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Stable isotope ratios of carbon (8'3C) and nitrogen (8'°N) were used to investigate feeding patterns
of larval and early juvenile pelagic fishes in slope waters of the Gulf of Mexico. Contribution of
organic matter supplied to fishes and trophic position within this pelagic food web was estimated
in 2007 and 2008 by comparing dietary signatures of the two main producers in this ecosystem:
phytoplankton [based on particulate organic matter (POM)] and Sargassum spp. Stable isotope
ratios of POM and pelagic Sargassum spp. were significantly different from one another with §'3C
values of POM depleted by 3-6%0 and 89N values enriched by 2%o relative to Sargassum spp.
Stable isotope ratios were significantly different among the five pelagic fishes examined: blue marlin
Makaira nigricans, dolphinfish Coryphaena hippurus, pompano dolphinfish Coryphaena equiselis,
sailfish Istiophorus platypterus and swordfish Xiphias gladius. Mean §'3C values ranged almost 2%
among fishes and were most depleted in L. platypterus. In addition, mean §' N values ranged 4—5%o
with highest mean values found for both C. hippurus and C. equiselis and the lowest mean value
for M. nigricans during both years. Increasing §'3C or §'°N with standard length suggested that
shifts in trophic position and diet occurred during early life for several species examined. Results
of a two-source mixing model suggest approximately an equal contribution of organic matter by
both sources (POM = 55%; pelagic Sargassum spp. =45%) to the early life stages of pelagic
fishes examined. Contribution of organic matter, however, varied among species, and sensitivity
analyses indicated that organic source estimates changed from 2 to 13% for a §'3C fractionation
change of +0-25%¢ or a 8'°N fractionation change of =+1-0%o relative to original fractionation
values. © 2009 The Authors
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INTRODUCTION

Naturally occurring stable isotopes are commonly used to elucidate the origins of
organic matter and food web complexity within marine communities (Peterson &
Fry, 1987; Kaehler et al., 2000; Nagelkerken & van der Velde, 2004). While stable
isotopes alone do not elucidate direct prey species in complex and omnivorous food
webs like traditional stomach content analysis, these methods are valuable in tracking
organic matter through ecosystems (Peterson & Fry, 1987; Post, 2002). Given the
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utility of these natural dietary tracers, few studies have attempted to use stable
isotopes to examine the early life feeding ecology of pelagic fishes in offshore
marine ecosystems (Rooker et al., 2006; Pepin & Dower, 2007).

Slope waters in the northern Gulf of Mexico (Gulf) serve as important habitat to
several pelagic fishes (Kraus & Rooker, 2007; Neilson et al., 2007; Rooker et al.,
2007). Shelf regions of the Gulf are generally recognized as productive areas relative
to offshore slope waters due to significant nutrient loading from the Mississippi River
coupled with unique oceanographic conditions (i.e. Loop Current) that influence the
distribution and abundance of pelagic fishes (Richards et al., 1989, 1993). Studies
describing distribution and abundance patterns of the early life stages of pelagic
fishes have found high concentrations in slope waters of the northern Gulf (Richards
et al., 1993; Tidwell, 2008; Simms, 2009), including several migratory species: blue
marlin Makaira nigricans Lacépede, dolphinfish Coryphaena hippurus L., pompano
dolphinfish Coryphaena equiselis L., sailfish Istiophorus platypterus (Shaw) and
swordfish Xiphias gladius L. (Ditty et al., 1994; Govoni et al., 2003). Despite the
importance of large pelagic fishes on ecosystem productivity, little is known about
the feeding ecology of these fishes in slope waters during early life nor the pathways
of energy flow through this offshore component of the pelagic food web.

