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1 Upper Ocean Variability of Mesoscale Structures in the Gulf of Mexico
2 with Significant Larvae Recruitment Effects during Spring Months @
3 David Lindo, Francis Bringas, Gustavo Goni and Barbara Muhling &

4 1. Introduction
® < ’
5 The Gulf of Mexico (GOM) is characterized by a complex and highly variable Ml , in
6 time and space. This variability is the result of process interactions at basin, wé and local
7  scales, and results in dynamically significant modifications of the sw-b%ca
s in the Gulf of

variability.
8  Variability of ocean properties is expected to have a direct effect onJgo
9  Mexico. This region is very diverse biologically, being the site ning and habitat of
10  several pelagic and benthic species. Fisheries predictive tool be enhanced by incorporating
11  new observing capabilities, which resolve physical proces wide range of scales.

12 The mesoscale circulation in the GOM is dominat ttee main features: the Loop Current
13 (LC), the rings shed by the LC, and a quasi-perm?ﬁgyre in the south (Figure 1). When
14  investigating larval fish distributions, thagg of @ patures need to be considered (Bakun, 2006).
15  The LC extends northward into the G om the Yucatan Channel. The current forms an
16  intense anticyclonic flow, which can extc®as far north as 29.1°N and can come within close
17  proximity to the Mississippi Rivigflielpa or the Florida Panhandle coast (Molinari and Mayer,
18 1982). Although the LC i agn

ay tend to form more frequently in the spring, it may occur

19 in any season and with -’@c b varying from 6 to 17 months (Molinari, 1980) with an average

20  period of 10-119gon ul, 1993).
21 The LC x: direct configuration by slowly pinching off its northern extension to form
22 large, warm-c3Rg rings that then propagate westward at speeds of 2-5 km/day, and have lifetimes
23 of approximately a year (Elliott, 1982; Forristal et al., 1992; Shay et al., 1998). These
24 lagge Mgcyclonic rings shed by the LC with radii of approximately 150 km, swirl speeds of 1.8-
25 %and around 800 m depth (Oey et al., 2005) are generated aperiodically, with an average
&hedding time of 9.5 months and a range of 3 to 21 months between consecutive sheddings
(Sturges A., and Leben, 2000). The separation process can take several days to a few weeks, and
28  often, after a ring has separated, it reattaches to the LC (Sturges et al, 1993). The separations of

29  these large anticyclonic rings are the most energetic events in the circulation of the GOM. The
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30 bathymetry has a strong influence on the circulation, since the entrances of the Gulf are

31  constricted by two wide and shallow continental shelves, the Campeche Bank and the West
32 Florida Shelf. &
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34 Figure 1. Example of general circulation throu@}ulf of Mexico. Gray arrows in the background represent
35 satellite-derived geostrophic currents wi contours highlighting anticyclonic movements (mainly Loop Current,
36 LC, and anticyclonic rings, AR) andg8tue rs for cyclonic rings (CR). (Courtesy of NOAA/AOML).

37 ,

38 The questions of yhet @ hnd how the dynamics of the GOM have a direct impact on
39 some biologicagoRglagbns are explored herein. Knowledge of the temporal and spatial

40  variability soWale structures in the eastern GOM is fundamental for understanding

41  the environm®&gtal conditions that influence distributions of the larvae of different fish

42 sp l&u

43 % (Richards et al, 1993). Frontal structures and eddies may influence the spawning
s

ning sites, larval growth and subsequent variability in larval and juvenile

44& gies of fishes, since they provide necessary feeding resources by concentrating
. utrients in certain areas. The influence of mesoscale eddies on larval fish transport and
o survival depends both on regional oceanographic characteristics, and the strategies of the

47  fish species in question. Feeding and survival conditions have been suggested to be better
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48 in eddies (Canino et al, 1991), as high abundances of fish larvae have previously been

49  observed in both anti-cyclonic (Schumacher et al.,, 1993) and cyclonic (Okazaki et al., 2002)
50 eddies. Larvae retained within eddies have been found to show a lower mortality rate than&

51 elsewhere (Bograd et al, 1994). It has also been hypothesized that retention in eddies th
52 move downstream at slower rates than mean currents (Bograd et al, 1994) ma 1

53 delivery of larvae to nursery areas, and may retain them in areas more cﬂwi\ 0
inoastal

54  survival (Hinckley et al., 2001). Eddies may aid in the retention of fish larﬁ

55 areas (Kasai et al, 2002) and may decrease the probability of them nsported
56  offshore into oceanic environments (Bograd et al, 1994). Th ® s® function as a
57  transport mechanism from coastal areas to offshore nursery (Komatsu et al,

58  2002). In addition, both anticyclonic and cyclonic eddie ve shown to positively
59 affect the abundance and distribution of plankton larvae by entrapment of

60  planktonic organisms (Nakata et al, 2000; Okazaki W 2002). Specific influences of

61 eddies on larval fishes depend on several fact h as the nature of the biological
62  environment that the eddy provides for t vae in terms of food concentrations and
63  planktonic predators, and the favorabili oﬁnvironment where larvae are transported
64 by eddies. Moreover, cyclonic eddies % Blay an important role in primary production
65  through upwelling of nutrient-rj eep water to the euphotic surface layer. This may then
66  cause enhanced zooplankt tion, followed by increased ichthyoplankton survival
67 and recruitment (Nak% ¥, 2000). For an upwelling event to have any effect on
t

68  secondary produc@
6 (Fossheim e

cyclonic eddies would have to endure for several weeks

9

70 Understan and monitoring the LC and associated ring field becomes critical to the

71 underYfiding of the distributions of larval fish. Changes in the Yucatan Current (YC) position

72 are c[™d with changes in the LC position, suggesting that the separation of LC eddies
C

