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ABSTRACT:

Efforts to predict the abundance of the Northern anchovy population in the California
Current Ecosystem have been pursued for decades due to their ecological and commercial
importance. Previous studies have explored dietary preferences, climate influence, and
top-down mechanisms such as predation. Environmental DNA (eDNA) is a new tool in
the oceanographic field being used for assessing biodiversity, relative abundance, and
inter-species interactions. We examined factors that contribute to anchovy abundance
using a 12-year time series of eDNA data in Monterey Bay. We found little linear
correlation with diet, but a significant negative correlation with the North Pacific Gyre
Oscillation Index. In addition, we explored how the eDNA data varies in different
locations in Monterey Bay and found spatial and temporal patterns for both anchovies
and sardines that are potentially reflective of the species habitat range, migratory patterns,

and spawning activity.

INTRODUCTION:
The Northern anchovy, Engraulis mordax, serves as a critical energy conduit between
upwelling-driven productivity and upper trophic level organisms in the California Current

Ecosystem (CCE). Despite only encompassing less than 1% of the global ocean, primary



productivity in eastern boundary upwelling currents such as the CCE is responsible for
nearly 17% of the total global harvest of fish (Pauly & Christensen, 1995). Anchovies in
Monterey Bay attract a cascade of biological activity; including whales, seabirds, and
other fishes that come to feed off them (Santora et al., 2020; Sydeman et al., 2020).
Northern anchovy and Pacific sardine (Sardinops sagax) populations flourish in eastern
boundary current upwelling systems globally, and one typically exists in abundance
without the other, referred to as a “regime.” These regimes were previously thought to be
alternated by changes in temperature, where anchovies favored cooler temperatures, and
sardines warmer temperatures, changes ignited by basin scale processes such as the
Pacific Decadal Oscillation and the El Nifio Southern Oscillation (Chavez et al., 2003).
However, the current anchovy regime we are seeing now in Monterey Bay is being
accompanied by a warm sea surface temperature anomaly (Chavez et al., 2017;
Thompson et al., 2019). This prompts us to investigate other ocean conditions that may

be affecting anchovy recruitment, physiology, and behavior.

Forage fish such as the Northern anchovy are highly sensitive to changes in their
surrounding environment, especially when switching from yolk sac feeding to first
feeding (Portner & Peck, 2010; Lasker et al., 1970). Prey availability, species
composition, and extended periods of mixing that displace prey are all factors that can
contribute to anchovy population abundance (Lasker et al., 1970; Wroblewski &
Richman, 1987). Prey density is critical for first-feeding anchovies that need to
consistently feed to reach adult stages. As our climate continues to change, and as
fisheries start to incorporate ecosystem-based management practices, it is becoming
increasingly important to identify the reasons behind large shifts in species composition,
particularly for forage fish which are an essential food source for other organisms (Field

et al., 2006).

Environmental DNA (eDNA) is emerging as an effective tool to identify ocean
community composition and inter-species interactions by applying established genomic
principles to seawater samples (Djurhuus et al., 2020). Organisms leave behind

microscopic tissue, cells, and other debris in the ocean that are then sequenced by



collecting seawater samples. This provides a less invasive, less costly, and less labor-
intensive method of species identification in comparison to traditional methods. Species
that would not normally be detected due to their elusive nature or rarity are captured,
which has the potential to provide a more comprehensive and accurate consensus of the
population (Truelove et al., 2022). The relationship between eDNA data and raw
abundance of a species is developing, as different methods are being explored and DNA
shedding rates of different organisms are being taken into consideration (Ficetola et al.,
2014; Sassoubre et al., 2016). There is some promising evidence that data reflects
abundance that is estimated by traditional methods, but the current most reliable way of
interpreting the data is that eDNA shows relative presence of a species (Héanfling et al.,

2016; Langlois et al., 2020).

In this study, we aimed to examine how a 12-year time-series of eDNA samples collected
in Monterey Bay can provide insight into what factors drive Northern anchovy
abundance. Many studies have investigated anchovy and sardine diet preferences through
laboratory experiments and in situ observations but analyzing diet from an eDNA time
series perspective is relatively novel (Schmitt, 1986; Theilacker, 1987). Climate indices
such as the North Pacific Gyre Oscillation (NPGO) were used for further insight into

conditions that would affect the Northern anchovy.