A characteristic feature of slope waters in the Gulf is the limited number of carbon
sources compared with benthic and estuarine systems. In addition to phytoplankton,
pelagic Sargassum spp. is a ubiquitous brown alga present in surface waters of the
northern Gulf that provides both food and protection from predators to fishes (Wells
& Rooker, 2004; Rooker et al., 2006). Early life stages of several pelagic species
such as billfishes, tunas, swordfishes and dolphinfishes are found in association with
Sargassum spp. in the northern Gulf (Hoffmayer ez al., 2005). Moreover, Sargassum
spp. has been designated as essential fish habitat (EFH) due to its importance as
nursery habitat to several pelagic fish and invertebrate species (NOAA, 1996). To
date, assessments of food web structure of pelagic fauna associated with Sargassum
spp. are limited and centred on late juvenile to adult stages (Rooker et al., 2006;
Turner & Rooker, 2006), and complementary studies on pelagic fishes during the
early life are rare.

Goals of this study were to estimate the contribution of phytoplankton- and Sar-
gassum spp.-derived organic matter to the early life stages of pelagic fishes using
natural dietary tracers (8'3C and 8" N). Temporal differences in both producers and
consumers were evaluated over a 2 year study period, and a range of consumer sizes
were collected to investigate ontogenetic shifts in feeding during early life.

MATERIALS AND METHODS

SAMPLING METHODOLOGY

Sampling was conducted in slope waters of the northern Gulf of Mexico during June
and July of 2007 and 2008, and both producers and consumers were collected within a
corridor ranging from 27-0-27-5° N and 89-92° W off the Louisiana and Texas coasts.
Sampling stations were located c. 8 nautical miles (14-8 km) apart from one another during
the surveys. Two replicate particulate organic matter (POM) and Sargassum spp. samples
were obtained at six stations within the sample corridor during each year. Surface seawater
collections of POM were used as a proxy for phytoplankton, and samples were obtained by
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filtering 7 1 of sea water over 47 mm GF/F filters (precombusted for 1 h at 450° C) with an
effective pore size of 0-8 um. Sargassum spp. and fishes were obtained using two neuston
nets (500 and 1200 pum mesh) with opening dimensions of 2 m (width) x 1 m (height). Nets
were concurrently towed at 2.5 knots (4-6 kmh~") for 10 min per station. Five pelagic fish
species were targeted and analysed in this study: M. nigricans, C. hippurus, C. equiselis, .
platypterus, X. gladius. Several larger fishes (early juveniles) were collected using dip-nets
during the survey. In addition, due to the low sample size of X. gladius >10 mm standard
length (Lg) collected during 2007 surveys, several samples were obtained within the same
sample corridor from previous July surveys in 2005 (n = 13) and 2006 (n = 9).

STABLE ISOTOPE ANALYSIS

Pelagic fishes were immediately sorted onboard and frozen on dry ice until being moved
to a —80° C freezer. Fishes were measured to the nearest mm Lg, and both stomachs and
heads were removed to minimize any effect on stable isotope analysis of muscle tissue.
Epibiota were removed from Sargassum spp. to minimize the influence of other flora and
fauna on stable isotope ratios. Plant and fish tissue samples were dried at 60° C for 24 h
and stored in individual cryovials. Lipids were not removed from fish tissue; however, C:N
ratios were low (<4) across the size spectrum of fishes, indicating a low lipid content and
little influence of lipids on fish tissue 8'3C values (Post et al., 2007). Isotopic ratios for
carbon (8'3C) and nitrogen (§"°N) in plant and fish tissue were determined with a Finnigan
MAT DeltaPlus continuous-flow stable isotope mass spectrometer (www.thermofisher.com).
Isotopic ratios are reported relative to Vienna PeeDee belemnite for carbon and atmospheric
Nj for nitrogen.

