UC San Diego
UC San Diego Previously Published Works

Title

Decline and recovery of pelagic acoustic backscatter following El Niflo events in the Gulf
of California, Mexico

Permalink
https://escholarship.org/uc/item/0md9qgl17
Authors

Portner, Elan |
Benoit-Bird, Kelly |
Hazen, Elliott L

Publication Date
2022-08-01

DOI
10.1016/j.pocean.2022.102823

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, availalbe at
https://creativecommons.org/licenses/by-nc-nd/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0md9q117
https://escholarship.org/uc/item/0md9q117#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0079661122000842
Manuscript_b92137013945c¢d816401146¢93414ad7

1 Decline and recovery of pelagic acoustic backscatter following El Nifio

2 events in the Gulf of California, Mexico

4 Elan J. Portner™", Kelly J. Benoit-Bird®, Elliott L. Hazen®, Chad M. Waluk®, Carlos J. Robinson®,

5  Jaime Gémez-Gutiérrez®, William F. Gilly*

7 *Hopkins Marine Station of Stanford University, Pacific Grove, CA, USA
8  ®Monterey Bay Aquarium Research Institute, Moss Landing, CA, USA
9  °NOAA Southwest Fisheries Science Center, Monterey, CA, USA
10 4 Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Autonoma de México, D.F., Mexico

11 ¢ Centro Interdisciplinario de Ciencias Marinas, Instituto Politécnico Nacional, La Paz, B.C.S., Mexico
12

13 *Corresponding author at current address:

14 Scripps Institution of Oceanography, UCSD

15 8622 Kennel Way, La Jolla, CA, USA 92037, E-mail: eportner @ucsd.edu (E.J. Portner)

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0079661122000842

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

ABSTRACT

Climatic variability exerts enormous pressures on the structure and function of open ocean
ecosystems. Although the responses of primary producers and top predators to these pressures
are being increasingly well-documented, little is known about how midtrophic communities
respond to oceanographic and climatic variability. We address this knowledge gap through a
study of the effects of El Nifio Southern Oscillation (ENSO) and local environmental conditions
on acoustic proxies of the midtrophic community in the Gulf of California, Mexico. We
quantified the intensity and distribution of nighttime acoustic backscatter (120 kHz) in the upper
200 m of the water column during 10 oceanographic cruises (2007-2017) and described its
response to environmental variability using generalized additive models. ENSO conditions were
the strongest drivers of variability in backscatter after accounting for seasonal increases in
backscatter with sea surface temperature and chlorophyll-a concentration. Acoustic backscatter
in the central Gulf of California decreased significantly during the positive phase of ENSO.
Following El Nifio events in 2009-10 and 2015-16, mean backscatter declined by an order of
magnitude and remained depressed for more than two years before recovering to pre-El Nifio
levels. Scattering layer density increased with total backscatter, likely an influential factor
determining prey availability for pelagic predators. Our findings demonstrate large and sustained
impacts of El Nifio on the midtrophic community in the Gulf of California and further highlight
the need to better understand the responses of midtrophic communities to environmental

variability.
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Highlights

Timeseries of acoustic backscatter as a proxy for midtrophic biomass in the Gulf of
California.

ENSO explained more variability than regional temperature or chlorophyll concentration.
Backscatter decreased significantly during the positive phase of ENSO (EI Nifio).

Mean backscatter took more than two years to recover to pre-El Nifio levels.
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1. Introduction

Over the past century, marine capture fisheries production has quadrupled (FAO, 2016)
and human activities, particularly greenhouse gas emissions, have contributed to warming of the
global ocean by ~0.6 °C (Levitus et al., 2001; Gleckler et al., 2016). Our observations and
understanding of the ways pelagic organisms respond to these pressures are heavily skewed
toward primary producers and top predators. On average, the global biomass of primary
producers in the ocean is decreasing in response to ocean warming (Polovina et al., 2008; Boyce
et al., 2010; Rykaczewski and Dunne, 2011). Predatory fishes, birds, and mammals are also
rapidly changing in abundance and distribution, often in response to the combined pressures of
fishing and warming (Veit et al., 1997; Lewison et al., 2004; Polovina et al., 2009; Hazen et al.,
2013; Woodworth-Jefcoats et al., 2015).

Food-web models suggest anthropogenic pressures on pelagic ecosystems are not simply
additive, but that top-down and bottom-up effects of these pressures may be modulated by the
midtrophic organisms in pelagic food webs (Woodworth-Jefcoats et al., 2015; Choy et al., 2016).
Midtrophic biomass is composed of diverse fishes, crustaceans, gelatinous organisms, and
cephalopods, many of which aggregate into relatively dense communities that are observable as
acoustic scattering layers within the upper 1000 m of the water column (Kloser et al., 2009; Ritz
etal., 2011; Klevjer et al., 2016). In addition to linking production at the base of food webs
(phytoplankton) to top predators, midtrophic organisms help to link surface to deep pelagic
habitats through diel vertical migration (Ducklow et al., 2001; Ambriz-Arreola et al., 2017).
Daily movement between nighttime feeding grounds at the ocean surface and daytime refuge at
depth actively contributes to carbon sequestration as part of the pelagic biological pump. This

‘mesopelagic-migrant pump’ component accounts up to 50% of the total downward carbon
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transport (Zhang and Dam, 1997; Hidaka et al., 2001; Schukat et al., 2013), and is surpassed only
by the gravitational pump component with respect to carbon export rates (Boyd et al., 2019).

Changes in the abundance of midtrophic organisms are thus expected to impact both the
ecological and biogeochemical functions of pelagic ecosystems. Variability in the biomass of
midtrophic organisms has been observed at coarse spatial scales (e.g. across ocean basins, Kloser
et al., 2009; Irigoien et al., 2014) and fine temporal scales (e.g. days to weeks; McClatchie and
Dunford, 2003), but there are few time series that can demonstrate the responses of these
communities to large-scale environmental variability over a prolonged period (Godg et al., 2014;
Proud et al., 2017; Koslow et al., 2018). As such, the responses of midtrophic communities to
environmental variability represents a critical gap in our understanding of pelagic ecosystem
dynamics.

