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The Atlantic surfclam, Spisula solidissima, is one of the most commercially 

important species along the Northeast U.S. coast. Similar to many other benthic 

invertebrates, surfclam life history includes a dispersive larval stage. Larval dispersal 

plays a key role in determining connectivity among geographically distinct populations, 

and is further influenced by physical dynamics and larval behavior. In this graduate work, 

a coupled modeling system combining a physical circulation model of the Middle 

Atlantic Bight (MAB), Georges Bank (GBK) and the Gulf of Maine (GoM), and an 

individual-based surfclam larval model has been implemented to study surfclam larval 

transport pathways, inter-population connectivity patterns, as well as the associated 

physical mechanisms. 

Model results show a mean along-shore connectivity pattern from the northeast to 

the southwest among the surfclam populations. High-frequency (periods of 2~10 days) 

variation in larval along-shore drift is found to be due to along-shore surface wind stress 

variation, with the seasonal variation speculated to be driven mainly by changes in the 
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across-shelf density gradient. Surfclam across-shelf larval movement is also highly 

correlated with the along-shore surface wind stress as mediated by coastal upwelling and 

downwelling episodes. This correlation is further dependent on larval vertical distribution 

with respect to the thermocline, which is a direct result of the mutual interaction of the 

physical environment and larval behavior.  

Water temperature is found to play a dominant role in larval settlement patterns. 

In the vertically integrated time-mean heat balance regulating water temperature on the 

MAB shelf, surface air-sea heat flux and horizontal heat advection are the two most 

important terms. Seasonal variation of water temperature is mainly controlled by the 

seasonally varying surface heat fluxes. Across-shore horizontal heat advection variations 

associated with different coastal across-shore circulation patterns contribute water 

temperature variations on shorter time scales from days to weeks. The long-term (e.g., 

decadal or longer) variation of water temperature is likely due to the variation of along-

shore heat advection from the mean along-shore barotropic current acting on the mean 

along-shore temperature gradient, related to the large-scale coastal current system 

running from Labrador in the north to Cape Hatteras in the south. 

 

 

 

 

 



	
  
	
  

iv	
  

Acknowledgements 

 
Firstly, I would like to thank my advisor Dr. Dale B. Haidvogel, for his guidance, 

encouragement and support throughout my time at Rutgers. His brilliant critical thinking 

mind, enthusiasm devoted to the science, broach knowledge and detail-oriented 

professionalism really have inspired and taught me a lot. Being able to work with him in 

all of those years is really my great honor and I believe this experience will benefit me 

for my whole life. Without his continuous support and mentoring, this graduate work 

couldn’t be completed. 

I would also like to express sincere gratitude to my committee members, Dr. 

Daphne Munroe, Dr. John Wilkin and Dr. Dennis Mcgillicuddy for their constant support 

and help on my graduate work. Daphne gave me lots of encouragement and so many 

valuable advices on this surfclam study, from tiny little details to the big pictures, which 

are all very helpful for me as a non-biology student. John, as an excellent modeling 

expert, gave me lots of help on the modeling configuration for this graduate work. Dennis 

gave me many great suggestions on the Georges Bank study. 

I would also give my thanks to Dr. Eric Powell for his great help in the surfclam 

study and introducing me opportunities to attend conferences and get exposed to broader 

scientific society. Another special thanks to Dr. Bob Chant for his care and help to me 

through all these years. I still remember his warmness when I firstly got interviewed as a 

prospective student years ago. 

I also want to thank every current and previous members of the Ocean Modeling 

group at Rutgers, Julia Levin, Weifeng (Gordon) Zhang, Bin Zhang, David Robertson, 



	
  
	
  

v	
  

Hernan Arango, Maria Aristizabal, Frederic Castruccio, Enrique Curchitser, et al., for all 

their help and being involved in making this whole group such a wonderful one.  

Also I wish thank every member in our surfclam project, Bonnie McCay, Roger 

Mann, John Klinck, et al., for their great help, feedback and encouragement as to my 

surfclam modeling participation. 

I also want to thank my fellow graduate students in the Rutgers Oceanography 

program for the friendship and making it a pleasant stay at IMCS. Specifically, my 

officemate Alex López, and Aboozar Tabatabai, Sarah Lietzke in the ocean modeling 

suite all make my last years of PhD study in the closed-box office much more enjoyable.  

Lastly, my tons of thanks go to my families, my parents in China who raised me, 

love me and taught me to be a right person, and another big family in the U.S, Rutgers 

Chinese student fellowship, which makes me feel as my beloved home in a foreign 

country.  

 

 

 

 

 

 

 



	
  
	
  

vi	
  

Table of Contents 

 

ABSTRACT OF THE DISSERTATION ........................................................................... ii	
  

Acknowledgements ............................................................................................................ iv	
  

Table of Contents ............................................................................................................... vi	
  

List of Tables ................................................................................................................... viii	
  

List of Figures .................................................................................................................... ix	
  

CHAPTER 1. INTRODUCTION ....................................................................................... 1	
  

CHAPTER 2. MODEL DEVELOPMENT, LARVAL DISPERSAL AND 

METAPOPULATION CONNECTIVITY ......................................................................... 8	
  

2.1	
   Introduction	
  ........................................................................................................................................................	
  9	
  
2.2	
   Model development	
  ......................................................................................................................................	
  11	
  
2.2.1	
   Physical circulation model	
  ......................................................................................................................	
  11	
  
2.2.2	
   Surfclam larval individual-based model (Scl-IBM)	
  .......................................................................	
  13	
  
2.2.2.1	
   Growth sub-model	
  ..................................................................................................................................	
  14	
  
2.2.2.2	
   Behavioral sub-model	
  ...........................................................................................................................	
  17	
  
2.3	
   Model simulations and analysis	
  ................................................................................................................	
  19	
  
2.3.1	
   Physical circulation	
  ...................................................................................................................................	
  19	
  
2.3.2	
   Larval release strategies	
  ...........................................................................................................................	
  20	
  
2.3.3	
   Larval transport, connectivity, and behavioral sensitivity	
  ............................................................	
  21	
  
2.4	
   Results	
  ...............................................................................................................................................................	
  23	
  
2.4.1	
   Model validation	
  ........................................................................................................................................	
  23	
  
2.4.1.1	
   Physical circulation model	
  ..................................................................................................................	
  23	
  
2.4.1.2	
   Larval model validation	
  .......................................................................................................................	
  25	
  
2.4.2	
   Larval transport and population connectivity	
  ...................................................................................	
  25	
  
2.4.3	
   Larval drifting distances and behavior effects	
  .................................................................................	
  27	
  
2.5	
   Discussion	
  ........................................................................................................................................................	
  29	
  
2.5.1	
   Larval transport and connectivity	
  .........................................................................................................	
  29	
  
2.5.2	
   Larval drifting distances and behavioral effects	
  ..............................................................................	
  32	
  
2.5.3	
   Coupled modeling system	
  .......................................................................................................................	
  35	
  
2.6	
   Model limitations	
  ...........................................................................................................................................	
  39	
  
CHAPTER 3. PHYSICAL MECHANISMS UNDERLYING LARVAL TRANSPORT 

AND SETTLEMENT VARIATIONS .............................................................................. 53	
  

3.1	
   Introduction	
  ...................................................................................................................................................	
  54	
  
3.2	
   Methods	
  ...........................................................................................................................................................	
  58	
  



	
  
	
  

vii	
  

3.2.1	
   Coupled	
  physical	
  circulation	
  and	
  surfclam	
  larval	
  model	
  simulations	
  ..............................	
  58	
  
3.2.2	
   Larval	
  transport	
  and	
  settlement	
  variations	
  .................................................................................	
  60	
  
3.2.3	
   Physical	
  mechanisms	
  underlying	
  larval	
  transport	
  variations	
  .............................................	
  62	
  
3.3	
   Results	
  ..............................................................................................................................................................	
  64	
  
3.3.1	
   Intra-­‐annual	
  variation	
  in	
  larval	
  transport	
  and	
  settlement	
  ....................................................	
  64	
  
3.3.2	
   Along-­‐shore	
  larval	
  daily	
  drifting	
  distance	
  variation	
  .................................................................	
  66	
  
3.3.3	
   Variation	
  in	
  across-­‐shelf	
  larval	
  daily	
  drifting	
  distance	
  ...........................................................	
  68	
  
3.4	
   Discussion	
  .......................................................................................................................................................	
  69	
  
3.4.1	
   Larval	
  transport,	
  settlement,	
  and	
  regional	
  connectivity	
  ........................................................	
  69	
  
3.4.2	
   Larval	
  along-­‐shore	
  movement	
  ...........................................................................................................	
  71	
  
3.4.3	
   Larval	
  across-­‐shelf	
  movement	
  ...........................................................................................................	
  75	
  
3.5	
   Summary	
  .........................................................................................................................................................	
  78	
  
CHAPTER 4. MEAN AND SEASONAL HEAT BUDGET IN THE MIDDLE 

ATLANTIC BIGHT AND ASSOCIATED PHYSICAL MECHANISMS ..................... 94	
  

4.1	
   Introduction	
  ...................................................................................................................................................	
  95	
  
4.2	
   Methods	
  ...........................................................................................................................................................	
  97	
  
4.2.1	
   Model	
  configuration	
  ...............................................................................................................................	
  97	
  
4.2.2	
   Heat	
  budget	
  calculation	
  ........................................................................................................................	
  99	
  
4.2.3	
   Along/Across-­‐shore	
  horizontal	
  heat	
  advection	
  ......................................................................	
  100	
  
4.3	
   Results	
  ...........................................................................................................................................................	
  103	
  
4.3.1	
   Mean	
  heat	
  balance	
  ................................................................................................................................	
  103	
  
4.3.1.1	
   Spatial	
  variation	
  .................................................................................................................................	
  103	
  
4.3.1.2	
   Horizontal	
  advection	
  components	
  ............................................................................................	
  104	
  
4.3.2	
   Seasonal	
  variation	
  ................................................................................................................................	
  106	
  
4.4	
   Discussion	
  and	
  interpretation	
  ............................................................................................................	
  108	
  
4.4.1	
   Surface	
  heat	
  flux	
  ....................................................................................................................................	
  108	
  
4.4.2	
   Horizontal	
  heat	
  advection	
  .................................................................................................................	
  110	
  
4.4.3	
   Wind	
  induced	
  upwelling/downwelling	
  effects	
  ........................................................................	
  113	
  
4.4.4	
   Implications	
  for	
  the	
  surfclam	
  fishery	
  under	
  global	
  warming	
  ............................................	
  114	
  
4.5	
   Summary	
  ......................................................................................................................................................	
  116	
  
CHAPTER 5. CONCLUSIONS ..................................................................................... 136	
  

APPENDIX ..................................................................................................................... 141	
  

Appendix	
  A:	
  Larval	
  daily	
  mortality	
  and	
  sensitivity	
  to	
  larval	
  duration	
  .........................................	
  142	
  
Appendix	
  B:	
  Inter-­‐annual	
  variation	
  in	
  larval	
  settlement	
  ....................................................................	
  151	
  
Acknowledgement of Previous Publications .................................................................. 157	
  

REFERENCES ............................................................................................................... 158	
  



	
  
	
  

viii	
  

List of Tables 

 

Table 2.1 List of surfclam larval individual-based model variables ................................. 41	
  

Table 2.2 List of surfclam larval individual-based model constants ................................ 42	
  

Table 2.3 Summary of recently published larval transport model studies for benthic 

species along the U.S northeast coast. .............................................................................. 43	
  

 

Table 3.1 Linear regression and seasonal models of along-shore larval daily drifting 

distances ............................................................................................................................ 81	
  

Table 3.2 The 2-layer linear regression model (M3) of across-shelf larval daily drifting 

distances with the mean along-shore surface wind stress ................................................. 82	
  

 

Table A.1 Values of ratio of LAge with respect to E(L) varying with different larval ages

......................................................................................................................................... 150	
  

 

 



	
  
	
  

ix	
  

List of Figures 

 

Figure 1.1 Model domain and distribution of surfclam populations within the Middle 

Atlantic Bight and Georges Bank. The model domain (shown as the large black 

rectangular box) is defined by 160 x 120 grid cells and includes 12 rivers. Black stars 

indicate river input locations. The grid resolution is approximately from 6 to 12 km (the 

resolution varies about 15% from south to north). Distribution of surfclams in the domain 

was based on the NEFSC survey data from 1982 to 2008 (NEFSC, 2010) and is shown by 

black dots representing those survey stations with surfclam density higher than 80 clams 

per survey dredge tow. Black neighboring boxes along the coast represent conventionally 

used geographic regions for surfclam stock assessments (NEFSC, 2010); these are, from 

south to north: South Virginia/North Carolina (SVA), Delmarva (DMV), New Jersey 

(NJ), Long Island (LI), Southern New England (SNE) and Georges Bank (GBK). Gray 

boxes inside those black regions boxes denote regions of high surfclam density and are 

used as the larval release regions in the model (see section 2.3.2 in Chapter 2 for details). 

Isobaths of 20-, 40-, 60-, 100-, 1000 m are shown as gray solid lines. .............................. 6	
  

Figure 2.1 Panel a-b: Variation in modeled larval growth.  Panel (a) shows the variability 

in modeled larval growth rate with food concentration and larval age.  The temperature-

dependent growth correction factor (CorT) is shown in Panel (b); Panel c-d: Variation in 

modeled larval vertical motion. Panel (c) shows the variability in larval vertical motion 

(swimming + sinking behavior) with temperature and larval size. Panel (d) shows the 

variability in vertical speed with both swimming+sinking (dashed lines) or swimming 

only (solid lines) under conditions of varying temperature for larvae of length = 150 µm 



	
  
	
  

x	
  

(lower x-axis, black lines), or under varying larval size at temperature = 20 oC (upper x-

axis, blue lines). ................................................................................................................ 44	
  

Figure 2.2 Panel a-b: Comparison of modeled 4-year mean SST at 1-m depth (Panel a) 

and satellite observed 4-year mean SST (Panel b) (Reynolds et al., 2007) from year 2006 

to 2009, as indicated by the colorbar on right. In Panel a, the green line indicates the 21 

°C SST isotherm from the mean simulated SST (used here as a proxy of the modeled 

Gulf Stream location), and the blue line shows the 21 °C SST isotherm based on mean 

observed SST over the same period (Reynolds et al., 2007). The comparison between the 

4-year mean barotropic currents (black arrows) from model output and the long-term 

mean climatological barotropic currents (red arrows) (Lentz, 2008a) is also shown in 

Panel a. Panel c-d: Comparisons of surface (Panel c) and bottom (Panel d) temperature 

between model output and NEFSC observational data during late-spring to early-fall 

from 2006 to 2009. Colorbar on the right shows the temperature differences (model - 

observation in oC), at each survey station on the corresponding survey date. In all panels, 

the 20-, 40-, 60-, 100-, 1000-m isobaths are also shown as black lines. .......................... 45	
  

Figure 2.3 Modeled surfclam larval distribution along the New Jersey LEO-15 across-

shelf section during downwelling (June 16th 2006, panel a) and upwelling periods (June 

26th 2006, panel b) in 2006, with each dot representing each larva in the water. The 16 oC  

(lower black line) and 18 oC  (upper black line) isotherms are shown to indicate the 

approximate thermocline positions. The bottom left inset of panel a shows the location of 

the LEO-15 transect (blue line) off NJ shelf. .................................................................... 47	
  



	
  
	
  

xi	
  

Figure 2.4 Horizontal (panel a) and vertical (panel c) larval trajectories of an individual 

larva released along the southern New Jersey shelf on August 1, 2006. In Panel a, the 

green dot represents the final larval settlement position. Isobaths of 20-, 40-, 60-, 100-, 

1000 m are shown in black solid lines. In Panel c, the colorbar indicates the background 

water temperature. Panel b shows the size of the larva as it grows over time. ................. 48	
  

Figure 2.5 Larval distribution on September 5, 2006, 35 days after larval release on 

August 1.  Panel a shows the distribution of all larvae from the initial release, including 

those that settled successfully and those that did not. Panel b shows the distribution of 

only those larvae able to successfully settle within the 35-day limit. Each dot represents 

one larva and colors indicate initial release locations as follows: GBK-pink, SNE-black, 

LI-yellow, NJ inshore-green, NJ offshore-light blue, DMV-blue, SVA-red.  Lower right 

inset in panel b shows the initial distribution of the larvae at the time of release. ........... 49	
  

Figure 2.6 Generalized mean connectivity pattern between the MAB and GBK surfclam 

subpopulations based on the model output for all releases in 2006 to 2009. .................... 50	
  

Figure 2.7 Four-year (2006-2009) mean modeled connectivity matrix among the 6 main 

surfclam geographic regions: SVA, DMV, NJ, LI, SNE and GBK, showing the 

percentage of larvae released in one region (x axis, see Figure 1.1 for their locations) that 

are transported (larval supply, panel A) or successfully settled (larval settlement, panel B) 

into the same or another region (y axis, see Figure 1.1 for their locations). The exact 

percentage values are indicated by both the colorbar and the text in each cell. ............... 51	
  

Figure 2.8 Panel a-b: Box-plots of larval drifting distances (units: kms; y-axis) in the 

along-shore (panel a) and across-shelf (panel b) directions for all released larvae from 



	
  
	
  

xii	
  

regions of SVA, DMV, NJ, LI, SNE and GBK (x-axis) in 2006 to 2009.  Along the y-axis, 

positive values indicate southwestward along-shore drifting, or onshore across-shelf 

drifting; negative values indicate the opposite direction. Panel c: Box-plots of larval 

drifting distances (units: kms; y axis) in the along-shore direction for all released larvae 

from regions of SVA, DMV, NJ, LI, SNE and GBK (x axis) in 2006, with both 

swimming and sinking behaviors (magenta: swim + sink, the standard model setup), only 

sinking behavior (blue: sink only), only vertical swimming behavior (black: swim only), 

and neither (cyan: purely passive). ................................................................................... 52	
  

Figure 3.1 Map of the arbitrarily chosen NJ, DMV, and SVA shelf regions (as shaded) for 

the analysis of variation in the along-shore and across-shelf larval daily movement. These 

regions cover the corresponding shelves from the coast to at least 60-m isobath. The 

black-dot-line indicates the approximate along-shore direction, which is used as the 

reference line relative to which the along-shore and across-shelf daily drifting distances 

and along-shore and across-shelf wind stresses are calculated. The 20-, 40-, 60-, 100- and 

1000-m isobaths are shown in gray lines. ......................................................................... 83	
  

Figure 3.2 Intra-annual and spatial variations of ATEL (in oC, Panel a-2), larval 

settlement rate (in percentage, Panel b-2), along-shore larval drifting distances (in kms, 

positive values indicate along-shore southwestward drifting, Panel c-2) and across-shelf 

larval drifting distances (in kms, positive values indicate onshore drifting, Panel d-2) for 

larvae released from different regions at different times in 2006. Inside those panels, the 

x-axis indicates different release times, the y-axis indicates different release regions, and 

the colorbar on the right indicates the values of each variable. The black lines in panels a-

2 and b-2 enclose those larval releases with ATEL higher than 18 oC. Inside panels of a-1, 



	
  
	
  

xiii	
  

b-1, c-1 and d-1, the curves show the mean of each variable among releases from all 

regions at each release time (+/- standard deviation), while inside panels of a-3, b-3, c-3 

and d-3, the curves show the mean among releases at all times from each region (+/- 

standard deviation). ........................................................................................................... 84	
  

Figure 3.3 Intra-annual and across-shelf variations of ATEL (in oC, panel a, b, c), larval 

settlement rate (in percentage, panel d, e, f), mean along-shore larval drifting distances 

(in kms, positive values indicate along-shore southwestward drifting, panel g, h, i) and 

mean across-shelf larval drifting distances (in kms, positive values indicate onshore 

drifting, panel j, k, l) for larvae released in 2006 from different depths in regions of LI 

(panel a, d, g, j), NJ (panel b, e, h, k), and DMV (panel c, f, i, l). The x-axis shows the 

across-shelf depth ranges for each 1-m interval, and the y-axis shows the different release 

times from May 21st to October 16th in 2006.  The black lines in the left two columns of 

panels (panel a-f) indicate the 18 oC ATEL contour line, enclosing those larval releases 

with ATEL higher than 18 oC. .......................................................................................... 85	
  

Figure 3.4 Panel a: Plots of temporal variations of the along-shore surface wind stress 

(wstr_al, in black line) and along-shore larval drifting distances (d_al, in gray line) for 

larvae off NJ. Panel b: Plots of the linear model residuals with the wind-induced 

component removed (res, in gray line) and the simulated seasonal cycle signal (d_al_m2, 

in black line), for larvae off NJ. Panel c: Similar to panel c, the linear model residuals (r, 

in thin lines) and the simulated seasonal cycle signal (d_al_m2, in thick lines), 

respectively for inshore NJ larvae (0~30 m, in gray lines) and offshore NJ larvae (30~60 

m, in black lines). .............................................................................................................. 86	
  



	
  
	
  

xiv	
  

Figure 3.5 Panel a: Temporal variations of the mean along-shore surface wind stress 

(wstr_al, in N*m-2, blue line) and across-shelf daily larval drifting distances (d_cr, in kms, 

green line) for larvae on the New Jersey (NJ) inshore shelf (depth < 20 m, Fig. 3.1). The 

x-axis indicates the actual dates in 2006 (note: these dates are not the release dates used 

in previously), the left y-axis in blue indicates the values of along-shore surface wind 

stress (in N*m-2), and the right y-axis in green indicates the values of across-shelf daily 

larval drifting distances (in kms). The shaded region in either gray or blue indicates the 

period when the stratification index is > 0.2 (see panel b), with the gray portion indicating 

the period when the mean larval depth is shallower or close to the reversing depth, and 

blue portion indicating the period when the mean larval depth is deeper than the reversing 

depth. Yellow highlighted text labels the correlation coefficients between d_cr and 

wstr_al within each period. Panel b: Temporal variations of the mean larval depth (in 

meters, green line with colored stars), mean across-shelf current reversing depth (in 

meters, green line with colored dots) and mean water stratification index (in values 

between 0 and 1, blue dotted line) for larvae on the New Jersey (NJ) inshore shelf (depth 

< 20 m, Fig. 3.1). The x-axis indicates the actual dates in 2006, the left y-axis in blue 

color indicates the values of the water stratification index and the right y-axis in green 

indicates the values of both the reversing depth and larval depth. The colored dots along 

the mean reversing depth curve indicate the mean water temperatures (in oC) at those 

depths, scaled by the colorbar on the right (see the labels on the left of colorbar). The 

colored stars along the mean larval depth curve indicate the water temperature at those 

depths, also scaled by the colorbar on the right (see labels on the right of the colorbar). 

The gray and blue shading has the same meaning as panel a. .......................................... 88	
  



	
  
	
  

xv	
  

Figure 3.6 Panel a: Temporal variations of the mean along-shore surface wind stress 

(wstr_al, in N*m-2, blue line) and across-shelf daily larval drifting distances (d_cr, in kms, 

green line) for larvae on the South Virginia (SVA) inshore shelf (depth < 20 m, Fig. 3.1). 

The x-axis indicates the actual dates in 2006 (note: these dates are not the release dates 

used previously), the left y-axis in blue indicates the values of along-shore surface wind 

stress (in N*m-2), and the right y-axis in green indicates the values of across-shelf daily 

larval drifting distances (in kms). The shaded region in either gray or blue indicates the 

period when the stratification index is > 0.2 (see panel b), with the gray portion indicating 

the period when the mean larval depth is shallower or close to the reversing depth, and 

blue portion indicating the period when the mean larval depth is deeper than the reversing 

depth. Yellow highlighted text labels the correlation coefficients between d_cr and 

wstr_al within each period. Panel b: Temporal variations of the mean larval depth (in 

meters, green line with colored stars), mean across-shelf current reversing depth (in 

meters, green line with colored dots), and mean water stratification index (in values 

between 0 and 1, blue dotted line) for larvae on the South Virginia (SVA) inshore shelf 

(depth < 20 m, Fig. 3.1). The x-axis indicates the actual dates in 2006, the left y-axis in 

blue color indicates the values of the water stratification index, and the right y-axis in 

green indicates the values of both the reversing depth and larval depth. The colored dots 

along the mean reversing depth curve indicate the mean water temperatures (in oC) at 

those depths, scaled by the colorbar on the right (see the labels on the left of colorbar). 