The potential carbon contribution of POM and Sargassum spp. to pelagic fishes was esti-
mated with the two-source mixin% model described by Fredriksen (2003) and Rooker et al.
(2006) %CSargassum =100 [(61 CConsumer - 613CPOM - I) (813CSargassum - 13CPOM)71]9
where I is the average fractionation value of §'3C per trophic position. A carbon trophic
enrichment factor of 1-0%o0 was used (DeNiro & Epstein, 1978; Fry & Sherr, 1984); thus
I was equal to the estimated trophic position. Trophic position (7p) was calculated follow-
ing Hobson & Welch (1992): 7p = (1 + 8" Nconsumer — 8> NBaseline) I ~', where 8N baseline
was the average value of POM and Sargassum spp. and I was equal to the average fraction-
ation value of §'°N per trophic position. 8'°N enrichment values range from 2-5 to 3-5%o in
aquatic systems (Vander Zanden & Rasmussen, 2001; Vanderklift & Ponsard, 2003); there-
fore, a nitrogen enrichment value of 3-0%0 was used per trophic position (Fry & Sherr, 1984;
Rooker et al., 2006). Fractionation values can vary in larval fishes (Herzka & Holt, 2000;
Bosley et al., 2002), thus a sensitivity analysis was performed to investigate the range of
possible outcomes to model results using different fractionation factors in the two-source
mixing model (§'"°N: £0-5, £1-0 and £1-5%q; §'*C: £0-25 and +0-5%o).

DATA ANALYSIS

A t-test was used to test for differences in §'3C and §' N between organic sources (POM
and Sargassum spp.). ANCOVA was used to test for differences in stable isotopes among
fish species and between years with Lg as the covariate. Logjo-transformed Lg was regressed
against 813C and 8N for each species to test for size-specific trends in consumer values.
The equal variance assumption was assessed by examining plots of residuals v. predicted
values, and normality was tested with a Shapiro—Wilk test. A posteriori differences among
means were detected with Tukey’s honestly significant difference (HSD) test using SAS
(SAS Institute Inc.; www.sas.com). Statistical significance was determined at P < 0-05 for
all analyses.
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TABLE I. Mean = S.E. of carbon (8'3C) and nitrogen (8'°N) stable isotope ratios of primary
producers collected in 2007 and 2008

2007 2008
813C (%o) 8PN (%o) 813C (%o) 8PN (%o)
POM —21.5 £ 06 2.8 £ 0.7 —22.7 £ 03 2.6 £ 0.5
Sargassum spp. —187 £ 03 0-8 + 03 —16-4 £+ 02 0-8 + 0-6
POM, particulate organic matter.
RESULTS

Differences in stable isotope ratios of primary producers were significantly differ-
ent, and both §'3C (2007: r-test, P = 0-01; 2008: z-test, P < 0-01) and §°N (2007:
t-test, P < 0-05; 2008: t-test, P < 0-05) differed between POM and Sargassum spp.
samples during both years (Fig. 1). POM was depleted in §'3C and enriched in §'°N
relative to Sargassum spp. during both years investigated (Table I). Furthermore,
Sargassum spp. 8'3C values significantly differed between years (Sargassum spp.: t-
test, P < 0-01), while §'3C POM values remained similar (POM: t-test, P > 0-05),
and 8N values of primary producers did not significantly differ between years
(POM: t-test, P > 0-05; Sargassum spp.: t-test, P > 0-05) (Table I). Thus, a §"°N
baseline value of 1.7 was used to calculate trophic position of consumers.

Stable isotope ratios of both §'3C and 89N significantly differed among fishes
during both years (Fig. 1). Larval (<20 mm Lg) and juvenile consumers (>20 mm
Ls) are shown separately for visual purposes. Significant differences in 8'3C were
detected in 2007 and 2008 (ANCOVA, d.f. = 4, 92, P < 0-01) with mean §'3C val-
ues ranging from —20-1%o0 (larval I platypterus) to —17-6%c (juvenile C. hippurus)
in 2007 and from —20-2%¢ (larval C. equiselis) to —16-9%o (juvenile X. gladius)
in 2008 (Fig. 1). Pair-wise comparisons showed that §'3C values were significantly
depleted in I. platypterus compared with all other fish species except M. nigricans
in 2007 (P < 0-01), and depleted relative to C. hippurus, C. equiselis and X. gla-
dius in 2008 (P < 0-01). Significant differences in §'>N were also found during
both years (2007: ANCOVA, d.f. =4, 92; P < 0-05; 2008: ANCOVA; d.f. =4, 92;
P < 0:01). During both years, mean §'°N values for C. hippurus and C. equiselis
were not significantly different to one another (2007: P > 0-05, 2008: P > 0-05),
but significantly higher than the other species examined: M. nigricans, I. platypterus
and X. gladius (P < 0-05). Trophic position of the five consumers were consistently
higher in 2008 than 2007 and followed a similar pattern as §'°N with highest values
for C. hippurus and C. equiselis (1-7-2-4), followed by I. platypterus (1-2—1-4),
X. gladius (1-1-1-3) and M. nigricans (0-4—0-6) (Table II).