Climatic conditions define baseline ocean heat content and atmosphere interactions and
mitigate seasonal oceanographic variability in pelagic habitats. El Nifio Southern Oscillation
(ENSO) is a recurring climate pattern that describes heat content distribution in the tropical
Pacific Ocean and is quantified by the multivariate ENSO Index (MEIL.v2, NOAA Physical
Sciences Laboratory, https://psl.noaa.gov/enso/mei/). Over the past four decades (1980-2020),
there have been eight El Nifio events (positive ENSO extremes defined as at least five
consecutive months of MELv2 > 0.5), characterized by a major redistribution of heat content
from west to east — in 1982-83, 1986-87, 1991-94, 1997-98, 2002-03, 2006-07, 2009-10, and
2015-16 (https://psl.noaa.gov/enso/mei/). Regional conditions in the Gulf of California, Mexico,
a marginal sea located in the northeastern subtropical Pacific, are greatly impacted by the water
masses available for exchange at the mouth of the gulf (Herrera-Cervantes et al., 2007; Staines-

Urias et al., 2009; Portela et al., 2016). During El Nifio events, tropical water masses become
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more available for exchange (Baumgartner et al., 1985; Frawley et al., 2019) and the Gulf of
California experiences increased sea surface temperature (SST) and subsurface warming (Lluch-
Cota et al., 2007, 2010), as well as overall diminution and redistribution of phytoplankton
biomass (Kahru et al., 2004; Robinson et al., 2016).

Strong El Nifio events (MELv2 > 1) in 1982-83 and 1997-98 were associated with
changes in abundance of anchovy, sardines, and zooplankton in the Gulf of California
(Lavaniegos et al., 1989; Lavaniegos-Espejo and Lara-Lara, 1990; Sdnchez-Velasco et al., 2004;
Velarde et al., 2013, 2015; Petatdn-Ramirez et al., 2019; Arreguin-Sanchez et al., 2021) and a
range of responses was observed for predators at higher trophic levels in conjunction with events
in 1997-98 and 2009-10. Elegant terns (Thalasseus elegans) failed to nest on their specific site
on Isla Raza in the central Gulf of California and instead shifted north to nest well outside the
Gulf (Velarde et al., 2013, 2015). Humboldt squid (Dosidicus gigas) show a more complex
response: squid biomass redistributed from neritic to pelagic habitats; lifespan was severely
reduced ( > 1.5 years to < 0.5 year); and size at maturity was reduced ( > 60 cm mantle length
(ML) and 10 kg body mass to < 20 cm ML and 0.1 kg body mass) (Hoving et al., 2013;
Robinson et al., 2016). Although both predators recovered rapidly after the strong El Nifio of
1997-98, recovery after the 2009-10 event was erratic and further hindered by the strong 2015-16
El Nifo (Velarde, pers. comm.; Frawley et al., 2019). Prey biomass and density are both
important determinants of habitat selection and foraging success for marine predators (Benoit-
Bird, 2009; Hazen and Johnston, 2010; Benoit-Bird et al., 2013; Carroll et al., 2017), and prey
availability may mitigate predator responses to climatic events. However, the responses of
midtrophic prey in the Gulf of California to El Nifio events are poorly described and represent a

critical gap in our understanding of the effects of environmental variability on pelagic food webs.
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To estimate the response of midtrophic communities to environmental variability, we
quantified acoustic backscatter intensity and distribution in the central Gulf of California based
on ten oceanographic surveys carried out between January 2007 and June 2017. This period
included warm- and cool-season sampling as well as three El Nifio events (2006-07, 2009-10,
and 2015-16). The goals of the present study were 1) to assess sensitivity of nighttime acoustic
backscatter in the upper 200 m of the water column to ENSO conditions, sea surface
temperature, and sea surface chlorophyll-a concentrations, and 2) to determine the time scales
over which El Nifio events impacted the midtrophic assemblages that contribute to backscatter.
This work provides unique insight into the relative impacts of local environmental and ENSO
conditions on midtrophic biomass inferred from acoustic backscatter in the Gulf of California
and may help us understand how projected increases in the frequency and intensity of El Nifio

events will affect midtrophic organisms in the eastern Pacific Ocean.

2. Materials and methods
2.1. Acoustic sampling and data processing

Acoustic data were recorded from the central Gulf of California (~26-29.5° N, Fig. 1) on
10 oceanographic cruises aboard the R/V El Puma (Universidad Nacional Auténoma de México)
during relatively “warm” (June — October) and “cool” seasons (November — May) between
January 2007 and June 2017 (Table S1). Each cruise lasted approximately three weeks (with
effective acoustic survey durations between 6 —18 days) and covered an average of ~3600 km of
transect at speeds of 7— 26 km h! (4 —14 kts) (Table S1). Acoustic data were collected using a
120 kHz split-beam scientific echosounder (Simrad ES60 echosounder, Simrad ES120-7C, 7-

degree split-beam transducer). Pulse lengths (0.256 — 1.054 ms) and power settings of the
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transducer (200-500 W) varied by cruise and are listed in Table S1. The transducer was mounted
on the end of a steel pole that was extended into the water through a moon pool in the center of
the ship to a depth of 4 m below the sea surface. All reported depths are ranges (in meters) from
the transducer. Field calibrations of the transducer were performed periodically throughout the
study using a reference sphere as described in Gomez-Gutiérrez and Robinson (2006).
Calibrations indicated no change in system performance. Constant, nominal calibration values

were used for all data to allow relative changes in acoustic backscatter to be robustly assessed.
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26°N ' 2000
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Fig. 1. Bathymetric map of the central Gulf of California, Mexico showing nighttime cruise
tracks over seafloor depths > 200 m from all ten cruises combined (red lines). Regions used for
monthly environmental covariate averages and NASC anomaly calculations are outlined in
black. Nighttime cruise tracks from each oceanographic cruise are given in Fig. S1. The study

area is depicted as an orange box in the inset map of North America.



