari-
ate analysis of variance (Anderson 2001).

2.3.2.  Fine-scale vertical distributions

Mean concentrations per 1 m depth bin of larval
fishes, their prey, and their predators were examined
to investigate the effect of plume waters on taxa ver-
tical distributions. The weighted mean depth (WMD)
of the vertical distribution of larval fishes and their
potential prey and predators was calculated follow-
ing Frost & Bollens (1992):

(2)

where  ni is the concentration of individuals per cubic
meter of taxon i at depth di, which is taken to be the
shallowest point of each 1 m depth stratum. WMDs
were calculated for the full transects as well as the
deeper southern and shallower northern portions of
the cross-plume transects separately to ensure that
patterns were not significantly influenced by the
bathy  metry of the region.

2.3.3.  Larval fish prey/predator spatial overlap

Relationships of larval fish prey/predator taxa
throughout the water column were evaluated using
the spatial overlap index described by Williamson &
Stoeckel (1990):

(3)

where z is the depth stratum, m is the number of sam-
pled depths, Njz is the concentration of larval fish at a
given depth, and niz is the concentration of the select
prey or predator taxon at a given depth. Overlap
index values of 1 indicate that fish larvae and/or the
select taxonomic group are evenly distributed in the
water column; index values <1 indicate vertical spa-
tial separation between fish larvae and the select
taxa; and index values >1 indicate vertical spatial
overlap of fish larvae and the select taxa, where the
theoretical upper limit is defined by the number of
points sampled. The spatial overlap index of William -
son & Stoeckel (1990) takes into account prey and
predator concentrations in addition to spatial and
temporal overlap and has been used in a variety of
systems to evaluate trophic interactions among zoo-
planktonic organisms (Bezerra-Neto & Pinto-Coelho
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2007, Möller et al. 2012, Picapedra et al. 2015). Over-
lap indices for larval fishes and each of their prey/
predator groups were determined for every quasi-
vertical profile (2 per undulation) resulting in horizon-
tally stratified index values. Median transect-wide
integrated values with their corresponding standard
errors were calculated based on the individual quasi-
vertical profile spatial overlap values and are also
reported to provide an overall statistical description
of overlap in each transect.

2.3.4.  Overlap-environment modeling

Boosted regression tree (BRT) analysis was used to
evaluate how the presence of surface plume waters
affected the likelihood of spatial overlap between lar-
val fishes and their prey/predator taxa in the water
column. BRTs are an ensemble statistical modeling
method capable of fitting complex nonlinear rela-
tionships (Luo et al. 2014, Lieske et al. 2018). Instead
of attempting to fit a single parsimonious model like
traditional techniques, BRTs use random subsets of
data to construct a large number of simple regression
trees. These trees are then combined using machine
learning (boosting) to optimize predictive perform-
ance (Elith et al. 2008). Similar to other tree-based
methods, BRTs provide an estimate of the relative
importance of each explanatory variable as well as
partial dependence plots that show how the influ-
ence of the variable varies over its range.

Six BRT models (one for each prey/predator taxon)
were constructed to predict the horizontally stratified
spatial overlap index based on 5 explanatory vari-
ables: mean salinity, temperature, dissolved oxygen,
chl a concentration, and photosynthetically active
radiation (EPAR) in surface waters. Specifically, each
row in the model matrix consisted of the calculated
spatial overlap index for one quasi-vertical profile
and the mean environmental parameters in the top
5 m of the water column for that profile. We used the
top 5 m to indicate surface waters because plumes
are shallow features; during sampling, the maximum
depth of the plume was 3.7 m in some regions, and
the plume signal was quickly lost beyond this depth
during the ebb tide due to sharp physical gradients.
All models were built using the R (v.3.5.2) package
‘dismo’ v.1.1-4 (Hij mans et al. 2017), and model per-
formances were evaluated using an estimate of de -
viance explained (D2 = 1 − residual deviance/null de -
viance). Partial dependence plots were created for
the top 3 most important explanatory variables for
each prey/predator taxon using the R (v.3.5.2) pack-

age ‘gbm’ v.2.1.5 (Green well et al. 2019). Partial de -
pendence plots show the effect of environmental
variables on the likelihood of spatial overlap be -
tween larval fish and each prey/predator group.

3.  RESULTS

3.1.  Environmental setting

Mean Columbia River discharge during the study
period was 5478 m3 s−1, with a maximum flow volume
of 11100 m3 s−1. Winds reversed from weakly down-
welling-favorable to upwelling-favorable 8 d prior to
sampling and remained weakly upwelling-favorable
throughout the sampling period (Fig. 1B). The sampling
period encompassed spring tides; the semi diurnal
tides were unequal in magnitude, with the larger ebb
occurring during daytime hours and coinciding with
sampling (Fig. 1C). Transect 1 data were primarily col-
lected during slack ebb and Transect 2 during slack
flood. Transect 3 (cross-shelf) sampling began just be-
fore slack ebb and continued through maximum flood,
when sampling was nearest to shore. Plume waters
(defined as salinity ≤32.5) were present at the surface
and captured in sampling  during all transects.