73 %W en cyclonic meanders of the YC move northward and join a semi-permanent meander
4&/’ e Florida shelf (Molinari and Cochrane, 1972). Although recent studies indicate that Gulf of
exico and the Caribbean Sea are dynamically inter-dependent (Oey et al., 2005), the manner in

which the YC and the LC affect each other with regards to position is not clear. Much of the

77  intrusion variability is associated with the angle at which the current enters the GOM at the
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78  Yucatan Channel (Molinari and Morrison, 1988). Previous analysis of 12 years of data indicated

79  no significant correlation between monthly LC position and Florida Current transport (Maul and
80  Vukovich, 1993). Although the frequencies of ring separation varied, no correlation between ring&

81  separation and changes in transport of the Florida Current were found (Sturges, 1992). Th

82  annual fluctuations in Loop Current flow were apparently due to wind forcing (Sfur
83  Evans, 1983). °

84 In summary, when and where mesoscale ocean features occur in the G&&pected to

85  play an important role in determining a favorable habitat for pelagi%sp es awn.

86 The objectives of this paper are twofold: \

87 1) To gain a deeper understanding of the mesoscale dyn%hat are important for larval

88 distribution and transport in the GOM, by means Qae erization of their properties,
89 their spatial distribution, and their temporal evcb 1992 to 2008.

90 i1) To verify the influence of mesoscale o features and sea surface temperature on the
91 distribution patterns of fish larvae s the GOM 1in the springs from 1993 to 2007,
92 in order to provide a benchmark fo coupled physical and biological studies.

93 This paper is organized as%@n section 2 the oceanographic and fisheries data used in
94  this work is described. T% ology used for the analysis of the oceanographic dynamics of
95 mesoscale features @ , and their relation with several larval species is described in

96 section 3. S ins the results of the analysis and a discussion of their significance.

97  Finally, the usions reached in this work are presented in section 5.
98 2. &
99 ughout all investigations of GOM dynamics conducted since the 1970s, much of the

&(nowledge of ring shedding behavior has been gained using sea surface temperature (SST)

fields from satellite infrared (IR) data and a limited number of hydrographic observations.

Although IR data continue to be invaluable due to their unsurpassed spatial resolution, they

103  are subject to cloud contamination and temperature limitations during summertime, when
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104  the uniformly warm SST does not allow inference of the flow field. On the other hand,
105  altimetry measurements of sea height anomaly (SHA) are not subject to this limitation.
106  Altimetry observations are the main data set of this work, and they are used herein to&

107  locate and monitor the LC and associated rings from November 1992 to December 2008.
108 The fisheries data used in this work consist of absolute values of captured larvae stgndggdi

109  to larval densities (number of larvae per m’ of sea water filtered). The time period d® et
110  ranges from April 1993 to June 2007 and belongs to the region in the GOM north 3°

111 2.1. Oceanographic data [ %&

gtions in the Gulf of

112 The temporal and spatial resolution of in situ oceanographic ¢
113 Mexico is sparse. However, satellite derived observations 0%
i th.

114  sufficient temporal and spatial resolution to study the ev

and ocean color offer

e main surface mesoscale

115  features and the distribution patterns of larvae spawga e GOM.

116 Microwave Optimally Interpolated (OI) SST field§obtdined from observations retrieved by
117  the TMI and AMSR-E radiometers onboard RMM and Aqua satellites, respectively, are

118  used in this study (http:/trmm.gsfc.nasa. R tp://nsidc.org/data/amsre/). These fields have

119  a daily resolution on a 0.25 degree gri 1s data set is complemented with gridded fields

120  obtained using SST observatio om the Advanced Very High Resolution Radiometer

121 (AVHRR). These fields are affaj ith a resolution of 2 days on an 18 km equal-area grid to
122 complete the period 1 97 (Ryan et al.,, 1996). Links between SST values and
123 observations of arv@ rmined using these SST fields.

124 The altim, herein are the optimally interpolated gridded SHA fields according to

125  the methodo of Le Traon et al. (1998); with spatial resolution of 0.25 degrees, and temporal

126 resghu of 1 Wweek. The altimetric observations used to produce these gridded fields are

127  obt#Rgd two to four satellites throughout the period of this study.

128 %main dynamic features in the Gulf of Mexico, including the Loop Current and its intrusion
&n e Gulf, can be very well observed using high resolution SST observations during the non-

summer months of the year when gradients of temperatures in the frontal areas are more intense.

Since the goal of the present work includes establishing links between surface ocean features and

132 larvae of several species during the spring months, and sometimes extending the season of study
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to beginning of summer, altimetry data becomes more appropriate since it can be used to monitor

surface ocean features year-round. Therefore, the relationship between ocean dynamics and

larval capture data is determined in this work using satellite altimetry. For example, during the @
month of May 2003, SST, SHA, sea surface height (SSH), and gradient of SSH fields clearl &

show the LC and a warm ring (Fig 2 a, b, ¢ and d). On the other hand, during the mognth

1998 the LC and a ring cannot be observed with SST (Fig 2e) but are visible using

QO

2f, g, h).
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141 Figure 2. Examples of altimetry fields. Fields on the left illustrate the spring signal of LC northward intrusion in
142 terms of SST (a) SHA (b), SSH (c) and gradient of SSH (d) on May 28, 2003. Fields on the right illustrate the spring
143 signal of a ring separation event in terms of SST (¢) SHA (f), SSH (g) and gradient of SSH (h) on June 24, 1998.

144 In this work, the study of the dynamics of the mesoscale features in the GOM was performe &
145  using sea surface height (SSH) fields derived from SHA data. The SSH fields were qgtaj Q
146  adding the altimetry-derived SHA fields to a mean dynamic topography (MDT) 8mn

147  (Rio and Hernandez, 2004), i.e: \

148 SSH = SHA+ MDT ° \Co\' (1)

149 A few characteristic contours of constant SSH values are used hefge efine the locations of
150  the LC and cyclonic and anticyclonic rings. Figure 2 c) an@w the fields of SSH in the
151 GOM in May 28, 2003 and June 24, 1998 where the LC Q.