The colored stars along the mean larval depth curve indicate the water temperature at 

those depths, also scaled by the colorbar on the right (see labels on the right of the 

colorbar). The gray and blue shading has the same meaning as panel a. ......................... 90	
  



	
  
	
  

xvi	
  

Figure 3.7 The offshore progression of the mixing front on the NJ shelf from Aug. 15th 

(panel a) to Sep. 5th (panel b), Sep. 25th (panel c) and Oct. 15th (panel d) in 2006. The 

across-shelf temperature is indicated by the colorbar down the left corner of panel a. X-

axis indicates the across-shelf distances in kms from the coast. Y-axis indicates the water 

depth in meters. The black lines inside each panel indicate the 18 oC (above one) and 13 

oC (below one) isotherm lines. The black line in the inset panel, bottom left of panel b, 

shows the locations of the NJ across-shelf transect shown in this figure. ........................ 92	
  

Figure 3.8 Depth difference (larval depth minus the across-shelf current reversing depth, 

in m, y-axis) versus water temperature at the reversing depth (in oC, x-axis) for larvae 

within MAB (NJ, DMV, and SVA). The black line indicates the linear regression 

between these two variables. Positive values along the y-axis indicate that the larvae are 

above the reversing depth in the upper layer, while negative values indicate that the 

larvae are below in the bottom layer. The black star indicates the point of depth 

difference being zero, and the corresponding water temperature at reversing depth 

(critical water temperature), as also shown in Table 3.2. ................................................. 93	
  

Figure 4.1 The approximate 20-m isobath position (green) and actually selected model 

grid points closest to the isobaths (red) are plotted in the along-shore direction. Two 

approximate across-shore transects off the NJ and DMV shelves are plotted in purple 

lines. The grey rectangles show the ROMS grid boxes, and 20-, 40-, 60-, 100- and 1000m 

isobaths are also shown. .................................................................................................. 119	
  



	
  
	
  

xvii	
  

Figure 4.2 Four-year (2006-2009) mean depth integrated heat budget terms in MAB: a) 

Q_net: net heat transfer between air and ocean; b) temp_hadv: horizontal advection; c) 

temp_hdiff: horizontal diffusion; d) dT/dt:  net heat content change rate. ...................... 120	
  

Figure 4.3 Four-year (2006-2009) mean depth-integrated heat budget terms along the 20-

m isobath (see Fig. 4.1 for the exact location). Red curve indicate the horizontal heat 

advection term (temp_hadv), blue curve indicate the horizontal heat diffusion 

(temp_hdiff), black curve indicate the net surface heat flux (Q_net, or shflux), grenn 

curve indicate the net heat content change rate in the water column (temp_rate), purple 

curve indicate the combination of horizontal heat advection, horizontal heat diffusion and 

net surface heat flux (temp_hadv + temp_hdiff + shflux). The x-axis indicates the along-

shore distance from south to the north with different regions separated by grey vertical 

lines.  The y-axis indicates values of different heat budget terms. ................................. 121	
  

Figure 4.4 Four-year (2006-2009) mean depth-integrated heat budget terms off New 

Jersey (upper panel) and Delmarva (lower panel) (see Fig. 4.1 for their exact locations). 

Red curves indicate the horizontal heat advection term (temp_hadv), blue curves indicate 

the horizontal heat diffusion (temp_hdiff), black curves indicate the net surface heat flux 

(Q_net, or shflux), green curves indicate the net heat content change rate in the water 

column (temp_rate), purple curves indicate the combination of horizontal heat advection, 

horizontal heat diffusion and net surface heat flux (temp_hadv + temp_hdiff + shflux). 

The x axis indicates the across-shore distances from inshore to offshore, y axis indicates 

values of different heat budget terms. ............................................................................. 122	
  



	
  
	
  

xviii	
  

Figure 4.5 Four-year (2006-2009) mean (curves) and variation (shaded region) of along-

shore (red, al) and across-shore (blue, ac) heat advection during all four seasons off New 

Jersey (upper panel) and Delmarva (lower panel). Their sums are shown in green curves 

in each panel. .................................................................................................................. 123	
  

Figure 4.6 Four-year (2006-2009) mean of al_heat_bar (red circle,− u *∂ T ∂xdz∫ ), 

ac_heat_bar (blue circle, − v *∂ T ∂ydz∫ ), al_heat_var (red star,
 
− ∂( !u !T ) ∂x∫ dz ), 

ac_heat_var (blue star,
 
− ∂( !v !T ) ∂y∫ dz ) off NJ (upper panel) and Delmarva (lower panel).

......................................................................................................................................... 124	
  

Figure 4.7 Seasonal variations of four-year (2006-2009) averaged heat budget terms 

(Q_net: column a panels; temp_hadv: column b panels; dT/dt: column c panels) and the 

stratification index (column d panels). The 1st row indicates those during spring, 2nd row 

for summer, 3rd row for fall and 4th row for winter. ........................................................ 125	
  

Figure 4.8 Seasonally mean depth-integrated heat budget terms along the 20-m isobaths 

(see Fig. 4.1 for the exact location). Red curves indicate the horizontal heat advection 

term (temp_hadv), blue curves indicate the horizontal heat diffusion (temp_hdiff), black 

curves indicate the net surface heat flux (Q_net, or shflux), grenn curves indicate the net 

heat content change rate in the water column (temp_rate), purple curves indicate the 

combination of horizontal heat advection, horizontal heat diffusion and net surface heat 

flux (temp_hadv + temp_hdiff + shflux). The x-axis indicates the along-shore distance 

from south to the north with different regions separated by grey vertical lines.  The y-axis 

indicates values of different heat budget terms in W⋅m-2. .............................................. 126	
  



	
  
	
  

xix	
  

Figure 4.9 Seasonal mean (curves) and variation (shaded region) of along-shore (red, al) 

and across-shore (blue, ac) heat advection during all four seasons off New Jersey. ...... 127	
  

Figure 4.10 Seasonal mean (curves) and variation (shaded region) of along-shore (red, al) 

and across-shore (blue, ac) heat advection during all four seasons on the Delmarva shelf.

......................................................................................................................................... 128	
  

Figure 4.11 Seasonal means of al_heat_bar (red circle, − u *∂ T ∂xdz∫ ), 

ac_heat_bar (blue circle, − v *∂ T ∂ydz∫ ), al_heat_var (red star, 
 
− ∂( !u !T ) ∂x∫ dz ), 

ac_heat_var (blue star,
 
− ∂( !v !T ) ∂y∫ dz ) on the NJ shelf during spring, summer, fall and 

winter seasons. ................................................................................................................ 129	
  

Figure 4.12 Seasonal means of al_heat_bar (red circle, − u *∂ T ∂xdz∫ ), 

ac_heat_bar (blue circle, − v *∂ T ∂ydz∫ ), al_heat_var (red star, 
 
− ∂( !u !T ) ∂x∫ dz ), 

ac_heat_var (blue star,
 
− ∂( !v !T ) ∂y∫ dz ) off DMV during spring, summer, fall and winter 

seasons. ........................................................................................................................... 130	
  

Figure 4.13 Four-year (2006-2009) mean stratification index, calculated by the density 

differences between the surface and bottom, divided by the water depth, i.e.: Δρ / h . . 131	
  

Figure 4.14 Four-year (2006-2009) mean sensible+latent (panel a) and 

longwave+shortwave radiation (panel b) heat fluxes in W⋅m-2.  The 20-, 40-, 60-, 100- 

and 1000m isobaths are indicated by grey lines. ............................................................ 132	
  



	
  
	
  

xx	
  

Figure 4.15 New Jersey one-day averaged across-shore heat advection due to the depth-

varying currents acting on the depth-varying temperature gradients (ac_heat_var) during 

downwelling (blue star curves, June 7th 2006) and upwelling (red star curves, June 19th 

2006) scenarios. X-axis indicates the offshore distances (in kms) from the coast for 

different across-shore stations. Y-axis indicates the heat advection values in The bottom 

right inset indicates the along-shore wind stress time series in June 2006 off New Jersey 

near-coast (See Fig. 4.1 for its position), with the blue and red stars showing the along-

shore wind stress on the selected downwelling and upwelling dates (June 7th and June 

19th in 2006). ................................................................................................................... 133	
  

Figure 4.16 Diagram showing the coastal across-shore circulation during upwelling 

(panel a) and downwelling (panel b) cases off MAB. X-axis indicates the across-shore 

direction, with inshore being positive, while y-axis indicates the along-shore direction, 

with upstream northward/northeastward being positive. Red curves indicate the vertical 

temperature profiles. Blue solid arrows indicate across-shore current directions. Blue box 

arrows on top of the surface indicate the surface along-shore wind directions. Grey lines 

on the bottom indicate the ocean bottom. ....................................................................... 134	
  

Figure 4.17 Correlation coefficients at across-shore stations of the surface along-shore 

wind stress with across-shore heat advection due to depth-varying currents acting on 

depth-varying horizontal temperature gradients (ac_heat_var), for New Jersey shelf (red 

curve) and Delmarva shelf (blue curve). Their positions were indicated in Fig. 4.1. 

Shaded region indicated one standard deviation from the mean. ................................... 135	
  



	
  
	
  

xxi	
  

Figure B1. Annual-mean connectivity matrices of surfclam larval transport from 2006 to 

2009 without mortality enforced (NoM case) at the end of larval life span (35 days). .. 154	
  

Figure B2. Annual0-mean connectivity matrices of surfclam larval transport from 2006 to 

2009 with mortality enforced (M case) at the end of larval life span (35 days), and 

excluding those larvae that do not reach settlement size or settle into inappropriate 

habitats deeper than 60 m. .............................................................................................. 155	
  

Figure B3. Variation in the mean along-shore larval drifting distances among all larvae 

released from the SVA, DMV, NJ, LI, SNE and GBK regions for year 2006 (blue), 2007 

(red), 2008 (pink) and 2009 (green) respectively. The x-axis indicates different release 

dates in each year from May 21st until October 11th. The y-axis indicates the mean along-

shore drifting distances in km. ........................................................................................ 156	
  

 

 

 

 



	
  

	
  
	
  

1	
  

 

 

 

 

 

 

 

CHAPTER 1. INTRODUCTION 

 
	
    



	
  

	
  
	
  

2	
  

Many marine species, including fishes and invertebrates, have a pelagic larval 

stage in their life cycle, during which larvae are transported and grow in the ocean with 

the surrounding water current. Understanding the origins, trajectories and settlement 

patterns of larvae from different subpopulations of these species is essential for 

understanding population connectivity (Pineda et al., 2007), which plays an important 

role for these species in their local and metapopulation dynamics, genetic diversity, 

community dynamics and structure, and population resiliency to human exploitation 

(Hastings and Harrison, 1994; Botsford et al., 2001; Cowen et al., 2007).  

Observational studies of larval transport are rare and are challenging to conduct, 

especially for species on the shelf with long larval duration and dispersal distances. 

Moreover, the combination of the large spatial and long temporal scales associated with 

the oceanic environment and processes related to biological larval behavior makes 

quantitative population connectivity studies difficult (Underwood and Keough, 2001; 

Werner et al., 2007). As such, numerical modeling techniques integrating both oceanic 

physical drivers and biological larval behavior have become more and more common in 

the study of marine population dynamics and physical environmental impacts (Werner et 

al., 1993; Lough et al., 2005; North et al., 2008; Savina and Menesguen, 2008; Xue et al., 

2008; Ayata et al., 2009; Tian et al., 2009; Incze et al., 2010; Haase et al., 2012; Narváez 

et al., 2012a, b).  

The Atlantic surfclam, Spisula solidissima (hereafter, surfclam), is a bivalve 

mollusc which lives on the continental shelf from shallow subtidal regions to depths of 

about 60 meters, inhabiting the waters from the southern Gulf of St. Lawrence to Cape 

Hatteras, North Carolina (Ropes, 1980; Cargnelli et al., 1999). It is one of the most 
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commercially important species along the Northeast U.S. coast. Total commercial 

landings of Atlantic surfclams in 2008 were approximately 28,000 metric tons (mt), with 

22,000 mt from federal fisheries and the remainder from state fisheries (NEFSC, 2010).  

The general distribution pattern of surfclams from the Northeast Fisheries Science 

Center (NEFSC) surveys indicates that the highest surfclam abundances occur along the 

New Jersey shelf (NJ), off the Delmarva Peninsula (DMV) and on Georges Bank (GBK). 

Similar to many other benthic invertebrates, surfclam life history includes a dispersive 

larval stage, followed by sessile juvenile and adult stages. Larval dispersal plays a key 

role in determining surfclam connectivity among geographically distinct populations, and 

is influenced by physical circulation and water properties. 

The Middle Atlantic Bight (hereafter, MAB) refers to the U.S. east coast 

continental shelf region bounded by Cape Hatteras to the south and by Cape Cod and 

Nantucket Shoals to the northeast (Fig. 1.1) (Beardsley and Boicourt, 1981). The MAB is 

a biologically productive region, with several major rivers (e.g., Connecticut River, 

Hudson River, Delaware River, etc.) that deliver large volumes of fresh water. Most areas 

in the MAB are relatively shallow (<60 m). Seasonal variation in water-column 

stratification in the MAB is significant, with water and nutrients being vertically well 

mixed during fall and winter, and highly stratified from late spring to summer. These 

factors combine to induce spring blooms over a wide region and high rates of primary 

production each year (Schofield et al., 2008), consequently supporting highly productive 

MAB fisheries, such as the Atlantic sea scallop (Placopecten magellanicus), the Atlantic 

surfclam (Spisula solidissima), and the ocean quahog (Arctica islandica) that together 

constitute some of the largest fisheries in the U.S. (Council, 2005).  
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Recent surfclam stock assessments (NEFSC, 2010) show large variation in the 

surfclam population and also range redistribution which is potentially related to changes 

in the physical environment (Weinberg, 2005) . Studying the spatial and temporal 

variations in surfclam larval transport and the underlying physical mechanisms is 

essential for better understanding surfclam population dynamics, formulating improved 

management decisions for the surfclam fishery, and interpreting associated socio-

ecological responses to climate change (McCay et al., 2011). 

The general pattern of the time-mean shelf circulation in the MAB exhibits a 

consistent along-shelf southwestward flow, with depth-averaged barotropic mean 

velocities observed to be 3-7 cm/s (Beardsley and Boicourt, 1981). The study of the long-

term climatology of the mean circulation over the MAB continental shelf shows that the 

mean equatorward along-shelf barotropic currents are nearly constant along isobaths and 

increase in speed with shelf water depth. In contrast, the mean across-shelf circulation is 

relatively weak, but the general vertical structure pattern is consistent (Lentz, 2008a).  

Georges Bank (hereafter, GBK) refers to the large topographic high that bounds 

the Gulf of Maine (hereafter, GoM) and the U.S. northeast continental shelf break east of 

the Great South Channel, with depths ranging from less than 30 m near the center of the 

bank to over 300 m at the bank’s edge facing the GoM (Fig. 1.1) (Backus, 1987). Tidal 

rectification and the GBK topography combine to create a year-round clockwise tidal 

front circulation around GBK on the order of 5-50 cm/s, aligned approximately with the 

60 m isobath. The central GBK waters inside the 60 m isobath stay well mixed due to 

vigorous tidally induced vertical mixing, while surrounding waters become highly 

stratified during spring and summer (Csanady and Magnell, 1987). GBK is one of the 
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most physically energetic and biologically productive regions in the world, with annual 

phytoplankton primary production exceeding 450 g C m-2 yr-1 in the bank’s central 

portion, historically supporting a lucrative fishery for the Atlantic cod, halibut, haddock, 

yellowtail flounder, and benthic fisheries like the sea scallop and surfclam (O'Reilly et al., 

1987). 

In this graduate work, a coupled modeling system combining a physical 

circulation model of the MAB, GBK and the GoM, with an individual-based surfclam 

larval model has been developed, validated and implemented in order to study the 

Atlantic surfclam, Spisula solidissima, its larval transport pathways and inter-population 

connectivity patterns, as well as the associated physical mechanisms. In the following, 

chapter 2 will introduce the coupled modeling system, show the mean connectivity 

pattern among different surfclam subpopulations, and give the general magnitude of 

larval drifting distances and the larval behavioral influences. Chapter 3 will examine 

variability in surfclam larval transport and settlement, relate these variations to 

underlying physical mechanisms, and compare the results with published observational 

studies. Chapter 4 will study the heat budget in the MAB, and examine the potential 

underlying physical mechanisms in causing the long-term and short-term temperature 

variations on MAB shelf.  Finally, the results and conclusions will be summarized in 

Chapter 5. 
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Figure 1.1 Model domain and distribution of surfclam populations within the Middle 

Atlantic Bight and Georges Bank. The model domain (shown as the large black 

rectangular box) is defined by 160 x 120 grid cells and includes 12 rivers. Black stars 

indicate river input locations. The grid resolution is approximately from 6 to 12 km (the 

resolution varies about 15% from south to north). Distribution of surfclams in the domain 

was based on the NEFSC survey data from 1982 to 2008 (NEFSC, 2010) and is shown by 

black dots representing those survey stations with surfclam density higher than 80 clams 

−80 −78 −76 −74 −72 −70 −68 −66 −64 −62

32

34

36

38

40

42

44

46

20

20

20

20

20

40

40

40

40

40

40

60

60

60
60

60

60 60
10

0

100

100

100
100

100

100

10
00

1000

1000

Longitude

La
tit

ud
e

340 km

South Virgina (SVA)

Delmarva (DMV)

New Jersey (NJ)

Long Island (LI)
Southern New England (SNE)

Georges Bank (GBK)

Cape
Hatteras

Cape Cod

Nova
Scotia

New Jersey

 River input locations

 Surfclam survey stations



	
  

	
  
	
  

7	
  

per survey dredge tow. Black neighboring boxes along the coast represent conventionally 

used geographic regions for surfclam stock assessments (NEFSC, 2010); these are, from 

south to north: South Virginia/North Carolina (SVA), Delmarva (DMV), New Jersey 

(NJ), Long Island (LI), Southern New England (SNE) and Georges Bank (GBK). Gray 

boxes inside those black regions boxes denote regions of high surfclam density and are 

used as the larval release regions in the model (see section 2.3.2 in Chapter 2 for details). 

Isobaths of 20-, 40-, 60-, 100-, 1000 m are shown as gray solid lines. 
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CHAPTER 2. MODEL DEVELOPMENT, LARVAL DISPERSAL AND 

METAPOPULATION CONNECTIVITY 
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2.1 Introduction 

Recent surfclam stock assessments (NEFSC, 2010) have shown that recruitment 

of surfclams into the fishable stock has been low in the southern portion of the range off 

DMV and to a lesser extent off NJ; commercial catch rates and stock biomass also have 

declined in recent years (1997 to 2005). In comparison, trends for large surfclam 

(>120mm shell length) abundance in the north are either increasing on GBK or variable 

along the Long Island (LI) and Southern New England (SNE) shelves. These trends in 

growth and recruitment, particularly off DMV and NJ, remain unexplained; however 

possibilities include environmental interactions causing poor juvenile survival and slow 

growth after settlement, high fishing pressure, or discontinuities in larval transport into 

those areas. Fishing has been suggested to be an unlikely driver of the current period of 

poor recruitment (NEFSC, 2010); larval transport and connectivity, however, remains an 

important and as yet understudied aspect of this dynamic.  

Similar to many other benthic invertebrates, surfclam life history includes a 

dispersive larval stage, followed by sessile juvenile and adult stages. Larval dispersal 

plays a key role in determining connectivity among geographically distinct populations, 

and is influenced by physical circulation and water properties (Levin, 2006; Cowen and 

Sponaugle, 2009). Quantitative observation of larval concentration in the ocean is 

challenging (Underwood and Keough, 2001) and therefore is rarely performed except 

under conditions that are ideally suited for tracking and observation of marked larvae, e.g. 

Arnold et al. (2005). As a consequence, numerical modeling has become the method of 

choice (Peck and Hufnagl, 2012).  Numerical modeling has the ability to couple 

hydrodynamic and larval behavioral models to simulate larval transport, dispersal and 
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growth (Werner et al., 1993; Lough et al., 2005; Savina and Menesguen, 2008; Ayata et 

al., 2009; Narváez et al., 2012a, b) and can therefore serve as a powerful tool for the 

study of larval dispersal and inter-population connectivity.  

Numerical larval models have been in use for various invertebrate species and 

systems for many years (Leis et al., 2011), including applications examining larval 

transport on Georges Bank for sea scallops (Tian et al., 2009), the Gulf of Maine lobster 

(Incze and Naimie, 2000; Xue et al., 2008; Incze et al., 2010), and eastern oysters in 

Delaware Bay (Narváez et al., 2012a, b) and in Chesapeake Bay (North et al., 2008). 

Significant advances have been made in numerical modeling techniques; however, more 

detailed information concerning larval behavior and its interaction with the surrounding 

physical environment is necessary to further improve individual-based larval models 

(IBM) and thereby refine model simulations (Miller, 2007).  

In this chapter, we introduce a coupled modeling system combining a physical 

circulation model and a biological individual-based model developed for Atlantic 

surfclam larvae. Specific research objectives focus on the development of the coupled 

modeling system and the determination of the main larval transport pathways and mean 

larval connectivity patterns for surfclam stocks in the MAB and GBK. These objectives 

are integral to management of the Atlantic surfclam fishery. Recent declines in surfclam 

abundance off Delmarva are thought to be the result of warming of Mid-Atlantic bottom 

waters in the late 1990s driving an ongoing range shift to the north and offshore 

(Weinberg et al., 2002; Kim and Powell, 2004; Weinberg, 2005). The failure of surfclams 

to repopulate southern and inshore waters remains unexplained, as recently observed 

bottom water temperatures would appear to be within surfclam physiological limits.  



	
  

	
  
	
  

11	
  

Thus, a better understanding of larval dispersal in this species may help explain ongoing 

changes in population abundance and provide increased predictive capability as to the 

potential of climate change to effect further impacts in this component of the MAB 

ecosystem.  

In the following, Section 2.2 introduces both the physical circulation model and 

the surfclam larval individual-based model. Section 2.3 describes the model simulations 

and analyses conducted. Modeling results including model validation, larval transport and 

connectivity studies, estimates of larval drifting distances, and examination of behavioral 

effects, are shown in Section 2.4. Discussion of the modeling system and its results are 

presented in Section 2.5.  

 

2.2 Model development 

2.2.1 Physical circulation model 

A coastal ocean model (hereafter called MABGOM) incorporating the Middle 

Atlantic Bight, Georges Bank, and the Gulf of Maine has been implemented using the 

Regional Ocean Modeling System (ROMS, http://www.myroms.org), a free-surface, 

terrain-following, primitive equation ocean model widely applied by the scientific 

community for various applications in both deep ocean and coastal settings, e.g., Budgell 

(2005); Zhang et al. (2009); Aristizabal and Chant (2013); Warner et al. (2005).  

Resolution of the surface and bottom boundary layers is extremely important for 

coastal ocean modeling. Vertical stretching in the terrain-following coordinate system 

used in ROMS enables it to adopt high vertical resolution at the surface and bottom, 



	
  

	
  
	
  

12	
  

thereby improving the representation of the surface and bottom boundary layers. Details 

of the ROMS computational kernel can be found in Shchepetkin and McWilliams (1998, 

2003, 2005). Our MABGOM model domain is bounded by Cape Hatteras, North 

Carolina in the southwest and Nova Scotia, Canada in the northeast, covering the whole 

U.S northeast continental shelf and also part of the Nova Scotia shelf (Fig. 1.1).  