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

Acoustic data were processed in Echoview version 10 (Echoview, 2019) using built-in
background and transient noise removal procedures. ES60 data were corrected to remove the
triangle-wave error in Echoview following Keith et al. (2005). To account for variability in pulse
lengths among cruises, all data were resampled to 1000 samples per ping. To minimize
variability introduced by the inclusion of strictly shelf-associated species, we only included data
collected in waters with sea floor depths > 200 m as determined by automatic bottom detection
procedures in Echoview and verified by manual examination. Analyses were limited to data
collected between 10 and 200 m depth (hereafter, “upper 200 m”), representing data with a
signal-to-noise ratio that enabled robust ecological interpretation of echoes. This includes
organisms that are resident in the upper 200 m, as well as those that migrate into this depth range
at night from daytime habitats in the mesopelagic zone (200 — 1000 m) (Gémez-Gutiérrez and
Robinson, 2006; Benoit-Bird and Gilly, 2012). We therefore limited analyses to nighttime
samples as a proxy for prey available to predators that feed between the surface and mesopelagic
depths (Benoit-Bird and Au, 2003; Klevjer et al., 2016). “Nighttime” was defined based on
estimates of when vertically migrating animals end their diel ascent relative to local sunset times
(i.e. start of night) and begin their diel descent relative to local sunrise times (i.e. end of night)
(Table S1; Cade and Benoit-Bird, 2015). The cruise tracks of nighttime acoustic surveys in
waters with sea floor depths > 200 m for each cruise are given in Fig. S1. Acoustic data were

integrated per km of cruise track using a minimum Sv threshold of -125 dB.

2.2. Acoustic metrics of midtrophic community abundance and density
Metrics of acoustic backscatter were quantified to estimate variability in the total

abundance and density of midtrophic organisms in the water column, both of which affect their
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availability to predators. The relative abundance of midtrophic organisms was estimated as the
nautical area backscattering coefficient (NASC, sA, m? nmi-!, MacLennan et al., 2002) per
kilometer of cruise track. To examine variability in the distribution of backscatter in the upper
200 m, features of scattering layers were defined as follows. First, data from each ping were
filtered for bins with mean volume backscattering strength (MVBS, Sv, dB re 1 m’!, hereafter
dB, MacLennan et al., 2002) in the 90™ percentile, allowing for identification of the shallowest
and deepest depths of these bins per ping. The averages of these depths were used to define the
vertical edges of a scattering layer’s “width” (expressed in meters) over each kilometer of cruise
track (Fig. 2). NASC was integrated between these edges (“WNASC”, m?> nmi!) and divided by
layer width to obtain an estimate of “density” within the scattering layer. When log-transformed,
these layer density values are proportional to MVBS. We examined the relationships between
layer width and wNASC, as well as layer density and total NASC to describe the vertical

distribution of backscatter within the upper 200 m.

10
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Fig. 2. Visual representation of acoustic metric definitions and variability in acoustic backscatter
in the Gulf of California recorded during ten oceanographic surveys carried out from January
2007 to July 2017. (A) Schematic illustrating the definitions of scattering-layer width and
integrated wNASC that were used for estimating the abundance and distribution of midtrophic
organisms. Representative echograms in the upper water column from the cool season (B,
February 2014) and (C, March 2010) and the warm season (D, August 2014). Panels illustrate
differences in MVBS (dB) for cruises with relatively high (B, D) and low NASC (C). Panels B-D
each display 3 km of cruise track (km delimited by black vertical lines) collected at night in

waters with sea floor depths > 200 m. Horizontal dashed lines indicate the average vertical edges

of acoustic scattering layers per kilometer of cruise track as defined in Methods section 2.2.
Increased vertical structure (e.g., multiple layers at different depths) of acoustic backscatter
decreases the measured density of a defined layer (Panels B and D have similar NASC, but

density in B is two- to four-fold higher than in D).
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Although we were unable to directly sample and identify the scattering organisms with
trawls or other methods during the acoustic surveys, we contextualize backscatter measurements
by comparing them to observations of spatiotemporal trends in the size structure and
composition of midtrophic organisms in the Gulf of California (Dominguez-Contreras et al.,
2012; Robinson et al., 2014; Garcia-Ferndandez et al., this issue). We did not explicitly filter out
signals from larger predators, and we assumed that most organisms scattering sound at 120 kHz
represented midtrophic organisms ~0.5 — 20cm in length, including both mesozooplankton and
micronekton (Irigoien et al., 2014; Proud et al., 2017). Hereafter, organisms that contribute to
acoustic backscatter at 120 kHz are simply referred to as “midtrophic organisms”.

All analyses were performed using packages in the R statistical environment (R Core
Team, 2020). NASC and wNASC were log-transformed to better match the theoretical
assumptions of the statistical tests applied to these data. To examine variability in NASC among
cruises, NASC anomalies were quantified as deviations from the mean log-transformed NASC
per oceanographic region across our study period (Fig. 1). Regions were defined based on
oceanographic and biogeographic characteristics following Portner et al. (2020) to account for
diverse habitats within our study area that may be expected to support distinct midtrophic
communities. Briefly, the Midriff Islands region is separated from the rest of the gulf by a sill
and supports distinct taxa (e.g. Brinton et al., 1986; Alvarez-Borrego and Ruben Lara-Lara,
1991; Robison, 1972); the Southern region was distinguished from the central Gulf based on
biogeographic boundaries (e.g. Round, 1967; Brinton et al., 1986); and the three central regions

(Baja Peninsula, Sonora, and Central Pelagic) were distinguished by the 1000 m isobath.