152  observed in red colors, cyclonic rings in blue purple c ommon waters in both images in
153  light blue. Green and dark blue colors also delimit boundary of anticyclonic and cyclonic

154  features in these fields, respectively. Q
155 The geostrophic eddy kinetic ene computed from the altimetry fields is

156 (g2/2f Z)Qyj + ni ), where g is the accele of gravity, f'is the Coriolis parameter, and #, and

ticyclonic ring can be easily

157 7, are the zonal and meridio l@gradients, respectively. EKE is used to locate areas of

158  higher velocities, including:h fthe LC.

159  2.2. Fisheries dﬁx

160 Larval (Qa re available for every year from 1993 through 2007 from the National
ishert

161  Magn Service Southeast Area Monitoring and Assessment Program (SEAMAP)
162  dat &tises were divided into 2 legs and were conducted throughout the United States
163 @1 Economic Zone (EEZ) in the northern GOM only. Figure 3 shows the location of the
164gt s carried out in these surveys. Most of the sampling effort was focused on a one-degree
rid of stations, and this grid was usually completed twice in each year, with the exception of

2003 and 2004 when they were completed once. Additional stations were sampled in 1994, 1995,
167 2005 and 2006. Between 38 and 155 hydrographic-plankton stations were carried out each year,
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with an average of 94 stations per survey in the 15 years covered by this study. Essentially, at
each hydrographic plankton station plankton are collected with bongo and neuston nets, and

CTD casts are completed.

30°N

0CO o .
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g/ SST (°C)
24°N
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98'W 96'W 94°'W 92°'W 90°'W 88W 86'W 84'W 82'W 80'W
Figure 3. Station locations of the NOAA SEFSC annual larvae surve Mto 2007. The background color is
the mean SST for spring 2007. Note that since the locations ar € ery year a single circle may represent
several samplings. é

Both bongo and neuston net tows are gerfyall @ pleted across the grid of stations in the GOM
in late April and May, with sampling co nto late June in some years. Therefore, analysis

fitted with 333um mesh, on cm diameter round frames, and are towed obliquely

of the results presented here corrizonds periods between April and June. Bongo nets are
(Richards et al., 1993), to pth or to just above the bottom at shallower stations. Nets are
towed at 2-3 knots, and g takes place during both day and night. Samples from bongo
nets are sorted,& ag identified to the lowest possible taxa at the Polish Plankton Sorting

and Identifj

3. e%

er in Szczecin, Poland.

poral and spatial variability of the main mesoscale features in the Gulf of Mexico is
185 1g

ated in terms of the northward and westward intrusion of the LC, the shedding of warm

ngs, and the characterization of ring shedding events.

3.1. Loop Current spatial variability and local oceanographic features identification
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The northward and westward LC penetration is determined from the horizontal gradient of
SSH associated with this feature. Specifically, the northernmost and westernmost locations of the
SSH maximum gradient contour are used to characterize the shape and position of the LC. &

To validate this gradient method, results of present work are compared with other studies f
each time step regarding the LC northward penetration and ring separation (Zavala-Hid

al., 2006). A monthly match between rings identified in this work and the results ob®jnd
previous work is presented in the results section. &

A methodology using SSH and grad(SSH) fields is developed in t.his xdentify the
%o'

oceanographic features in the GOM. This methodology assigns everNgrt in the region to
be either a) a region of anticyclonic movement, b) a region of cyclo ement, c) a boundary

of an anticyclonic movement, d) a boundary of a cycloni(mment or ¢) common GOM

waters. According to the convention used here, a location i s being in:
a) an anticyclonic region (AR) if SSH S . —n-o(SSH)
b) a cyclonic region (CR) if < SSH ..+ p-o(SSH)

¢) an anticyclonic region boundary (AB) SH=m-SSH_, and grad(SSH )z re G(ISSH |)

X

d) a cyclonic region boundary (C@ SSH <q-SSH_ and grad(SSH)=r- O'(ISSHI)

e) common waters (CW) imgone gfthe previous conditions is satisfied

O'(S &s:andard deviation of SSH in the region,
@a SH )) is the standard deviation of the absolute value of the gradient of SSH in

the
T

where:

209 @e dimensionless parameters m, n, p, q and r are used to calibrate the method. They are

etermined by tuning the outputs obtained by this method for the summer 2009 with actual
satellite-derived SSH fields and geostrophic currents. The values obtained by the tuning for these

parameters are:
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213 m=0.91 n=3.30 p=0.60 q=1.08 r=0.67

214 @
215 3.2. Loop current ring census and separation events characterization &

216 The size and energy of LC rings depends on latitude, water stratification, bottorn t
217  and the nature of their generation. These properties can be characterized by unde \ﬂ
d hhagery

218  census similarly to those carried out in other regions that used observations
219  (Brown et al., 1986) or a combination of climatological in situ data and sat etry (Goni
220 et al., 1997; Goni and Johns, 2001).

221 The LC ring shedding events are detected using estimates of the g sea surface height

222 derived from satellite altimetry observation (Figure 4). A LC mo idered to be shed on the

223 surface when two conditions are satisfied: a) when the co H that belong to the higher
224 values of SSH gradient are closed (Figure 4b), and b) gﬁrst condition lasts for a period

225  of time longer than four weeks.

226
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227 %w - 0w 85'W 80'W
228 Figuye Field oWaltimetry-derived SSH gradient in the GOM with contours of SSH (in cm, black lines)
229 SUpRuPPO

230 @e span of a ring is defined as the period of time since the ring is shed until the values of

theCnclosed dynamic height contours decrease to reach similar values to the surrounding waters.