3.2.  Automated classification performance

Imagery data yielded 24.7 million vignettes, in -
cluding numerous representatives of all taxa of inter-
est (6095 fish larvae and ~1.5 million prey/predator
zooplankton; Fig. 2). After filtering thresholds were
applied and the original 161 classes were mapped
onto their broader groups, the weighted average
model precision (number of true positives/number of
true and false positives)was77%,recall(numberoftrue
positives/ number of true positives and false negatives)
was 73%, and F-score (harmonic mean of precision
and recall) was 67%. Note that a correction factor (pre-
cision/ recall, see Section 2.2.4) was ap plied prior to
calculating final concentrations (Table S2, Fig. S1).
These evaluation metrics are strong, especially given
the large number of classes included in our training
library (n = 161). As the number of classes in a model
increases, classification becomes more difficult. Yet,
our model precision is comparable to studies with
far fewer classes. For example, Gorsky et al. (2010)
achieved a mean model precision of ~80% (precision
calculated as recall/ [recall + contamination] in their
study) with just 8 classes, while our mean model pre-
cision of 77% was achieved with 161 classes. Our
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model also performed well compared to more recent
studies that use CNNs. Orenstein et al. (2015) pre-
sented a comparison of different classifiers, of which
the best one had 70 classes, and had an unweighted
mean F-score of 42%.

3.3.  Taxa concentrations

A total of 6095 fish larvae were identified in the
auto mated image classification. The most abundant
groups accounted for 83.86% of the catch and were

comprised of Sebas tidae (43.58%), Clupei -
formes (19.76%), ‘long slender’ (10.19%),
Pleuro nectiformes (8.33%), and Myc to -
 phidae (2.00%). Based on the literature in
this region, we suspect that the group
‘long slender’ was possibly dominated by
Bathy lagidae (Parnel et al. 2008). Mean
concentrations of taxa of interest during all
sampling varied over 3 orders of magni-
tude (Table 1). Corrected larval fish con-
centrations ranged from 0.09 ± 0.00 ind.
m−3 in Transect 1, to 0.16 ± 0.01 ind. m−3 in
the inshore region of Transect 3. Appen-
dicularians were the most abundant over-
all (81.14 ± 1.26 ind. m−3) followed by cala -
noid copepods (15.05 ± 0.22 ind. m−3).
Calanoid copepods and appendicularians
were also most abundant in all individual
transects with the ex ception of Transect 2,
where the concentration of hydro medusae
(13.43 ± 0.62 ind. m−3) exceeded that of
cala noid copepods (11.85 ± 0.33 ind. m−3).
Predator groups were dominated by hy-
dromedusae and chaeto gnaths, with total
mean concentrations of 9.06 ± 0.24 and
7.04 ± 0.12 ind. m−3, respectively. The off-
shore region of Transect 3 had the lowest
abundances of copepods (8.25 ± 0.20 ind.
m−3), chaeto gnaths (1.34 ± 0.04 ind. m−3),
ctenophores (0.86 ± 0.03 ind. m−3), hydro -
medusae (2.59 ± 0.10 ind. m−3), and
siphono phores (1.18 ± 0.04 ind. m−3), and
the second lowest concentration of fish
 larvae (0.10 ± 0.01 ind. m−3).

Concentrations of all taxa differed sig-
nificantly be tween the plume and non-
plume water masses in regions where the
plume was present, with the exception of
hydromedusae in the inshore region of
Transect 3 (Kruskal-Wallis test; Table 1).
In all other cases, taxa concentrations

were significantly higher in non-plume water com-
pared to plume water.

3.4.  Taxa size distributions

The size (total length; TL) of larval fishes ranged
from 1.00 to 38.75 mm, with a mean TL of 6.44 mm
(Table 2). Fishes south of the river mouth were larger
than those directly off of the river mouth. The size of
prey and predator taxa also varied across transects,
but both prey groups (calanoid copepods and appen-
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Transect                           Taxon                  Mean          SE     K-W
                                                                         concentration           (P/NP)
                                                                            (ind. m−3)

Total                                 Appendicularians          81.14         1.26      **
n1 = 7504                         Calanoid copepods       15.05         0.22      **
n2 (P/NP) = 2459/5045   Hydromedusae                9.06         0.24      **
                                         Chaetognaths                  7.04         0.12      **
                                         Ctenophores                    2.01         0.04      **
                                         Siphonophores                1.97         0.03      **
                                         Fish larvae                       0.11         0.00      **

Transect 1 (Ebb)              Appendicularians          50.04         1.09      **
n1 = 1835                         Calanoid copepods       14.06         0.40      **
n2 (P/NP) = 575/1260     Hydromedusae              11.79         0.45      **
                                         Chaetognaths                  9.30         0.27      **
                                         Ctenophores                    2.41         0.08      **
                                         Siphonophores                2.11         0.07      **
                                         Fish larvae                       0.09         0.00      **

Transect 2 (Flood)           Appendicularians          50.04         1.15      **
n1 = 2337                         Hydromedusae              13.43         0.62      **
n2 (P/NP) = 838/1499     Calanoid copepods       11.85         0.33      **
                                         Chaetognaths                11.45         0.27      **
                                         Ctenophores                    2.51         0.08      **
                                         Siphonophores                2.32         0.06      **
                                         Fish larvae                       0.12         0.01      **

Transect 3 (inshore)        Appendicularians        219.56         5.24      **
n1 = 1211                         Calanoid copepods       33.86         0.78      **
n2 (P/NP) = 213/998       Hydromedusae                7.64         0.49       –
                                         Chaetognaths                  5.01         0.15      **
                                         Siphonophores                2.41         0.09       *
                                         Ctenophores                    2.37         0.08      **
                                         Fish larvae                       0.16         0.01      **

Transect 3 (offshore)       Appendicularians          61.26         1.25     NA
n1 = 2121                         Calanoid copepods         8.25         0.20     NA
                                         Hydromedusae                2.59         0.10     NA
                                         Chaetognaths                  1.34         0.04     NA
                                         Siphonophores                1.18         0.04     NA
                                         Ctenophores                    0.86         0.03     NA
                                         Fish larvae                       0.10         0.01     NA