12
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2.3. Environmental covariates describing pelagic habitat conditions in the Gulf of California

Sea surface temperature (SST) and chlorophyll-a concentration (Chl-a, as a proxy for
standing biomass of phytoplankton) were used to describe the environmental conditions of
pelagic habitats of the Gulf of California. Observation-based SST (monthly, 0.25° x 0.25°) and
Chl-a (monthly, 4 x 4 km) products were accessed from the E.U. Copernicus Marine Service
Information (http://marine.copernicus.eu). In addition, NOAA’s Multivariate ENSO Index
(MELv2) (Wolter and Timlin, 1993) was used to provide a more global environmental correlate,
with bimonthly MEI values obtained from the NOAA Earth Systems Research Laboratory
(https://www .esrl.noaa.gov/psd/enso/mei/table.html).

Oceanographic conditions at the time of data collection do not necessarily capture the
environmental history that would influence recruitment, growth, movement, and reproduction
that ultimately determine the biomass and taxonomic composition of midtrophic communities.
To address the variable temporal scales of interest and spatiotemporal resolutions of our
environmental datasets we calculated monthly regional averages of SST and Chl-a (Fig. 1, Fig.
3). Regional averages of SST over zero, three, and twelve-month periods prior to data collection
were thus considered to capture effects of intra-annual variability in SST, as well as inter-annual
temperature trends. Nine- and twelve-month averages of MELv2 were considered to examine the
effects of larger-scale climatic history at temporal scales that would describe the dominant water
masses entering the mouth of the gulf and their effects on water-column structure (Baumgartner
etal., 1985; Frawley et al., 2019). Chl-a concentrations were assumed to be ecologically
important at shorter temporal scales than physical environmental conditions. Croll et al. (2005)

demonstrated a 4 — 6 month lag between peak Chl-a and peak krill biomass in an eastern Pacific

13



247  upwelling system off California, and we therefore considered three- and six-month averages of

248  Chl-a as an estimate of integrated food availability for midtrophic organisms.
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250  Fig. 3. Monthly averages of sea surface temperatures (red) and chlorophyll-a concentrations
251  (Chl-a, blue) in the Gulf of California recorded during January 2006 — October 2017 from each
252  biogeographic region shown in Fig. 1 (black whiskers represent standard deviations).

253

254 The principal source of interannual climate variability in Gulf of California is the

255  changing intensity of equatorial circulation associated with ENSO (Baumgartner et al., 1985;
256  Lluch-Cota et al., 2007). El Nifo events were defined as at least five consecutive months of
257  MELv2 > 0.5, following the National Weather Service Climate Prediction Center

258  (https://origin.cpc.ncep.noaa.gov). The end of an El Nifio event was defined as the first
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subsequent month with MELv2 < 0.5. Duration in months after the end of an El Nifio event was
included as an environmental covariate to examine whether the effects of El Nifio were sustained
beyond the duration of the climatic event itself. Data collected on cruises during El Nifio events
(March 2010 and June 2016, Table S1), were assigned a value of zero months since the end of

the previous El Nifio.

2.4. Model fitting and selection protocols

Generalized additive models (GAMs) were fit using restricted maximum likelihood
parameter estimation (REML) in the mgcv package in R (Wood, 2011) to explore the
relationship between NASC and environmental conditions. Time in months since the end of the
previous El Nifio event was included as a covariate in all candidate GAMs. All possible models
with single SST (0, 3-, or 12-month average), MELv2 (9- or 12-month average) and Chl-a (3- or
6-month average) terms were explored (Table 2).

A spatial interaction term (thin plate spline of longitude and latitude) was included to
account for expected spatial variability in midtrophic community composition across the diverse
regions of our study area and to account for spatial autocorrelation between adjacent datapoints.
Residual spatial autocorrelation was examined using Moran’s I (Dormann et al., 2007) in the
spdep package (Bivand and Piras, 2015), and adding a spatial interaction term reduced the spatial
autocorrelation of model residuals (Moran’s I, decreased from 0.12 to 0.10 at 1 km lag, Fig. S2).

Covariates within each candidate model were examined for collinearity using Pearson’s
correlation in the corrplot package (Wei and Simko, 2017). Residuals of all models of log-
transformed NASC were normally distributed, thus Gamma distributions with identity link

functions were used for smoothing parameter estimations. Automatic term selection was

15
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performed in mgcv for all models using “double penalty” shrinkage as described in Marra and
Wood (2011). Model selection was performed by comparing second order Akaike Information
Criterion (AICc) among candidate models in the AICcmodavg package (Mazerolle, 2020).
GAMs with spatial interaction terms fit using REML were also used to describe
potentially non-linear relationships between metrics of acoustic backscatter and the vertical
distribution of backscatter in the upper 200 m of the water column. The effects of wNASC on
layer width and the effects of total NASC on the density of scattering layers were examined
using Gamma distributions for smoothing parameter estimation with log- and identity-link

functions respectively.
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292  Table 1.

293  List of candidate GAM models and results of model selection by second order Akaike

294  Information Criterion (AICc). All models include time in months since the end of the previous El
295  Nifo event (moEND) and a thin plate spline of the interaction between longitude and latitude
296  (“s(lon, lat, bs = “tp™)”). A single term of NOAA’s Multivariate ENSO Index (MELv2), sea

297  surface temperature (SST), and sea surface chlorophyll-a concentration (Chl-a) were included in
298  each model. “s” denotes that the term was fit with a smooth spline. Subscripts after the

299  environmental terms indicate the number of months prior to acoustic sampling over which the

300 covariate was averaged.