3.3. Fisheries data analysis
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233 The spring plankton surveys were originally designed to target bluefin tuna larvae. However,

234 larvae of more than 500 taxa have been recorded over the duration of the surveys. In this study,
235  larvae of 6 taxa from three commercially important families are analyzed. In many cases, larvae&

236 from closely related species are not distinguishable visually, and so larval groups are merged

237 the genus, or family, level. Larvae of Coryphaenidae (dolphinfishes hereafter: 0
238 incorporating Coryphaenia hippurus and Coryphaenia equiselis) are analysed at fafi

239  are larvae of Lutjanidae (snappers hereafter: likely incorporating up to 19 species Q&enera:
240  Apsilus, Etelis, Lutjanus, Ocyurus, Pristipomoides and Rhomboplites). e family
241  Scombridae (tunas), Auxis larvae (likely incorporating larvae of 4. rgcfe ) and A. thazard
242 thazard) are analysed at genus level, as are Thunnus larvae (likely x'. albacares and T.
243 atlanticus). Larvae of both Thunnus thynnus (bluefin tuna hereafter uthynnus alleteratus
244 (little tunny hereafter) are visually distinguishable from oth' species, and are therefore
245  analyzed at species level.

246 Larval distribution is related to mesoscale ocean l@and their boundaries by carrying out

247  a statistical analysis when catch locations are igsanticy®onic locations, anticyclonic boundaries,
-‘

248  cyclonic locations, cyclonic boundaries 8gco waters. These mesoscale features locations

249  are identified using the values of SSH oWdients of sea height as described in the previous

250  section. In addition, larval habiijgigis characterized here as a function of oceanic-derived
251  variables, such as satellite deri': nd EKE.

252 4. Results and discussi

253  4.1. Loop Curre d and westward penetration

254 Larval fi Q mblages of pelagic species are enhanced by the dynamics of the oceanographic
255 the LC (Richards ef al., 1993). During ichtyoplankton SEAMAP surveys in the spring

256  of sects made across the LC boundary showed higher displacement volumes of
257 6 an and higher densities of fish larvae (Richards et al, 1993). Therefore the LC boundaries,
and northern and western excursions of the LC are hypothesized to play a key role in larvae

distribution and recruitment.

The northward and westward LC penetration is determined herein by analyzing the 841

261  weekly fields of SSH gradient in the GOM. Specifically, SSH maximum gradient contours help
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to objectively characterize the LC position with the northernmost and westernmost locations of

the current (fig. 5, for example). 2
N ECRE R S . &

95'W 90'W 85'W 80'W

<D 7T [
0 10 20 30 40 50 60

|grad(SH)| [cm/deg]
Figure 5. Field of altimetry-derived SH gradient in the GOM % Ma7, 2008, with contours of SH (in cm, black

lines) superimposed.

Weekly time series of the northernmo Qof the LC during the period from November
1992 to December 2008 (Figure 6) are fil using a Butterworth filter (black line). The filter is
designed with order 6 and angula@f frequency 1/7 rad/s, which means that the boundary in
the filter response is 7 we e maximum filter slope is 20. The vertical blue lines

represent the observed ri ion events.
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Figure 6. Time series of LC northward penetration, from November 1992 to December 2008. Thick blue lines

indicate the time of separation of LC rings.

The northernmost location of the LC varies from 24.25°N to 28.50°N, with marked seasonal @
variations and a mean value of 26.30°N. The location in summer is significantly more to th &
north than in the fall season, with winter and spring having values closer to the meag, P Q
studies, using data from 47 cruises in the eastern GOM and monthly fields of tempe? 1 0
m from 1970 to 1976, found that on average the penetration of the Loop Currentﬂ%} GOM
increases during the winter and spring, reaching a maximum in the early s ringer et
al., 1977). August appears to be the month with the most occu * e northern LC
excursions (Figure 7). The separation of the LC rings (thin blue line { CX) occurs in 74% of
the cases when the northernmost location exceeds 27°N witl ggpara events happening at a
frequency ranging from 2 to 18 months. In general, a nor ation of 27.75°N leads to a

ring separation event after a period of a few weeks to 3 m

T 1 ;
27° Nr I

- Mean =26.31°N
26° Nr *
N e s e

Figure 7. Monthly Mean loc®h; LC northward penetration. Blue lines indicate standard deviations over the
16 years of data an lyze® ary 1993 to December 2008.

The norigfvall etration of the LC between 1993 and 2008 also exhibits year-to-year

variability (F1ge 8), showing a maximum in the annual northernmost location of the LC in

20 minimum in the annual northernmost location of the LC in 1998.

4
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years of data analyzed, from January 1993 to December 2008.

Figure 8. Annual mean location of the LC northward penetration. Blue lines indicate standat&li\s over the 16

Weekly time series of the westernmost location of the LC are using a Butterworth
filter (black line). The LC westernmost location varies from Q45°W to 85°W, with pronounced
variability and a mean value of 87.6°N. There is a -to-year variability in the
westernmost location of the LC, with an annual cyclgmg eriod of time between 1993 and

2005 (Figure 9). When monitoring the time of separ§gon of the LC rings (thin blue line), it is

observed that a westernmost location overpa he 89°W leads to a ring separation event in
53% of the cases after and a very short p ew weeks to up to 3 months.

[EEEES! I B EEEERE ERS NN IR IR AEEERA EEE SEER T T T T T T T 7 T~ 3

92°WH E

90° W \/\ -
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L ) L L . . | " L . | L | " L | L L L J -
1993 __1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Figure 9. Time s&s of LC westward penetration, from October 1992 to December 2008. Thick lines indicate the

moie eparation of LC rings.

ing-separation events

& Following the methodology described in 3.2., all the LC ring shedding events are identified

®

between October 1992 and December 2008 (Table I):

x &
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308 Table 1. Compilation of ring-separation events. Rings are detected using estimates of the gradient of SSH derived

309 from satellite altimetry observation, from November 1992 to December 2008.