  The atmospheric forcing applied in the model uses National Centers for 

Environmental Prediction (NCEP) hindcast data. However, when compared with 

observations measured from the Delaware Environmental Observing System (DEOS) and 

the Martha's Vineyard Coastal Observatory (MVCO), the NCEP incoming short-wave 

radiation was found to be consistently ~20% too high in the model domain from the year 

2006 to 2009. Therefore, we applied a 20% reduction to the NCEP incoming short-wave 

radiation and used this corrected data to force the ROMS model, similar to the correction 

also done in Wang et al. (2012). The ADvanced CIRCulation model for ocean, coastal 

and estuarine waters (ADCIRC) (Reyns et al., 2006, 2007) is used to provide the tidal 

forcing at the boundaries of the ROMS domain, whilst observed riverine discharge and 

water temperature data from U.S. Geological Survey (USGS) are used to prescribe river 

inflow.  

  Following Chen and He (2010), we nested MABGOM within another global 

ocean circulation model, the HYbrid Coordinate Ocean Model/Navy Coupled Ocean 

Data Assimilation model, (HYCOM/NCODA) (Bleck, 2002), that provides ROMS 

MABGOM with boundary and initial conditions for temperature, salinity, and barotropic 

and baroclinic velocities. However, when comparing the HYCOM 4-year (2006-2009) 

mean temperature and salinity (T&S) with observed MABGOM climatological T&S data 
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(Fleming and Wilkin, 2010), a net bias in both T&S was identified in the HYCOM model 

data.  In particular, HYCOM is approximately 2 to 3 degrees warmer over the entire 

MAB and GoM, and salinities in HYCOM on the MAB shelf and the Nova Scotia outer 

shelf are higher by 1 to over 10 (non-dimensional salinity units), especially in 

Chesapeake Bay, Delaware Bay, and other regions where freshwater inflow is high. The 

net bias in T&S also causes a bias in the density field, which in turn affects the mean 

along-shore and across-shelf pressure gradients and currents.  We therefore apply 

corrections to the biased HYCOM model data.  Based on observed T&S climatologies 

(Fleming and Wilkin, 2010), we calculate mean geostrophic transport and barotropic and 

baroclinic velocities along the model boundary, and use these to correct the HYCOM 

temporal mean bias, whilst still maintaining the original temporal and spatial variations 

due to seasonal cycles and various coastal physical processes. These corrected HYCOM 

boundary and initial conditions are applied to force and initialize the ROMS model.  

 

2.2.2 Surfclam larval individual-based model (Scl-IBM) 

The larval model is constructed of two parts, a larval growth sub-model and a 

larval behavior sub-model, following Dekshenieks et al. (1993) and Dekshenieks et al. 

(1996). Implementation of this model structure within ROMS has been used previously to 

study oyster larval connectivity in Delaware Bay (North et al., 2008; Leis et al., 2011; 

Narváez et al., 2012a, b). Basic clam variables are length (Len) in mm, age (Age) in days, 

number (N), and depth (Z) in meters. Environmental conditions are water temperature (T) 

in oC and larval food (F) in mg/liter. The independent variable is time (t) in days. The 

model is an individual-based model that calculates daily the size (Len) and depth (Z) for a 
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surfclam larva (Peck and Hufnagl, 2012). The variables used in the model are 

summarized in Table 2.1.  

 

2.2.2.1  Growth sub-model  

  Larval growth data were obtained from laboratory studies (Hurley and Walker, 

1996, 1997; Walker et al., 1998) on Spisula solidissima and the surfclam southern 

subspecies, Spisula solidissima similis, which is considered to be a separate but closely 

related species (Hare and Weinberg, 2005; Hare et al., 2010). Existing larval data for S. 

solidissima alone were insufficient for model parameterization; therefore laboratory data 

from both subspecies were used in model parameterization. Recent range extension of S. 

s. similis into Long Island Sound (Hare et al., 2010) suggests that the two subspecies have 

considerable latitudinal overlap.   

  In the model, clam length depends on growth rate (Gr), which is contingent on 

three factors: base growth rate (GrBase), which is a function of food (F) and Age, a 

correction factor (CorT) which depends on water temperature (T); and food quality 

(FQual): 

 
 

(2.1) 

  Larval growth experiments show that growth rate is relatively consistent at 

optimal standard hatchery feeding rates (Tahitian strain Isochrysis galbana, hereafter 

TIso ≥ 50,000 cells/ml). Data from Renaud et al. (2002) were used to convert cell 

numbers from experiments to “mg” food (model units). Using these values to solve the 

Gr(F,Age,T ,FQual ) =
dLen
dt

= GrBase(F,Age)×CorT (T )× FQual
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above differential equation provides a linear relationship between length and age (Eq. 

2.2), so that growth rate is constant (Gr = Gr0) if food (F) is above a minimal 

concentration (Fs). Values of constants (Gr0, Gr1… L0 etc) are shown in Table 2.2. 

  (2.2) 

  Under conditions of starvation, surfclam larvae show limited growth that declines 

with age (Eq. 2.3): 

  (2.3) 

yielding a growth rate of: 

 
 

 (2.4) 

If the food concentration is below Fs, but above zero, then the growth rate 

depends on both Age and F (Eq. 2.5, Fig. 2.1a): 

 
 

(2.5) 

  Temperature also affects growth rate. Larval growth data were available for three 

temperatures (15, 20 and 25 oC) (Hurley and Walker, 1997). High mortality of surfclam 

larvae at 0 oC and above 30 oC were also reported (Wright et al., 1983; Wright et al., 

1984). Goldberg (1989) also noted optimal (maximal) larval growth of surfclams at 20-21 

oC.  Little information is known for larval growth rates at intermediate temperatures 

between these anchor points (0, 15, 20, 25, 30 oC).  

Len = Gr0 × Age+ L0

Len = Gr1 × Age
Gr2
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 Here in this study we assume linear interpolation to calculate larval growth rates at 

those intermediate temperatures, and linear extrapolation to presumed zero larval growth 

at 0 oC and above 30 oC, respectively. Thus, CorT is a piecewise fit to temperature effects 

on growth rate (Eq. 2.6, Fig.  2.1b).  

 

 

(2.6) 

  Surfclam larvae are thermally sensitive; survival is high at 25 oC, but declines 

rapidly at 30 oC (Wright et al., 1983; Roosenburg et al., 1984). Temperatures encountered 

by larvae in the model domain range approximately from 5-30 oC; therefore, temperature 

as a mortality agent was not included in the model. 

  Lastly, we impose a food quality correction of 1.2, i.e.	
  FQual = 1.2 , to increase 

growth rates enough for settlement to occur in about 25 days at temperatures near 20 oC 

and a food supply of 1 mg/liter, which is more realistic for growth under optimal food 

conditions (unpublished data) than is a 30-day period that occurs without the correction 

(FQual = 1.0 ). This assumes that diets used in reported hatchery experiments on which 

these rates are based (Tiso) are good, but not optimal diets. Salinity affects larval growth 

CorT =Gf1 if T ≤10,

=Gf2 − (Gf2 −Gf1)×
15−T
15−10

if 10 < T ≤15

=Gf3 − (Gf3 −Gf2 )×
20−T
20−15

if 15 <T ≤ 20

=Gf4 − (Gf4 −Gf3)×
25−T
25− 20

if 20 <T ≤ 25

=Gf5 − (Gf5 −Gf4 )×
28−T
28− 25

if 25 <T ≤ 28

=Gf6 − (Gf6 −Gf5 )×
30−T
30− 28

if 28 <T ≤ 30

=Gf6 if T > 30
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(Hurley and Walker, 1997), but not at salinities encountered on the continental shelf; 

hence, salinity effects on growth were not included in the model. Growth is debited by 

the percent time sinking because sinking larvae do not feed. 

 

2.2.2.2  Behavioral sub-model 

The horizontal swimming speed of larvae is low in comparison with water current 

speeds, whereas vertical swimming speed is often comparable to vertical water 

movement, and can influence overall larval transport and dispersal (Werner et al., 1993; 

North et al., 2008). Larval behavior data were obtained from Mann et al. (1991) who 

provide upward and downward swimming speeds and sinking speeds as a function of 

larval length. In addition, Ma et al. (2006a) and Shanks and Brink (2005) provide 

information on the vertical distribution of larvae on the continental shelf. Observations 

show that small larvae tend to orient to water near 20 oC and avoid temperatures greater 

than 22-23 oC or less than 12 oC, and as larvae get larger (nearer to metamorphosis and 

settlement), they tend to be found deeper in the water column. Larval swimming behavior 

was implemented on the assumption that swimming time up and down is a direct function 

of temperature, but that the swimming and sinking speeds themselves are not 

temperature-dependent. 

The vertical speed and direction of movement of the larvae depend on the sinking 

rate (Sk), the swimming speed which is a function of length, and the fraction of time 

spent swimming upward (Usf) or downward (1-Usf), which is a function of temperature. 
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Larvae do not swim constantly; therefore the fraction of time swimming (Stf) is set at 

92.5%. Combining all of these elements, the net vertical speed is: 

  (2.7) 

Sinking rate is a function of weight, which is a power function of length, so the 

sinking rate is: 

  (2.8) 

The upward (Uss) and downward (Dss) swimming speeds are quadratic functions 

of length (Mann et al., 1991): 

    (2.9) 

and 

  (2.10) 

We assume that larvae respond to ambient temperature, not the vertical gradient 

in temperature. Thus, the fraction of swimming time spent swimming upwards depends 

on the ambient temperature (Fig. 2.1c, d): 

 
 

(2.11) 

Initial larval size is set equal to egg diameter (58 µm) (Walker and OBeirn, 1996; 

Cargnelli et al., 1999). Larvae settle and metamorphose at approximately 260 µm shell 

length (Fay et al., 1983; Mann et al., 1991; Cargnelli et al., 1999). In the model, 

Sk(Len) = S0 × Len
S1

Usf (T ) = 0.5 1− tanh T − St0
St1

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥
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settlement occurs at first bottom contact upon reaching this settlement size. The three 

time-dependent equations are solved with a third-order Adams-Bashforth scheme. The 

model was verified against data in Ma et al. (2006b) with reference also to Shanks and 

Brink (2005) and the observed size at settlement. The only tuning required was the 

percent time swimming, the food quality factor, and the relationship of temperature to 

swimming speed, where a hyperbolic-tangent relationship was imposed to permit larvae 

to achieve the observed water column distributions given the observed temperature 

gradients (Fig. 2.1c, d). 

 

2.3 Model simulations and analysis 

2.3.1  Physical circulation  

The ROMS MABGOM model was run for years 2006 to 2009. For this study, 

temperature and coastal currents are the most important physical circulation features (see 

Section 2.2). Therefore, the mean circulation field and the mean surface and bottom 

temperature fields from the model output were analyzed and validated by comparison 

with available observational data. In this study region, the Gulf Stream is an important 

dynamic feature, as its mean path and variation can cause large variations in the MAB 

shelf water properties (Churchill et al., 1993). Therefore, the simulated and observed 

mean Gulf Stream paths have also been compared. 
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2.3.2  Larval release strategies 

The surfclam larval model was coupled with the physical circulation model for 

the years 2006 to 2009. A similarly coupled shellfish larval submodel, an oyster larval 

model, is currently available to the public as a new capability within ROMS, and more 

details about the coupling method can be found in Narváez et al. (2012a, 2012b) 

Surfclam spawning ranges from late spring (late May or June) until fall (Ropes, 

1968; Jones, 1981; Fay et al., 1983; Cargnelli et al., 1999). Accordingly, simulated larvae 

were released throughout the spawning season at 5-day intervals from May 21st until 

October 16th, generating a total of 30 release times in each year. Larval release locations 

are defined in the model following the observed surfclam population distribution pattern 

(Fig. 1.1). A map of surfclam abundance from 1982-2008 NEFSC surfclam stock surveys 

(NEFSC, 2010) shows the 7 major geographic regions with large surfclam stocks (blue 

boxes in Fig. 1.1), namely from south to north: South Virginia/North Carolina (SVA), 

Delmarva (DMV), New Jersey inshore (NJ_in), New Jersey offshore (NJ_off), Long 

Island (LI), Southern New England (SNE) and Georges Bank (GBK). The New Jersey 

region was divided into offshore and inshore components in this study to permit 

investigation of the offshore shift in range identified by Weinberg (2005).  

The numbers of larvae released from within each of these regions was calculated 

by multiplying the average clam density (numbers/tow) in each region by its area. This 

assumes that the number of larvae released within each region is proportional to the local 

adult clam density.  The derived population numbers for region (SVA, DMV, NJ_in, 

NJ_off, LI, SNE and GBK) are 400, 2000, 1800, 300, 400, 400 and 1500, respectively. 

These numbers of surfclam larvae are then approximately evenly released within each 
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box simultaneously at midnight of the selected release dates. The release depth was the 

bottom-most grid cell. Therefore, a total of 204,000 larvae (6,800 per release) were 

released each year, covering the spawning season and all the major surfclam spawning 

regions on the Northeast U.S. shelf.  

In addition to the physical fields that the circulation model provided for the 

surfclam larval model, we also set the food concentration (F, in mg/liter). Reliable field 

estimates for larval food are unavailable (Munroe et al., 2013); therefore, food 

concentration was set to be an optimal constant value (1 mg/liter), on the assumption that 

surfclam larvae never lack food in the water. Thus, times to settlement for these 

simulations are minimal given the temperatures to which the simulated larvae were 

exposed. 

 

2.3.3  Larval transport, connectivity, and behavioral sensitivity 

Metamorphosis for surfclams occurs from 19 to 35 days depending on 

temperature during larval growth (Fay et al., 1983). Given our assumption that food 

supply is not limited for the simulated larvae, we further assume that the maximum 

duration of the larval stage for successfully recruiting larvae is 35 days. Additionally, 

nearly all adult surfclams are found shallower than 60 m (NEFSC, 2010) (Fig. 1.1). Thus, 

in the model we define successful larvae as those that i) reach settlement size (260 µm) 

within 35 days of release and ii) do so within potential settlement habitat (shallower than 

the 60 m isobath). 
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The along-shore and across-shelf drift for each larva were calculated by 

comparing the release position and the point of final settlement, or the place where the 

larva was at the end of 35 days if it had not yet successfully settled. The mean drifting 

pattern among all the larvae released at the same time from the same region was 

calculated and used to determine the average larval connectivity pattern for all 4 years. 

The connections among the different geographically distributed subpopulations are 

illustrated with a connectivity matrix. The connectivity matrix is computed between each 

of the 6 along-shelf regions (black boxes in Fig. 1.1), showing the percentage of larvae 

released from one region that arrive and settle into the same region or one of the other 

regions.  

To test the importance of larval behavior, both vertical swimming and sinking, on 

transport and connectivity, additional simulations were performed for year 2006: a) with 

only larval vertical swimming, b) with only larval vertical sinking, and c) with neither 

(purely passive). In the “swim only” simulation (a), the larval sinking behavior was 

turned off and larvae were assumed to be swimming continuously in the vertical direction, 

while in the “sink only” simulation (b), the larval swimming behavior was turned off but 

larvae were still allowed to grow and to sink at the rate dependent on larval size. In the 

“purely passive” simulation (c), larvae are only transported as passive neutrally-buoyant 

particles without swimming and sinking behaviors, but can still grow and reach 

settlement size. These passive particles are both transported by the simulated 3D currents, 

but also mixed vertically by a random walk motion scaled by the intensity of 

parameterized turbulent mixing. The resulting mean larval drifting distances in these 

simulations were calculated in the same way as previously described, and were compared 
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with the results of the initial 2006 simulation with both larval swimming and sinking 

behaviors in the model. 

 

2.4 Results 

2.4.1 Model validation 

2.4.1.1  Physical circulation model 

  Daily values of temperature, salinity, sea surface height, and barotropic and 

baroclinic current velocities are obtained from a 4-year ROMS MABGOM simulation. 

The 4-year average of sea surface temperature (at 1 m depth) and barotropic current fields 

were calculated from the model output (Fig. 2.2a). The path of the Gulf Stream (GS) can 

be detected readily by the mean sea surface temperature (SST) 21 °C isotherm. 

Comparison of the GS path between the model (green line) and observation (blue line) 

shows good agreement where the GS flows into and out of the model domain (Fig. 2.2a, 

b).  

 The mean barotropic currents on the MAB shelf and GBK southern flank in the 

model flow generally southwestward along the coast, with both magnitude and direction 

consistent with the long-term mean climatological observations (Lentz, 2008a) (Fig. 2.2a). 

On the southern flank of GBK, simulated mean barotropic currents reach close to 0.09 

m/s, while along the NJ and DMV shelf break they also approach 0.1 m/s. The inner shelf 

mean southwestward flow is slower than the shelf break current, at around 0.03~0.04 m/s. 

The model barotropic zonal and meridional current biases are approximately 0.0003 m/s 

and 0.0061 m/s respectively (model - climatology), which indicates good consistency (p-
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value < 1x10-10).  The physical circulation model is thus found to capture the main pattern 

of the MAB shelf current system.  

  Model output for the 4-year mean SST from year 2006 to 2009 is compared to 

satellite observations in Fig. 2.2a,b. This comparison shows reasonable agreement for 

both the Gulf Stream region and the MAB shelf. The simulated surface and bottom 

temperatures during late spring to early fall in 2006-2009 are compared with 

Northeastern Fishery Science Center (NEFSC) observations (NEFSC Oceanography 

Branch CTD Data Reports, 2006-2009) in Fig. 2.2c,d. Model temperature biases (model-

observation) at the surface and bottom are about 0.15 oC (RMS=1.32 oC) and -0.32 oC 

(RMS=2.03 oC), respectively. In general, this comparison shows acceptable consistency 

between model results and observation, assuring that the model reproduces the main 

MAB shelf water surface and bottom temperature distributions with accuracy sufficient 

for the requirements of the Scl-IBM.  

 Sporadic and sparse dots with relatively larger temperature differences (around ± 5 

oC) between model results and observations are also detected (Fig. 2.2c, d), especially 

close to the shelf break regions where Gulf Stream meanders might cause large temporal 

and spatial variations. This might be attributed to the difficulty that numerical models 

traditionally have in capturing the exact variability of Gulf Stream meanders due to the 

dynamic complexities and high nonlinearities involved (Miller and Lee, 1995). 
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2.4.1.2  Larval model validation 

  In the coupled modeling system, larval trajectories allow us to observe larval 

transport and horizontal and vertical distributions. Observational data of the distribution 

of surfclam larvae in the ocean are rare, making it difficult to validate the larval model in 

a fashion similar to that used for the physical model. However, detailed observations of 

larval distributions along an across-shelf section at the New Jersey LEO-15 observatory 

(Long-term Ecosystem Observatory, Fig. 2.3) during upwelling and downwelling periods 

do provide sufficient detail for qualitative validation (Ma et al., 2006a), and thus were 

used to compare modeled larval distributions for the same location within the model 

domain.  Observations show that during upwelling, surfclam larvae tend to concentrate 

near the thermocline, while during downwelling they concentrate at the intersection of 

the thermocline and the bottom (Figure 4 in Ma et al., 2006a). Modeled larval 

distributions followed the same pattern during upwelling and downwelling (Fig. 2.3), 

indicating that the coupled modeling system is faithfully reproducing surfclam larval 

behavior and water-column vertical distribution. 

 

2.4.2 Larval transport and population connectivity 

  As an example, we follow the horizontal and vertical transport trajectory (Fig. 

2.4a, c) and growth history (Fig. 2.4b) for an individual larva released along the southern 

New Jersey shelf on Aug. 1st, 2006. This larva spends about 35 days in the water column.  

At day 35, it reaches settlement size (260 µm) and settles to the bottom. In the horizontal, 

this larva was transported southwestward along the shore following the coastal current 

and eventually settled close to the mouth of Chesapeake Bay.  
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 In the vertical, this larva quickly swims upward after release and spends most of the 

larval stage close to the thermocline, near the 20~21 oC isotherm (Fig. 2.4c), the preferred 

temperature range for surfclam larval growth. Some abrupt larval vertical movement 

related to strong turbulence events are obvious when the larva drifts close to the 

Delaware Bay mouth (Fig. 2.4c). Close correlation between the variation in larval 

transport and the surrounding coastal current pattern indicates a strong influence of the 

physical environment on the larval position and performance.  

  Focusing on the entire population of larvae shows that average larval transport is 

to the southwest. The mean larval transport and connectivity pattern in MAB and GBK 

can be generalized as shown in Figure 2.6.  In this example taken from the August 1st, 

2006 release (Fig. 2.5a, b), almost all the larvae released in the model domain are 

transported southwestward along-shore, except for some released from DMV and SVA 

that are entrained into the Gulf Stream and transported northeastward into the open ocean 

where they can be expected to die (Fig. 2.5b). Connectivity is highest between adjacent 

management regions. In each region, most recruiting larvae either originate from their 

release region (self-recruits) or from the neighboring region upstream. For example, in 

the August 1st, 2006 release, most larvae released in LI were finally transported into the 

NJ region, while most larvae released in NJ were transported into the DMV region, and 

so on. The mean subpopulation connectivity matrix (Fig. 2.7) summarizes this finding.  

  Two different 4-year-mean connectivity matrices were calculated for larval 

transport after 35 days post-release. The first matrix shows the overall pattern of larval 

supply, which is defined as the portion of larvae transported from one region to another 

(Fig. 2.7a). The second matrix indicates the pattern of larval settlement, defined as the 
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portion of larvae from one region that were both transported and successfully settled in 

another (Fig. 2.7b). The connectivity pattern is similar in both matrices, but with different 

magnitudes. Diagonal trends in both matrices are obvious, indicating good larval 

retention within each geographic region and significant self-settlement. The off-diagonal 

values in the lower half are relatively larger than the analogous values in the upper half, 

confirming that larvae are generally transported from upstream (north and east) regions 

into downstream (south and west) regions, forming a southwestward connection pattern. 

Thus, pairs of adjacent geographic regions typically show substantial connectivity, as 

revealed by the values in cells below the diagonal in the matrix, and often these larvae 

provide more settlement potential than those derived locally. For instance, on average, 

43.4% of all larvae released in NJ are transported into DMV while 45.6% remain on the 

NJ shelf (Fig. 2.7a), and 20.2% of all larvae released in NJ reach settlement size in DMV 

whereas 19.7% reach settlement size on the NJ shelf (Fig. 2.7b). Compared to the MAB 

geographic regions, GBK is relatively more isolated, with little larval transport to other 

regions and very few immigrants from other regions.  

 

2.4.3 Larval drifting distances and behavior effects 

  On average, surfclam larvae drifted 119 km (±94 km st. dev.) southwestward 

along-shore, and 5 km (±17 km st. dev.) inshore (perpendicular to the coast). Large 

variations of both along-shore and across-shelf larval drifting distances exist among 

larvae released from different regions (Fig. 2.8a, b). In the along-shore direction, larvae 

released in DMV experienced the longest southwestward drift, while those released from 
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GBK experienced the shortest along-shore drifting distance, which is intuitively 

understandable because of the clockwise gyre on the bank that reduces along-shore drift.  

 In the across-shelf direction, larvae released from the SVA, DMV, and NJ regions 

experienced onshore drifting with median distances over 10 km, while larvae released in 

LI and SNE experienced predominantly offshore drifting with median distances of 1.5 

km and 6 km respectively, and the GBK larvae experienced almost no across-shelf 

drifting on average.  In addition, statistical tests show significant across-region 

differences in the temporal variances of larval drifting distances in both along-shore and 

across-shore directions. For the along-shore larval drifting distance, larvae released from 

NJ, LI, and SNE experienced about 1.5 to 2 times larger temporal variances than those 

released from SVA, DMV, and GBK (Fig. 2.8a). For the across-shore larval drifting 

distance, larvae released from GBK experienced about 3 to 5 times larger temporal 

variances than those released elsewhere (Fig. 2.8b). 