Table 1. Mean (SE) taxa concentrations per depth bin along the sampling
transect for all sampling (total) and each sampling transect near the Co-
lumbia River Plume including the significance of a Kruskal-Wallis (K-W)
test for differences in mean concentrations in the plume (P) vs. outside of
the plume (NP). Taxa are in descending order based on their concen -
trations within each sampling regime. K-W test significance: *p < 0.001,
**p < 0.0001, (−): not significant. Sample sizes for concentration (n1) and K-W
estimates (n2) are indicated under each transect. NA: no K-W test was 

performed due to a lack of plume waters
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dicularians) were substantially smaller than larval
fishes in all sampling. Mean larval fish TL ranged
from 2.74 to 5.11 mm larger than the mean size of
their prey. In general, potential predator size distri-
butions were more protracted and their distributions
overlapped with, and often exceeded, those of larval
fishes (Fig. S2). The exceptions to this were cteno-
phores, whose size distributions were more com-
pressed and had a mean size that was smaller than
those of larval fishes in all plume regions. Con-
versely, the mean size of hydromedusae exceeded
that of larval fishes in all plume regions (i.e. in all
sampling but the offshore region of Transect 3).
While chaetognaths were on average larger than lar-
val fishes throughout the entirety of sampling,
siphono phores were larger than larval fishes only
directly off of the river mouth (Table 2).

3.5.  Plume structure, community composition,
and fine-scale vertical distributions

The distribution of larval fishes, their prey, and their
predators in relation to the CRP was documented for 4
distinct water column structures ob served throughout
sampling.

3.5.1.  Transect 1: ebb tidal plume — low surface
salinity and strong shallow stratification

Low-salinity plume waters were present at the sea
surface along the entire length of Transect 1. The
plume was highly stratified and restricted to the upper
20 m of the water column with vertical salinity gradi-
ents of up to 4.4 m−1 and a maximum depth of 19.6 m.
Minimum depth of the plume was 4.5 m (Fig. 3A).

With the exception of a small pocket of fresher
water extending to 19.6 m depth on the southern end
of the transect, the plume was deeper in the northern

than the southern extremes of
the transect. Salinity values ranged
from 12.68 at the surface to 34.39
at depth. The freshest water was
lo cated directly offshore of the
river mouth, in the upper 3 m of
the water column. Surface salinity
was higher in the southern portion
of the transect, with a minimum
salinity of 25.23 in the upper 20 m.
Temperature varied from 7.55 to
15.0°C, with the warmest waters in
the top 15 m on the northern end of

the transect. A thin phytoplankton layer (as indi-
cated by chl a concentration) ex tended approxi-
mately 6 km into the southern portion of the transect.
The entire water column was normoxic, with oxygen
values exceeding 1.43 ml l−1 (Fig. 3A; Grantham et
al. 2004).

During the ebb tide when there was strong, but
shallow, stratification of the water column, larval
fishes did not occupy the shallowest 5 m, but were
relatively evenly distributed below this depth with a
slight peak in abundance ~10 m below the base of
the plume (Fig. 4A). While prey groups (calanoid
copepods and appendicularians) were broadly dis-
tributed below 5 m depth, their WMDs were slightly
deeper than that of larval fishes, with the exception
of appendicularians in the southern region. Predator
distributions were more dynamic but were generally
most abundant in the top 25 m of the water column.
The WMD of predators was, on average, 7.85 m
shallower than the WMD of fish larvae in the south-
ern region and 1.30 m shallower in the northern
region. Chaeto gnath and hydromedusae distributions
formed distinct concentration peaks near the base of
the plume, while the distributions of ctenophores
and siphonophores were more protracted. Notably,
chaetognaths were the only taxon present in signifi-
cant concentrations at the shallowest depths and
some of the lowest salinities in this transect (~15;
Fig. 4A; Fig. S3A).

3.5.2.  Transect 2: flood tidal plume — moderately
low surface salinity and stratification

Plume waters remained at the sea surface along
the entirety of Transect 2. While still highly strati-
fied, the plume was more mixed during the flood
than the ebb tide, with a maximum vertical salin-
ity gradient of 2.1 m−1 and salinity values ranging
from 17.94 within the surface plume to 35.02 at
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Taxon                Transect 1 Transect 2 Transect 3 Transect 3 
                              (ebb)      (flood)    (inshore) (offshore)
                                   Mean    SE       Mean    SE       Mean    SE       Mean    SE

Fish larvae                 5.70   0.09      5.54   0.08      7.88   0.12       6.63    0.09
Calanoid copepods   2.72   0.01      2.77   0.01      3.64   0.01       2.22    0.01
Appendicularians     2.80   0.00      2.80   0.00      2.77   0.00       2.73    0.00
Chaetognaths            6.59   0.01      7.03   0.02      8.36   0.03       8.29    0.04
Ctenophores              4.51   0.03      4.18   0.03      4.50   0.04       8.62    0.11
Hydromedusae          14.67   0.05      15.28   0.05      12.18   0.08       5.31    0.05
Siphonophores          9.42   0.03      9.08   0.04      6.93   0.06       6.16    0.07

Table 2. Mean taxa size (mm) and standard error for each sampling transect near 
the Columbia River Plume
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Fig. 3. Kriged contour plots of environmental parameters during (A) Transect 1 (ebb), (B) Transect 2 (flood), and (C) Transect 3
near and within the Columbia River Plume. The dashed line in C indicates the cutoff between the inshore and offshore regions 

used in analyses. Chl a: chlorophyll a concentration
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depth. Again, the plume was restricted to the top
20 m of the water column varying in depth from
3.7 m in the south to 17.6 m in the north. While the
temperature range during the flood tide was simi-
lar to the ebb (7.58− 14.93°C), the extent of the
‘warm pool’ of water in the northern portion of the
transect surface waters increased both vertically
and horizontally. Similarly, the phytoplankton layer
on the southern end of the transect became more
well- defined and increased in thickness from
around 5 to 10 m depth. Oxygen values ranged
from 1.67 to 7.62 ml l−1 (Fig. 3B).