Time between sheddings

Year Da @
y (months) &

1993 Jul 21 O
1993 Sep 08 2

1994 Aug 31 11 OQ

1995 Apr 26

1995 Sep 13 5 \$

1996 Aug 21 11 ° %

1997 Oct 08 13 \

1998 Mar 04 5

1999 Oct 06 18

2001 Apr 11 1&

2002 Mar 20 @
2003 Aug 20
2003 Oct 01 Q

2

2003 Dec 24 2
2004 Se O 9
2005 Fe 5
2005 Aug 6
2006 @r 08 7
20 ep 27 6
\ Apr 11 7
€0 Nov 14 7
8

5

\@008 Jul 02

2008 Dec 03

310

311 tmﬂ rings are identified as shed during the November 1992 to December 2008 study

312 peri®Q ReMits from January 1993 to August 1999 are compared to results from a previous work

313 compilation of ring-separation events (Sturges and Leben, 2000). The present census
shows 9 ring separation events between 1993 and 1999, compared with the 10 LC ring
detachments reported by the previous work. Excluding a ring shed on April 1996, reported by the

previous work but not reported by the present work, there are slight differences in shedding dates

317  between two works.
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318  4.3. Mesoscale structures with significant effects on larval distributions

319 Associations between larval distributions of bluefin tuna, little tunny, Thunnus, Auxis, @

320 snappers and dolphin-fishes, and mesoscale dynamics in the GOM are presented and discusse &

321  in the first part of this section by analyzing observations in larvae distribution over Rgc 0
o

323  mesoscale features are assessed by means of probability bar diagrams. Evevglfy\,urther

324  associations between altimetry fields and larval distributions are sugge%

322 SSH fields. Then detailed associations between larval catches and the inner and outg

ating the
325  number of captures and the proportion of captures to values of SSH. ¢

326 The spatial distribution and temporal variability of the mesosca &cs in the GOM is
327  linked to the distribution patterns of larval spawning (Ortner, {984; B , 2006). Knowledge of
328 the distribution and variability will enhance our understandig pled physical and biological
329  systems. Physical and biological conditions for both larv adult fish in the northern GOM
330 exhibit high spatial and temporal variability (M\er$garger, 1991). Variability in larval

332  zooplankton abundances, water depth, and fluorescence (Muhling et al., 2010;

331  abundances has been linked to environment@met rs such as water temperature, salinity,
333  Richardson et al., 2010). Adult fish of selected taxa in this work are expected to target
334  specific habitats or oceanographic, res where they choose to spawn in order to maximize the
335  survival of their larvae. In it ish larvae are capable of detecting and responding to
336  oceanographic gradients '% al., 2005), and this ability increases with the size of the fish
337  (Kingsford, 2002). are newly hatched, larvae drift with the currents; as they grow,
338  however, the ;®ater ability to detect where they are in the water column, and to

339  determine t n Mspersal through vertical migration/active swimming behavior.

340 1 considered in this study, especially larvae of dolphinfishes and snappers, show patchy
341 digtfi\gions with more than 90% of stations showing densities under 0.05 larvae m™ and 82% of
342 t with even less than 0.02 larvae m™. Larval abundances vary greatly, with differences of
&wo orders of magnitude between the lowest and highest values. Larval density in positive
% stations ranged from 0.002 larvae m™ to 0.73 larvae m™. This patchy distribution may be the
345  result of schooling behaviour of spawners (Smith and Hewitt, 1985) and of sampling methods,

346 which were focused on one-degree grid of stations.
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347 Given the link between temperature and salinity in habitats, the highly energetic scenarios in

349  abundance and distribution of larvae in the GOM. Analysis of 434 weekly fields between 1993

348  the GOM, related to the LC and warm ring, are expected to play a key role in determining the @
350 and 2007 of larval abundance over SSH fields shows definite temporal and spatial relationshiQ&

351  between larval distributions and mesoscale structures. These fields indicate that when th

352 in a young state (with northernmost location south of 25.5°N), larvae are more ab@hda e
353  eastern Gulf of Mexico than in the central and western part of the basin when the lﬁ ent is
354  weaker (Figure 10). For instance, 45% of the stations were positive (no z#fgcat®es) when

ile 95% of the
une 27 1998 (Fig.

355  surveying the western GOM from May 03 1998 to May 09 1998 (Eif®

356  stations were positive when surveying the eastern GOM from June 2
357  10b). A similar situation is found during spring 2002: 43% of the
358  surveying the western GOM from April 21 2002 to April 27 ig. 10c), while 100% of the

s were positive when

359  stations were positive when surveying the eastern GOM fr y 052002 to May 11 2002 (Fig.
360  10d). In both periods, the LC was in a young state Qhes in the eastern GOM were found
361 along the northern edges of the LC. Also::arval bundances are often highly spatially

362  autocorrelated: i.e., if one station contai of particular taxa, the neighbouring stations

363  were likely to contain the same taxa This may suggest large-scale spawning when

364  conditions are suitable for a partic@xa arge symbols in Figure 10b).
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Figure 10. Spatial distribution and density of lgrvae fin tuna, little tunny, Thunnus, Auxis, snappers and

dolphin-fishes. Background is SSH field. All fieldsllu n extreme excursion to the south in the northernmost
location of the LC in 1998 (a and b) and 2002 (d @

central GOM (a and c). Fields on the rig w larval sampling in the eastern GOM (b and d).