Ontogenetic changes in stable isotope composition were found for each of the five
species examined (Fig. 2 and Table III). Several species showed significant positive
trends of increasing §'>C values with increasing size; these included M. nigricans,
C. hippurus and I. platypterus (Table IIT). Relationships between 8N and size
were more variable, and a significant year effect was found for both I platypterus
(P < 0:01) and X. gladius (P < 0-01). Istiophorus platypterus and X. gladius had
significantly higher §'"°N values in 2008 than 2007 (Fig. 2). Significant positive
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associations between §'°N and size were detected for C. hippurus, C. equiselis, I.
platypterus (2007 and 2008) and X. gladius in 2008 (Table III).

Results of the two-source mixing model indicated that POM and Sargassum spp.
contributed approximately equal amounts of organic matter to consumers (Fig. 3).
POM and Sargassum spp. contributed 55 and 45%, respectively, of the organic matter
to these consumers when averaged over both years. Predicted contribution estimates
of organic matter provided from POM were highest for I. platypterus (2007 = 76%
and 2008 = 77%) and C. equiselis (54 and 80%). Conversely, based on the two-
source model, Sargassum spp. was the primary source of organic matter supplied to
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FiG. 1. Biplot of mean = s.E. carbon (8'>C) and nitrogen (8'°N) stable isotopes of primary producers and
pelagic fishes during (a) 2007 and (b) 2008. Primary producers include particulate organic matter (H)
and Sargassum spp. (®). Pelagic fishes include Makaira nigricans (O0), Coryphaena hippurus (A),
Coryphaena equiselis (), Istiophorus platypterus (O) and Xiphias gladius (V). Larval consumers
<20 mm standard length (Ls) (open) and juveniles >20 mm Lg (grey) are shown separately. Lines with
arrows represent expected enrichment with increasing trophic position.
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FiG. 2. (a), (c), (e), (g). (i) carbon (5'3C) and (b), (d), (f), (h), (j) nitrogen (8'°N) stable isotopes of (a),
(b) Makaira nigricans, (c), (d) Coryphaena hippurus, (e), (f) Coryphaena equiselis, (g), (h) Istiophorus
platypterus and (i), (j) Xiphias gladius relative to standard length (Lg). Years were combined for all
species except 8'°N for Istiophorus platypterus and Xiphias gladius due to significant differences between
2007 (@) and 2008 (O).
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TaBLE II. Standard length (Lg) range, mean Lg, trophic position by year (2007, 2008) and
total number of samples for stable isotope analysis of each species

Species Lg range (mm) Mean Lg (mm) Trophic position n
Makaira nigricans 5-6-18-1 8-0 0-4, 0-6 46
Coryphaena hippurus 9:2-91-2 27-8 1.7, 1-9 25
Coryphaena equiselis 9-5-100-0 47-7 1.7, 2-4 24
Istiophorus platypterus 3.2-76-0 18-7 1.2, 14 50
Xiphias gladius 6-0-45-7 17-5 1-1, 1.3 41