0l 1og10)NASC ~ s(moEND) + s(lon, lat, bs = “tp”) + AAIC, Weight
s(MEI;2) + s(SST) + s(Chl-ae) 0 1
s(MEIi») + s(SST) + s(Chl-a3) 21.29 0
s(MEly) + s(SST) + s(Chl-ae) 32.49 0
s(MEly) + s(SST) + s(Chl-a3) 54.47 0
s(MEIi2) + s(SST3) + s(Chl-as) 54.97 0
s(MEIy) + s(SST3) + s(Chl-ae) 82.89 0
s(MEIi2) + s(SST3) + s(Chl-a3) 146.46 0
s(MElIi2) + s(SST12) + s(Chl-ae) 148.31 0
s(MEli2) + s(SST12) + s(Chl-a3) 192.78 0
s(MEly) + s(SST3) + s(Chl-as) 211.51 0
S(MEI) + s(SSTi2) + s(Chl-as) 221.78 0
s(MEly) + s(SST12) + s(Chl-a3) 265.55 0
302

17



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

3. Results

NASC integrated between 10-200 m depth per km was quantified over 9,940 km of
cruise track covered at night in waters with sea floor depths > 200 m. Layer width, wNASC, and
density were available for 9,931 km. NASC (computed over all of our defined Gulf of California
regions) was variable among cruises, with approximately an order of magnitude variability in
mean values and over two orders of magnitude of variability among the interquartile ranges (Fig.
4). Log-transformed NASC anomalies were highest (i.e., most positive) during July 2007 (mean
+ sd = 0.38 £ 0.34), February 2014 (0.34 + 0.40), and October 2014 (0.19 £ 0.28, Fig. 4). The
most negative anomalies occurred during or shortly after strong El Nifio events (March 2010: -
0.45 £0.38; June 2016: -0.25 + 0.32; and June 2017: -0.48 £ 0.42; Fig. 4).

These qualitative patterns in NASC variability across our timeseries are relatively
consistent among the defined geographical regions (Fig. S3). However, variability in NASC
among regions was not more robustly compared due to spatio-temporally heterogenous data
among cruises and spatial autocorrelation within cruises. Thus, we focus on quantifying general

environmental mechanisms driving gulf-wide variability in NASC.
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Fig. 4. Relationship between ENSO phase (NOAA’s Multivariate ENSO Index v2) and NASC
during 2007-2017 represented as boxplots of log-transformed NASC anomalies (deviation from
all regional means across our time series) from all ten oceanographic cruises, 2007-2017. Within
each boxplot, the mean is represented by a grey diamond and the median as a horizontal black
line. Dashed horizontal lines correspond to the logio)NASC anomaly axis. Sampling start dates
(MM/YY) for the cruises are indicated at the top of the figure and are color coded for warm (red)
and cool (blue) sampling periods. Acoustic summaries per cruise are also presented with
timeseries of mean monthly sea surface temperature and chlorophyll-a concentrations across the

study area in Fig. S4, for reference.
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3.1. Spatial and environmental effects on acoustic scattering

Standardized model selection based on AAIC. was used determine which temporal
averages of MEIL.v2, SST, and Chl-a best explained variability in NASC in the gulf (Table 1).
Most candidate models were comprised of covariates with |Pearson correlation coefficients| < 0.5
(Fig. S5). Our selected model included time in months since the end of the previous El Nifio, a
spatial interaction term, average SST from the month of collection, average ENSO conditions
over the previous 12 months (MEIli2), and average Chl-a over the previous six months (Table 2,
Adj-R? = 0.42). All environmental covariates in our selected model were minimally correlated

(maximum |Pearson correlation coefficient| = 0.53, Fig. S5).
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Table 2.

Summary of covariate contributions to the selected generalized additive model of acoustic
backscatter in the Gulf of California, Mexico. Coefficient estimates (“estimate”), -values and p-
values are given for each parametric coefficient. Estimated degrees of freedom (edf), F-statistics
and p-values are given for each smooth term (“s”’). Covariates in the selected model included:
time in months since the end of the previous El Nifio (moEND); 12-month average MEIL.v2
(MEI>); sea surface temperature during the month of collection (SST); average sea surface
chlorophyll-a concentrations over the previous six months (CHLs); and a spatial interaction term
of longitude and latitude to account for spatial autocorrelation in the data (lon, lat). The

maximum allowable number of knots (k) is given for each term.

log10NASC ~ s(MEI;2, k=6) + s(moEND, k=6) + s(SST, k=6) + s(Chl-as, k=6) + s(lon, lat, bs=“tp”, k=10)

Adj. R? = 0.42

Parametric coefficients estimate t 4
Intercept 2.77 779.1 <<0.01

Smooth terms edf F )/
S(MEI}2) 4.75 350.4 <<0.01
s(moEND) 4.83 498.9 << 0.01
s(SST) 4.95 64.2 <<0.01
s(Chl-as) 4.68 19.6 <<0.01
s(lon, lat) 8.57 33.0 << 0.01

All environmental covariates included in the selected model explained significant
variability in NASC. However, most of the explanatory power could be attributed to the time
since the last El Nifio (F' = 498.9, p << 0.01), as well as the average MEIL.v2 over the 12 months
prior to sampling (MEI2; F'=350.4, p << 0.01, Table 2). La Nifia conditions (negative ENSO

extremes defined as MEIL.v2 < -0.5) had a strong positive effect on backscatter, and increased
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MEI2 had a strong negative effect on NASC, driving approximately four orders of magnitude of
variability across the range of observed MEI,; values (Fig. 5B). The negative effect appeared to
peak at MEI;2 > 1.0 and may suggest an upper limit on the possible impact of El Nifio

conditions, although we only had two observations of MEI> > 1.0 (Fig. 5B).
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Fig. 5. Partial-effects plots for the environmental covariates in the selected generalized additive
model of logi1oNASC showing the relationship between each covariate and the contribution of the
smoother for that covariate to the model’s fitted values (“s(x)”). A) Thin plate spline of longitude
and latitude; B) 12-month average MELv2 (MEIi2); C) Time in months since the end of the
previous El Nifio event (moEND); D) Regional monthly average of sea surface temperature at
time of acoustic sampling (SST); E) 6-month average regional sea surface chlorophyll-a
concentration (CHLg¢). In panels B-E, grey shading indicates standard errors about the estimate

for each covariate, and rug plots indicate covariate observations.
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In the first ten months following an El Nifio event, there is a decreasing positive effect of
time since the end of El Nifio on NASC (Fig. 5C), but this turns into a strong negative after ten
months, peaking at 24 months, with NASC values being depressed more than 100-fold. The
negative effect of an El Nifio event thus persists from ~10-36 months following the end of the
event, independent of local environmental conditions.