P Ficlds on the left show larval sampling in the western and

To further analyze the relt between LC excursion and larvae distributions, a time
series of monthly deviati@ he mean northernmost location of LC was analyzed (Fig. 11).
C C location north of the mean northernmost position, and negative

Positive vertica bar%
bars indicat co®n south of the mean northernmost position. In order to relate the

mesoscale mics of the LC to larvae distribution, monthly deviations (anomalies)
coWg to'tisheries cruise dates are shaded.
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Figure 11. Monthly anomalies of the location of the northward intrusion of the LC. Shaded bars represent monthly

anomalies corresponding to fisheries cruise dates. Red and blue lines indicate months of maximum and minimum

anomalies observed. @

In spring the LC is usually to the north of its mean location (Fig. 7). However, two cases
extreme southern excursions during the spring were found: spring 1998 and spring 2002.
1998 and June 1998 there was an extreme excursion to the south of the LC (Fig. 1@, b
and this southern location (near 25°N) enhances positive catches between latitﬁ
28°N and longitudes 83°W and 85°W, just off the LC (Fig. 10b). These are e areas of
poor or zero catches when they are occupied by the LC. In April 200® e 2002 there is
again a long period of relative minimum position in the LC location Xb ue line), and this
southern location at 24.5°N corroborates the previous observa since the LC in its
southernmost location now enhances positive catches betwe titudes 24.5°N and 28°N and

longitudes 83°W and 86°W (Fig. 10d).

On the other hand, observations of positive anoma¥gs oY the LC northward intrusion suggest

that the LC may represent a “desert” within t mng areas, but this is not a conclusive result
since the sampling strategy frequently a arm waters within the LC. Although warm
waters may be favorable for egg hatchin s of bluefin tuna (Miyashita et al., 2000), and for

fast larval growth rates of some@s like Atlantic mackerel or northern anchovy (Houde,
1989), retention conditions % LC are poor because larvae spawned within the LC are
advected out of the GO thwards along the south eastern United States coast within a

period of days c ) In addition, observations suggest that warm-core rings shed by
the LC are 1kely to contain high abundances of larvae. Larvae seem to avoid the
core region both cyclonic and anticyclonic mesoscale features, and appear to be more

the oundaries and frontal areas (Fig. 12), which is consistent with results obtained
matlc sampling in the Mediterranean Sea targeting bluefin tuna near frontal areas

ny et al, 2010). However, observations show that Thunnus species are occasionally found

within the LC. Similar disparities between abundances of bluefin tuna and other tuna larvae are
also found in the Mediterranean (Garcia et al., 2005), where high abundances of bluefin larvae

have been collected in areas under the influence of anticyclonic gyres.
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Figure 12. Spatial distribution and density of larvae of bluefin tuna, little tunny,

—

A 4
L. xis, snappers and
g taNgreas of the LC on April

, little tunny and snappers

dolphin-fishes. Background is the SSH field. The field on the left shows catches o
28, 1993. The field on the right shows catches on frontal areas of the LC on May 13

Although all taxa studied here spawn in a wide range g
showed a preference for shallower waters, close to the co al shelf. This result is consistent
throughout various years of observations and may ucyg the usually more productive coastal

waters and the scarcity of bigger predators and petit®s in these waters (Fig. 13).

30°N
200
180
25°'N 160 5,
‘ & 140 %
|0 Thunnus . 120
A Snapper
Dolphin-fish ) / 100
20°Nf + Negative station \
95°'W 90°'W 85°W 80°'W
Spatihistribution and density of larvae of bluefin tuna, little tunny, Thunnus, Auxis, snappers and
-fis July 05 2006 and July 12 2006. Background is the SSH field for previous dates. The field on the

n example of the observed preference of snappers for shallower waters. The field on the right shows an

of the observed preference of little tunny for shallower waters.

In order to assess a more detailed association between larval catches and the inner or outer
regions of mesoscale features, the capture locations were classified into five different categories:

anticyclonic region, anticyclonic boundary, cyclonic region, cyclonic boundary and common
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422  waters. This characterization was determined according to the maximum values of SSH,

423  minimum values of SSH, and horizontal gradients of SSH, as explained in section 3.3. From this

424  characterization, bar diagrams are constructed to examine the probability of finding larvae in @
425  each of the 5 above-mentioned regions (Table II and Figure 14). The probability of findin

426  larvae of taxon i in a oceanic mesoscale feature j is calculated herein using the, fol

427  quotient: L4 \
428 é
429  Where ¢; is the number of captures of taxon i in feature j, e is the fi M@w

430  taxon i in feature j, is the summation of the captures divided by t effort in the five

en sampling

431  regions, i is the taxa (bluefin tuna (1), little tunny (2), Auxis (3), Th (4), snapper (5), and
432 dolphinfish (6)), and j is the region (AR, AB, CR, CB and The fisheries surveys (section
433  2.2) were conducted in the northern regions of the G ich are dominated by oceanic

434  mesoscale features. Since some regions are sampled@e more than others, there is a higher
435  fishing effort in some mesoscale features. Therg

aﬂ rt, defined as the total number of times the

ore, iM®he calculation of probabilities, captures
436  of taxon i are standardized by dividing
437  feature was sampled (with capture or wi apture). Although sampling strategies used in the
438  surveys may not be the most adegggte, they still provide sufficient information to assess links

439  between larval catches and in ogter regions of mesoscale features.

440 Results shown in Tabl d¥igure 14 define larval distributions of two species (bluefin tuna
441  and little tunny), tw uNuxis and Thunnus) and two families (snapper and dolphinfish) in
442  the inner a 0ns of oceanic mesoscale features and provide some insight into the

443 effects of m ale structures on larval recruitment in the GOM.