M. nigricans (62 and 55%) and X. gladius (52 and 58%). For C. hippurus, Sargassum

spp. accounted for 70% of organic matter in 2007 and only 44% in 2008 (Fig. 3).
Sensitivity analyses of the two-source mixing model showed that changes in frac-

tionation values affected estimates of POM and Sargassum spp.-derived organic
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FIG. 3. Organic contribution (%) derived from particulate organic matter (J) and Sargassum spp. (E) to five
pelagic fishes during (a) 2007 and (b) 2008. Contribution estimates were derived from a two-source

mixing model.
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matter to consumers. Specifically, changes in the Sargassum spp.-derived contri-
bution estimates from original model parameters showed that a §'3C fractionation
change of +£0-25%0 was equal to a §'"N fractionation change of £1-0%o (Table IV).
Increasing 8'3C fractionation values by 0-25 and 0-5%o resulted in increased POM
and decreased Sargassum spp.-derived organic matter ranging from 2 to 12% and
5 to 21%, respectively. In contrast, increasing §'°N fractionation values increased
Sargassum spp.-derived (and consequently reduced POM) estimates by 1-8, 2—13
and 3—16% for 0-5, 1-0 and 1-5%o increases in 8'°N, respectively. Largest deviations
in contribution estimates were found for both C. hippurus and C. equiselis, ranging
from 4 to 21%, while smallest changes were found for M. nigricans (1-7% change).

DISCUSSION

Differences between POM and Sargassum spp. in this study were c. 3—6%o for
813C and 2%o for §"°N. Depleted 8'3C and enriched 8'°N values of POM relative to
Sargassum spp. were found in other studies located in the northern Gulf (Moncrieff
& Sullivan, 2001; Rooker et al., 2006). Both studies reported that 813C values of
POM were depleted 3—5%0 and §'°N values were enriched 4—5%o relative to Sar-
gassum spp. 8'°C values of POM and Sargassum spp. were similar to Moncrieff
& Sullivan (2001) and Rooker et al. (2006) with mean values varying <1%o. Here,
8N values were depleted relative to these studies with mean POM values 4—7%o
less and Sargassum spp. 1—4%o less. Cross-shelf transport of organic material derived
from the Mississippi River drainage basin has been documented in shelf and slope
sediments in the northern Gulf (Goni et al., 1997). Depleted §'°N values of produc-
ers in offshore waters have been attributed to a riverine influence in the Beaufort Sea
(Dunton et al., 2006) and western North Pacific (Usui ef al., 2006), and thus it is
possible that depleted 8" N values of POM and Sargassum spp. observed here may
have been due to terrestrially derived nitrogen from the Mississippi River plume.
Alternatively, Takai et al. (2007) found that §'"N POM values increased from 0.7 to
7-1%o along an inshore to offshore gradient near south-eastern Japan and attributed
differences to '"N-depleted nitrogen from N, fixation by blue—green algae of the
genus Trichodesmium. During both 2007 and 2008 surveys, large amounts of 7ri-
chodesmium spp. were collected in the 500 wm neuston net at many of the stations,
which consequently may have affected §'"°N values in this study.

Studies examining feeding dynamics of marine fishes have found rapid isotopic
changes occur during early larval stages when a change in diet is accompanied
by fast tissue turnover time (Lindsay ef al., 1998; Herzka & Holt, 2000). Feeding
studies analysing stomach contents of pelagic species examined here have observed
shifts from planktivorous to piscivorous diets at or c. 7-10 mm Lg (Gorbunova,
1969; Gorbunova & Lipskaya, 1975; Lipskaya & Gorbunova, 1977; Govoni et al.,
2003; Llopiz & Cowen, 2008; R. C. Schekter, unpubl. data). Moreover, Tidwell
(2008) recently reported that the stomachs of larval M. nigricans and I. platypterus
collected in the present study area consisted primarily of cyclopoid copepods of the
family Corycaeidae (Corycaeus and Farranula spp.) with piscivory becoming well
developed at c. 9 mm Lg. Rapid §'*C enrichment and abrupt changes in §'N values
observed at this size interval were an indication of the shift to piscivory for several
taxa in the present study.
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Even though 85N enrichment with increasing size was probably linked to a trophic
shift (piscivory), results were variable among species examined. §'°N values of both
M. nigricans and X. gladius (2007) initially decreased with increasing size, which
deviates from the expected pattern of enrichment. Spatial and temporal variability
in stable isotopes of primary producers can confound interpretations (Boon & Bunn,
1994; Jennings et al., 1997); however, baseline §'N values of primary producers
were consistent during both years. Alternatively, the decrease in 8'°N with increasing
size for larval M. nigricans and X. gladius may have been attributed to a shift
from endogenous to exogenous feeding, where a transition from a parental nitrogen
source to one dominated by exogenous nitrogen has been shown to influence §°N
of consumers during the larval stage (Vander Zanden et al., 1998; Wells et al.,
2008). Finally, Pepin & Dower (2007) reported highly variable §'"°N values with
increasing size for six larval fish species and suggested that differences may be
related to differential input from herbivorous and microbial food webs. Primary prey
organisms consumed by larval fishes examined in this study include species (i.e.
copepods) that consume a wide range of prey (e.g. ciliates and protists) that are
associated with the microbial loop (Vincent & Hartmann, 2001; de Figueiredo et al .,
2005; Olson et al., 2006), and therefore differential inputs by taxa associated with
the microbial loop may be responsible in part for observed patterns.