Increased SST had a significant positive effect on backscatter, but explained less than one
order of magnitude of variability across the entire range of values observed (Table 2, Fig. 5D).
The highest SST values are typically observed July-September (Fig. 3), suggesting the effect of
SST on acoustic backscatter may at least partially reflect a seasonal signal in local environmental
conditions. Although the relationship between CHLg and log-transformed NASC was significant,
it was largely uninformative and explained little variability across the range of observed values

(Table 2, Fig. SE).

3.2. Relationship between NASC, layer width, and density

Integrated NASC within vertically-defined scattering layers (WNASC) was not a useful
predictor of the width of those scattering layers in the Gulf of California (GAM, Adj-R? =0.05,
Table 3, Fig. S6). Width generally increased at the high and low extremes of observed wNASC,
but mean width (35.10 + 19.47 m) remained relatively constant across the most frequently
observed values of WNASC (Fig. 6B). However, WNASC explained 75% of variability in layer
density (GAM, Table 3, Fig. S6). Scattering layer density increased linearly with NASC during
all ten oceanographic cruises, suggesting that as scattering increases, packing density within

scattering layers also increases (Fig. 6C).
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Fig. 6. Relationships between backscatter and the vertical distribution of backscatter per km of

cruise track. A) Definitions of width, WNASC, and NASC used for calculating layer density. B)

Histogram of log-transformed wNASC observations and its relationship with layer width for

each cruise as identified in the inset on the right. C) Relationship between log-transformed layer

density (width /WNASC) and log-transformed NASC. Locally estimated scatterplot smooths are

given for each cruise and 95% confidence intervals are given as grey bands. Color legend applies

to panels B and C.
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Table 3.

Summary of covariate contributions models describing the relationship between nighttime
backscatter and vertical density distribution in the upper 200 m of the water column in the Gulf
of California. Coefficient estimates (“estimate”), -values, and p-values are given for each
parametric coefficient. Estimated degrees of freedom (edf), F-statistics, and p-values are given
for each smooth term (“s””). Definitions of NASC, wNASC, width, and density are provided in
the methods and Fig. 2. A spatial interaction term of longitude and latitude was included in each
model to account for spatial autocorrelation in the data (lon, lat). The maximum allowable

number of knots (k) is given for each term and the adjusted R? (Adj. R?) is given for each model.

width ~ s(logiowNASC, k = 6) + s(lon, lat, bs = “tp”, k = 10), Adj]. R?>=10.05

Parametric coefficients estimate t P
Intercept 3.55 678.7 <<0.01

Smooth terms edf F )/
s(log1owNASC) 3.90 20.0 <<0.01
te(lon, lat) 8.31 32.7 << 0.01

density ~ s(logioNASC, k = 6) + s(lon, lat, bs = “tp”, k = 10), Adj. R> = 0.75

Parametric coefficients estimate t 4
Intercept 2.64 688.2 << 0.01

Smooth terms edf F )/
s(logi1oNASC) 4.52 14529.6 <<0.01
te(lon, lat) 8.41 21.1 <<0.01
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4. Discussion

Midtrophic organisms play a central ecological role in open ocean ecosystems, but their
responses to seasonal and climatic variability remain poorly understood. We observed variability
of backscatter from midtrophic organisms in the central Gulf of California that spanned four
orders of magnitude and could largely be explained by ENSO conditions and a seasonal
temperature cycle. Although we were not able to directly sample the communities contributing to
backscatter during this study, numerous studies indicate that acoustic backscatter at 120 kHz can
be mostly attributed to mesozooplankton and micronekton (Dominguez-Contreras et al., 2012;
Diaz Santana-Iturrios et al., 2013; Gomez-Gutiérrez et al., 2006; Robinson et al., 2014; Garcia-
Fernandez et al., this issue). Our observations suggest that the biomass of midtrophic organisms
and their contribution to ecosystem function and biogeochemical cycling vary drastically in

response to environmental variability.

4.1. Seasonal backscatter variability

Intra-annual variability in NASC was characterized by a positive relationship with SST
(Fig. 5), suggesting that backscatter peaks in summer when sea surface temperatures are highest
(Hidalgo-Gonzalez and Alvarez-Borrego, 2004; Kahru et al., 2004) (Fig. 3). Euphausiids,
myctophids, sardines, and anchovies often dominate the midtrophic biomass in upwelling
systems such as the Gulf of California (Lavaniegos-Espejo and Lara-Lara, 1990; Sanchez-
Velasco et al., 2004; Diaz Santana-Iturrios et al., 2013; Ambriz-Arreola et al., 2017; Contreras-
Dominguez et al., 2012; Petatan-Ramirez et al., 2019; Weber et al., 2021) and exhibit seasonal
breeding cycles that may help explain summer peaks in backscatter as growing individuals

become more acoustically visible with increasing size. Brinton and Townsend (1980) reported
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April peaks in euphausiid abundance in the central gulf, driven by the neritic species
Nyctiphanes simplex. Summer peaks in the abundance of larvae and adults of the two most
abundant myctophids in our study region, Benthosema panamense and Triphoturus mexicanus,
have been observed during both warm and cool ENSO phases (Aceves-Medina et al., 2004; Diaz
Santana-Iturrios et al., 2013).