There was a distinct deepening (>6 m) of the
vertical distribution of larval fishes from a WMD of
25.39 m during the ebb tide to 31.51 m during the
flood tide when low-salinity water extended deeper
into the water column (Figs. 3B & 4B). This pattern
held in the deep and shallow portions of the transect
where the WMD of larval fishes deepened 5.01 m in
the south and 7.87 m in the north. Larval fish concen-
trations were negligible above 20 m depth, and there
was a broad peak in abundance at the 20−50 m depth
range, indicating possible vertical compression.
WMDs of calanoid copepod and appendicularian prey
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Fig. 4. Mean concentration of each taxonomic group in every other 1 m depth bin during (A) Transect 1, (B) Transect 2, (C)
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deepened by approximately 3 m, creating moderate
abundance peaks at depth that roughly coincided
with the peak in larval fish abundance. When the
transect was split into deep and shallow sections, the
WMD of fish larvae closely adhered to both prey
groups, especially calanoid copepods. One predator
taxon, ctenophores, exhibited a vertical distribution
markedly similar to larval fishes. Chaetognath, hydro -
medusae, and siphonophore WMDs were, at a mini-
mum, 6.44 m shallower than the WMD of fish in the
northern region and 8.94 m shallower in the southern
region. Interestingly, the distribution of hydro me du -
sae was virtually the same in the ebb and flood stages
of sampling, with a strong peak in concentration
around 20 m depth. Although there re mained some
degree of overlap with the vertical distribution of fish
larvae, the highest peak in larval fish abundance was
nearly 10 m deeper than the region of highest hydro -
medusae concentrations (Fig. 4B; Fig. S3B).

3.5.3.  Transect 3 (inshore): far-field plume —
 intermediate surface salinity and weak stratification

Low-salinity waters extended 18 km into Transect
3 (cross-shelf, south of the river mouth) on the in -
shore end (Fig. 3C). Salinity values within the plume
reached a minimum of 25.1, and the maximum depth
of the plume was 15.5 m. The maximum vertical
salinity gradient was 0.5 m−1. Temperature was mod-
erately cooler in this region south of the river mouth
and ranged from 6.97 to 15.19°C. The highest phyto-
plankton signal was located closest to shore, with a
maximum chl a concentration of 10.39 μg l−1 . Bottom
water beneath the plume was mildly hypoxic, reach-
ing a minimum of 1.36 ml l−1.

High abundances of larval fishes were relatively
evenly distributed throughout the water column.
WMD of fish larvae was deepest in this region at
58.24 m (Fig. 4C). The same was true for calanoid
copepods (62.96 m) and appendicularians (52.15 m),
yet their distributions appeared to be more structured.
Cala noid copepod abundance increased slightly with
depth, and appendicularians peaked in the 20−60 m
depth range. The 1 m depth bin with the highest con-
centration of fish larvae coincided with a 6 m peak in
copepod abundance. WMD of fish larvae was <1.5 m
deeper than the mean for prey, but was nearly 8 m
deeper than the mean for predators. Again, hydro -
medusae exhibited the most contracted distribution of
any taxon, displaying a sharp, shallow concentration
peak. Their WMD was >30 m shallower than the
WMD of fish larvae (Fig. 4C; Fig. S3C).

3.5.4.  Transect 3 (offshore): negligible plume

In the cross-shelf offshore region, salinity ranged
from 31.58 to 33.92. Despite the relatively minor
salinity variability, the water column was moderately
structured by thermo- and oxyclines shoaling to -
ward the shelf, with values ranging from 7.11 to
15.75°C and 1.53 to 6.70 ml l−1, respectively (Fig.
3C). The maximum phytoplankton chl a concentra-
tion of 4.63 μg l−1 was substantially lower than in
all other re gions. In the absence of surface plume
waters, larval fishes and all zooplankton were rel-
atively evenly distributed in the water column
(Fig. 4D; Fig. S3D).

3.5.5.  Community composition

Non-metric multidimensional scaling (NMDS) re -
vealed significant differences in the community com-
positions among the 2 types of plume habitats (tidal
and far-field plume) and oceanic waters (Fig. 5). The
ordination performed well with a stress value of 0.08,
which is in the ‘good’ criteria range (McCune & Grace
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Fig. 5. Non-metric multidimensional scaling (NMDS) ordina-
tion of zooplankton taxa concentrations in 3 different habitats
near the Columbia River Plume. Each data point represents
the community composition in a 1 m vertical depth bin along
the sampling transects. Tidal plume samples are those within
plume waters directly off of the river mouth, far-field plume
samples are plume waters south of the river mouth, and
oceanic samples are those with salinity >32.5. Stress (a meas-
ure of goodness-of-fit) is indicated in the top right corner
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2002). Non-parametric statistical analysis (‘adonis’)
indicated that the zooplankton community structure
was significantly different among the tidal plume,
far-field plume, and oceanic habitats (p = 0.001).