  The results of simulations to examine the sensitivity of larval trajectories to larval 

behavior indicate that both larval swimming and sinking behavior significantly influence 

larval along-shore drifting (Fig. 2.8c). On average, larval swimming behavior increases 

the along-shore southwestward drifting distances by about 56 km (F = 45923, n=244341, 

p-value < 1x10-10), whereas larval sinking behavior decreases the along-shore drifting 

distances by about 26 km (F = 8929, n=246293, p-value < 1x10-10). In the standard model 

configuration with both swimming and sinking behaviors (Fig. 2.8c, magenta color), the 

combined effects of both behaviors increase the mean larval drifting distance by about 30 

km (F =6220, n=121219, p-value < 1x10-10) compared to the distance achieved by purely 

passive transport (Fig. 2.8c, cyan color). In addition, statistical tests show that both larval 
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swimming and sinking behaviors affect the temporal variances of larval along-shore 

drifting distances in a significant way, with larval swimming behavior increasing the 

temporal variance and the sinking behavior decreasing the variance (Fig. 2.8c).  

 

2.5 Discussion 

2.5.1 Larval transport and connectivity 

  The model results indicate a mean upstream-downstream (northeastward-

southwestward) surfclam larval transport and connectivity pattern, which is mainly 

driven by the mean shelf current flowing southwestward (Fig. 2.2a). For most surfclam 

geographic regions, larval supply comes from larvae retained in the region and released 

from the region immediately upstream. Thus, variability in the number of larvae released 

from an upstream region can be expected to be a significant factor in determining the 

number of larvae settling in the adjoining downstream region.  

  Another factor influencing the contribution of larval supply from the local and 

upstream regions is temporal variability, both seasonally and inter-annually, in larval 

transport (see the 3rd chapter in this thesis for the intra-annual variability, and appendix B 

for the inter-annual variability). Here, we have considered the average larval transport 

patterns over the entire spawning season and over 4 years from 2006 to 2009; however 

our observations, and those of others (Xue et al., 2008; Tian et al., 2009; Narváez et al., 

2012a), indicate that physical and environmental changes can cause strong temporal 

variability in larval supply.  
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 A great deal of individual variation also exists among larval release times within a 

given region and between regions (Fig. 2.8a, b). For example, larvae released from SVA, 

DMV, and GBK experienced smaller temporal variability in the along-shore drifting 

distances than those released from NJ, LI, and SNE (Fig. 2.8a), potentially related to the 

fact that larvae released from SVA and DMV generally stay deeper in the water column 

and experience less along-shore current variations (see the 3rd chapter in this thesis), and 

that the GBK around-bank circulation retains most larvae on the bank. The same factor 

on GBK is the likely cause of the larger variance in the across-shore larval drifting 

distances for larvae released on GBK. This variability is the topic of additional research 

using this coupled modeling system (see the 3rd chapter in this thesis), and also suggests 

the need to further examine in detail how the physical environment impacts larval growth, 

transport and population connectivity. 

  In this study, the larval settlement connectivity matrix (Fig. 2.7b) shows a 

continuous, although variable, surfclam larval input into the SVA, DMV, and NJ regions, 

either through the retention of larvae spawned in that region or the transport of larvae 

from regions upstream (particularly the immediately upstream region). Assuming this 

pattern based on the 2006 to 2009 simulation is unchanged from 1980’s and 1990’s, this 

result suggests that insufficient larval supply and settlement is an unlikely cause for the 

failure of the surfclam population to recover after the decline in DMV and NJ observed 

from 1997 to 2005 because larvae would have likely been supplied from upstream 

populations that had not coincidentally declined. Factors such as poor juvenile survival 

and slow growth after larval settlement are therefore more likely explanations, e.g. 

Quijon et al. (2007). 
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  The connectivity matrix shows low larval settlement among those released from 

SNE into SNE itself and LI, about 0.3% in total on average in 4 years (Fig. 2.7b). In the 

example of the August 1st, 2006 release, few larvae released from SNE settled 

successfully (Fig. 2.5). This might not reflect reality. O'Connor et al. (2007) suggest that 

larval survival is lower at colder temperatures for most marine planktonic larvae because 

slower growth rates at lower temperatures extended the planktonic larval duration.  In this 

surfclam model, the decline in the fraction of larvae reaching settlement size by 35 days 

at higher latitudes such as SNE and GBK is due less to the failure of larvae to be 

available in these regions as it is to failure of larvae to reach settlement size in 35 days. 

This effect results directly from the lower temperatures of surface waters at higher 

latitudes that slow growth rates of the simulated larvae.  

 Our larval model assumes that larval mortality rates are sufficiently high that few 

larvae will survive much longer than 35 days.  If larval mortality rates are lower than 

routinely assumed, see for example, Rumrill (1990); Johnson and Shanks (2003) Shanks 

et al. (2003) Short et al. (2013) permitting considerable larval survival beyond 35 days, 

settlement rates would be higher than indicated in the connectivity matrices presented in 

Figure 2.7b. A similar argument also applies to those larvae released from NJ offshore, as 

model results show few larvae settling from those larvae released from NJ offshore and 

the bottom temperature at NJ offshore is colder than inshore (Castelao et al., 2008).  

  The model shows little connection between the GBK surfclam subpopulation and 

others to the west and south (Fig. 2.5, 2.7b). Georges Bank (GBK) is becoming an 

increasingly important region for the surfclam fishery after it was reopened after a 

lengthy closure since 1989 due to the occurrence of Paralytic Shellfish Poisoning (PSP) 
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(NEFSC, 2010). However, our modeling results suggest that the GBK surfclam fishery 

reopening might only have limited influence on the MAB subpopulations as a spawning 

stock to support regions downstream.  In terms of human fishing, the shift of fishery 

efforts onto the bank could be important in easing the fishing pressure on NJ and DMV 

and help populations there to recover. 

 

2.5.2 Larval drifting distances and behavioral effects 

  On average, simulated surfclam larvae drifted over one hundred kilometers 

southwestward along the shelf (Table 2.3). In a meta-analysis of correlation between 

larval duration and observed drifting distances, Shanks (2009) demonstrated that nearly 

half of the observed variability in drift distance can be explained by pelagic larval 

duration.   The drift distances for surfclams estimated by this model are comparable to 

model estimates of drifting distances of sea scallop larvae on Georges Bank (Tian et al., 

2009) and lobster larvae in the Gulf of Maine (Incze et al., 2010).  These three species 

inhabit the continental shelf, and all have larval life spans near one month.  

 In contrast, model estimates of larval drifting distances for oysters in east coast 

estuaries are found to be 80 to 90% shorter, in the range of only 10-30 km (North et al., 

2008; Haase et al., 2012; Narváez et al., 2012a), even though their larval durations are 

comparable to the continental shelf species (e.g.,(Dekshenieks et al., 1993)). In a 

comparison of observed dispersal distances for sympatric species from the U.S. Pacific 

Coast, López et al. (2012) similarly found that oyster larva planktonic duration was twice 

that of mussels, yet the dispersal distances were half as far. Thus, besides pelagic larval 
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duration, other potential factors contributing to the larval drifting distance vary between 

these taxa, such as differential larval behavior and properties of the physical environment 

that they inhabit. Species that live in estuaries often develop complex behaviors such as 

vertical migrations with daily or lunar periodicity, that allow them to be carried 

preferentially in water masses that keep them near or return them to natal habitats, 

thereby reducing overall drift distances (Tilburg et al., 2010; Miller and Morgan, 2013).  

Salinity gradients are also important (Dekshenieks et al., 1996) whereas they exert little 

influence on the shelf. Additionally, estuarine water is typically more mixed and the 

current more variable causing larvae to experience less drifting, whereas on the shelf the 

physical environment is less variable so that drifting larvae are carried greater distances.   

  In general, model estimates of passive larval drift tend to predict longer than 

observed distances of travel (Shanks, 2009), supporting the current paradigm that larvae 

are retained at a greater rate than would be expected based simply on physical transport 

(Levin, 2006; Cowen and Sponaugle, 2009; López et al., 2012). This paradigm derives 

from comparisons between model predictions using both passive models and those 

including behavior, and observations of dispersal distances (Shanks, 2009). Results of 

sensitivity simulations performed in this modeling study show that surfclam larval 

vertical swimming behavior increases the mean larval drifting distances by permitting 

larvae to access stronger horizontal surface currents. In contrast, larval sinking behavior 

permits larvae to sink deeper into the water column and experience slower bottom 

currents and shorter drifting distances (see Figure 3.5 and 3.6 in Chapter 3 for more 

details).  
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 The combined effects of both vertical swimming and sinking increased larval 

drifting distances by around 25%, contrary to the general trend in which larval behavior 

decreases drifting distances for many other species (Shanks, 2009; López et al., 2012). 

This difference might be attributable to different mechanisms controlling larval behavior 

that were not included here. In this study, larval behavior is based only on water 

temperature, while more complex behaviors can be generated by interaction with the 

background currents, salinity, turbulence, light, gravity and pressure that could create 

greater larval retention and shorter dispersal distances (Largier, 2003; Shanks, 2009; 

Miller and Morgan, 2013).  

 Longer drifting distances may be valuable to a widely distributed open shelf species 

such as the surfclam. Whether the longer dispersal distances we predict with the addition 

of larval behavior to the model is truly a reflection of realistic conditions or not, it is 

noteworthy in that it is an unexpected and contradictory result when compared to most 

studies. Surfclam larval behavior in this study also causes differences in the temporal 

variances of larval along-shore drifting distances, with vertical sinking behavior 

decreasing the variance and swimming behavior increasing the variance (Fig. 2.8c). This 

is associated with the different turbulence scales near the surface and bottom of the water 

column, as larval sinking exposes larvae to deeper water with less turbulence and larval 

swimming places larvae closer to surface water with stronger turbulence (see the 3rd 

chapter in this thesis). 

  In terms of the ‘larval drift paradox’, species with larvae that move uni-

directionally downstream will tend to go extinct from the upstream edge of their 

distribution (Gaines et al., 2003; Shanks and Eckert, 2005; Byers and Pringle, 2006).  If 
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the model sensitivity prediction observed here is reflective of empirical trends, then for 

surfclams, increased downstream larval drift distances would further exacerbate this 

effect. Shanks and Eckert (2005) suggest the paradox can be solved by spreading 

spawning over times during which predominant currents move in different directions 

(e.g., seasonally shifting north versus south currents).  The influence of seasonal 

variability of spawning on larval connectivity in surfclams is not addressed in this paper, 

but is the focus of a companion contribution (see the 3rd chapter in this thesis).  In the 

case of surfclams, and other sympatric species with comparable larval duration (e.g., 

ocean quahogs and sea scallops), the paradox may be avoided because a gyre is present at 

the upstream end of the distribution in the Georges Bank region that facilitates self-

recruitment to that ‘upstream’ extent of the population and thus maintains that upstream 

distribution, thereby preventing localized extinction at that upstream end of the 

population.  

 

2.5.3 Coupled modeling system 

  In this study, a physical circulation model based on the Regional Ocean Modeling 

System (ROMS) was coupled with the surfclam larval individual based model to simulate 

surfclam larval transport. A few other larval transport modeling studies for benthic 

species along the U.S. northeast coast are also summarized and compared in Table 2.3, 

including those for the sea scallop (Tian et al., 2009), lobster (Incze and Naimie, 2000; 

Xue et al., 2008), and oyster (North et al., 2008; Haase et al., 2012; Narváez et al., 2012a, 

b). Comparison and evaluation of different physical circulation models is beyond the 

scope of this study (see for example, Leis et al. (2011)). However, the differences in 
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coupling methods, in particular “in-line” or “off-line”, and inclusion of different larval 

behaviors merit further discussion here. 

  In this study, the physical circulation model was coupled with the surfclam larval 

model using an “in-line” method, which enables both models to be run simultaneously. 

Another typically used coupling method is “off-line”, wherein both models are run 

separately. Both “in-line” and “off-line” coupling methods have their strengths and 

limitations, and no systematic comparison study has as yet been conducted.   

 For “in-line” coupling, the biological model and the physical circulation model are 

run together for every time step (4 minutes in this study). Smaller spatial-scale and 

shorter time-scale physical processes such as tidal effects, sub-grid turbulence, etc., can 

be better resolved, which might potentially affect larval transport greatly, depending on 

the specific conditions of the physical environment simulated. The compensating 

drawback of “in-line” coupling is its additional computational cost, especially when a 

large number of larvae are released in the model.  

 In “off-line” coupling, the hydrodynamic model output is stored and later 

interpolated and provided to a separate larval tracking model. This method is more 

computationally efficient and more convenient for sensitivity tests of larval behavior, 

release locations, diffusivity, etc., without the need to redo the hydrodynamic model 

calculation each time. However, the archived physical model output is often not stored in 

small enough time intervals so that the information provided to the larval tracking model 

might fail to resolve important small spatial-scale or short time-scale physical processes. 

The MAB and GBK are relatively more dynamic regions, especially the Southern New 
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England shelf and the GBK where tidal effects are strong (Csanady and Magnell, 1987; 

He and Wilkin, 2006). Thus the “in-line” coupling method applied in this modeling 

system is likely to better resolve larval trajectories in these dynamic regions.  

  Besides larval growth required for surfclam larval settlement, both swimming and 

sinking behaviors were included in the larval model. Vertical behavior is found to be 

significant in determining surfclam larval drifting distances (Fig. 2.8) and mean 

connectivity patterns (not shown), further confirming the importance of including 

behavior in the larval model. Generally larval growth and vertical swimming are the 

primary components of most larval models, although the relative importance of each 

differs in determining larval drifting distance, larval settlement success, larval transport 

patterns, etc. (Xue et al., 2008; Kim et al., 2010; Narváez et al., 2012a, b).  

 Larval growth is itself intimately meshed with the larval vertical sinking rate and 

swimming speed, as each of these is a function of larval size and larval size is used as the 

criterion for larval settlement. Larval vertical swimming and sinking behaviors generally 

combine with background vertical advection and turbulent mixing to determine the 

position of the larvae in the water column, thereby determining the exposure of larvae to 

different temperature fields and water current velocities, and ultimately resulting in 

differential drifting distances (North et al., 2008; Tian et al., 2009).  

 A sensitivity study focused on larval swimming behavior for two oyster species 

(Crassostrea virginica and C. ariakensis) in Chesapeake Bay demonstrated significant 

impacts on larval transport by influencing dispersal distances, transport success, and 

connectivity among different subpopulations (North et al., 2008). However, in some 
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systems, the background vertical advection and turbulent vertical mixing might be strong 

enough to de-emphasize larval behavior effects. Such is the case for eastern oysters 

(Crassostrea virginica) in Mobile Bay, Alabama, and in Delaware Bay, New 

Jersey/Delaware (Kim et al., 2010; Narváez et al., 2012a, b). Off northeastern U.S in this 

study, surfclam larval behaviors interact with different underlying physical mechanisms 

to make a significant impact on their transport and to regional connectivity. More details 

of larval transport variations and larval behavior effects are presented in the 3rd chapter in 

this thesis.  

  Habitat selection at larval settlement is another important component in larval 

models, especially for those species with high sensitivity to different substrates for larval 

settlement. In a study on sea scallops (Placopecten magellanicus) on GBK, this behavior 

was applied in the larval model in the form of varying settlement probabilities for 

different bottom substrates (Tian et al., 2009). In an oyster (Ostrea chilensis) larval 

transport study in Tasman Bay, a threshold of habitat quality and larval searching 

behavior were implemented in the larval model, so that the “landed” larvae could still 

return to the water column if the bottom substrate was not suitable and did not meet the 

quality threshold (Broekhuizen et al., 2011). For the Atlantic surfclam in this study, 

suitable habitat ranges from the Gulf of Maine south to Cape Hatteras of North Carolina, 

covering almost half of the MAB shelf and GBK in depths of 8-66 m. There is no 

obvious variation of surfclam habitat within these regions, except that those regions 

deeper than 60 m are not considered suitable habitat for surfclams, and we assume 100% 

mortality once they settle into those regions. 
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2.6 Model limitations 

  The Gulf Stream is one important current system known to have a significant 

impact on the MAB/GBK shelf water and its circulation properties, particularly through 

the formation of meanders and eddies (Churchill et al., 1993; Gawarkiewicz et al., 2001; 

Rasmussen et al., 2005; Chen et al., 2014). One warm-core ring (WCR) off the Gulf 

Stream penetrating onto the MAB/GBK shelf might affect water properties substantially 

with a duration lasting as long as several months. Accurately simulating the variability of 

the Gulf Stream, including the development of its meanders and warm-core rings has 

proven to be difficult, without further aid from more advanced modeling techniques such 

as data assimilation (Chen et al., 2014), etc. In our modeling system, although the main 

characteristics of the mean shelf current system are adequately captured by the circulation 

model, the full range of temporal and spatial variability might not be, especially along the 

shelf break where Gulf Stream meanders have a large impact (Fig. 2.2c, d). We cannot 

estimate the degree to which inaccuracies in the position and behavior of the Gulf Stream 

may affect surfclam larval trajectories, although we believe this influence is likely to be 

minor to the long-term mean pattern of larval transport and connectivity, for example the 

4-year means examined in this study. 

  Food concentration in the model is set at an optimal constant value, because we 

have insufficient information from field observations to provide an accurate and reliable 

time- and space-varying estimate to the model, e.g., Munroe et al. (2013). Once we have 

enough data to be able to construct a food climatology dataset for the model, 

improvements in model performance can be expected, but sensitivity results with 

modified food quality values indicate that the main larval transport and connectivity 
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pattern is unchanged. This is largely due to saturation of larval feeding rate at relatively 

low planktonic algal densities. Apart from the assumed mortality due to unsuccessful 

settlement before 35 days or due to settlement into inappropriate water depths, planktonic 

daily mortality was not included in the current model. Sensitivity analyses using modified 

planktonic mortality (see appendix A) likewise demonstrated that the main transport and 

connectivity patterns remain unchanged, but the magnitude of dispersal drops with 

increasing planktonic mortality. More observational data of surfclam larval concentration 

or an estimate of surfclam connectivity from genetic studies would be extremely valuable 

for better model validation and evaluation. 
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Table 2.1 List of surfclam larval individual-based model variables 

Symbol Name Units 

t Time day 

Z Larval depth meters 

T Water temperature oC 

F Food concentration mg/liter 

Age Larval age day 

Len Larval length mm 

Gr Larval growth rate mm/d 

GrBase Base growth rate mm/d 

CorT Temperature effect on growth  

Sk Sink rate m/d 

Uss Upward swim speed mm/s 

Usf Time fraction swimming upward  

Dss Downward swim speed mm/s     
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Table 2.2 List of surfclam larval individual-based model constants 

Symbol Values Symbol Values 

FQual 1.2 Fs 1.0	
   

L0 58 Stf 0.920 

Gr0 8.165 S0 2.220×10-­‐4	
   

Gr1 71.810 S1 1.744 

Gr2 0.0907 U0 -­‐0.381 

Gf1 0 U1 9.262×10-­‐3 

Gf2 0.144 U2 -­‐2.692×10-­‐5 

Gf3 1 D0 -­‐0.561 

Gf4 1 D1 1.749×10-­‐2 

Gf5 0.144 D2 -­‐6.538×10-­‐5 

Gf6 0 St0 21 

  St1 0.900 
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Table 2.3 Summary of recently published larval transport model studies for benthic species along the U.S northeast coast. 

Species Study Region(s) Physical circulation model Larval behavior 
Model 
coupling 
method a 

Pelagic 
duration  

Larval 
drifting 
distances 

References 

Atlantic surfclam  
(Spisula solidissima) 

Georges Bank,  
Middle Atlantic Bight 

Regional Ocean Modeling System  
(ROMS, www.myroms.org) 

1. Growing, 
2. Vertical swimming and 
sinking 

In-line ~19-35 days ~119 km (mean 
along-shore) 

This study 

Sea scallop  
(Placopecten 
magellanicus) 

Georges Bank,  
Middle Atlantic Bight 

Finite-Volume Coastal Ocean Model 
(Chen et al., 2001) 

1. Vertical swimming 
2. Habitat selection by 
settlement probability 

Off-line ~40-50 days 
As long as 
hundreds of 
kilometers 

Tian et al., 2009 

Lobster  
(Homarus amerianus) 

Gulf of Maine 

Dartmouth Circulation Model  

 (Lynch et al., 1996; Lynch et al., 
1997) 

1.Growing 
2.Constant larval depth Off-line ~18-38 days ~19–280 km 

Incze and 
Naimie, 2000 

Gulf of Maine 
Princeton Ocean Model 

(Mellor, 2003) 

1. Growing 
2. Ontogenetic changes in 
vertical distribution 

Off-line ~22–44 days -- Xue et al., 2008 

Eastern oyster 
(Crassostrea virginica) 

Delaware Bay 
Regional Ocean Modeling System  

(ROMS, www.myroms.org) 

1. Growing, 
2. Vertical swimming and 
sinking 

In-line <30 days Mostly 0-20 km 
Narváez et al., 
2012b 

Chesapeake Bay Regional Ocean Modeling System  
(ROMS, www.myroms.org) 1. Vertical swimming Off-line ~14-21 days ~9.0 km  

(median distance) 
North et al., 2008 

Pamlico Sound, North 
Carolina 

Advanced CIRCulation model  
(Reyns et al., 2006, 2007) 

None, with larvae 
constrained at constant 
depth 

Off-line ~14-25 days ~0.3-35.8 km Haase et al., 2012 

• Model coupling method: “Inline” indicates that the physical model and biological model are embedded such that both models are running simultaneously, while “Offline” indicates 

separate computations, usually with the physical model run first, then providing the necessary circulation fields to the biological model.
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Figure 2.1 Panel a-b: Variation in modeled larval growth.  Panel (a) shows the variability 

in modeled larval growth rate with food concentration and larval age.  The temperature-

dependent growth correction factor (CorT) is shown in Panel (b); Panel c-d: Variation in 

modeled larval vertical motion. Panel (c) shows the variability in larval vertical motion 

(swimming + sinking behavior) with temperature and larval size. Panel (d) shows the 

variability in vertical speed with both swimming+sinking (dashed lines) or swimming 

only (solid lines) under conditions of varying temperature for larvae of length = 150 µm 

(lower x-axis, black lines), or under varying larval size at temperature = 20 oC (upper x-

axis, blue lines). 
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Figure 2.2 Panel a-b: Comparison of modeled 4-year mean SST at 1-m depth (Panel a) 

and satellite observed 4-year mean SST (Panel b) (Reynolds et al., 2007) from year 2006 

to 2009, as indicated by the colorbar on right. In Panel a, the green line indicates the 21 

°C SST isotherm from the mean simulated SST (used here as a proxy of the modeled 

Gulf Stream location), and the blue line shows the 21 °C SST isotherm based on mean 

observed SST over the same period (Reynolds et al., 2007). The comparison between the 

4-year mean barotropic currents (black arrows) from model output and the long-term 

mean climatological barotropic currents (red arrows) (Lentz, 2008a) is also shown in 

Panel a. Panel c-d: Comparisons of surface (Panel c) and bottom (Panel d) temperature 
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between model output and NEFSC observational data during late-spring to early-fall 

from 2006 to 2009. Colorbar on the right shows the temperature differences (model - 

observation in oC), at each survey station on the corresponding survey date. In all panels, 

the 20-, 40-, 60-, 100-, 1000-m isobaths are also shown as black lines. 
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Figure 2.3 Modeled surfclam larval distribution along the New Jersey LEO-15 across-

shelf section during downwelling (June 16th 2006, panel a) and upwelling periods (June 

26th 2006, panel b) in 2006, with each dot representing each larva in the water. The 16 oC  

(lower black line) and 18 oC  (upper black line) isotherms are shown to indicate the 

approximate thermocline positions. The bottom left inset of panel a shows the location of 

the LEO-15 transect (blue line) off NJ shelf. 
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Figure 2.4 Horizontal (panel a) and vertical (panel c) larval trajectories of an individual 

larva released along the southern New Jersey shelf on August 1, 2006. In Panel a, the 

green dot represents the final larval settlement position. Isobaths of 20-, 40-, 60-, 100-, 

1000 m are shown in black solid lines. In Panel c, the colorbar indicates the background 

water temperature. Panel b shows the size of the larva as it grows over time. 
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Figure 2.5 Larval distribution on September 5, 2006, 35 days after larval release on 

August 1.  Panel a shows the distribution of all larvae from the initial release, including 

those that settled successfully and those that did not. Panel b shows the distribution of 

only those larvae able to successfully settle within the 35-day limit. Each dot represents 

one larva and colors indicate initial release locations as follows: GBK-pink, SNE-black, 

LI-yellow, NJ inshore-green, NJ offshore-light blue, DMV-blue, SVA-red.  Lower right 

inset in panel b shows the initial distribution of the larvae at the time of release. 
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Figure 2.6 Generalized mean connectivity pattern between the MAB and GBK surfclam 

subpopulations based on the model output for all releases in 2006 to 2009.   
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Figure 2.7 Four-year (2006-2009) mean modeled connectivity matrix among the 6 main 

surfclam geographic regions: SVA, DMV, NJ, LI, SNE and GBK, showing the percentage 

of larvae released in one region (x axis, see Figure 1.1 for their locations) that are 

transported (larval supply, panel A) or successfully settled (larval settlement, panel B) 

into the same or another region (y axis, see Figure 1.1 for their locations). The exact 

percentage values are indicated by both the colorbar and the text in each cell. 
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Figure 2.8 Panel a-b: Box-plots of larval drifting distances (units: kms; y-axis) in the 

along-shore (panel a) and across-shelf (panel b) directions for all released larvae from 

regions of SVA, DMV, NJ, LI, SNE and GBK (x-axis) in 2006 to 2009.  Along the y-axis, 

positive values indicate southwestward along-shore drifting, or onshore across-shelf 

drifting; negative values indicate the opposite direction. Panel c: Box-plots of larval 

drifting distances (units: kms; y axis) in the along-shore direction for all released larvae 

from regions of SVA, DMV, NJ, LI, SNE and GBK (x axis) in 2006, with both swimming 

and sinking behaviors (magenta: swim + sink, the standard model setup), only sinking 

behavior (blue: sink only), only vertical swimming behavior (black: swim only), and 

neither (cyan: purely passive). 
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CHAPTER 3. PHYSICAL MECHANISMS UNDERLYING LARVAL TRANSPORT 

AND SETTLEMENT VARIATIONS 
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3.1 Introduction 

Larval transport is the horizontal displacement of larvae from one point to another 

within a certain time interval (Pineda et al., 2007). At least since Thorson (1966), larval 

transport and settlement have been considered to be primary determinants of adult 

population size, although Ólafsson et al. (1994) stressed the importance of post-

settlement processes in determining the ultimate influence of larval supply. Nevertheless, 

post-settlement processes are of no consequence without larval supply and thus 

connectivity among different geographically distributed subpopulations leading to source 

and sink dynamics (Swearer et al., 2002; Condie et al., 2005; Munroe et al., 2012) 

becomes an important component of the dynamics of the metapopulation.  