The sampling frequency and environmental history of our study period limited our ability
to robustly describe seasonal variability in backscatter in the Gulf of California (we only made
paired warm-cool season samplings in 2007 and 2014). For both paired seasonal sampling
events, each characterized by different oceanographic conditions and histories, the variability
observed between seasons was orders of magnitude smaller than interannual variability (Fig. 4).
The most notable contradictions to the observed summer peaks in backscatter are the abundances
of anchovy (Engraulis mordax) and sardine (Sardinops sagax), which typically peak in cooler
months (Contreras-Dominguez et al., 2012; Rubio-Rodriguez et al., 2018; Petatdn-Ramirez et al.,
2019; Arreguin-Sanchez et al., 2021; Morales-Bojorquez et al., 2021). These fishes are generally
more coastal than the dominant euphausiid and myctophid species, which may have also
impacted their detectability and inclusion in our analyses. The contributions of anchovy and
sardine could be further complicated by commercial fishing pressure, which neither euphausiids
nor myctophids experience in the Gulf of California.

Regardless of the complex seasonal dynamics of midtrophic community composition and
biomass, impacts of climatic events such as El Nifio appear to have a much stronger impact than
seasonal cycles on baseline productivity across trophic levels in the Gulf of California. Although
the average chlorophyll-a concentration over the six months prior to acoustic sampling was not a

useful predictor of backscatter, it is possible that we simply did not include this proxy of
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phytoplankton biomass at appropriate spatial and temporal resolutions. It is also possible that the
spatial interaction term obscured potential effects of phytoplankton biomass on backscatter, as
sea surface chlorophyll-a concentration was positively correlated with latitude (Fig. S5).
Qualitatively, NASC was highest in the Baja Peninsula, Sonora, and Midriff Islands regions (Fig.
1, Fig. S3). These regions exhibit strong seasonal variability in wind- and tidally driven
upwelling (Roden, 1964) and experience some upwelling in early summer when the gulf-wide
coastal upwelling index is low (Lluch-Cota, 2000). Nutrient enrichment from upwelled waters in
these regions may thus support a relatively high biomass of scatterers compared to regions with
less upwelling such as the Central Pelagic and Southern regions (Lavaniegos-Espejo and Lara-

Lara, 1990; Lluch-Cota, 2000).

4.2. Integrated ENSO conditions largely dictate pelagic acoustic backscatter

Variability in backscatter could largely be explained by ENSO conditions over the twelve
months prior to sampling (MEIi», Fig. 5, Table 2). Log-transformed NASC was lowest during or
immediately following El Nifio events and corresponds to reductions of zooplankton biovolume,
as well as euphausiid and larval fish abundances observed in the Gulf of California following the
1982-83, 1997-98, and 2015-16 El Nifio events (Lavaniegos et al., 1989; Sanchez-Velasco et al.,
2004, Garcia-Fernandez et al., this issue).

Changes in backscatter could also reflect variability in midtrophic community
composition with ENSO conditions. The relative biomass of gas-bearing organisms (e.g.
anchovy, some myctophids and siphonophores) and euphausiids would have the largest impact
on the relationship between backscatter at 120 kHz and midtrophic biomass (Lavery et al., 2007;

Benoit-Bird and Lawson, 2016). Timeseries describing variability in midtrophic community
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composition are limited, but similar responses to ENSO events have been documented for
several midtrophic groups in the Gulf of California. Trawl-estimated biomass of fish larvae,
euphausiids, and gas-bearing siphonophores all decreased following the 1982-83 El Nifio and
increased during the subsequent La Nifia (Lavaniegos-Espejo and Lara-Lara, 1990; Sanchez-
Velasco et al., 2004). Landings of S. sagax decreased following the 2009-10 El Nifio and
landings of E. mordax peaked during La Nifia conditions in 2013-14 before decreasing during
the 2015-16 El Nifio (Comision Nacional de Acuacultura y Pesca,
https://datos.gob.mx/busca/dataset/produccion-pesquera). Additionally, Humboldt squid
collected from the central gulf following El Nifio events consumed more crustaceans and fewer
fishes than those collected following ENSO-neutral or La Nifia conditions, which could indicate
reduced availability of fish prey following El Nifio events (Hoving et al., 2013; Portner et al.,
2020). Thus, although there have likely been changes in midtrophic community composition
during our study period, observed changes in NASC from the central Gulf of California are more
likely to reflect changes in total biomass of the midtrophic community.

Changes in the size structure of midtrophic organisms could also affect NASC. However,
limited variability in the size of myctophids (~3-4 cm standard length) and enoploteuthid squids
(~2 cm mantle length) with ENSO conditions in the diets of Humboldt squid (Portner et al.,
2020), suggests that there is limited variability in adult body size of these abundant prey. Thus,
we hypothesize that reduced backscatter is indicative of large-scale changes in the pelagic
ecosystem of the Gulf of California, likely driven by a combination of changes in the biomass
and possibly identity, of midtrophic community constituents in response to local and integrated

ENSO conditions.
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4.3. Acoustic backscatter is persistently low following El Nifio events

Nighttime NASC decreased significantly following El Nifio events in 2009-10 and 2015-
16 and took two to three years after El Nifio ended to recover to values observed prior to the
event (Fig. 5C). Our evidence for this pattern of recovery derives primarily from the 2009-10
event, because our dataset ends in June 2017, only one year after the 2015-16 EI Nifio (Fig. 4).
However, qualitative observations from surveys in June 2018 and 2019 suggest a continuation of
relatively low backscatter conditions (Robinson and Gémez-Gutiérrez, this issue, unpublished
data).