3.6.  Larval fish prey/predator spatial overlap

As an indication of the potential for trophic
interactions between larval fishes and their prey/
predators, we calculated an index of vertical over-
lap for each sampling quasi-vertical profile (n = 152)
along every transect. Median transect-wide overlap
indices ranged from 1.14 to 1.89 for prey groups
and from 0.88 to 1.77 for predator groups (Fig. 6).
Taxa spatial overlap with larval fishes varied signif-
icantly over space (Transect 3: inshore vs. offshore)
and time (Transect 1: ebb tide vs. Transect 2: flood
tide; Figs. 6 & 7).

3.6.1.  Variation in overlap over space

When no plume waters were present, there was
some degree of spatial overlap between larval fishes
and all prey and predator taxa (Fig. 6). Overlap be -
tween prey/predator taxa and fish larvae was more
dynamic in regions where the water column was

structured by the inshore plume, as evident by the
overlap of larval fishes with some taxa and the sepa-
ration from others. Where plume waters were pres-
ent at the surface, south of the river mouth (i.e. Tran-
sect 3 inshore), there was a small degree of vertical
alignment between fish larvae and calanoid cope-
pods, appendicularians, chaetognaths, ctenophores,
and siphonophores, while there was vertical separa-
tion between fish larvae and hydromedusae (Fig. 6).

Across Transect 3, prey groups overlapped with
fish larvae throughout the entire length of the in -
shore region, but there were instances of separation
from fish larvae in the offshore region. With the ex -
ception of chaetognaths, all taxa anomalously over-
lapped with fish larvae in one quasi-vertical profile
offshore (Fig. 7C,D).

Interestingly, along the leading edge of the plume
(i.e. the vertical plume front; second to farthest west
quasi-vertical profile in Fig. 7C), spatial overlap of
prey taxa with larval fishes was nearly 2 standard
deviations above the mean of adjacent waters. There
was an even greater increase (2.5 standard devia-
tions above the mean) in spatial overlap with preda-
tor taxa near the vertical plume front. A few kilome-
ters offshore of this frontal region, prey groups only
slightly co-occurred with or were separated from fish
larvae, while predator groups highly co-occurred
with fish larvae (Figs. 7C, D).
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Fig. 6. Median spatial overlap of selected prey and predator groups with fish larvae in transects near and within the Columbia
River Plume. Black markers are estimates of the Williamson spatial overlap index during each sampling transect. Overlap in-
dex values = 1 (red dashed line) indicate that fish larvae and the taxonomic group are evenly distributed in the water column;
index values <1 indicate some degree of vertical separation between fish larvae and the group; index values >1 indicate some
degree of vertical overlap of fish larvae and the group in any layer of the water column. Error bars are standard error
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3.6.2.  Variation in overlap over time

Median overlap values indicated that all prey and
predator taxa were positively correlated with fish
larvae during the ebb tide (Transect 1; Fig. 6). During
the flood tide (Transect 2) a few hours later, while
both prey taxa (calanoid copepods and appendicu-
larians) became more strongly correlated with fish
larvae, 3 out of 4 predator groups became less cor-
related with fish larvae (chaetognaths and sipho no -
phores) or even showed some degree of vertical
separation (hydromedusae; Fig. 6).

Notably, where plume waters were the freshest and
very shallow during the ebb tide, all taxa were corre-
lated with fish larvae (Figs. 3A & 7A). This contrasts
with both north and south of this region where there
was a mixture of overlap and separation across taxa
(Fig. 7A). When the river was flooding and low-salinity
water was pushed deeper into the water column
(Fig. 3B), there was a high overlap of larval fishes with
both prey groups (calanoid copepods and appendicu-
larians) but separation between fish larvae and some
predator taxa, especially hydromedusae (Fig. 7B).

Spatial overlap of taxa with larval fishes was more
accentuated in the shallower northern portion of
Transects 1 and 2. Generally, in the deeper portion of
the transect to the south, prey groups overlapped
with fish larvae and predator groups were separated
from fish larvae (Fig. 7A,B).

3.7.  Overlap-environment modeling

The number of regression trees fit to BRT models
ranged from 1100 for the overlap model of larval
fishes with appendicularians, to 3000 for the overlap
model of larval fishes with ctenophores. All models
performed well, with a mean D2 of 0.48. Ctenophore
and hydromedusae models performed best, with D2

values of 0.65 and 0.62, respectively (Fig. 8).
Model results indicate that salinity and chl a con-

centration had the highest relative influence on spa-
tial overlap with larval fishes for the largest number
of taxa. Salinity was the most important variable
influencing overlap for 3 taxa and was in the top 3
most important for all taxa (Fig. 8). The next most
influential explanatory variables, based on rank im -
portance, in decreasing order, were chl a concentra-
tion, temperature/oxygen, and EPAR.

The mean relative influence of salinity on spatial
overlap with larval fishes was greater for prey groups
(33.95%) compared to predator groups (24.08%;
Fig. 8). Chaetognath overlap with fish larvae was the
least influenced by salinity (18.7%), and they were
the only group to not have salinity in the top 2 most
important variables (Fig. 8).

Partial dependence plots showing the effect of
environmental variables on the spatial overlap index
relative to the model mean indicated that all taxa
were predicted to have above-average spatial over-
lap with larval fishes when surface salinity was ≤24
(Fig. 9). Maximum overlap of larval fishes with cope-
pods occurred when surface salinity was ~24, while
overlap with appendicularians was greatest when sur-
face salinities were ~25.5−27. Chaetognath overlap
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with larval fishes was at a maximum at ~26.5, cteno -
phores and siphonophores at ~20−24, and hydro -
medusae at ~24.5−26. When surface salinity ap -
proached the reference plume cut off for the CRP
(≤32.5), all taxa were predicted to have below-
average overlap with larval fishes (Fig. 9).