Knowledge of governing processes and mechanisms affecting larval transport and 

settlement is fundamental in understanding the population structure of marine sessile 

invertebrates, and more broadly to predict the effects of global climate change on benthic 

marine ecosystems (GLOBEC, 1991; Gawarkiewicz et al., 2007). Processes on a broad 

range of temporal and spatial scales can impact coastal currents and thereby larval 

transport. For nearshore systems, a variety of region-specific processes such as along-

shelf cold/warm currents (Hickey, 1979; Leaman et al., 1989), coastal 

upwelling/downwelling (Garland and Zimmer, 2002; Garland et al., 2002; Shanks et al., 

2002; Shanks et al., 2003; Ma and Grassle, 2004; Ma, 2005; Ma et al., 2006a), shelf 

break fronts (Marra et al., 1990; Munk et al., 1995), tidal induced mixing fronts (Smith 

and Morse, 1985), seasonal changes in shelf stratification (Aikman and Posmentier, 

1985), and transport of “cold pool” bottom water (Houghton et al., 1982) may influence, 

and potentially dominate, the dynamics of larval transport. Unlike water parcels which 
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only flow passively with the surrounding currents, marine larvae generally have some 

degree of behavior (Hill, 1991; Dekshenieks et al., 1996; Pfeiffer-Hoyt and McManus, 

2005), such as swimming, growth, ontogenetic changes in sinking rate, and selection of 

substrates before settlement, which are observed for many invertebrates to be essential 

factors in determining the dynamics of larval transport and spatial variations in settlement 

(Werner et al., 1993; Lough et al., 2005).  

The Atlantic surfclam (hereafter surfclam), Spisula solidissima, is a bivalve 

mollusc with a life history that includes a planktotrophic larval dispersal stage and a 

sessile juvenile/adult stage. Surfclam adults inhabit waters from Cape Hatteras, North 

Carolina to the southern Gulf of St. Lawrence, in a depth range from shallow subtidal 

regions to around the 60 m isobath (Ropes, 1980; Cargnelli et al., 1999), depending on 

bottom water temperature (Kim and Powell, 2004; Weinberg, 2005). Most of the 

surfclam stock exists today on the Middle Atlantic Bight (MAB) shelf and Georges Bank 

(GBK) (Fig. 1.1), where it supports a high-value commercial fishery (NEFSC, 2010). 

Studying the spatial and temporal variations in surfclam larval transport and the 

underlying physical mechanisms is essential for better understanding surfclam population 

dynamics, formulating improved management decisions for the surfclam fishery, and 

interpreting associated socio-ecological responses to climate change (McCay et al., 2011).  

The MAB is the primary focus for this study that examines variations in surfclam 

larval transport and settlement. The MAB is a shallow and wide continental shelf 

bounded by Cape Hatteras in the south and Cape Cod in the north (Fig. 1.1). The MAB 

exhibits a mean depth-independent along-shore current of 5-10 cm s-1 equatorward with a 

nearly constant flow along isobaths, and a mean but relatively weak across-shelf 
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circulation (Beardsley and Boicourt, 1981; Lentz, 2008a). Large variations in the flow, 

both in the along-shore and across-shelf directions, exist and are well documented 

(Shearman and Lentz, 2003; Kohut et al., 2004; Ullman and Codiga, 2004; Gong et al., 

2010). Various factors potentially contribute to these variations, including wind stress 

(Kohut et al., 2004; Dzwonkowski et al., 2009; Gong et al., 2010), topography (Harris et 

al., 2003; Gong et al., 2010), seasonal stratification (Shearman and Lentz, 2003; 

Dzwonkowski et al., 2009), and river plumes (Fong and Geyer, 2002; Zhang et al., 2009).  

Surfclam larvae, like most larvae in the ocean, are mainly transported passively in 

the horizontal plane, being subject to the influences of these factors affecting the flow. In 

addition, surfclam larval behavior such as vertical swimming and growth also influence 

the horizontal trajectories. By active movement, larvae are able to modulate the water 

properties they experience and thus their growth history (see the 2nd chapter in this thesis). 

One objective of this study is to identify the primary mechanisms controlling the 

dispersal patterns of surfclam larvae in the MAB. 

Observational studies of surfclam larval transport within the MAB are few. Ma et 

al. (2004; 2005; 2006a) examined larval vertical distribution along LEO-15, a cross-shelf 

transect off Tuckerton, New Jersey (NJ), during summer upwelling and downwelling 

episodes. Studies by Garland and Zimmer (2002), Garland et al. (2002), Shanks et al. 

(2002), and Shanks et al. (2003) examined the vertical dispersion and across-shelf 

transport of various species including the surfclam across the shelf off of the Outer Banks 

of North Carolina (NC), also under upwelling and downwelling periods. These studies, 

however, show different vertical patterns and across-shelf transport on the NJ and NC 

shelves for surfclam larvae. At LEO-15 in July of 1997 and 1998, surfclam larvae were 
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observed to be concentrated more inshore, near the intersection of the thermocline and 

the bottom during downwelling, and more offshore, close to or above the thermocline 

during well-developed upwelling. Larval concentrations were observed to be correlated 

positively with water temperature at this time, indicating that larvae were more likely to 

be transported by the water above the pycnocline.  

Off NC in August of 1994, surfclam larvae were mostly found below the 

pycnocline in the bottom layer, with larval concentrations correlating negatively with 

water temperature. During upwelling, larvae were transported onshore by advection of 

subpycnocline waters, while during downwelling larvae were transported offshore. Ma 

(2005) speculated that these differences in larval vertical distribution and across-shelf 

transport between the NJ and SVA shelves might be due to the difference in larval 

sources, whether inshore or offshore, and spawning time, as a seasonal change in larval 

vertical distribution might be expected.  

In this study, the vertical distribution and across-shelf transport patterns of 

surfclam larvae will be examined for different regions of the MAB using a coupled 

physical and biological model, to determine if observed patterns can be reproduced and to 

determine the underlying mechanisms generating these patterns. In the following, section 

3.2 introduces the simulations of the coupled physical circulation and surfclam larval 

model, methods of processing model output in examining the intra-annual variation of 

larval transport and settlement within Mid-Atlantic Bight and also the underlying 

physical mechanisms causing those variations. Section 3.3 presents the results of the 

intra-annual variations in surfclam larval transport, settlement and along-shore and 

across-shelf daily drifting distance. Discussions of the results and effects of underlying 
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physical mechanisms and larval behavior are presented in section 3.4. Section 3.5 gives a 

brief summary. 

 

3.2 Methods 

3.2.1 Coupled physical circulation and surfclam larval model simulations 

A physical circulation model based on the Regional Ocean Modeling System 

(ROMS) and a surfclam larval individual-based model have been developed, coupled, 

and validated (see the 2nd chapter in this thesis).  The domain for the physical circulation 

model covers the entire Middle Atlantic Bight, Georges Bank, and the Gulf of Maine, 

including regions with high surfclam abundances (Fig. 1.1). The model was forced by 

real-time solar radiation, wind, river discharge, and tides. The boundary conditions are 

provided by output from a larger-scale circulation model with verified corrections. The 

physical model was run for 4 years from 2006 to 2009, and the main features of the shelf 

circulation and temperature distribution from the model output were analyzed and 

validated.  

The surfclam larval model has two main components: larval growth and vertical 

swimming behavior. Larvae grow in size after release, with the growth rate expressed as 

a function of water temperature, larval age, and food concentration. Larvae become 

competent to settle at 260 µm and settle when they reach the bottom. No daily mortality 

is applied; however model sensitivity to daily larval mortality was assessed and the 

results of this analysis can be found in appendix A. Larvae drift passively in the 

horizontal by means of the surrounding water currents. In contrast, vertical movement of 
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larvae is the sum of sub-grid vertical mixing implemented as a vertical random walk and 

swimming behavior exhibited by the larvae, with the speed and direction being functions 

of water temperature and larval size. The parameters inside the larval model were 

obtained and calibrated from laboratory experiments. More detailed descriptions of both 

models are provided in Chapter 2. 

For each year in this study, 2006-2009, surfclam larvae are released from regions 

with high surfclam abundances identified using the 1982-2008 NEFSC surfclam stock 

surveys (NEFSC, 2010).  From south to north these are: South Virginia/North Carolina 

(SVA), Delmarva (DMV), New Jersey inshore (NJ_in), New Jersey offshore (NJ_off), 

Long Island (LI), Southern New England (SNE), and Georges Bank (GBK) (Fig. 1.1). 

The number of larvae released in each region is proportional to both the historically 

observed surfclam density and the regional area. As a result, 400, 2000, 1800, 300, 400, 

400 and 1500 larvae were released within the SVA, DMV, NJ_in, NJ_off, LI, SNE, and 

GBK regions, respectively.  

The spawning time of surfclams generally ranges from late spring (late May or 

June) until fall (Ropes, 1968; Jones, 1981; Fay et al., 1983; Cargnelli et al., 1999), so the 

release times for surfclam larvae in the model were chosen to be from May 21st until 

October 16th at 5-day intervals throughout the spawning season. Surfclam larvae are 

approximately evenly released from each region simultaneously at midnight of the 

selected release dates. The release depth was the bottom-most grid cell. In total, 30 

releases and 204,000 larvae (6,800 per release) were generated each year of simulation, 

covering the entire spawning season and also the main surfclam spawning areas along the 

U.S northeastern shelf. 
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The coupled physical circulation and surfclam larval model was also run for year 

2006 to examine intra-annual variations in larval transport and settlement. Year 2006 was 

taken as a representative year based on the previous chapter (as well as appendix B which 

considers interannual variations in larval distributions). 

 

3.2.2 Larval transport and settlement variations 

Surfclam metamorphosis generally occurs from 19 to 35 days after spawning 

depending on water temperature during larval growth (Fay et al., 1983). Comprehensive 

information on food supply is not available for the MAB; hence the model was run under 

the assumption that food supply did not limit larval growth. Larvae are variously affected 

by periods of suboptimal food, e.g., Powell et al. (2002), Moran and Manahan (2004), 

and Przeslawski and Webb (2009), and this can influence survival and location of 

settlement because larval growth frequently may be food-limited (Olson and Olson, 1989; 

Bos et al., 2006; Gireesh and Gopinathan, 2008). Thus, our simulations represent the 

results for optimal conditions in the MAB. The maximum duration of the larval stage for 

successfully recruiting larvae is set at 35 days; that is, few larvae are assumed to survive 

at anticipated planktonic mortality rates (Rumrill, 1998) beyond 35 days if not 

successfully settled by that time.  

The total along-shore and across-shelf drifting distances, average temperature 

experienced by larvae (ATEL), and the determination of whether the larva has 

successfully settled in 35 days or not was recorded for each larva. The total along-shore 

and across-shelf drifting distances were computed by comparing the final larval 
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settlement position or the position at the end of 35 days with the initial larval release 

position, with reference to the approximate along-shore line as indicated in Figure 3.1. 

The along-shore drift is the length of the projected curve of larval trajectory on the along-

shore reference line, while the across-shelf drift is the net displacement distance 

perpendicular to the along-shore line from the initial release position to the final position.  

The average temperature experienced by each larva (ATEL) is calculated as the 

time mean of the temperatures that the larva experiences during the entire larval stage. 

The final determination of whether the larva successfully settled requires that two 

conditions are satisfied: first, that the larva reaches settlement size and intersects the 

bottom within 35 days, and second, that the larva location of settlement is shallower than 

60 m. For each release from each region, the ratio of successful settlements with respect 

to the total number of larvae released was calculated and defined as the settlement rate. 

The mean ATEL and total along-shore and across-shelf larval drifting distances among all 

larvae released from each region at each time were also computed, excluding only those 

that eventually drift into regions with water depths exceeding 100 m. Variations in 

outcome as determined by these variables are examined both intra-annually among all 

releases in 2006 and spatially among all releases from different regions. 

The spatial variability of the four variables--ATEL, settlement rate, and total 

along-shore and across-shelf drifting distance--were also investigated for surfclam larvae 

released from different depths. In this case, the entire shelf from the coast to the 60 m 

isobath was partitioned into slices of 1-m-depth interval in the across-shelf direction and 

these variables are examined for larvae released from each 1 m depth interval in each 

region.  
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3.2.3 Physical mechanisms underlying larval transport variations 

To examine the physical mechanisms causing variations in larval transport, larval 

daily movement and its relationship to the background physical environment were 

calculated in both the along-shore and across-shore directions. Larval daily drifting 

distance is calculated by examining the net change in position within each day, which 

accumulates during the larval stage to form the larval total transport. The mean along-

shore and across-shelf daily drifting distances were computed among larvae inside each 

of three regions (NJ, DMV, and SVA; see Figure 3.1) on each day, regardless of where 

and when they were released.  

This computing method is different from that applied in calculating the larval total 

drifting distance. In this analysis, the immediate position and daily drift within each day 

is utilized, whereas in the previous method, the larval release location/time and larval 

total drift are calculated over the entire planktonic life span (up to 35 days) for each larva. 

For example, the mean daily along-shore drift on August 1st, 2006 off NJ is calculated as 

the mean among all larvae inside the NJ release area on that specific day, regardless of 

where and when those larvae were released, while the mean larval total along-shore drift 

for the larvae released on August 1st, 2006 refers to the mean among all larvae released 

from the NJ shelf on that chosen release date, regardless of their present location. Note 

that the SVA region chosen here approximates the North Carolina (NC) shelf region from 

observational studies (Garland and Zimmer, 2002; Garland et al., 2002; Shanks et al., 

2002; Shanks et al., 2003). 
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The daily mean surface wind stress is computed as the mean of the surface wind 

stresses above the waters of larvae inside each region on each day, and compared to the 

simulated larval daily trajectories. The approximate along-shore line, as indicated in 

Figure 3.1, is used as the reference direction for the calculation of along-shore and 

across-shelf daily larval drifting distances and wind stresses. The relationship between 

the mean along-shore larval daily drifting distances (d_al) and the mean along-shore 

surface wind stress (wstr_al) was investigated for three regions: NJ, DMV and SVA. To 

examine the difference between this relationship between the inshore and offshore larvae, 

the entire shelf was further separated into the inner shelf (depth < 30m) and the outer 

shelf (depth > 30m) and the same calculations made. The relationship between the mean 

larval daily across-shelf drifting distances (d_cr) and the mean along-shore surface wind 

stress (wstr_al) was also examined for all three regions. However, only those inshore 

larvae in regions shallower than 20 m are included, to be compatible with the available 

surfclam larval observations from the inner NJ and NC shelves (Shanks et al., 2002; 

Shanks et al., 2003; Ma et al., 2006a).  

Besides the wind effect (wstr_al), the vertical location of the larvae relative to the 

depth in the water column where the across-shelf current reverses directions (hereafter 

called the reversing depth) is investigated. For each larva, whether the larva is above or 

below the reversing depth was determined. A stratification index was calculated as the 

ratio of the temperature difference between surface and bottom with respect to the water 

depth. The more strongly stratified period, when the stratification index is greater than 

0.2, is used for examination of the relationship between d_cr and wstr_al. 
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3.3 Results 

3.3.1 Intra-annual variation in larval transport and settlement  

Larvae released from different source populations at different times experience 

different ATEL (average temperature experienced by larvae) and larval settlement rates. 

The ATEL is larger for releases from July until early October (Fig. 3.2a-1), and for 

releases from the southern two regions of DMV and SVA (Fig. 3.2a-3). Larval releases 

from LI during mid-July to late-September experience relatively higher settlement rates 

than other release times.  Larvae released from NJ are more successful slightly later in the 

year, from early August to late-September, and larvae from DMV later still, from early-

September to early-October (Fig. 3.2b-2). Comparing regions, on average, larvae released 

from LI, NJ, and DMV experience higher settlement rates than the others (Fig. 3.2b-3), 

whereas comparing time periods, larvae released from late-July to late-September have 

higher settlement rates (Fig. 3.2b-1). Across-shelf variations of ATEL and settlement rates 

are also evident (Fig. 3.3a-f). Generally, larvae released from regions shallower than 40 

m experience larger ATEL and larval settlement rates than those released farther offshore 

(Fig. 3.3a-c, d-f).  

The spatial and temporal pattern of larval settlement rate (Fig. 3.2b-2, Fig. 3.3d-f) 

was similar to that of ATEL (Fig. 3.2a-2, Fig. 3.3a-c). Larval releases with relatively 

larger ATEL experience higher settlement rates. The black lines on panels in Figure 3.2a-

2, 3.2b-2 and Figure 3.3a-f enclose those larval releases experiencing ATEL higher than 

18 oC, and most of those releases also experience larger settlement rates (Fig. 3.2b-2, Fig. 

3.3d-f). About 97.7% of those releases with settlement rates larger than 60% are found to 
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experience ATEL larger than 18 oC.  The relationship between ATEL and settlement rate 

is correlated, but is not necessarily deterministic as some releases show ATEL greater 

than 18 oC, yet have low settlement success mostly due to settlement in inappropriate 

regions. For those larval releases from DMV and SVA with a high ATEL but low 

settlement rates, for example, most of the “unsuccessful” larvae were entrained into the 

Gulf Stream and were transported out of suitable habitat into the open ocean and thus 

settled in waters too deep for survival.  

Along-shore and across-shelf total drifting distances also vary both spatially and 

temporally in 2006. Along-shore larval drift is typically in the southwestward direction 

(Fig. 3.2c-2). Larvae released during August on average experience relatively longer 

southwestward drift, around 200 km (Fig. 3.2c-1), than those released at other times, 

whereas releases from NJ, DMV, and SVA drift farther than those from other regions, 

with an average drift of 120~150 km (Fig. 3.2c-3). The longest along-shore 

southwestward drift, at around 220 km, was observed for releases during August from LI, 

NJ, DMV, and SVA (Fig. 3.2c-2). Comparing larval releases from inshore and offshore 

regions, the larvae released offshore tend to drift farther in the along-shore direction than 

those released onshore (Fig. 3.3g-i).  

Larvae released from NJ, DMV, and SVA experience net total inshore transport on 

most release dates, whereas those released from LI, SNE and GBK generally experience 

net total offshore transport (Fig. 3.3d-2, d-3). The net larval onshore drifting distances are 

generally larger for releases during July and August than for releases at other times (Fig. 

3.2d-1), with the maximum value close to 40 km for some releases from NJ, DMV, and 

SVA (Fig. 3.2d-2). No significant difference was found in the across-shelf larval drifting 
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distances between the inshore and offshore larval releases on shelves of LI, NJ, and DMV 

(Fig. 3.3j-l). 

 

3.3.2 Along-shore larval daily drifting distance variation 

Temporal variations in the mean along-shore daily drifting distances (d_al) and 

along-shore surface wind stresses (wstr_al) on the NJ shelf are highly correlated (r = 0.60, 

Fig. 3.4a, Table 3.1). A linear regression model (M1) between d_al and wstr_al was 

applied and the model fit (d_al_m1) explains 35.7% of the total variance in the daily 

drifting distances, d_al. A plot of the residuals of this linear model (res = d_al – d_al_m1) 

shows a noticeable seasonal signal (Fig. 3.4b, gray line). The least-squares best fit to res 

using results of a seasonal model (M2) shows a significant seasonal cycle with a 147.4-d 

period and a 4.21 km amplitude (Fig. 3.4b, black line; Table 3.1). The minimum value in 

the seasonal signal appears in mid-August corresponding to the longest southwestward 

drift, and the maximum occurs at the end of October corresponding to the least 

southwestward, or in some cases a northeastward, drift (Fig. 3.4a, b). The simulated 

seasonal signal (d_al_m2) explained about 28.2% of the total variance of the daily 

drifting distances, d_al (Table 3.1). Together, the linear regression model (M1) and the 

seasonal model (M2) contribute 63.9% of the total variance of the mean along-shore 

larval daily drifting distances (d_al).  

The same analysis, using the linear regression model (M1) and the seasonal model 

(M2), was applied to larvae on the DMV and SVA shelves (Table 3.1). On both the DMV 

and SVA shelves, the surface along-shore wind stress (wstr_al) and the along-shore 
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larval daily drift (d_al) were highly correlated (r = 0.65 and 0.61 respectively). The linear 

regression models (M1) between d_al and wstr_al explain 41.9% and 37.3% of the 

variance of d_al for larvae within DMV and SVA shelves respectively. The least-squares 

best fit of a seasonal model to the linear regression model residuals shows a significant 

(p-value =5.77x10-7) seasonal signal with a period of 159.2 days on the DMV shelf, with 

a variance contribution of 10.1% to the total d_al variance. Together, models M1 and M2 

contribute 52.0%. On the SVA shelf, however, the seasonal signal within the linear 

model residuals is not significant.  