444 Ta 4 tures (c), efforts (e) and probabilities (P) of finding larvae in anticyclonic regions (AR), anticyclonic
445 bounda®gs (AB), cyclonic regions (CR), cyclonic boundaries (CB) and common waters (CW) for bluefin tuna, little

446 uxis, Thunnus, snappers and dolphinfishes. Calculated from altimetry derived fields and spring sampling

44 7&&0 993 to 2007.
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AR AB CR CB cw

Bluefin Tuna C 31 209 29 60 313

. e 74 76 41 68 17
Species

P 0.060 0.370 0.095 0.119 0.356

Little Tunny C 24 125 3 9 349

e 62 69 24 43 174

P 0.086 0401 0.028 0.041 0444

ALpis C 78 350 33 115 1134

e 81 116 30 74 316
Genus

P 0.094 0295 0.108 0.152 0.351

Thunnus C 301 447 66 175 812

e 155 170 46 101 339

P 0.191 0259 0142 0171 0.236

Snapper C 17 88 2 15 a7

) e 66 70 23 52 223
Family

P 0.068 0.334 0.023 0.079 0497

Dolphinfish C 24 43 9 17 74

e 77 75 27 a7 139

0.167 0309 0179 0.161 0.182
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Figure 14. Pro biliMlarvae of bluefin tuna (a), little tunny (b), Auxis (c), Thunnus (d), snappers (e)
a

and dolphinfis N lonic regions (AR), anticyclonic boundaries (AB), cyclonic regions (CR), cyclonic

boundaries (

1993 t0 2007.

on waters (CW). Calculated from altimetry derived fields and spring sampling from

hidW€st distribution of bluefin tuna, little tunny, Auxis and snapper is located in the

0 ries of anticyclonic features and in common waters. This pattern is more evident in the
larVal distribution of species (as shown in Figures 14a and b) than in larval distribution of groups
at were merged at the genus level (Figure 14c). Results for bluefin tuna, with a probability of
0.37 to be caught in anticyclonic boundaries, is in agreement with previous results found in the

western Mediterranean, in which tuna spawning grounds were related to anticyclonic features
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462  (Platonenko and de la Serna, 1997). For little tunny, for example, a probability of 0.44 is

463  expected for catches in regions of common waters and the probability of finding them either in
464  regions of common waters or in anticyclonic boundaries is 0.84. Bluefin tuna, little tunny, Auxis,&

465  and snapper larvae show a higher distribution in boundaries of anticyclonic features than in %

466  regions of anticyclonic features, and they also show a higher distribution in boyndages

467  cyclonic features than core regions of cyclonic features. It is hypothesized that 1#8vac @
468 more common in mesoscale feature boundaries because: 1) they are co e&e

469  oceanographic processes, 2) feeding conditions are more favorable in conver ¢ zOowes, which
470  can concentrate planktonic fish larvae, and so larval survival is high ,ﬁwi\ It fishes detect

471  frontal features where they are able to spawn.

472 Thunnus species, which include larvae of yellowfin tuna blackfin tuna, were frequently
473 found within anticyclonic and cyclonic region locations (Fg xhis result confirms previous
474  reports showing that adult yellowfin tuna have br Qlat preferences in the GOM in
475  comparison to bluefin tuna (Teo and Block, 2010), an%higler tolerances for very warm features,
476  such as the LC and warm LC rings. Althou dolphinfish abundance dataset is scarce and
477  patchy, its larval distribution shows a g’®<gher preference for anticyclonic boundaries
478  (P=0.31) and a slightly lower preference nticyclonic region, cyclonic boundaries, cyclonic
479  regions and common waters (Fi@. Investigation of the abundance in the areas between
480  cyclonic boundaries and an boundaries, defined in this work as common waters,

481  indicates that there is a Iffg distribution for bluefin tuna, little tunny, Auxis, and snapper

482  taxa more likelyin b®1 undary areas.
483 Once theg es of finding larvae in the inner and outer regions of mesoscale features

484  have been and

ed, further associations between altimetry fields and larval distribution are
485  su € relating the number and the proportion of captures to values of sea level using
486 it&glerived SSH fields from 1993 to 2007. For each taxa studied here, Figure 15 shows the

%arval density of the captures (expressed in larvae/m’) at each SSH and the proportion of

487 m
: Kaptures that are found at each SSH. SSH values are binned to 10 cm intervals. High values of

390 both mean larval density of captures and proportion of captures indicates the SSH at which

490 larvae are more abundant. In order to relate this result to captures in the inner and outer regions
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491  of mesoscale features, colored blocks (Fig. 15) represent the SSH domains of cyclonic regions
492  (CR), cyclonic boundaries (CB), common waters (CW), anticyclonic boundaries (AB) and
493  anticyclonic regions (AR), calculated from the mean and standard deviation of the SSH field for&

494  each of the 5 regions. These values are detailed in Table III. 0
a: Bluefin Tuna b: Little Tunny
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Figure 15. Mean larval density of captures (red circles) and proportion of positive stations (blue circles) for larvae

of (a) bluefin tuna, (b) little tunny, (c¢) Auxis, (d) Thunnus, (e) snappers, and (f) dolphinfishes in relation to satellite
498 derived observations of sea surface height (SSH), from 1993 to 2007. SSH values are binned to 10 cm intervals.
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499 Error bars represent one standard error. Colored blocks represent SSH intervals of cyclonic regions (CR, dark blue),

500 cyclonic boundaries (CB, light blue), common waters (CW, yellow), anticyclonic boundaries (AB, orange) and

501 anticyclonic regions (AR, red), calculated from the mean and standard deviation of the SSH field for each of the 5 @
502 regions. &

503 Table III. SSH minimum, maximum, mean and standard deviation of cyclonic regions (CR), cyclonic bound®yges

504 (CB), common waters (CW), anticyclonic boundaries (AB) and anticyclonic regions (AR), calculated.fr y an
505 and standard deviation of the SSH field for each of the five regions, from 1993 to 2007

min (cm) max (cm) mean (cm) stdv(c&&

CR 114 135 124
CB 121 147 137
Cw 128 161 145

AB 138 175

AR 153 216 0&'

506

507 At certain values of SSH, some taxa show high meaQnsr[y of larvae with a low proportion of

508  captures (i.e. Figure 15¢ at SSH=150 cm), wh{ @ ers exhibit a high proportion of captures with
0