Copepods and appendicularians showed above-av-
erage spatial overlap with larval fishes at high sur -
 face chl a concentrations, while chaetognaths, cteno -
phores, and hydromedusae demonstrated below-
average overlap at these values (Fig. 9). In general,
intermediate surface temperatures (~13− 15°C), high
surface oxygen (~6 ml l−1), and the highest surface
EPAR values (>0.002) predicted above-average spatial
overlap with larval fishes (Fig. 9).

4.  DISCUSSION

Using a high-resolution in situ imaging system, we
documented changes in the fine-scale horizontal
(km) and vertical (m) distributions and spatial over-
lap of larval fishes with their zooplankton prey and
predators in a highly dynamic river plume system.
Our analyses demonstrated substantial changes in
concentrations, distributions, and spatial overlap with
larval fishes among different zooplankton taxa over
small spatial and temporal scales.

Our results are consistent with previous findings that
suggested chl a, zoo-, and ichthyoplankton concentra-
tions are higher in plume-influenced regions (St. John
etal.1992,Albaina&Irigoien2004,Morganetal.2005),
yet emphasize that zoo- and ichthyoplankton were pri-
marily found aggregated beneath, and not within, the
plume at the horizontal plume front. Fish larvae and
their prey (calanoid copepods and appendicularians)
were generally distributed deeper in the water column
than their potential predators (chaetognaths, cteno-
phores,hydromedusae,andsiphonophores).However,
the presence of a shallow horizontal plume front re-
duced the magnitude of this difference, contributing
to high spatial overlap of larval fishes with their prey
and predators (although overlap with predators was
taxon-specific and varied with the tide and depth of
the horizontal front). Further, regions of high taxa
concentration did not necessarily lead to high fine-
scale spatial overlap of larval fishes with their prey/
predators. Surface salinity and chl a concentration
were the most important factors influencing spatial
overlap of larval fishes and zooplankton taxa.

Larval fishes must find food and avoid predators in
heterogeneous environments (Lasker 1975, Bailey &
Houde 1989, Cushing 1990). In highly dynamic sys-
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tems such as riverine plumes, the trophic environ-
ment can quickly shift from favorable (high prey, low
predator concentration) to poor (low prey, high
predator concentration). Riverine plumes are impor-
tant habitats for larval fishes and are thought to
provide mechanisms of favorable transport (i.e. near-
shore retention) and high food availability (Grimes &
Finucane 1991, Govoni 1997, Eggleston et al. 1998),
but traditional sampling techniques have not ade-
quately examined the fine-scale distributions of lar-
val fishes, their prey, and their predators in relation
to highly dynamic and 3-dimensional riverine plumes.
Results of our study demonstrate the effect of this
dynamic physical system on the distributions and
overlap of biological constituents over space (inshore
versus offshore) and time (ebb versus flood tide),
with potential consequences on larval fish prey/
predator inter actions.

4.1.  Larval fish distributions

Distributions of larval fish taxa (Sebastidae, Clu -
pei  formes, ‘long slender’ [possibly Bathylagidae, see
Section 3.3], Pleuronectiformes, and Myctophidae)
varied in space and time in both horizontal and
vertical dimensions. On a broad scale, the highest
concentrations of fish larvae were found in the in -
shore region of Transect 3, ~20 km south of the
river mouth. This was consistent with expectations,
as during the study period there was weak
upwelling driven by northern winds that have pre-
viously been shown to divert the CRP and zoo-
plankton southward and offshore (Hickey et al.
2005, Peterson & Peterson 2008, 2009). Further,
some species, notably northern an chovy, are known
to spawn in the far-field ‘aged’ plume waters, which
may account for higher concentrations in this re -
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gion compared to directly off of the river mouth
(Richardson 1981, Emmett et al. 1997).

The distribution of fish larvae also changed verti-
cally in relation to the horizontal plume front.
Through out sampling, larval fish concentrations
peaked at around 10 m below the base of the plume.
Al though this peak was moderate in some transects,
larval fishes were consistently found in higher abun-
dances beneath fresher plume waters with negligi-
ble, near-zero concentrations within the shallow sur-
face plume. As such, when plume waters extended
deeper into the water column (Transect 2, flood tide),
larval fishes were distributed deeper and appeared
to be vertically compressed on short time scales
(hours). Vertical plume avoidance could be due to (1)
physiological limitations, (2) physical displacement,
(3) biological factors, or some combination of these.
Northern anchovy are euryhaline, and given that
some Sebastes and Pleuronectiformes species use the
estuary as juveniles, they may also tolerate a wide
salinity range (Allen & Baltz 1997, Oh et al. 2014).
However, Bathylagidae and Mycto phidae are meso-
pelagic taxa and thus are unlikely to tolerate low
salinity. Myctophidae were primarily found offshore.
Our sampling did not enable us to definitively ad -
dress why larval fishes were not found in surface
plume waters. However, because most taxa re -
sponded to the deepening of the horizontal front in a
similar manner (i.e. their distributions deepened)
regardless of their varied ability to withstand a wide
range of salinities, we hypothesize that physical dis-
placement and biological factors may have played a
larger role than physiological limitations in the CRP.

