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Richards et al. Variation in Micronekton Isotope Values

FIGURE 1 | Vertical bar plots representing the standardized abundance of migratory (top row) and non-migratory (bottom row) species collected with day and night
MOCNESS tows from 2015 to 2016. Plots represent catch data for each species combined across four oceanographic cruises and not data solely from individuals
used for stable isotope analysis. Abundances were standardized by the volume of water filtered during MOCNESS tows as described in Cook et al.
(unpublished data).

lyophilized, homogenized, and stored in 2-ml glass dram vials
prior to submission. Sample preparation for AA-CSIA at UC
Davis SIF followed protocols outlined in Yarnes and Herszage
(2017). Briefly, samples were hydrolyzed with 6 M HCl to isolate
amino acids before derivatization using esterification-acetylation
to yield N-acetyl isopropyl esters. The nitrogen isotope
compositions of the resulting N-acetyl amino acid isopropyl
esters were determined using a gas chromatograph (Thermo
Trace GC 1310) linked to an isotope-ratio mass spectrometer
(Thermo Scientific Delta V Advantage IRMS) via a GC IsoLink
II combustion interface. Samples were injected into a DB-1301
(Agilent Technologies) column (60 m× 0.25 mm× 1.0 µm film)
at a temperature of 255◦C (splitless, 1 min) under a constant flow
rate of 1.2 ml/min. During analysis, all samples were analyzed in
duplicate with triplicate measurements made if values exceeded
expected measurement error± 1h (Yarnes and Herszage, 2017).
Norleucine was used as an internal standard during analysis,
while two amino acid compounds developed by the UC Davis SIF
were comeasured during analysis of fish samples and were used
for calibration and normalization of amino acid data. Standard
deviation for all amino acids averaged± 0.38h. The δ15NsourceAA
values for each species are presented as the weighted mean of the
four source amino acids phenylalanine, lysine, glycine, and serine,
while δ15NTrophicAA represents the weighted mean of the three
trophic amino acids alanine, leucine, and glutamic acid (Bradley
et al., 2015; Gloeckler et al., 2018). Both source and trophic amino
acids were weighted by the standard deviation of each amino acid
(Bradley et al., 2015; Gloeckler et al., 2018).

Data Analysis
Interspecific differences in the δ13C and δ15N values of POM
and fishes were examined using a three-factor multivariate
analysis of variance (MANOVA), with δ13C and δ15N included
as dependent variables and species, sampling year (2015, 2016),
and water type (LCW, GCW) as independent variables. Following
MANOVA, analysis of variance (ANOVA) was used to explore
interspecific differences in δ13C and δ15N. Intraspecific variation
in δ13C and δ15N was explored using ordinary least squares
regression to characterize the relationship between standard
length (SL) and δ13C and δ15N. For species with statistically
significant relationships between length and δ13C or δ15N, length
was used as a covariate in two-factor analysis of covariance
(ANCOVA) to assess the effects of sampling year and water
type on each isotope for each species. Similarly, variation in
POM δ13C and δ15N within each depth zone was assessed
using two-factor ANCOVA, with sampling year and water
type included as independent variables and depth of water
collection included as a covariate. Following ANOVA/ANCOVA,
a posteriori differences among means were analyzed using
Shaffer’s multiple comparison procedure (Shaffer’s MCP), as
it is less affected by unbalanced sample sizes relative to
other post hoc tests and adjusts to control for type I error
during multiple comparisons (Shaffer, 1986; Bretz et al., 2016).
ANOVA/ANCOVA tests met assumptions of normality and
homoscedasticity, which were checked through visual inspection
of residual plots and normal qq plots. All statistical analyses
were performed in R (R version 3.6.0) using the car and
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multcomp packages (Hothorn et al., 2008; Fox and Weisberg,
2019).

Trophic Position Estimates
Trophic position (TP) estimates were made using both SIA
and AA-CSIA data. TP estimations using SIA followed Eq. 1
where δ15Ni represents the nitrogen signature of an individual,
δ15Nbase represents the nitrogen signature of the pyrosome,
Pyrosoma atlanticum, and trophic enrichment factor (TEF)
represents the enrichment of 15N with each trophic step (3.15h
following Valls et al., 2014). Primary consumers are useful when
setting isotopic baselines because their slower tissue turnover
rates and longer generation times allow for the integration
of isotopic baselines over broader spatiotemporal scales (Post,
2002). Pyrosomes are filter-feeding pelagic tunicates known to
feed on POM and have been used as model primary consumers
in several studies examining pelagic food web structure (Cherel
et al., 2010; Ménard et al., 2014). The utility of pyrosomes to
delineate isotopic baselines is enhanced in regions like the GOM,
which are characterized by low chlorophyll α concentrations
and phytoplankton communities dominated by small flagellates
rather than diatoms, which have been shown to be unassimilated
during pyrosome feeding (von Harbou et al., 2011; Pakhomov
et al., 2019). The mean δ13C (-22.40 ± 0.63) and δ15N
(3.15 ± 0.92) values of 22 P. atlanticum collected during this
study were higher than δ13C and δ15N values of epipelagic POM,
suggesting that pyrosomes are suitable for setting the isotopic
baseline in the pelagic GOM.

TPSIA =
δ15Ni − δ15Nbase

TEF
+ 1 (1)

Trophic position estimations using data derived from AA-
CSIA followed Eq. 2. In the equation, δ15NTr−AA represents the
weighted mean of the three trophic amino acids alanine, leucine,
and glutamic acid, and δ15NSrc−AA represents the weighted mean
of three source amino acids glycine, lysine, and phenylalanine
(Bradley et al., 2015; Gloeckler et al., 2018). The terms β,
which represents the difference in δ15N values of trophic and
source amino acids of primary producers, and TEFTr−Src, which
represents the average isotopic enrichment between trophic and
source amino acids in consumers, were set to 3.6 and 5.7h,
respectively, following Bradley et al. (2015). As mentioned above,
AA-CSIA samples and subsequent TP estimations using AA-
CSIA were conducted during the 2016 sampling year only.

TPTr−Src =
δ15NTr−AA − δ15NSrc−AA − β

TEFTr−Src
+ 1 (2)

RESULTS

POM SIA
Particulate organic matter isotope values were variable within
each depth zone, with individual δ13C values spanning 4.0h
in the bathypelagic zone and varying by as much as 6.69h in
surface samples. Similarly, individual δ15N values spanned 4.25h
in the mesopelagic zone and varied by as much as 6.7h in the
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