MATERIALS AND METHODS:

The Monterey Bay Aquarium Research Institute (MBARI) time series started in 1989,
originally collecting CTD (conductivity, temperature, depth) measurements in addition to
biological and chemical data. Beginning in 2008, eDNA samples have been collected on
time-series cruises, at stations C1, M1, and M2. Pictured below, stations C1, M1, and M2

represent coastal, mid-bay, and outer bay moorings (Figure 1).
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Figure 1 - Location of sample sites C1, M1 (Mooring 1), and M2 (Mooring 2) in Monterey Bay. Source:

https://www3.mbari.org/bog/roadmap/major_stations.htm

The markers 125, 18S, and COI were used to target three distinct groups of organisms:
bony fishes, phytoplankton, and zooplankton. Amplicon sequence variant (ASV) reads
for each species were adjusted from the raw amount to percent of total reads for each
species. Species of interest from the 12S, 18S and COI markers were extracted and
plotted to view any potential inter-species interaction in the programming language R.
The NPGO Index was taken from ERDDAP, NOAA'’s database that provides publicly
available oceanographic data. The ASV reads for anchovies and sardines were separated

by station in Monterey Bay to view any notable spatial or temporal patterns.

RESULTS:

COMMUNITY SHIFTS IN SITES C1,M1, AND M2:



The top 10 species for the 12S marker of bony fishes (Figure 2) is an excellent example
of the potential that eDNA has for monitoring biodiversity and species of concern on a
fisheries level. We can see that the Northern anchovy dominates much of this time series,
particularly from 2017-2019. The top 10 species for phytoplankton is more diverse, and
species shifts are less obvious (Figure 3). Akashiwo sanguinea, a species that is proven to
be a nutritious prey preference for first-feeding anchovies, appears to be more present
later in the time series, in addition to Dinophyceae. Pseudocalanus, a small copepod that
is a preferred prey for Pacific Sardine, appears to be relatively more present in the sardine
regime of 2008-2014 in the zooplankton plot (Figure 4). From 2014 onward,

Synchaetidae, a family of rotifers, and Emiliana huxleyi, a species of coccolithophore, are

more present.

Figure 3 — Stacked bar plot of top 10 species in 18S (phytoplankton) series from 2008-2020.



Figure 4 — Stacked bar plot of top 10 species in COI (zooplankton) series from 2008-2020.

DIETARY PREFERENCES

The ASV reads for Northern anchovy and Pacific sardine from all sample sites confirm a
regime shift from sardine to anchovy around 2014 that is also evident in the top 10 12S
species bar plot (Figure 5, Figure 2). Around this same time, a similar shift from cold to
warm SST temperatures occurred, often referred to as the “warm blob,” counterintuitive
to the previous notion that anchovies prefer colder waters (Leising et al., 2015). An
analysis was done on dietary preferences of anchovies and sardines to extract species of
interest from the 18S and COI markers. Evidence that prey density and species
composition is critical for fish in their first-feeding stages is robust, and that successful
recruitment in the following years is a result of this (Cushing, 1990). Anchovies are not
able to withstand starvation periods beyond 1.5 days, and certain species have proven to
be more nutritious than others, such as Akashiwo sanguinea (Lasker et al., 1970). Similar
laboratory studies concluded that first-feeding anchovies prefer dinoflagellates over
diatoms, and that diatoms were spit out from the anchovies as most species are too large
and spiny (Lasker, 1981; Lasker and Zweifel, 1978). Therefore, I extracted
dinoflagellates and diatoms from the time series by the class Dinophyceae and phylum
Bacillariophyta. When plotted, dinoflagellate reads show a marked increase relative to
diatoms around the same time that anchovies increase (Figure 6). This is also consistent
with ocean observations that we are in “the age of dinoflagellates” (Fischer et al., 2020).
However, Pearson’s correlation coefficient of 0.33 between anchovies and dinoflagellates

doesn’t constitute a significant linear relationship (Figure 7). Emiliana, a coccolithophore



which also appeared to increase relative to anchovies, had a Spearman correlation
coefficient of R = 0.39 (Figure 8).
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Figure 5 — Shaded ribbon plot of Northern Anchovy and Pacific Sardine amplicon sequence variant reads

as a function of percent of the total reads, from 2008-2020.
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Figure 6 — Shaded ribbon plot of Dinoflagellates and Diatoms amplicon sequence variant reads as a
function of percent of the total reads, from 2008-2020. Dinoflagellates were grouped by the class

Dinophyceae, and Diatoms grouped by the phylum Bacillariophyta.
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Figure 7 - Shaded ribbon plot of Northern Anchovy and Dinoflagellates amplicon sequence variant reads as
a function of percent of the total reads, from 2008-2020. Pearson’s correlation coefficient was calculated to

assess any linear relationship between the two to find dietary preferences of Northern Anchovy (R = 0.33).
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Figure 8 — Spearman correlation coefficient and regression line plotted for Northern Anchovy and genus

Emiliana, a coccolithophore R = 0.39.

A Principal Component Analysis (PCA) was plotted for all species of interest and some

climate indices to determine how much variability they were causing, in addition to



viewing their relationship between each other (Figure 9). Only about 23% of the
variability in the data set is explained, but there is lots of information on how these
variables relate to one another. Again, we see anchovies and dinoflagellates close
together, in addition to diatoms and the upwelling index grouped close together. The
NPGO index is directly opposite to the Northern Anchovy, indicating a high negative
correlation which was explored later.
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Figure 9 — Principal component analysis of all species that were extracted from 12S, 18S, and COI time

series.