POM and Sargassum spp. contributed organic matter equally to species exam-
ined here from slope waters of the northern Gulf. Rooker et al. (2006) found that
Sargassum spp. contributed 22% of the organic matter to consumers in shelf waters
when combined across all taxa; however, results were species-specific and dependent
upon trophic position. For example, species with a trophic position >2-0 obtained an
average of only 14% of Sargassum spp.-derived organic matter. In contrast, species
with a trophic position <2-0 obtained an average of 47% Sargassum spp.-derived
organic matter. In the present study, the trophic position of most species (except C.
equiselis in 2008) was <2-0, and the estimated contribution from Sargassum spp.
was remarkably similar to the previous study (45%). Coryphaena equiselis in 2008
had the highest trophic position (2-4) and lowest contribution of organic matter from
Sargassum spp. (20%), which supports the notion that the source of organic matter
may be stage-specific. The data clearly show that Sargassum spp. serves as a critical
source of organic matter to pelagic fishes during the larval period, and survival of
several pelagic species may be linked to the distribution and abundance of Sargassum
spp. in the Gulf.

Results of the sensitivity analyses suggest minor changes (1-16%) in per cent
Sargassum spp.-derived contribution estimates to consumers, given trophic fraction-
ation of §!°N was in the range of 1-5-4-5%o, while changes between 2 and 21% if
813C fractionation was between 0-5 and 1-5%o. Herzka & Holt (2000) found frac-
tionation ranges between 1-5 and 4-2%¢ for "N and 0-2 and 1-9%c for §'3C in
larval red drum Sciaenops ocellatus (L.). Trophic fractionation values of 2-5—3-5%o
for §'°N (Vander Zanden & Rasmussen, 2001; Vanderklift & Ponsard, 2003) and
1-0%0 for 813C (DeNiro & Epstein, 1978; Fry & Sherr, 1984; Rooker et al., 2006)
are commonly used; however, isotopic fractionation during assimilation, protein syn-
thesis and excretion of nitrogen may cause these conventional fractionation values
to change (Ponsard & Averbuch, 1999). The present results are similar to those of
Vander Zanden & Rasmussen (2001), who found that changes in mixing model out-
puts were minor provided primary producers were used as the baseline trophic level,
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and that mixing model end members were distinct from one another, as was the
case in this study. Nevertheless, given deviations found from sensitivity analyses,
values of contribution estimates from primary producers are not absolute and should
therefore be viewed as a proxy for source estimates of organic matter provided to
consumers. Also, choosing an appropriate baseline can be one of the most difficult
methodological issues when using stable isotopes, and therefore it is important to
assess any large temporal variation (Post, 2002). §'">N values of primary producers
remained similar over the two-year study period, and thus the mean §'°N baseline of
1-7%o appears suitable for mixing model calculations. POM §'3C values were also
similar between years; however, 8'3C values of Sargassum spp. significantly differed
between years and consequently may have affected mixing model results, given a
0-5%0 change in §'°C baseline values resulted in a 5-21% change in contribution
estimates of consumers.
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