509  alow mean density (i.e. Figure 15f at SS . However, the most interesting features here
510 are SSH values at which both the mean of larvae and the proportion of captures are high
511  (Figure 15 a,b,c,d, and e, at S ctaveen 140 cm and 150 cm). Larvae of bluefin tuna, little

512 tunny, Auxis, Thunnus, snap dolphinfishes show both a high mean larval density and a

513  high proportion of positi€e ‘ jons at SSH of 140 cm to 150 cm, suggesting that they are more
514  abundant in thigganfe@ values. This clear preference for moderated levels of SSH is in
515  agreement x distributions more likely in common water regions and boundary areas
516  (Fig. 14). ReSWs also show that bluefin tuna, little tunny, Auxis, snappers and dolphinfishes are
517  les€a ant at extreme values of SSH. Thunnus species are more abundant at higher SSH than
518  other Wgecies considered here. For example, at high levels of SSH, Thunnus larvae show mean
519 s of 0.008 larvae/m’ while other larvae exhibit mean densities lower than 0.005
&arvae/m? This is likely due to higher tolerances for warm waters of the tropical tuna species
covered by Thunnus. Since SSH is proportional to the integrated vertical temperatures, it

522  indicates that some species are more inclined to be found in specific temperature conditions.
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Results and analysis from this section can be used to help in the location of larvae according to

different ocean features observed in the field, in particular the probability of finding larvae in the
inner and outer regions of mesoscale features in the GOM (Fig. 14) and the predicted abundance&

of larvae at different SSH (Fig. 15).
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553 5. Conclusions

554  Satellite altimetry fields were used to identify mesoscale features in the GOM during the period @
555  1993-2007. Larvae data from fisheries surveys collected during this same period were used to&

556 identify links between mesoscale features and larval distributions. 0

557  The key result obtained in this work is that larvae of bluefin tuna, little tunny, Auxis®and @ er
558 are preferentially located within the boundaries of anticyclonic features and in Q mon
559  waters. For example, for bluefin tuna, little tunny, and snapper, probabilité®g abde 0.7 are
560  expected for catches in anticyclonic boundaries and common waters®Fi a, b and e). In
561  addition, for snapper and little tunny probabilities of finding them in &regions are almost

562  negligible (Fig. 14 b and e).

563  The results also indicate that high values of proportion of &nd mean density of captures
564 are found between 140-150 cm of SSH. Since S 1 portional to integrated vertical
565  temperatures, this indicates that most of the taxMgtuded have a preference for specific

566  temperature conditions. O

567  Although fisheries observations were co ad only during spring months from 1993 to 2007,

568  the oceanographic observations :@ethoology used in this work allow us to automatically

570 data. As a result, times sefig

569  monitor the surface ocean fea | gear round, due to the incorporation of satellite altimetry
ed in sections 4.1 and 4.2 illustrate the spatial and temporal

571  variability of the LC gnc u mporal variability of the rings shed by the LC, and section 4.3
572 suggests that tIXO on of some larvae are higher within the boundaries of anticyclonic

573 features an

n waters. These results may allow us to hypothesize that captures may
574  also have a sifar temporal and spatial variability as features do. For example, the LC location
575 in ig more to the north than in other seasons, and August appears to be the month with
576 occurrences of the northern LC excursion (Fig. 7). This could be translated to a lower
577 mﬂi‘[y of capturing certain species in the areas occupied in summer by the LC and a higher
&robability of capturing certain species in the boundaries of a likely more elongated LC in
summer months. Starting in 2003, the LC is more to the north (Fig. 11), and this may also be

580 translated to a lower probability of capturing certain species in the areas occupied by the LC and
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581 a higher probability of capturing certain species within the boundaries of the LC. Extreme

582  southern excursions of the LC may also have an impact on larvae distribution. For instance,
583  during extreme southern excursions of the LC (Figs. 10 and 11), high larval distributions are @
584  located in the areas that were initially occupied by the LC, particularly along the northern edg@&

585 of a LC in a young state (with a northernmost location south of 25.5°N).

586  The observations also indicate that larvae generally tend to avoid core regions of .Qic
587 and anticyclonic mesoscale features, and appear to be more abundant along thgiggb&adaries and
588  frontal areas (Fig. 12). It is hypothesized that larvae may be more commo lXcale feature
589  boundaries because: 1) they are concentrated by oceanographic proc®yge rl%ding conditions
590 are more favorable in convergence zones, which can concentrate p ic fish larvae, and so

591 larval survival is higher; and 3) adult fishes detect frontal featﬂere hey are able to spawn.

592  Analysis of weekly fields between 1993 and 2007 of larv @ dance superimposed upon SSH
593 fields suggests that larval abundances are often high@a y autocorrelated: i.e., if one station

594  contained larvae of particular taxa, the neighbguring sWtions were likely to as well (Figs. 10c

595 and 13). This may suggest large-scale EW @ hen conditions are suitable for a particular

596 taxa.

597  Although all taxa studied here s in a wide range of depths, the observations indicate that

598  some larvae, generally little t snappers, show a preference for shallower waters close to

599 the continental shelf (%. This result is consistent throughout the various years of

600  observations, agd m to the usually more productive coastal waters and the scarcity of
601  bigger pred \ etitors in these waters.

602  This study sh®gs that, in addition to environmental parameters such as water temperature,
603  salNggy, Noplankton abundances, water depth or day length, the position and strength of
604 cMg features in the GOM is likely to dictate the area and persistence of habitat favorable for
GOSQa growth and survival and, thus, recruitment to adult populations. Interestingly, anticyclonic

oundaries and common water regions are suggested as the regions that are most favorable for

larvae. The larvae distributions in common water regions may be investigated in future research

608 by tracing frontal zones from SST and ocean color data to overlay on the SSH altimetry. This
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609  would give more detail on the 'closeness' of larvae to the features, and would complement

610  present altimetry results.
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