CLIMATE INFLUENCE:



The NPGO and anchovy amplicon sequence variant reads are negatively correlated, with
Pearson’s correlation coefficient R = -0.53 (Figure 10). The NPGO is a basin scale climate
influence, the second dominant mode of sea surface height variability that is highly correlated
with previously unexplained fluctuations in nitrate, salinity, and chlorophyll (di Lorenzo et al.,
2008). This “negative” phase of the NPGO is associated with lower nitrate, lower salinity, lower

chlorophyll, and less coastal upwelling.

Anchovy ASV % total reads and the North Pacific Gyre Oscillation Index
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Figure 10 — Pearson’s correlation coefficient between Northern Anchovy amplicon sequence variant reads

and the North Pacific Gyre Oscillation Index (R =-0.53).

NEARSHORE VS. OFFSHORE HABITATS

The Northern Anchovy and Pacific Sardine are known to inhabit slightly differing
regions of the California Current, where anchovies are generally found more nearshore,
and sardines are found in offshore waters (Emmett et al., 2005; Sydeman et al., 2020).
The definition of nearshore vs. offshore can differ among disciplines, but generally
shoreward of ~500m bottom depth distinguishes the open ocean pelagic environment
from nearshore habitats and demersal fish. Monterey Bay is unique in that it contains
nearshore, offshore, and “deep sea” habitats in the Monterey Canyon. Stations C1, M1,
and M2 present three largely differing habitats for marine fish, at bottom depths
approximately ~200m, ~1000m, and ~2000m. When plotting the amplicon sequence

variant reads for anchovy and sardine by station, it appears that sardines are more present

. Anchovy ASV % reads
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in M1 and M2 compared to C1 (Figure 12). In contrast, there appears to be a mix of

anchovy presence at all 3 sites (Figure 11).
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Figure 11 — Northern Anchovy amplicon sequence variant reads for 2008-2020 separated by station.
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Figure 12 — Pacific Sardine amplicon sequence variant reads for 2008-2020 separated by station.

CLIMATOLOGICAL MEAN AND SEASONAL TRENDS



When plotting the mean of all anchovy and sardine reads by month from 2008-2020,
there appears to be some notable patterns. Sardines are known to be migratory fish that
favor warmer waters, some migrating as far as the coast of Canada from Southern
California in their adult stages (Demer et al., 2012). The low abundance of sardines from
October-December could be reflective of migration to warmer waters in winter or other
behavioral patterns (Figure 13). In addition, we can also see the distribution of sardines at
sites C1, M1, and M2 in the climatological mean, where sardines appear to be more

present in offshore areas (M1 & M?2).

For the climatological mean of anchovies, we see a trend in low anchovy presence from
April-June (Figure 14). Anchovies can spawn throughout the year when food availability
is high, but mostly spawn in the springtime. Since the eDNA water samples are taken
within ~10 meters of the surface, we can speculate as to whether anchovies are going
elsewhere in the bay to spawn, or perhaps deeper in the water column where their
presence may be less detected. In addition, the anchovies collected by MBARI for

biological data by hook and line methods were less catchable during these months.
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Figure 13- Mean percent total reads of Pacific Sardine by station and month.
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Figure 14- Mean percent total reads of Northern Anchovy by station and month.
CONCLUSIONS/RECOMMENDATIONS:

Forage fish are highly dynamic, short-lived fish, therefore finding answers to their
abundance is difficult and likely due to combination of many factors that may change
throughout time. The global fluctuations of anchovies and sardines in eastern boundary
current upwelling systems remains a puzzle to be solved by both oceanographers and
fisheries experts. A more thorough analysis of diet (lag-correlations, eDNA of anchovy
stomach tissue samples) can provide further insight into this. A significant correlation
was found between anchovies and the NPGO index. This relationship should be explored
further in addition to other climate conditions, on a basin, regional, and local scale.
Stratification in the water column caused by warm SST conditions may be beneficial to
anchovies in that prey density is increased, that could be examined with local upwelling
indices. Warm SSTs are also conducive to algal blooms, red tides, and production of
dinoflagellates that are preferred prey of first-feeding anchovies, and an analysis of algal

bloom occurrence in Monterey Bay along with anchovy abundance could investigate this.



We successfully explored new applications for eDNA, including examining fish diet,
habitat range, and potential behavioral patterns such as spawning and migration. eEDNA
holds promising potential for capturing spatial and temporal variability of fish. Future
studies could “test” the eDNA data by examining other well-established patterns of fish
abundance over time and space to see if the eDNA data supports this. The 12S time series
contains many different fish species and inter-species interactions with anchovies could
be examined as well. Other considerations include exploring how different amplicon
sequence variant reads may be biased to capture some organisms more than others, and

how these reads change throughout time.
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