For larvae inshore of 30 m and offshore of 30 m respectively, high correlations 

between the surface along-shore wind stress (wstr_al) and along-shore larval daily drift 

(d_al) are found for the NJ, DMV, and SVA regions. After the wind-induced components 

in the residuals of d_al are removed, seasonal signals are significant for both inshore and 

offshore larvae on both the NJ and DMV shelves, but with a phase difference from 

inshore to offshore. For example, inshore NJ larvae experience the maximum 

southwestward drifting at around August 6th whereas it is around August 24th for the 

offshore larvae (Fig. 3.4c). A statistically significant (p-value =7.82x10-5) forward phase 

shift in the seasonal signal occurs for the offshore larvae relative to those inshore. A 

similar trend in forward phase shift from inshore to offshore larvae is also found on the 

DMV shelf (not shown). 

   



	
  

	
  
	
  

68	
  

3.3.3 Variation in across-shelf larval daily drifting distance  

The mean along-shore surface wind stress (wstr_al) and the mean across-shelf 

larval daily drifting distance (d_cr) for NJ inshore larvae (depth<20m) are plotted in 

Figure 3.5a. The correlation between these two variables varies in time between negative 

and positive. A positive correlation indicates that the northward (southward) along-shore 

surface wind stress corresponds to inshore (offshore) larval daily drifting, whereas a 

negative correlation indicates that the northward (southward) along-shore surface wind 

stress corresponds to offshore (inshore) across-shelf larval daily drifting.  

Larval vertical distribution in the water column during more stratified times, 

whether concentrated in the upper layer or bottom layer, is a critical factor in determining 

the correlation between d_cr and wstr_al. We use the water depth where the across-shelf 

current reverses directions (the reversing depth) as the depth separating the water column 

into top and bottom layers. During periods with a stratification index greater than 0.2, 

roughly June 16th to September 1st on the NJ shelf (Fig. 3.5, shaded period in both gray 

and blue) or June 11th to September 6th on the SVA shelf (Fig. 3.6, shaded period in both 

gray and blue), the correlation between d_cr and wstr_al is mostly negative when larvae 

are close to or above the reversing depth, whereas the correlation becomes positive when 

larvae are below the reversing depth.  

For example, on the NJ shelf from June 16th until the end of July (Fig. 3.5, gray-

shaded region) the mean larval depth is mostly close to or above the across-shelf current 

reversing depth and the correlation between d_cr and wstr_al is negative (r = -0.64), 

whereas in August (Fig. 3.5, blue-shaded region) the mean larval depth is largely below 
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the reversing depth and the correlation becomes positive (r = 0.60). On the SVA shelf 

from around June 11th to the end of June (Fig. 3.6, gray-shaded region) when the mean 

larval depth is mostly above or close to the reversing depth, the correlation between d_cr 

and wstr_al is negative (r = -0.25), whereas later in the year from July to September 7th 

(Fig. 3.6, blue-shaded region) when the mean larval depth is below the reversing depth, 

the correlation becomes positive (r = 0.71).   

Results (d_cr_M3) of the linear regression model between d_cr and wstr_al (M3), 

with the larval vertical concentration included as a dummy variable (Li), during the 

stratified season explains about 53%, 52% and 38% of the variance of the original data of 

d_cr for larvae on the NJ, DMV, and SVA shelves respectively, all with levels of high 

statistical significance (Table 3.2). The model shows that d_cr correlates negatively with 

wstr_al when larvae are in the upper layer (Li=1) and positively with wstr_al when larvae 

are in the bottom layer (Li=-1, Table 3.2), further confirming the importance of larval 

vertical distribution on larval across-shelf transport. 

 

3.4 Discussion 

3.4.1 Larval transport, settlement, and regional connectivity 

A mean downstream connectivity pattern from the northeast to the southwest 

exists for surfclams living in the MAB and GBK (see the 2nd chapter in this thesis), yet 

large variations in the connectivity pattern are also observed, potentially associated with 

various factors such as larval spawning time and location, larval transport dynamics, 

planktonic life span, and location of settlement (Edwards et al., 2007). Knowledge of 
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connectivity is crucial for better understanding and predicting ecosystem responses to 

changing environment conditions (GLOBEC, 1991; Gawarkiewicz et al., 2007).   

In this study, the number of released (spawned) larvae, their distribution at release, 

and the criteria for successful settlement are set to be invariant. Thus, variations in 

connectivity mainly originate from variations in larval transport and planktonic life span. 

As described above, larval life span is an inverse function of larval growth rate, which is 

mainly determined by the water temperature that the larvae experience. The combined 

effect of larval transport and life span determines the total larval drift from spawning to 

final settlement (Pineda et al., 2007), which is equivalent to the connectivity distance 

between release regions. 

During summer, relatively longer larval along-shore drift and higher settlement 

rates associated with higher average temperatures experienced by the larvae (ATEL) 

indicate broader and more effective connections from source regions to regions 

downstream. In comparison, larval spawns from late spring to early summer experience 

relatively shorter along-shore drift and lower settlement rates due to lower ATEL, 

indicating lower connectivity and an increased waste of spawn at that time. Inshore 

releases (< 30 m) from LI, NJ, and DMV during September to early October experience 

higher settlement rates and shorter along-shore drift, implying increased self-recruitment 

for those releases. Relatively high settlement rates for releases from LI and NJ during 

summer and early fall indicate the importance of both regions as the larval supply sources 

to local and downstream regions.  
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High ATEL is found to be a necessary yet not sufficient condition for a high 

settlement rate.  For example, larval releases from DMV in summer or from SVA during 

summer and early fall experience low settlement rates, although with high ATEL, due to 

the assumed high mortality of those larvae entrained into the Gulf Stream and transported 

into the open ocean. Studies by Hare and Cowen (1996) and Hare et al. (2002) identified 

a possible return path for those larvae transported into the open ocean back to the shelf 

via the penetration of Gulf Stream warm core rings onto the shelf. This transport 

mechanism, however, does not affect the surfclam connectivity pattern as almost no 

surfclam larvae are observed in the model to be able to get back onto the shelf shallower 

than 60 m within 35 days after release if they are transported off the shelf.  

Results in this study show large variations in larval transport and settlement rates 

closely associated with environmental changes, which further cause large variations in 

surfclam population connectivity. For better understanding, predicting, and managing 

surfclam populations in response to the potential effect of climate change, the governing 

processes and mechanisms causing such variations in larval transport and settlement need 

to be distinguished.  

 

3.4.2 Larval along-shore movement 

The horizontal swimming speed of surfclam larvae is low in comparison with the 

horizontal velocity of the water currents; thus in the model larvae are assumed to drift 

passively in the horizontal direction (see the 2nd chapter in this thesis). In principle, those 

factors that affect the MAB horizontal current flow can be expected to affect the 
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horizontal movement of surfclam larvae. Observations of the along-shore current on the 

MAB shelf (Lentz, 2008b) show high correlation between the along-shore current and the 

surface wind stress at all observation sites spanning the inner, middle, and outer shelf of 

the MAB and southern GBK. Seasonal variation of the along-shore current was found to 

be mainly driven by the across-shelf density gradient, as the direction of most significant 

seasonal wind variation is approximately perpendicular to the direction of the wind stress 

that drives the along-shore current. In this study, the results show that larval along-shore 

movement in NJ, DMV, and SVA is highly correlated with the surface along-shore wind 

stress, which mostly introduces high frequency variations (periods of 2~10 days) in the 

along-shore daily movement of the larvae.  

While the wind-induced component of larval along-shore movement does not 

show obvious seasonal variations in itself, significant seasonal signals are found in the 

residuals after the wind-induced components are removed from the larval along-shore 

movement for larvae in NJ and DMV. These significant seasonal signals are speculated to 

be associated with the variation in the across-shelf density gradient. During late summer 

on the NJ shelf, the pycnocline deepens.  As a consequence, the more nearshore bottom 

waters warm up first, while the more offshore bottom waters remain colder due to along-

shore “cold” pool advection (Fig. 3.7a; also (Houghton et al., 1982; Castelao et al., 

2008)).  

Combined with the across-shelf salinity gradient, the fresher warmer nearshore 

water and the saltier colder offshore water produce a large across-shelf density gradient 

and therefore a strong along-shore current (Lentz, 2008a). Later in the fall when the water 

column is well mixed on the shelf (Fig. 3.7d), the across-shelf density gradient lessens 
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(Gong et al., 2010). In this study, the maximum (minimum) southwestward larval drift 

over the seasonal cycle occurs in mid and late August (late October and early November) 

respectively on the NJ and DMV shelves (Fig. 3.4b for NJ; DMV not plotted), consistent 

with the approximate timing of a larger (smaller) across-shelf density gradient and along-

shore current. This mechanism also explains the pattern of larval along-shore total 

transport for larvae released from the LI, NJ, and DMV inshore (<30 m) shelves.  That is, 

those larvae released during September experience a much shorter southwestward drift 

compared with those released at earlier times, due to the weaker across-shelf density 

gradient when the water column is well mixed. These results indicate that although 

variation in the along-shore larval transport is dominantly a function of the wind stress, 

its seasonal modulation is mainly driven by the across-shelf variation in the density 

gradient.  

The model results also show a forward phase shift of the seasonal signal from 

inshore (<30 m) to offshore (30~60 m) on both the NJ and DMV shelves. Lentz (2008b) 

found a steady phase increase with water depth of the seasonal variation of the along-

shore current offshore of Cape Cod, consistent with the seasonal variation in the across-

shelf temperature gradient associated with the “cold pool” development and break-down. 

On the NJ and DMV shelves, as the wind stress increases from summer to fall, stronger 

mixing causes the coastal well-mixed warmer region to expand gradually from inshore to 

offshore, pushing the position of the mixing front and the maximum across-shelf density 

gradient offshore (Fig. 3.7). Thus the inshore waters experience the maximum across-

shelf density gradient and the strongest along-shore current relatively earlier than for 
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offshore waters, generating a forward phase shift as found in the seasonal signal of the 

along-shore larval drifting.  

This mechanism also explains the larval total along-shore transport pattern for 

larvae released from NJ (Fig. 3.3).  That is, the larvae released inshore begin to 

experience longer total along-shore drifting at an earlier time than those released offshore, 

as those larvae are mostly transported along the NJ or DMV shelves. This phase 

difference between the inshore and offshore larvae in the seasonal signal of their along-

shore transport also suggests the importance of across-shelf movement of larvae 

permitting larvae to experience different along-shore current conditions and thus different 

along-shore transport and connectivity patterns.  

No significant seasonal signal was found for SVA in the residuals of larval along-

shore drifting distances after the wind-driven component was removed. One possibility is 

that the wind-driven along-shore current in SVA already has a significant seasonal 

variation, as the direction of the wind component that drives the along-shore current was 

observed to be close to the direction of the largest variation in seasonal wind and thus this 

wind component drives significant seasonal variation to the along-shore flow (Lentz, 

2008b). In this study, the wind-induced larval along-shore drifting distances themselves 

have significant seasonal variations, and the removal of wind contribution from the 

original data also removes or reduces the seasonal signal in the residuals of larval along-

shore drifting. The across-shelf density gradient off the SVA shelf also influences the 

along-shore current and the degree of larval along-shore drifting, but is not the main 

factor causing seasonal variations.  
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3.4.3 Larval across-shelf movement 

On the MAB shelf during the stratified season, a wind-driven across-shelf 

circulation pattern consistent with coastal upwelling/downwelling episodes is well 

documented; that is, the upwelling- (downwelling-) favorable wind causes surface layer 

offshore (onshore) transport and bottom layer onshore (offshore) transport (Lentz, 2001; 

Kohut et al., 2004; Dzwonkowski et al., 2009; Gong et al., 2010). Surfclam larvae are 

transported passively in the horizontal direction, thus their across-shelf transport is 

expected to follow the across-shelf circulation. Larval vertical swimming behavior, 

however, is critical in determining the larval across-shelf transport pattern by modifying 

the larval vertical distribution relative to the reversing layer, thus exposing larvae to 

different across-shelf current patterns. When larvae are concentrated in the surface 

(bottom) layer, an upwelling-favorable wind generally causes larval offshore (onshore) 

movement and downwelling-favorable wind causes onshore (offshore) transport.  

Larval vertical swimming behavior, as defined in the model, is mainly dependent 

on the water temperature and larval size (see the 2nd chapter in this thesis). Larvae tend to 

swim in the vertical to get close to their most suitable temperature range of ~20-21 oC, 

but a countervailing sinking rate also increases with increased larval size. These two 

factors, however, are not completely independent as the water temperature experienced 

by larvae also determines growth rate and hence larval size.  

Here the main focus is on the effects of water temperature. The water temperature 

at the reversing depth where the across-shelf current reverses direction is assumed to be 
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the lower limit of surface water temperature, and is used as the criterion for defining 

surface layer temperature. The regression of the depth difference (larval depth minus the 

reversing depth) with the water temperature at the reversing depth shows an inverse 

linear relationship between these two variables for all larvae at all times within the MAB 

shelf (Fig. 3.8). This mean trend indicates that as the surface water temperature increases, 

larvae tend to be deeper in the water column relative to the reversing depth, and vice 

versa.  

This regression provides a critical value of water temperature (Table 3.2), defined 

as the value corresponding to the zero depth difference in the regression, such that when 

the water temperature at the reversing depth is greater than the critical value, larvae will 

concentrate below the reversing depth in the bottom layer, and vice versa. It is worth 

noting, however, that water temperature not only affects larval vertical distribution in a 

direct way, but also in an indirect way by influencing first larval growth and hence size, 

and then the larval vertical position. Therefore, the relationship between larval vertical 

distribution and water temperature revealed by these simulations is not purely linear, and 

the critical value obtained here from the linear regression analysis is only a statistical 

estimate, not a deterministic forcing factor.  

Observational studies of the vertical distribution of surfclam larvae and their 

across-shelf transport show different patterns between the SVA shelf (Garland and 

Zimmer, 2002; Garland et al., 2002; Shanks et al., 2002; Shanks et al., 2003) and the NJ 

shelf (Ma and Grassle, 2004; Ma, 2005; Ma et al., 2006a). Off NJ, across the LEO-15 

transect in July of 1997 and 1998, surfclam larvae were observed to mainly concentrate 

above the thermocline and to follow the surface layer horizontal water movement, while 
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off SVA in August of 1994 larvae were observed to mainly concentrate below the 

thermocline and follow the bottom layer horizontal water movement.  

Model results for 2006 produce the same patterns as observed for larvae on both 

the NJ and SVA shelves in the same months (Fig. 3.5, 3.6). One possible mechanism in 

causing such differences in vertical distribution and across-shelf movement is the water 

temperature at the reversing depth. Model results show that the mean water temperature 

at the reversing depth on the NJ shelf in July of 2006 was around 17 oC, a value lower 

than the critical value of water temperature of 19.0 oC (Table 3.2), and accordingly larvae 

were mostly found close to or above the reversing depth and observed to follow the 

surface layer across-shelf water movement.  

Off SVA in August of 2006, the mean water temperature at the reversing depth 

was around 22 oC, higher than the critical value, and as a result larvae were mostly found 

below the reversing depth and observed to follow the bottom layer across-shelf flow. In 

the observational studies, the thermocline temperature on the NJ shelf in mid-July of 

1998 was around 16 oC (Ma et al., 2006a), lower than the critical value, and larvae 

congregated in the surface layer, whereas the temperature of the thermocline off SVA in 

late August of 1994 was around 18.5~22 oC (Austin, 1999; Garland et al., 2002; Shanks 

et al., 2002; Shanks et al., 2003), close to or higher than the critical value, and larvae 

were observed to congregate in the bottom layer.  

Thus, the cause of the difference in the vertical distribution of surfclam larvae and 

their across-shelf transport pattern between larvae off NJ and SVA is likely differences in 

water temperature at the reversing depth. The critical value is 19 oC from the modeling 



	
  

	
  
	
  

78	
  

results instead of 21 oC as described in the larval model in chapter 2. This is the result 

from the combined effects of larval swimming and sinking behaviors. Larval swimming 

behavior is defined to be able to enable larvae to swim close to 21 oC, their most suitable 

temperature, but larval sinking behavior decreases the mean larval depth so that 19 oC 

becomes the critical value. 

Analysis of model results show that about 60.7%, 69.4% and 77.2% of surfclam 

larvae released off NJ, DMV, and SVA shelves respectively are below the reversing 

depth when the water column is stratified. In the summer months (June-August) when 

upwelling-favorable winds generally dominate, larvae on the NJ, DMV, and SVA shelves 

mostly experience onshore transport. This also explains the previous finding that, for 

larvae released from NJ, which are mainly transported along the NJ and DMV shelves, 

and larvae released from DMV, which are mainly transported along the DMV and SVA 

shelves, a total larval transport in the onshore direction is more prevalent (Fig. 3.3k, l).  

 

3.5 Summary 

In this study, a physical circulation model covering the Middle Atlantic Bight, 

Georges Bank and Gulf of Maine was coupled to a surfclam larval model to investigate 

variations in larval transport and settlement in 2006, and also to investigate the primary 

physical mechanisms causing such variations.  Model results show that the highest larval 

settlement rate occurs when larvae are released during July to early October, 

corresponding to higher average temperatures experienced by the larvae (ATEL).  
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Larval along-shore transport exhibits a mean downstream pattern following the 

mean coastal current from the northeast to the southwest, with the maximum 

southwestward transport occurring for the August releases. Most high-frequency (periods 

of 2~10 days) variations in along-shore larval transport were associated with changes in 

the along-shore surface wind stress, whereas the seasonal variation seems to be mainly 

driven by changes in the across-shelf density gradient. A forward phase shift in the 

seasonal signal was observed to occur from inshore to offshore larvae, with the offshore 

larvae experiencing maximum southwestward along-shore drift later than the inshore 

larvae by around 20 days. This result indicates the importance of larval across-shelf 

movement in affecting the larval along-shore transport and connectivity pattern.  

In the across-shelf direction, larvae released from the New Jersey, Delmarva and 

South Virginia shelves mostly experience onshore transport during the summer months 

when upwelling-favorable winds dominate. This is consistent with another finding that 

most surfclam larvae are found in the bottom layer most of time during the summer-

stratified season, following the onshore water movement generated by upwelling-

favorable wind forcing. Two mutually dependent factors, water temperature and larval 

size, affect the larval vertical distribution through their influence on larval vertical 

swimming and sinking behaviors. Statistical estimates based on all larvae released within 

the Middle Atlantic Bight shelf during the stratified season show a critical value of water 

temperature at 19.0 oC, such that when the water temperature at the thermocline is above 

this critical value, surfclam larvae tend to escape the warm surface layer to concentrate 

below the thermocline and follow the bottom layer across-shelf movement, and vice 

versa.  
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These results are consistent with observations of larvae on the New Jersey (NJ) 

and South Virginia (SVA) shelves in their vertical distribution and across-shelf 

movement patterns. This critical value theory of water temperature also successfully 

explains the observed difference in larval vertical distribution and across-shelf movement 

patterns between larvae observed on the NJ shelf in July of 1997 and 1998, where 

surfclam larvae were found close to or above the thermocline in the vertical and follow 

the surface layer across-shelf movement, and on the SVA shelf in August of 1994, where 

surfclam larvae were observed to be mostly below the thermocline and therefore to 

follow the bottom layer across-shelf movement.  

This confirms the importance of water temperature not only in determining 

surfclam larval settlement rate but also in affecting their vertical distribution, across-shelf 

transport, and also along-shore transport. All these results provide an important insight 

into the general mechanism of how physical environmental factors interact with the 

biological behavior to influence larval transport, population connectivity, and population 

dynamics, while also providing a mechanism by which climate variability and change 

may significantly impact benthic species and coastal ecosystems. 
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Table 3.1 Linear regression and seasonal models of along-shore larval daily drifting distances 

 

Regions 

Linear regression model (M1) a Seasonal model (M2) b 

Correlation 

coefficient c 

Model parameters ± 95% 

confidence intervals 
 

p-value 

Model parameters ± 95%  

confidence intervals 
 

p-value 

Intercept (B1) Coefficient (B2) Amplitude (A, in km) Period (T, in days) 

NJ shelf 0.60 -4.45 ± 0.70 95.39 ± 19.74 0.357 <10-10 4.21 ± 0.74 147.4 ± 12.45 0.282 <10-10 

DMV shelf 0.65 -6.36 ± 0.93 143.40 ± 25.74 0.419 <10-10 3.50 ± 1.17 159.2 ± 32.93 0.101 5.77x10-7 

NC shelf 0.61 -6.29 ± 1.03 130.07 ± 25.63 0.373 <10-10 1.81 ± 0.88 174.7 ± 50.25 0.036 0.1007 

a) Linear regression models (M1: d_al_m1 = B1 + B2 * wstr_al) between along-shore larval daily drifting distances (d_al) and 

along-shore surface wind stress (wstr_al) for larvae in different regions, 

b) Seasonal models (M2: d_al_m2 = A*sin(2*pi/T * t)) of the linear regression model residuals (res = d_al – d_al_m1) with time (t, 

in days), using the least-squares best fit.  

c) Correlation between the along-shore larval daily drifting distances and the along-shore wind stress in different regions. 

d) Variables included: wstr_al, along-shore wind stress; d_al_m1, along-shore larval daily drifting distances simulated by linear 

regression models; d_al_m2, along-shore larval daily drifting distances simulated by seasonal models; T, seasonal cycle period; t, 

days in the year. 
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Table 3.2 The 2-layer linear regression model (M3) of across-shelf larval daily drifting distances with the mean along-shore surface 

wind stress 

Regions Model expressions (M3) a 
 

p-value 
Critical water 
temperature b (oC) 

NJ shelf d_cr_M3 = 0.44 – 35.60*wstr_al – 38.68 * Li* wstr_al 0.53 <1x10-10 

19.0 
DMV 
shelf 

d_cr_M3 = -0.11 + 5.36*wstr_al – 28.42 * Li* wstr_al 0.52 <1x10-10 

SVA shelf d_cr_M3 = -0.31 + 2.66*wstr_al – 40.89 * Li* wstr_al 0.38 <1x10-10 

a) The 2-layer linear regression model (M3) between the mean across-shelf larval daily drifting distances (d_cr) and the mean along-

shore surface wind stress (wstr_al) for larvae in inshore waters (depth < 20 m) on different shelf regions. The linear regression 

model equations have different coefficient values. Li is the dummy variable indicating whether larvae are located in the upper layer 

or bottom layer. Li = 1 when larvae are in the upper layer, or the larval depth is shallower than the across-shelf current reversing 

depth, while Li = -1 when larvae are in the bottom layer, or the larval depth is deeper than the across-shelf current revering depth; 

b) The water temperature at the across-shelf current reversing depth.  
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Figure 3.1 Map of the arbitrarily chosen NJ, DMV, and SVA shelf regions (as shaded) for 

the analysis of variation in the along-shore and across-shelf larval daily movement. These 

regions cover the corresponding shelves from the coast to at least 60-m isobath. The 

black-dot-line indicates the approximate along-shore direction, which is used as the 

reference line relative to which the along-shore and across-shelf daily drifting distances 

and along-shore and across-shelf wind stresses are calculated. The 20-, 40-, 60-, 100- and 

1000-m isobaths are shown in gray lines. 
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Figure 3.2 Intra-annual and spatial variations of ATEL (in oC, Panel a-2), larval 

settlement rate (in percentage, Panel b-2), along-shore larval drifting distances (in kms, 

positive values indicate along-shore southwestward drifting, Panel c-2) and across-shelf 

larval drifting distances (in kms, positive values indicate onshore drifting, Panel d-2) for 

larvae released from different regions at different times in 2006. Inside those panels, the 

x-axis indicates different release times, the y-axis indicates different release regions, and 

the colorbar on the right indicates the values of each variable. The black lines in panels a-

2 and b-2 enclose those larval releases with ATEL higher than 18 oC. Inside panels of a-1, 

b-1, c-1 and d-1, the curves show the mean of each variable among releases from all 

regions at each release time (+/- standard deviation), while inside panels of a-3, b-3, c-3 

and d-3, the curves show the mean among releases at all times from each region (+/- 

standard deviation). 
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Figure 3.3 Intra-annual and across-shelf variations of ATEL (in oC, panel a, b, c), larval 

settlement rate (in percentage, panel d, e, f), mean along-shore larval drifting distances 

(in kms, positive values indicate along-shore southwestward drifting, panel g, h, i) and 

mean across-shelf larval drifting distances (in kms, positive values indicate onshore 

drifting, panel j, k, l) for larvae released in 2006 from different depths in regions of LI 

(panel a, d, g, j), NJ (panel b, e, h, k), and DMV (panel c, f, i, l). The x-axis shows the 

across-shelf depth ranges for each 1-m interval, and the y-axis shows the different release 

times from May 21st to October 16th in 2006.  The black lines in the left two columns of 

panels (panel a-f) indicate the 18 oC ATEL contour line, enclosing those larval releases 

with ATEL higher than 18 oC. 
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Figure 3.4 Panel a: Plots of temporal variations of the along-shore surface wind stress 

(wstr_al, in black line) and along-shore larval drifting distances (d_al, in gray line) for 

larvae off NJ. Panel b: Plots of the linear model residuals with the wind-induced 

component removed (res, in gray line) and the simulated seasonal cycle signal (d_al_m2, 

in black line), for larvae off NJ. Panel c: Similar to panel c, the linear model residuals (r, 
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in thin lines) and the simulated seasonal cycle signal (d_al_m2, in thick lines), 

respectively for inshore NJ larvae (0~30 m, in gray lines) and offshore NJ larvae (30~60 

m, in black lines). 
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Figure 3.5 Panel a: Temporal variations of the mean along-shore surface wind stress 

(wstr_al, in N*m-2, blue line) and across-shelf daily larval drifting distances (d_cr, in 

kms, green line) for larvae on the New Jersey (NJ) inshore shelf (depth < 20 m, Fig. 3.1). 