The time it takes to recover to pre-El Nifio biomass is likely dependent on the generation
times of midtrophic organisms and the conditions experienced during the cool (La Nifia) and
neutral phases of ENSO that follow El Nifio events. Some common midtrophic constituents of
acoustic scattering layers in the upper 200 m of the Gulf of California, such as euphausiids and
small mesopelagic squids, have lifespans of less than one year (Lavaniegos, 1992; Harvey et al.,
2010; Ambriz-Arreola et al., 2012, 2017). Fishes such as myctophids and anchovies may mature
in as little as a year and reproduce for multiple years (Kawaguchi and Mauchline, 1982; Parrish
et al., 1986). If the observed reduction in NASC reflects a decreased abundance of midtrophic
organisms following El Nifio events, these organisms would require multiple generations to
recover to large population sizes, even under favorable environmental conditions. Garcia-
Fernandez et al. (this issue) reported that euphausiid abundances in the central Gulf of California
during June 2013-2016 were relatively low and took approximately three years following the
2015-16 EI Nifio to recover to relatively high abundances that characterized historical

observations (Brinton and Townsend, 1980).
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Strong La Nifia conditions (MEIL.v2 < -1) following El Nifio events coincided with the
recovery of midtrophic biomass, and thus the entire ecosystem including regional fisheries.
Following El Nifio 2009-10, strong La Nifia conditions persisted for ten months, and mean
NASC increased approximately three-fold by the end of 2011, fully recovering to levels
observed prior to El Nifio by the beginning of 2014 (Fig. 4). Conversely, following El Nifio
2015-16, La Nifa was essentially non-existent, and NASC continued to decrease through mid-
2017. It is important to note that 2014 was an unusually warm year in the study region, both in
terms of SST and temperature at depth (Frawley et al., 2019; Martinez-Soler et al., 2021), and
this phenomenon may have influenced the midtrophic communities prior to El Nifio 2015-16

and/or further enhanced its effects.

4.4. Scattering layer density increases with backscatter

Pelagic fishes and invertebrates engage in complex and dynamic social behaviors, called
aggregations, swarms, schools, and shoals (Ritz, 1994; Ritz et al., 2011) that likely modify
acoustic density. MVBS within acoustic layers, a proxy for animal density, increased with NASC
over a substantial range (Fig. 6C), suggesting that at intermediate spatial scales organisms pack
more tightly with their neighbors as the number of individuals increases (Benoit-Bird et al.,
2017). For most cruises, the slope of the relationship between density and NASC decreases at
relatively high NASC (Fig. 6C), which could indicate an ecologically relevant limiting effect.
This pattern, however, may also reflect how our metric of density characterized features with
multiple centers of acoustic biomass in the water column. Variability in layer density at higher

NASC could be due to more complex acoustic features or multiple acoustic features in the upper
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200 m of the water column (Fig. 2C), perhaps composed of species assemblages with different
vertical migratory behaviors (Ambriz-Arreola et al., 2017).

A general increase in prey density with increasing backscatter suggests that the
accessibility of this midtrophic biomass to the predators it supports increases exponentially.
Conversely, reductions in prey biomass could be expected to have non-linear effects on predators
as prey density is often more important than overall biomass for a variety of foraging predators,
including seabirds (Weimerskirch et al., 2005; Benoit-Bird et al., 2013; Carroll et al., 2017) and
rorqual whales (Cade et al., 2021). Effects of environmental variability on predators are thus
compounded by changes in both the abundance and distribution of midtrophic prey. It is likely
that there were high-density patches of scatterers in our dataset when total NASC was relatively
low, but at scales smaller than the resolution of our analyses (Hazen et al., 2009; Benoit-Bird et
al., 2019). Examining effects of environmental variability on acoustic backscatter at finer spatial
scales than explored in this study would refine our understanding of the effects of climatic

variability on midtrophic communities.

4.5. Potential consequences of reduced backscatter from midtrophic communities

Anomalous warming events in the gulf have been more frequent and longer lasting, with
two strong El Nifio events since 2010 and a pronounced sub-surface warming trend in the 50-150
m depth range between 2006 and 2017 (Frawley et al., 2019). If these patterns of more frequent
El Nifio events and intervening warming trends continue, it is highly likely that conditions will
become increasingly unfavorable to support a large biomass of midtrophic organisms in the Gulf

of California (Petatin-Ramirez et al., 2019).
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A declining trend in standing biomass of midtrophic forage species will negatively
impact pelagic predators, and this already appears to have happened in the case of Humboldt
squid, at least for individuals of the large phenotype. These squid supported a major fishery until
El Nifo 2009-10 when squid hatchlings assumed a tropical phenotype characterized by reduced
size at maturity, and the fishery collapsed (Hoving et al., 2013; Robinson et al., 2016). A
subsequent warming trend flanked by El Nifio 2009-10 and 2015-16 has accompanied the
persistence of the small phenotype to the present time, and the fishery has reported severely
reduced landings since 2010 (Frawley et al., 2019). Thus, the small phenotype replaced the large
in the gulf, and while biomass of the small-phenotype stock appeared to remain high until at least
2013 (Hoving el al. 2013; Benoit-Bird and Gilly, unpublished data), the current status is unclear.
Although subsurface temperature anomalies may directly affect development and maturation of
predators in the Gulf of California, our results suggest that temperature also affects the supply of
midtrophic organisms that form the diet of many predators in the region, exacerbating direct

thermal effects of warming events.

S. Conclusions

Perhaps the most ecologically relevant finding of the present study is the approximately
three years that may be necessary for midtrophic communities to recover from a strong El Nifio
event. Increases in the frequency and intensity of El Nifio events with global change (Cai et al.,
2014, 2015; Jin et al., 2015) could dramatically impact marine ecosystems by limiting the
recovery of midtrophic community biomass between El Nifio events and result in a chronic,
sequential degradation of midtrophic forage, as well as the biomass of predators that depend on

this prey resource. Even if La Nifia events are also strengthened, the decline in biomass, and
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likely overall productivity, of midtrophic communities following El Nifio still require multiple
generations to recover — a temporal scale that may be longer than the duration of a typical La
Nifia event. Understanding the drivers and timescales of variability in midtrophic community
composition and biomass across diverse marine ecosystems would provide a more refined
perspective through which to understand how effects of ocean warming will propagate through

oceanic ecosystems.
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