4.2.  Fine-scale habitat partitioning 
beneath the plume

All prey and predator taxa were primarily distrib-
uted beneath fresher plume waters. Much like the lar-
val fishes, vertical distributions changed with the
depth of the horizontal plume front. For example,
when the horizontal front extended deeper into the
water column during the flood tide, all taxa were dis-
tributed at greater depths and vice versa, suggesting
that broad taxa distributions were set by the physical
environment, likely through density gradients or
sheer at the horizontal front. Adherence of zooplank-
ton distributions to the depth of the horizontal front
due to strong density gradients has been observed in
previous studies in the region (Peterson & Peterson
2008). The role of density gradients in maintaining
taxa distributions is illustrated with the distribution of

chaetognaths. Chaetognaths were the only taxon con-
sistently found above negligible concentrations within
the plume water at the shallowest depths. Chaeto -
 gnaths are highly active ambush predators; laboratory
studies found chaetognath swimming speeds to be as
high as 6.2−22.5 cm s−1 for Sagitta spp., a common
genus in this region (Ignatyev 1997). While these
swimming speeds are similar to those of some large
fish larvae, they are significantly higher than the
swimming speeds attained by the relatively small fish
larvae (~6 mm TL) observed in this study (Hunter
1972, Kashef et al. 2014). With strong swimming capa-
bilities, chaetognaths may be the only taxon able to
access regions above the horizontal plume front, al-
though the advantages for doing so are unclear.

Recent in situ studies suggest that physical oceano-
graphic features broadly determine the distribution
of taxa, but within those distributions, zoo- and ich-
thyoplankton exhibit fine-scale habitat partitioning
(Benoit-Bird et al. 2009, Greer et al. 2013). Concen-
trations of predator taxa, especially hydromedusae,
peaked directly under the horizontal plume front.
This is not surprising, since many of our predator
groups have highly buoyant bodies that have a ten-
dency to get ‘stuck’ at density discontinuities (Gra-
ham et al. 2001). Interestingly, however, the bulk of
larval fishes and their prey (calanoid copepods and
ap pen di cu larians) were often found below the high-
est peaks in predator concentrations. Further,
throughout the study, fish larvae vertically over-
lapped with both of their prey groups, but were ver-
tically separated from hydromedusae during both the
flood tide as well as in the inshore region south of the
river mouth. The vertical separation between fish lar-
vae and hydromedusae, and simultaneous overlap
with their prey, suggests that there may be some
degree of habitat partitioning beneath the river
plume. Although we cannot discern whether vertical
spatial separation with hydromedusae and overlap
with calanoid copepods and appendicularians was
due to active or passive processes, we suspect that
physical conditions at the horizontal front set the ulti-
mate limits for zoo- and ichthyoplankton distribu-
tions, while beneath the plume, biological interac-
tions acted to optimize feeding and reduce predation
pressure. Given the timescale of this study (hours be -
tween Transect 1 and Transect 2), partitioning of the
water column beneath the plume is unlikely to be
due to the predatory ‘top-down effect’ of one popula-
tion on another. By distinguishing patterns of differ-
ent taxa on fine spatial scales, our results build upon
previous findings of broad aggregations of phyto-
and zooplankton near or within the density disconti-
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nuity along the horizontal plume margin of the CRP
(Peterson & Peterson 2008).

4.3.  Trophic interactions in space and time

Based on the observed distributions and fine-scale
spatial overlap of larval fishes and their prey, most fish
larvae in the vicinity of the CRP should experience
high concentrations of appropriately sized cope  pod
and appendicularian prey, especially directly off of
the river mouth and during the flood tide. Since
calanoid copepods and appendicularians are impor-
tant prey resources for larval fishes (Gadomski &
Boehlert 1984, Llopiz et al. 2010, Llopiz 2013), these
spatial and temporal conditions can be considered
 favorable feeding environments.

Potential predators were also concentrated in plume
regions. Although ctenophores can be predators of
larval fishes (reviewed by Purcell 1985), the cteno -
phores encountered in the plume regions of this study
are unlikely to have functioned as prominent larval
fish predators given their small mean body size com-
pared to that of the larval fishes. The remaining pred-
ators showed some degree of vertical overlap with lar-
val fishes in all plume regions, with the ex ception of
hydromedusae in the flood tide and in the inshore re-
gion south of the river mouth. In the latter, fish larvae
also experienced low overlap with many other preda-
tor taxa, and there was a mismatch in size with
siphonophores, making trophic interactions be tween
them and larval fishes less likely here. This lack of
overlap suggests that potential predation pressure on
larval fishes by a broad range of predatory taxa was
reduced in the inshore region south of the river mouth
relative to directly off the river mouth and offshore.

While our results indicate that larval fishes experi-
enced the most favorable feeding conditions seaward
of the river mouth, potential predation pressure
(measured by fine-scale spatial overlap) in this area
fluctuated on short time scales (hours) over the pro-
gression of a tidal series. Overall conditions for larval
fishes may have been more favorable for survival
during the flood tide when there were higher prey
concentrations, higher spatial overlap of larval fishes
and their prey, and reduced overlap with most of
their predators, relative to during the ebb tide.