The x-axis indicates the actual dates in 2006 (note: these dates are not the release dates 

used in previously), the left y-axis in blue indicates the values of along-shore surface 

wind stress (in N*m-2), and the right y-axis in green indicates the values of across-shelf 

daily larval drifting distances (in kms). The shaded region in either gray or blue indicates 

the period when the stratification index is > 0.2 (see panel b), with the gray portion 

indicating the period when the mean larval depth is shallower or close to the reversing 

depth, and blue portion indicating the period when the mean larval depth is deeper than 

the reversing depth. Yellow highlighted text labels the correlation coefficients between 

d_cr and wstr_al within each period. Panel b: Temporal variations of the mean larval 

depth (in meters, green line with colored stars), mean across-shelf current reversing depth 

(in meters, green line with colored dots) and mean water stratification index (in values 
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between 0 and 1, blue dotted line) for larvae on the New Jersey (NJ) inshore shelf (depth 

< 20 m, Fig. 3.1). The x-axis indicates the actual dates in 2006, the left y-axis in blue 

color indicates the values of the water stratification index and the right y-axis in green 

indicates the values of both the reversing depth and larval depth. The colored dots along 

the mean reversing depth curve indicate the mean water temperatures (in oC) at those 

depths, scaled by the colorbar on the right (see the labels on the left of colorbar). The 

colored stars along the mean larval depth curve indicate the water temperature at those 

depths, also scaled by the colorbar on the right (see labels on the right of the colorbar). 

The gray and blue shading has the same meaning as panel a. 
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Figure 3.6 Panel a: Temporal variations of the mean along-shore surface wind stress 

(wstr_al, in N*m-2, blue line) and across-shelf daily larval drifting distances (d_cr, in 

kms, green line) for larvae on the South Virginia (SVA) inshore shelf (depth < 20 m, Fig. 

3.1). The x-axis indicates the actual dates in 2006 (note: these dates are not the release 

dates used previously), the left y-axis in blue indicates the values of along-shore surface 

wind stress (in N*m-2), and the right y-axis in green indicates the values of across-shelf 

daily larval drifting distances (in kms). The shaded region in either gray or blue indicates 

the period when the stratification index is > 0.2 (see panel b), with the gray portion 

indicating the period when the mean larval depth is shallower or close to the reversing 

depth, and blue portion indicating the period when the mean larval depth is deeper than 

the reversing depth. Yellow highlighted text labels the correlation coefficients between 

d_cr and wstr_al within each period. Panel b: Temporal variations of the mean larval 

depth (in meters, green line with colored stars), mean across-shelf current reversing depth 



	
  

	
  
	
  

91	
  

(in meters, green line with colored dots), and mean water stratification index (in values 

between 0 and 1, blue dotted line) for larvae on the South Virginia (SVA) inshore shelf 

(depth < 20 m, Fig. 3.1). The x-axis indicates the actual dates in 2006, the left y-axis in 

blue color indicates the values of the water stratification index, and the right y-axis in 

green indicates the values of both the reversing depth and larval depth. The colored dots 

along the mean reversing depth curve indicate the mean water temperatures (in oC) at 

those depths, scaled by the colorbar on the right (see the labels on the left of colorbar). 

The colored stars along the mean larval depth curve indicate the water temperature at 

those depths, also scaled by the colorbar on the right (see labels on the right of the 

colorbar). The gray and blue shading has the same meaning as panel a. 
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Figure 3.7 The offshore progression of the mixing front on the NJ shelf from Aug. 15th 

(panel a) to Sep. 5th (panel b), Sep. 25th (panel c) and Oct. 15th (panel d) in 2006. The 

across-shelf temperature is indicated by the colorbar down the left corner of panel a. X-

axis indicates the across-shelf distances in kms from the coast. Y-axis indicates the water 

depth in meters. The black lines inside each panel indicate the 18 oC (above one) and 13 

oC (below one) isotherm lines. The black line in the inset panel, bottom left of panel b, 

shows the locations of the NJ across-shelf transect shown in this figure.  
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Figure 3.8 Depth difference (larval depth minus the across-shelf current reversing depth, 

in m, y-axis) versus water temperature at the reversing depth (in oC, x-axis) for larvae 

within MAB (NJ, DMV, and SVA). The black line indicates the linear regression between 

these two variables. Positive values along the y-axis indicate that the larvae are above the 

reversing depth in the upper layer, while negative values indicate that the larvae are 

below in the bottom layer. The black star indicates the point of depth difference being 

zero, and the corresponding water temperature at reversing depth (critical water 

temperature), as also shown in Table 3.2. 
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CHAPTER 4. MEAN AND SEASONAL HEAT BUDGET IN THE MIDDLE 

ATLANTIC BIGHT AND ASSOCIATED PHYSICAL MECHANISMS   



	
  

	
  
	
  

95	
  

4.1 Introduction 

The Middle Atlantic Bight (MAB) refers to the continental shelf off the 

northeastern United States coast bounded by Cape Hatteras, North Carolina to the south 

and Cape Cod, Massachusetts to the north, and ranging from the coast to around the 100 

m isobath shelf break (Beardsley and Boicourt, 1981). It is a biologically productive 

region, being habitat for many species from invertebrates to marine fish (Council, 2005). 

In the previous two chapters, we introduced the Atlantic surfclam, Spisula solidissima, 

and showed that variations in the MAB physical environment play an important role in 

affecting its larval transport and connectivity.  

Among the physical environmental drivers, shelf water temperature and its 

variation have been shown in many studies to influence the local ecosystem and marine 

species in the MAB (Szedlmayer et al., 1992; Rose, 2005; Manderson, 2008; Nye et al., 

2009) (also see the 2nd chapter in this thesis). The shelf water temperature in the MAB 

displays large seasonal variation (Bigelow, 1933) and also a long-term warming trend 

over the past 100 years (Shearman and Lentz, 2010). Generally, the surface air-sea net 

heat flux is thought to be the dominant factor in determining the water temperature 

variation, with solar heat input warming the ocean in spring and summer, and latent and 

sensible heat losses cooling the water column during fall and winter (Austin, 1999; 

Austin and Lentz, 1999; Lentz et al., 2003; Lentz, 2010; Lentz et al., 2010).  

The long-term mean surface heat flux over the MAB shelf is positive with a 

magnitude of about 10 W m-2, indicating a net warming effect to the shelf water 

(Beardsley and Boicourt, 1981; Joyce, 1987). However, the observed long-term shelf 

water temperature increase is much less than that indicated by the surface heat flux net 
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warming. Thus there has to be some lateral process in the ocean to cool down the water 

column and balance the heat budget (Lentz, 2010).  

Observational studies show that in the MAB the near-surface water temperature 

responds primarily to the seasonal cycle of surface heating/cooling, while the deep waters 

are primarily influenced by advection of cold waters from the cold pool in the north 

during spring/summer and by vertical mixing during fall (Houghton et al., 1982; Castelao 

et al., 2008). Shearman and Lentz (2010) found that the along-shore transport mechanism 

associated with the mean coastal current system running from Labrador in the north to 

Cape Hatteras in the south is the main factor controlling the MAB long-term (>100 years) 

temperature changes, not the local air-sea heat exchange. All of these studies support the 

conclusion that horizontal heat advection also plays a role in water temperature variations 

in the MAB. 

Lentz (2010) investigated the contribution of along-isobath heat advection 

resulting from the mean, barotropic along-isobath flow acting on the mean, depth-

averaged along-isobath temperature gradient, and found that it balanced the mean surface 

heat flux estimated from a 50-yr National Center for Environmental Prediction (NCEP) 

reanalysis product, but was too large to balance the mean surface heat flux estimated 

from the Objectively Analyzed Air-Sea Fluxes (OAFlux) product spanning 1984-2004. 

The latter result suggests a potential across-shore heat flux convergence to complete the 

heat balance. 

Across-shore heat advection is known to be one important source of 

cooling/warming through the coastal upwelling/downwelling mechanism, transporting 
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warm surface water offshore/inshore, and cold bottom water inshore/offshore (Lentz, 

1987; Dever and Lentz, 1994; Austin, 1999; Fewings and Lentz, 2011). However, there is 

also another source of across-shore heat advection, which is due to the mean, barotropic 

across-isobath flow acting on the mean, depth-averaged across-isobath temperature 

gradient. This component of the heat budget has rarely been examined before.  

The main objectives of this study are, first, to determine which term(s) in the heat 

budget control the MAB water temperature variation, and, second, to examine the 

underlying physical mechanisms over various time scales from days and weeks to years. 

Lastly, the along-shore and across-shore components of the horizontal heat advection will 

be examined and their relative contributions to the total heat budget compared.  

In the following, section 4.2 will introduce the implementation of the physical 

circulation model, including the methods used in computing different heat budget terms 

and in separating horizontal heat advection into both its along-shore and across-shore 

components. Section 4.3 will show the results of the mean and seasonal variations of the 

different budget terms, and examine their relative importance. Summary and discussion 

of results will be given in sections 4.4 and 4.5. 

 

4.2 Methods 

4.2.1 Model configuration 

As introduced in Chapter 2, a physical circulation model (hereafter called 

MABGOM) incorporating the Middle Atlantic Bight, Georges Bank and the Gulf of 

Maine has been implemented based on the Regional Ocean Modeling System (ROMS, 
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www.myroms.org). ROMS is a free-surface, terrain-following, primitive equation ocean 

model widely used by the scientific community for various both coastal and deep ocean 

applications (Budgell, 2005; Warner et al., 2005; Zhang et al., 2009; Aristizabal and 

Chant, 2013). In this study, the model domain encompasses the U.S northeastern coast, 

bounded by Cape Hatteras, NC to the southwest and Nova Scotia, Canada to the northeast, 

covering shelves of South Virginia (SVA), Delmarva (DMV), New Jersey (NJ), Long 

Island (LI), South New England (SNE) and Georges Bank (GBK) (Fig. 1.1). The 

resulting computational grid has a horizontal resolution of 8~12 km and 36 layers in the 

vertical.  

Following Chen and He (2010), MABGOM was forced on its lateral open 

boundaries by  another global ocean circulation model HYCOM/NCODA (Bleck, 2002), 

which provides boundary and initial conditions for temperature, salinity, barotropic and 

baroclinic velocities. Net biases in temperature and salinity were found in the HYCOM 

mean field inside MABGOM when compared with the long-term mean climatology 

temperature/salinity data (Fleming and Wilkin, 2010), and corrected HYCOM boundary 

data were used to force MABGOM (see the 2nd chapter in this thesis for more details). 

Chapman (1985) and Flather (1976) open boundary conditions are applied on the model 

boundaries for sea level elevation and the barotropic component of velocity respectively. 

Sea level elevation was forced by tidal harmonic variability (seven components: K1, O1, 

Q1, M2, S2, N2, K2) extracted from a regional advanced circulation model for oceanic, 

coastal and estuarine waters (ADCIRC) simulation (Mukai et al., 2002). 

Surface atmospheric forcing was applied via bulk formulas (Fairall et al., 2003), 

using ocean boundary layer winds, temperature, humidity, and air pressure from National 
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Centers for Environmental Prediction (NCEP) hindcast data, and ROMS sea surface 

temperature and currents to compute air-sea momentum and heat (sensible, latent and 

longwave) fluxes. A 20% positive bias in 2006 to 2009 incoming shore-wave radiation 

from NCEP data was found when compared with observation data (Wang et al., 2012)  

(see also the 2nd chapter in this thesis). Thus corrected NCEP incoming shortwave 

radiation with 20% reduction was used to force the model. River discharge forcing was 

applied through 12 rivers flowing into the model domain, with data obtained from the 

U.S. Geological Survey (USGS).  A four-year simulation from 2006 to 2009 was 

conducted in association with the previous surfclam larval transport study, outputting the 

daily oceanic state (temperature, salinity, sea surface heights, currents, etc.) and 

diagnostic heat budget terms (see section 4.2.2).  

 

4.2.2 Heat budget calculation 

The ROMS model is developed based on the primitive fluid equations, conserving 

mass and tracers (e.g. temperature and salt) for each model grid box. ROMS on-line 

software computes and outputs various diagnostic terms for each grid box, including 

momentum balance terms, heat/salt budget terms, etc. In this study, we take advantage of 

this ROMS functionality to calculate the heat budget terms at each grid box in the model 

domain.  

The heat balance equation for the whole vertical column in each grid box is 

indicated by equation 4.1. The 1st term represents the net heat content rate of change for 

the whole water column (dT/dt), the 2nd term the vertically integrated horizontal 
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advection (temp_hadv), the 3rd term the vertically integrated horizontal diffusion 

(temp_hdiff), and the 4th term the net surface heat transfer between ocean and atmosphere 

(Q_net), all in the units of W⋅m-2. In our model simulation, the daily averaged heat 

budget terms are computed and stored for year 2006 through 2009.  
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(4.1) 

To study the mean state of the heat balance, the four-year mean heat budget terms 

for each grid box were calculated and their relative magnitudes were compared. Similarly, 

to study the seasonal variation of these heat budget terms, their seasonal means were 

calculated for each season over all four years, e.g. the spring mean is the mean taken over 

four springs in four years. 

To study the spatial variation of different heat budget terms in the along-shore and 

across-shore directions, the 20-m isobath along the MAB shelf, and two across-shore 

lines off NJ and DMV respectively were chosen (Fig. 4.1), where the four-year mean and 

seasonal means of different heat budget terms are computed.  

 

4.2.3 Along/Across-shore horizontal heat advection 

To examine the relative importance of the along-shore and across-shore 

components of horizontal heat advection, the horizontal heat advection term (2nd term in 

equation 4.1, temp_hadv) was separated into components in the along-shore and across-

shore directions. Here on the NJ and DMV shelves, we define the across-shore direction 
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to be along the chosen across-shore sections (purple lines in Fig. 4.1), while the along-

shore direction is defined to be perpendicular to the across-shore profile. A new along-

shore/across-shore coordinate system was established, with along-shore northeastward (x 

positive) and across-shore towards the shore (y positive).  The separation of horizontal 

heat advection is shown in equation (4.2), with the 2nd term representing along-shore heat 

advection (al) and 3rd term the across-shore (ac). 
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Defining 
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(4.3) 

to be the vertical averaging operator for the whole water column in each grid box, then, 

we write: 

 

 

T = T + !T
u= u + !u
v= v + !v  

(4.4) 

where  !T  ,  !U  ,  !V  indicate the depth-varying part of the temperature, along-shore and 

across-shore velocity respectively.  

Inserting (4.4) into (4.2), we get: 
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(4.5) 

Inside (4.5), the 
 
T * −∇⋅(v

!
)

−h

zeta

∫ dz  term indicates the horizontal heat advection 

due to the horizontal volume convergence/divergence. Also,  

 
 

d(zeta)
dt

= −∇⋅(v
!
)

−h

zeta

∫ dz
 

(4.6) 

Over a long time period, the magnitude of the mean surface height change rate is 

small and close to zero, as is 
 

−∇⋅(v
!
)

−h

zeta

∫ dz . Thus the long-time averaged 

 
T * −∇⋅(v

!
)

−h

zeta

∫ dz in (4.5) is also close to zero.  

In this study, we examine the other terms: 

 
al = al _heat _bar + al _heat _ var
ac = ac_heat _bar + ac_heat _ var  

(4.7) 

where al and ac indicate corresponding along-shore and across-shore heat advection, 

defined as: 
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al _heat _bar = − u
∂ T
∂x−h

zeta

∫ dz = − u
∂ T
∂x

(zeta + h),

al _heat _ var = − ∂( !u !T )
∂x−h

zeta

∫ dz,

ac_heat _bar = − v
∂ T
∂y−h

zeta

∫ dz = − v
∂ T
∂y

(zeta + h),

ac_heat _ var = − ∂( !v !T )
∂y−h

zeta

∫ dz,

 (4.8) 

Here al _heat _bar and ac_heat _bar indicate the along-shore and across-shore 

horizontal heat advection due to horizontal depth-averaged current acting on the 

horizontal depth-averaged temperature gradient (hereafter referred to as “barotropic”), 

while al _heat _ var and ac_heat _ var indicate the along-shore and across-shore parts 

due to depth-varying currents acting on the depth-varying temperature (“baroclinic”). 

Their means and seasonal variation will be examined on the NJ and DMV shelves.  

 

4.3 Results 

4.3.1 Mean heat balance 

4.3.1.1 Spatial variation 

On average within 4 years (2006-2009), for the whole water column integrated 

from the surface to the bottom, the net surface heat input (Q_net) generally balances the 

horizontal heat advection (temp_hadv) on the shelf (Fig. 4.2a, b). Horizontal diffusion 

(temp_hdiff) is only significant around the shelf break and the edge of Georges Bank 

where the bathymetric change is sharp (Fig. 4.2c). The vertically integrated vertical 

advection ( −∇v ⋅(vT )dz∫ ) and vertical diffusion ( Av ⋅∇v
2 (T )dz∫ ) do not input or output 
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heat to the water column as a whole (not shown here), although they do play important 

roles in the vertical heat transfer within the water column. The net heat change (dT/dt) in 

the water column during the four years (2006-2009) is small (<10 W⋅m-2), equivalent to 

small net water temperature changes within these four years (Fig. 4.2d). The regions of 

DMV, SNE and GBK have the largest magnitudes of Q_net and temp_hadv, but still 

nearly zero net dT/dt after balancing with each other. 

Along the 20 m isobath in the along-shore direction (Fig. 4.3), the long-term mean 

of the net surface heat input (Q_net) and the horizontal heat advection (temp_hadv) 

generally balance each other. Their magnitudes are larger in the SNE and SVA regions 

compared with those at other regions (DMV, NJ, LI). In comparison, the horizontal 

diffusion (temp_hdiff) term along the 20-m isobath is much smaller in magnitude in all 

regions. 

The difference between the NJ inshore and offshore regions in the four-year mean 

heat budget terms is not evident (Fig. 4.4, upper panel), with net surface heat input 

balancing horizontal heat advection, and horizontal heat diffusion much smaller in 

magnitude. The same also applies on the Delmarva shelf (Fig. 4.4, lower panel), except 

that the horizontal heat diffusion has a larger magnitude in the offshore region close to 

50m~60m isobaths where the bathymetry changes are sharp.  

 

4.3.1.2 Horizontal advection components 

Following the method introduced in section 4.2.3, the horizontal heat advection 

term was separated into its along-shore (al) and the across-shore (ac) components. On 
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both the NJ and DMV shelves, the four-year mean state shows that the along-shore heat 

advection (al) is negative (red curves in Fig. 4.5) while the across-shore part (ac) is 

positive (blue curves in Fig. 4.5). Adding them together, the sum is largely negative 

(green curves in Fig. 4.5), indicating that horizontal heat advection is cooling the water 

column. However, the broad shaded regions in Figure 4.5 for both along-shore (red-

shaded) and across-shore (blue-shaded) heat advection indicate large temporal variance; 

thus their means are not statistically different from zero. On both the NJ and DMV 

shelves, the magnitudes of both mean al and ac at inshore regions are smaller than those 

at offshore regions, as are their variances. 

Further splitting the horizontal along-shore and across-shore heat advection into 

the barotropic and baroclinic parts, as described in section 4.2.3, their relative 

contributions may be examined. The four-year mean state (Fig. 4.6) shows that the along-

shore barotropic part (al_heat_bar, − u *∂ T ∂xdz∫ ) is negative and the across-shore 

barotropic part (ac_heat_bar, − v *∂ T ∂ydz∫ ) is positive for both NJ and DMV 

shelves, while the along-shore baroclinic part (al_heat_var,
 
− ∂( !u !T ) ∂x∫ dz ) is mostly 

positive or close to zero and the across-shore baroclinic part (ac_heat_var,

 
− ∂( !v !T ) ∂y∫ dz ) mostly negative on both shelves.  

Comparing with the previous findings of the along-shore and across-shore heat 

advections (al = al_heat_bar + al_heat_var, ac = ac_heat_bar + ac_heat_var), we 

further conclude that the along-shore barotropic part term is dominant among the along-

shore terms and outweighs al_heat_var to make the four-year mean al negative, while the 
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ac_heat_bar term dominates and outweighs al_heat_var to make ac positive. On both the 

NJ and DMV shelves, the magnitudes of al_heat_bar and ac_heat_bar at offshore 

regions are larger than those at inshore regions, indicating larger influences of horizontal 

barotropic currents acting on the depth-averaged temperature gradient at offshore regions. 

 

4.3.2 Seasonal variation  

The MAB and GBK water columns warm in both spring and summer, mostly due 

to the contribution of increased net heat flux from the atmosphere into the ocean (Fig. 

4.7). During fall and winter, the cooling effects mainly due to the net heat flux from 

ocean into the air are dominant. The depth-integrated temp_hadv is largely negative in all 

seasons, indicating a net cooling effect due to horizontal advection. This cooling effect is 

stronger during spring and summer and weaker during fall and winter. In all four seasons, 

the warming or cooling of the water column is consistent with the sign of the net surface 

heat flux, whether it is in the direction into the ocean or out of the ocean, with the 

horizontal advection cooling effect only modifying the warming or cooling magnitude 

(Fig. 4.8).  

During all four seasons along the 20 m isobath (Fig. 4.8), the negative temp_hadv 

decreases its magnitude from south to the north until SNE where it reverses to become 

more negative. Q_net decreases in value from south to the north until LI, and then 

increases going into SNE. The horizontal heat diffusion term is small during all four 

seasons (<10 W⋅m-2). 
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Once the horizontal heat advection is split into its along-shore and across-shore 

components, their seasonal variations are evident on both the New Jersey and Delmarva 

shelves. Off NJ (Fig. 4.9), the along-shore and across-shore heat advection terms have 

both smaller temporal means and variances during spring and winter when the water 

column is well mixed than those during summer and fall seasons when the water column 

is more stratified. Specifically, water stratification enhances the baroclinic horizontal heat 

advection, which further exhibits large temporal variation due to varying surface wind 

forcing. The temporal variations in offshore regions are relatively larger than those in 

inshore regions, indicating the potential impact of shelf break front variability.  