Larval fishes also experienced variable trophic en -
vironments over space. To survive, larval fishes must
both find food and avoid predation and there may
frequently be times where these constraints necessi-
tate trade-offs. We hypothesize that the in shore
region south of the river mouth may have provided

conditions most conducive for larval survival. Al -
though larval fish overlap with prey was substan-
tially reduced in this region relative to near the river
mouth, overlap with potential zooplanktonic preda-
tors was also lower. Considering the size of the
planktonic predators in addition to overlap, chaetog-
naths may have been the only prominent predators of
larval fishes in this region. Farther offshore, chaetog-
naths and ctenophores overlap with and are the ap -
propriate size to function as predators of larval fishes.
Predation is thought to be the primary agent of larval
fish mortality, and baseline prey levels necessary
for larval fish survival have probably been over-
estimated in lab-based experiments, as larvae may
forage more effectively in the wild than ex pected
(Bailey & Houde 1989). With this in mind, food avail-
ability may have been sufficiently high and preda-
tion pressure sufficiently low to sustain larval fishes
nearshore south of the river mouth. This favorable
trophic environment may underlie the spawning of
northern anchovy in this region (Richardson 1981,
Emmett et al. 1997). The degree to which such re -
gions of potentially enhanced larval fish success are
common in nearshore regions of other systems remains
to be examined.

4.4.  Trophic interactions and the physical
 environment

BRTs, which allowed us to model the relative im -
portance of a variety of surface physical variables on
the spatial overlap of larval fish and their prey/
predators, revealed that surface salinity and chl a
concentration were the most important factors influ-
encing taxa overlap with fish larvae. Surface salinity
was especially important for prey groups (calanoid
copepods and appendicularians), and it was in the
top 3 most important predictors for all taxa. Addi-
tional BRT analyses (not shown) incorporating sub-
surface data (5−10 and 20−40 m) explained less
deviance than the presented top 5 m surface model.

In the CRP, the highest zooplankton abundance
and biovolume were reported to occur at surface
salinities of between 26 and 30, which is characteris-
tic of the far-field ‘aged’ plume (Peterson & Peterson
2008, Horner-Devine et al. 2009). Our data are con-
sistent with this pattern in that zooplankton concen-
trations were enhanced for many taxa within this sur-
face salinity range. However, BRTs revealed that
high zooplankton concentrations may not confer high
overlap on small scales (meters in the vertical, kms in
the horizontal) relevant to trophic interactions. We
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found that at salinities of 27 and above, spatial over-
lap with fish larvae was below model average for all
prey and predator taxa regardless of their high con-
centrations in these regions. When surface salinities
were within this range, the WMD of some zooplank-
ton was up to 30 m shallower than that of larval fishes,
though this varied greatly across taxa. This fine-scale
difference could explain why at even higher prey con-
centrations in plume-influenced waters elsewhere,
larval fish had slower growth (Axler et al. 2020, this
Theme Section).

Interestingly, high surface chl a concentrations
were predicted to lead to above model average over-
lap of larval fishes with their prey groups, but below-
average overlap with their potential predator groups.
While the reasoning behind this relationship is un -
clear, it suggests that there are complex interactions
between adjacent trophic levels in dynamic river
plume systems.

4.5.  River plumes as important larval fish habitats

Many species (e.g. the northern anchovy in the
NCC) use river plumes as spawning and nursery
habitats (Richardson 1981, Emmett et al. 1997, Par-
nel et al. 2008) and thus it is often assumed that
plumes provide favorable conditions for the vulner-
able early life stages of larval fishes. It is thought
that river plumes may offer (1) nearshore retention
mechanisms, (2) high food availability, and/or (3)
reduced predation pressure (Grimes & Finucane
1991, Govoni 1997, Eggleston et al. 1998). Indeed,
we found that river plumes provided substantially
higher concentrations of prey resources and
enhanced spatial co herence between larval fishes
and their prey relative to oceanic waters. The func-
tionality of river plumes as a refuge from predation
was less clear. Importantly, high concentrations of
larval fishes and zooplankton did not necessarily
lead to high spatial overlap on fine scales (meters)
relevant to larval fish trophic interactions, but these
relationships were highly nuanced in space and
time.

Our results help to fill gaps in our knowledge on
how the physical environment can influence larval
fish trophic interactions on small spatio-temporal
scales. However, we also fully acknowledge the limita-
tions of our study: this is a snapshot of a complex sys-
tem, and trophic interactions are frequently species-
specific. Further work would be useful to identify
species-specific larval fish prey and predators in the
NCC and to investigate annual variation in fine-scale

larval fish prey availability and predation pressure
near important habitats, like river plumes.

4.6.  ISIIS and the importance of predation

High-resolution in situ sampling allowed us to
evaluate the relationships between larval fishes,
their prey, and their predators on fine spatial and
temporal scales. Further, using ISIIS allowed us to
explicitly investigate the role of potential predation
in river plumes, an often-overlooked process deter-
mining larval fish survival. Traditional sampling
techniques vastly underestimate fragile gelatinous
taxa and thus the potential for predation on larval
fishes. It is suggested that nets underestimate some
groups of gelatinous zooplankton by 12 times (Rem-
sen et al. 2004). Because predation may be the pri-
mary agent of larval fish mortality (Bailey & Houde
1989), understanding variations in growth, survival,
and recruitment requires including accurate esti-
mates of predation potential on fine scales.

Our sampling occurred during anomalously warm
conditions in the NCC associated with a large-scale
marine heatwave and El Niño forcing. This resulted
in a shift in the zooplankton community from crus-
tacean to gelatinous dominated (Brodeur et al. 2019),
which likely contributed to the extremely high con-
centrations of some gelatinous predators observed
in our sampling. Although it is difficult to say if
the distributions we observed were typical for the
NCC, our study certainly highlights the need for better
quantification of potential predation, especially in the
context of changing ocean conditions that may favor
gelatinous predator taxa. This will provide a better
baseline for understanding how oceanographic condi-
tions structure fine-scale zooplankton communities,
which is critical for understanding the processes that
drive adult population dynamics (Houde 2008).
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