Off Delmarva (Fig. 4.10), both the temporal mean and variation of along-shore 

and across-shore heat advection have larger magnitudes during summer and fall when the 

water column is mostly stratified than those during the spring and winter seasons when 

the water column is well mixed. Similar to those on the NJ shelf, the temporal variations 

of heat advection in the Delmarva offshore region are much larger than those in inshore 

regions during all seasons.  

When along-shore and cross-shore advection is further split into “barotropic” 

( al _heat _bar , ac_heat _bar ) and “baroclinic” ( al _heat _ var , ac_heat _ var ) 

components as described in section 4.2.3, their seasonal variations are also evident on 

both the NJ and DMV shelves (Fig. 4.11, 4.12).  Off NJ (Fig. 4.11), during spring and 

winter seasons, all along-shore and across-shore heat advection terms are small with 

magnitudes less than 50 W⋅m-2, especially inshore. During summer and fall, these terms 

have larger magnitudes, with al_heat_bar being mostly negative and ac_heat_bar 
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positive. Term al_heat_var is mostly positive during both summer and fall, while 

ac_heat_var is mostly negative during summer and positive or close to zero during fall.  

Off DMV, al_heat_bar is negative and ac_heat_bar positive during spring, 

summer and fall. Their magnitudes are relatively larger during summer and fall when 

compared with spring. Terms al_heat_var and ac_heat_var only have relatively larger 

magnitudes during summer, with al_heat_var being positive inshore and negative 

offshore, while ac_heat_var is just the opposite, being negative inshore and positive 

offshore. During fall, al_heat_var and ac_heat_var have relatively larger magnitudes at 

offshore region, with al_heat_var being positive and ac_heat_var negative. 

 

4.4 Discussion and interpretation 

4.4.1 Surface heat flux 

The air-sea net heat flux is a combination of short-wave solar radiation into the 

ocean, long-wave radiation emission out of the ocean, and sensible and latent air-sea heat 

flux. The values of mean net surface heat flux on the SNE, GBK, DMV and SVA shelves 

are found to be relatively larger than those at the NJ and LI shelves (Fig. 4.2, 4.3). The 

large values of surface net heat flux into the ocean off SNE and GBK are mainly 

contributed by lower heat loss from sensible and latent heat flux out of ocean (Fig. 4.14).  

Significant tidally induced vertical mixing off SNE and GBK is well documented 

(Butman and Beardsley, 1987; Townsend and Pettigrew, 1997; Wilkin, 2006) which 

during the summer cools down the ocean surface and warms up the ocean bottom. The 

weak stratification off SNE and GBK is also evident in this modeling study, again due to 
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strong vertical mixing, and it is enhanced during summer when most MAB shelf water is 

stratified yet SNE and GBK water is still well mixed (Fig. 4.13). This mechanism helps 

to enhance the air-sea temperature difference and reduce the surface sensible and latent 

heat losses.  

A similar mechanism also explains the cooling along the MAB near-coast shelf 

during the fall season (Fig. 4.7), which is associated with mixing in the water column 

after the break-down of the MAB shelf thermocline, sinking the cooled surface water and 

raising the warm bottom water and thus enhancing the surface heat loss. In contrast, on 

the NJ and LI shelves where the water column is more stratified compared with SNE and 

GBK (Fig. 4.13), the sensible and latent heat flux and long-wave radiation have larger 

magnitudes, causing more heat loss from the ocean (Fig. 4.14).  

Large values of mean net surface heat flux on the DMV and SVA shelves, at the 

southern end of the model domain, are mainly due to the large shortwave solar radiation 

input into the ocean (Fig. 4.14). This emphasizes the obvious importance of solar 

radiation in affecting the heat in the water column, and underscores an important 

mechanism through which climate change might affect local water temperature by 

modulating the surface solar radiation into the ocean. Substantial decadal changes in the 

surface solar radiation have been well documented (Ohmura, 2009; Wild, 2009). Besides 

the variation of the earth’s axis position relative to the sun that causes the seasonal 

variation, surface solar radiation is directly related to the transparency of the atmosphere, 

which is further dependent on cloud cover, aerosols and radioactively active gases (Kim 

and Ramanathan, 2008). Under the current scenario of global climate change and 

increasing human effect on the global environment, the changes in these factors and 
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therefore in the surface solar radiation might be expected.  However, long-term change in 

the global-mean net air–sea heat flux is hard to detect due to large uncertainties in the 

observational air–sea heat flux data sets (IPCC, 2013). 

 

4.4.2 Horizontal heat advection 

Results show that the long-term mean horizontal heat advection is balanced with 

the surface heat flux while heat diffusion is relatively small, indicating the importance of 

horizontal heat advection in the heat balance. In this study we have separated the 

horizontal heat advection into its along-shore and across-shore components, with each 

component further separated into two parts, one part due to the horizontal depth-averaged 

flow acting on the horizontal depth-averaged temperature gradient (al_heat_bar and 

ac_heat_bar) and another part due to depth-varying currents acting on the depth-varying 

temperature gradient (al_heat_var and ac_heat_bar). On the New Jersey and Delmarva 

shelves, along-shore heat advection (al_heat_bar + al_heat_var) is negative and across-

shore (ac_heat_bar + ac_heat_var) is positive. The combined horizontal heat advection 

of both along-shore and across-shore components is negative, mainly contributed by the 

al_heat_bar component.  

The significance of al_heat_bar in contributing to the negative total horizontal 

heat advection is consistent with one important feature in the MAB, the “cold pool”, a 

distinctive, bottom-trapped cold volume of water, advected from SNE along-shore 

downstream to the NJ and DMV shelves and causing a negative heat flux to the 

downstream waters. This mechanism is most significant during the spring and summer 
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seasons, before fall and winter when stronger vertical mixing breaks down the “cold pool” 

feature (Houghton et al., 1982).  

Comparing al_heat_bar with the surface heat flux, it is found that the magnitude 

of al_heat_bar is too large to balance the surface heat flux, and the other three terms 

(al_heat_var, ac_heat_bar, ac_heat_var) are needed to exert a net warming effect to 

complete the balance. Of these three terms, ac_heat_bar is dominantly positive, 

indicating the across-shore heat convergence is necessary for the heat balance, which is 

consistent with the result in Lentz (2010) using the OAFlux product as the atmospheric 

forcing (see section 4.1).  

It is worth noting that the atmospheric forcing used in this study, from the 

National Center for Environmental Prediction (NCEP), yields a different result than that 

obtained by Lentz (2010) using the same product. The difference might be attributed to 

the different temporal lengths of NCEP data used and the temporal variation of surface 

solar radiation. Here, only four years (2006-2009) of NECP data are used while in Lentz 

(2010) the 50-yr-mean (1948-2000) NCEP data was used. Decadal changes in observed 

surface solar radiation are substantial (Ohmura, 2009; Wild, 2009). Specifically, a decline 

of surface solar radiation from widespread measurements in the 1950s until the mid-

1980s has been observed by many land-based sites (well known as ‘global dimming’) 

(Stanhill and Cohen, 2001; Liepert, 2002), and only a partial recovery from the 1980s 

onward (‘brightening’) (Wild et al., 2005). Thus in the 50-yr (1948-2000) NCEP mean 

data which assimilated the observational data and was used in (Lentz, 2010), the surface 

solar radiation is expected to have a larger magnitude than that in the 4-yr (2006-2009) 

NCEP data used in this study. It is therefore possible that in this study the surface air-sea 
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heat flux is not large enough to balance the horizontal heat advection, while in Lentz 

(2010) the surface air-sea heat flux from NCEP 50-yr data is large enough to complete 

the balance.  

Looking at the split (barotropic and baroclinic) heat advection terms off NJ and 

DMV (Fig. 4.6), it was found that the large magnitude of negative al_heat_bar mainly 

contributes to the negative total horizontal heat advection. This is different from what 

was found off SNE during summer by Fewings and Lentz (2011), that is, the across-shore 

heat advection is the main part cooling the water column, indicating a small along-shelf 

heat flux in the heat balance.  

That this difference might be attributable to innate regional differences could be 

tested by directly examining the same region of the SNE shelf as considered by Fewings 

and Lentz (2011).  However oceanic data interpolation from model grid points onto the 

along/across-shore profiles off SNE would be needed and mass and heat balances are 

hard to achieve from interpolated data. Besides the regional differences, different time 

scales might be another factor in causing the above different conclusions. In Fewings and 

Lentz (2011), the time scale is from weeks to months and the time window is during 

summer when the wind-induced upwelling is  persistently dominant. The upwelling-

associated across-shore heat advection due to depth-varying currents acting on the depth-

varying temperature gradients (ac_heat_var) should be negative with large magnitude 

during summer, which will be examined more in the next section, and might outweigh the 

along-shore heat advection. In this study, the conclusion of the importance of along-shore 

heat advection is based on the longer time scale of four-year (2006-2009).  
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4.4.3 Wind induced upwelling/downwelling effects 

Water stratification not only influences the surface air-sea surface heat flux as 

introduced in section 4.4.1, but also affects horizontal heat advection. When the water 

column is stratified, the baroclinic horizontal heat advection components (al_heat_var 

and ac_heat_var), begin to play more important roles in transporting heat, especially on 

time scales of weeks to months, to the inshore direction during coastal upwelling and 

offshore during downwelling. One example off the NJ near-shore region (<40km across-

shore distances) was shown in Figure 4.15, showing inshore (positive value) heat 

transport during one downwelling event (June 7th of 2006) and offshore (negative value) 

heat transport during one upwelling event (June 19th of 2006). This mechanism has also 

been well documented in many studies, and the across-shore heat transport is shown to be 

highly correlated with the surface wind forcing (Lentz, 1987; Dever and Lentz, 1994; 

Austin, 1999; Fewings and Lentz, 2011). As illustrated in Figure 4.16, because of the 

shallowness and relatively less significant stratification in the near-coast region 

comparing with the mid- and outer-shelves, the ac_heat_var term (
 
−∂( !u !T ) ∂x∫ dz ) is 

negative during upwelling, and positive during downwelling.  

In this study, during summers of the simulation time (2006-2009) when the water 

column on the NJ and DMV shelves is more stratified, ac_heat_var was found to be 

significantly negatively correlated with the surface along-shore wind stress (Fig. 4.17), 

especially for more inshore regions within 50 km from the coast. This explains the 

finding that off NJ and DMV during summer when upwelling-favorable winds prevail, 
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ac_heat_var is negative, especially for more near-shore regions (Fig. 4.11, 4.12). During 

the fall and winter seasons when the water column becomes vertically well mixed, 

ac_heat_var becomes small (Fig. 4.11, 4.12). This underscores the previous point about 

the difference between results in this study and Fewings and Lentz (2011) about the role 

of along-shore heat advection, and we further speculate that during the summer months 

off South New England in the Fewings and Lentz (2011) study the negative across-shore 

heat advection associated with the dominant coastal upwelling circulation might have 

been large enough to de-emphasize the role of along-shore heat advection. 

 

4.4.4 Implications for the surfclam fishery under global warming 

As shown in the previous two chapters, water temperature plays a key role in 

determining surfclam larval growth rates, larval duration and relative vertical position in 

the water column, and hence exerts an important control on surfclam larval connectivity. 

Average water temperature experienced by larvae during the larval stage is found to be 

proportional to the settlement rates, defined as the percentage of the number of settled 

larvae with respect to the total number released. Under a global warming scenario, 

increasing water temperature would be expected to increase the surfclam larval mean 

settlement rate, potentially helping to boost the surfclam larval settlement. However, the 

post-settlement process from larval settlement until larval survival into recruitment also 

plays an important role in determining the surfclam stock recruitment, and is influenced 

by the surrounding physical environment. For example, Narváez et al. (2014) show in 

their modeling results that under a global warming scenario surfclam biomass may 

decline due to high mortality from larval settlement until larval recruitment. The possible 
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northward range expansion of the adult population might be able to outweigh the 

influences of high mortality due to high bottom water temperature. However, this 

expansion might lag behind the range contraction of the south population boundary (Guo 

et al., 2005; Holt et al., 2005), thus compressing the total population range (Narváez et al., 

2014). 

 A mean along-coast connectivity pattern from the northeast to the southwest 

among different surfclam subpopulations was shown in Chapters 2 and 3. Simulated 

surfclam larvae are generally able to drift more than 100 km along the coast 

southwestward during the larval life span before settlement or mortality, with large 

temporal and spatial variability. The length of the along-shore larval drift is a result of the 

combined effects of the mean along-shore current and the duration of larval stage, where 

larval pelagic duration is an inverse function of larval growth rate as it takes less time for 

larvae to reach settlement with higher growth rates. Thus the warming water temperature 

under global warming may be expected to increase the mean surfclam larval growth rates, 

and indirectly decrease the mean larval span and thereby decrease along-shore drifting 

distances. This anticipated result is of interest as the current population connectivity 

pattern might be modified, with the shorter mean along-shore southwest larval drift 

equivalent to a net northeast shift of surfclam populations, which might potentially serve 

as a fortuitous adjustment to the warming water temperature for surfclam adults on the 

bottom (Narváez et al., 2014). 

As described in the surfclam larval model and shown in the coupled modeling 

results, water temperature is an important factor in determining larval vertical swimming 

behavior and the relative larval vertical position in the water column, thereby affecting 
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the larval across-shore movement pattern during different coastal across-shore circulation 

patterns. Under global warming, more surfclam larvae will be expected to stay below 

thermocline in the stratified water column according to the modeling results in chapter 3. 

Assuming the summer upwelling-favorable wind pattern remains dominant, surfclam 

larvae are expected to experience more inshore transport and an increase in the surfclam 

inshore population.  

However, this is directly counter to what is happening – the state fishery is gone, 

and the inshore abundances, especially in the south, have been declining (NEFSC, 2010). 

This suggests the need for further research, e.g., Narváez et al. (2014), on the surfclam 

larval post-settlement processes, since besides larval supply and settlement, post-

settlement mortality variability in response to physical environment changes and predator 

population changes are also potentially important factor in causing surfclam stock 

recruitment variations. The ocean surface wind patterns are expected to vary under 

climate changes, but so far the confidence is low in changes of ocean surface wind 

forcing due to large uncertainties in observation data sets and measures used (IPCC, 

2013). 

 

4.5 Summary 

Surface air-sea heat flux and horizontal heat advection are the two most important 

terms in the ocean heat balance on the MAB shelf, generally balancing each other in the 

long-term state. This indicates that the long-term change in the MAB shelf temperature is 

either the result from changes in the incoming solar radiation, atmosphere transparency, 
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etc. which affect the net air-sea surface heat flux, or changes in the mean circulation 

pattern and water temperature structure which are associated with horizontal heat 

advection. Horizontal heat diffusion is only evident at shelf break regions with sharp 

bathymetry changes.   

Seasonal variation in water temperature is mainly driven by the seasonally 

varying surface heat fluxes. Across-shore horizontal heat advection variations associated 

with different coastal across-shore circulation patterns generally affect water temperature 

variation on shorter time scales from days to weeks. This is most significant during 

spring and summer seasons when the MAB water column is more stratified compared 

with that during fall and winter. The coastal upwelling system transports warm surface 

water offshore and cold bottom water inshore, creating a negative heat advection flux to 

the inshore region and positive heat flux to the offshore, while the coastal downwelling 

system does the opposite.  

Fluctuations of the across-shore current system are principally determined by the 

surface wind forcing, with time scales from days to week, with the seasonal stratification 

also mediating the significance of coastal across-shore circulation. The long-term 

variation of water temperature is most likely due to variations in along-shore heat 

advection, specifically, the along-shore heat advection due to the depth-averaged currents 

acting on the depth-averaged horizontal temperature gradient. Its importance is also 

consistent with the Shearman and Lentz (2010) finding that the along-shore transport 

mechanism associated with the mean coastal current system running from Labrador in the 

north to Cape Hatteras in the south is the main factor controlling the MAB long-term 

temperature changes. The well-known “cold pool” feature in the MAB is also important 
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in affecting the MAB shelf water heat budget, transporting large volume of cold bottom 

water alongshore southwestward during the spring and summer seasons, causing a 

significant negative along-shore heat advection as observed in this study. 

 

 

 

 

 

 

 

	
  



	
  

	
  
	
  

119	
  

Figure 4.1 The approximate 20-m isobath position (green) and actually selected model 

grid points closest to the isobaths (red) are plotted in the along-shore direction. Two 

approximate across-shore transects off the NJ and DMV shelves are plotted in purple 

lines. The grey rectangles show the ROMS grid boxes, and 20-, 40-, 60-, 100- and 1000m 

isobaths are also shown. 
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Figure 4.2 Four-year (2006-2009) mean depth integrated heat budget terms in MAB: a) 

Q_net: net heat transfer between air and ocean; b) temp_hadv: horizontal advection; c) 

temp_hdiff: horizontal diffusion; d) dT/dt:  net heat content change rate. 
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Figure 4.3 Four-year (2006-2009) mean depth-integrated heat budget terms along the 20-

m isobath (see Fig. 4.1 for the exact location). Red curve indicate the horizontal heat 

advection term (temp_hadv), blue curve indicate the horizontal heat diffusion 

(temp_hdiff), black curve indicate the net surface heat flux (Q_net, or shflux), grenn 

curve indicate the net heat content change rate in the water column (temp_rate), purple 

curve indicate the combination of horizontal heat advection, horizontal heat diffusion and 

net surface heat flux (temp_hadv + temp_hdiff + shflux). The x-axis indicates the along-

shore distance from south to the north with different regions separated by grey vertical 

lines.  The y-axis indicates values of different heat budget terms. 
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Figure 4.4 Four-year (2006-2009) mean depth-integrated heat budget terms off New 

Jersey (upper panel) and Delmarva (lower panel) (see Fig. 4.1 for their exact locations). 

Red curves indicate the horizontal heat advection term (temp_hadv), blue curves indicate 

the horizontal heat diffusion (temp_hdiff), black curves indicate the net surface heat flux 

(Q_net, or shflux), green curves indicate the net heat content change rate in the water 

column (temp_rate), purple curves indicate the combination of horizontal heat advection, 

horizontal heat diffusion and net surface heat flux (temp_hadv + temp_hdiff + shflux). 

The x axis indicates the across-shore distances from inshore to offshore, y axis indicates 

values of different heat budget terms. 
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Figure 4.5 Four-year (2006-2009) mean (curves) and variation (shaded region) of along-

shore (red, al) and across-shore (blue, ac) heat advection during all four seasons off New 

Jersey (upper panel) and Delmarva (lower panel). Their sums are shown in green curves 

in each panel. 
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Figure 4.6 Four-year (2006-2009) mean of al_heat_bar (red circle,− u *∂ T ∂xdz∫ ), 

ac_heat_bar (blue circle, − v *∂ T ∂ydz∫ ), al_heat_var (red star,
 
− ∂( !u !T ) ∂x∫ dz ), 

ac_heat_var (blue star,
 
− ∂( !v !T ) ∂y∫ dz ) off NJ (upper panel) and Delmarva (lower panel).  
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Figure 4.7 Seasonal variations of four-year (2006-2009) averaged heat budget terms 

(Q_net: column a panels; temp_hadv: column b panels; dT/dt: column c panels) and the 

stratification index (column d panels). The 1st row indicates those during spring, 2nd row 

for summer, 3rd row for fall and 4th row for winter. 
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Figure 4.8 Seasonally mean depth-integrated heat budget terms along the 20-m isobaths 

(see Fig. 4.1 for the exact location). Red curves indicate the horizontal heat advection 

term (temp_hadv), blue curves indicate the horizontal heat diffusion (temp_hdiff), black 

curves indicate the net surface heat flux (Q_net, or shflux), grenn curves indicate the net 

heat content change rate in the water column (temp_rate), purple curves indicate the 

combination of horizontal heat advection, horizontal heat diffusion and net surface heat 

flux (temp_hadv + temp_hdiff + shflux). The x-axis indicates the along-shore distance 

from south to the north with different regions separated by grey vertical lines.  The y-axis 

indicates values of different heat budget terms in W⋅m-2. 
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Figure 4.9 Seasonal mean (curves) and variation (shaded region) of along-shore (red, al) 

and across-shore (blue, ac) heat advection during all four seasons off New Jersey. 
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Figure 4.10 Seasonal mean (curves) and variation (shaded region) of along-shore (red, al) 

and across-shore (blue, ac) heat advection during all four seasons on the Delmarva shelf. 
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Figure 4.11 Seasonal means of al_heat_bar (red circle, − u *∂ T ∂xdz∫ ), 

ac_heat_bar (blue circle, − v *∂ T ∂ydz∫ ), al_heat_var (red star, 
 
− ∂( !u !T ) ∂x∫ dz ), 

ac_heat_var (blue star,
 
− ∂( !v !T ) ∂y∫ dz ) on the NJ shelf during spring, summer, fall and 

winter seasons. 
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Figure 4.12 Seasonal means of al_heat_bar (red circle, − u *∂ T ∂xdz∫ ), 

ac_heat_bar (blue circle, − v *∂ T ∂ydz∫ ), al_heat_var (red star, 
 
− ∂( !u !T ) ∂x∫ dz ), 

ac_heat_var (blue star,
 
− ∂( !v !T ) ∂y∫ dz ) off DMV during spring, summer, fall and winter 

seasons. 
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Figure 4.13 Four-year (2006-2009) mean stratification index, calculated by the density 

differences between the surface and bottom, divided by the water depth, i.e.: Δρ / h . 
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Figure 4.14 Four-year (2006-2009) mean sensible+latent (panel a) and 

longwave+shortwave radiation (panel b) heat fluxes in W⋅m-2.  The 20-, 40-, 60-, 100- 

and 1000m isobaths are indicated by grey lines.  
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Figure 4.15 New Jersey one-day averaged across-shore heat advection due to the depth-

varying currents acting on the depth-varying temperature gradients (ac_heat_var) during 

downwelling (blue star curves, June 7th 2006) and upwelling (red star curves, June 19th 

2006) scenarios. X-axis indicates the offshore distances (in kms) from the coast for 

different across-shore stations. Y-axis indicates the heat advection values in The bottom 

right inset indicates the along-shore wind stress time series in June 2006 off New Jersey 

near-coast (See Fig. 4.1 for its position), with the blue and red stars showing the along-

shore wind stress on the selected downwelling and upwelling dates (June 7th and June 

19th in 2006).  
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Figure 4.16 Diagram showing the coastal across-shore circulation during upwelling 

(panel a) and downwelling (panel b) cases off MAB. X-axis indicates the across-shore 

direction, with inshore being positive, while y-axis indicates the along-shore direction, 

with upstream northward/northeastward being positive. Red curves indicate the vertical 

temperature profiles. Blue solid arrows indicate across-shore current directions. Blue box 

arrows on top of the surface indicate the surface along-shore wind directions. Grey lines 

on the bottom indicate the ocean bottom. 
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Figure 4.17 Correlation coefficients at across-shore stations of the surface along-shore 

wind stress with across-shore heat advection due to depth-varying currents acting on 

depth-varying horizontal temperature gradients (ac_heat_var), for New Jersey shelf (red 

curve) and Delmarva shelf (blue curve). Their positions were indicated in Fig. 4.1. 

Shaded region indicated one standard deviation from the mean. 
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CHAPTER 5. CONCLUSIONS   
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To study the primary larval transport pathways and inter-population connectivity 

patterns of the Atlantic surfclam, Spisula solidissima, a coupled modeling system 

combining a physical circulation model of the Middle Atlantic Bight (MAB), Georges 

Bank (GBK) and the Gulf of Maine (GoM), and an individual-based surfclam larval 

model has been implemented, validated and applied. Model validation shows that the 

model can reproduce the observed physical circulation patterns and surface and bottom 

water temperature, and recreates the observed distributions of surfclam larvae during 

upwelling and downwelling events.  

The model results show a typical along-shore connectivity pattern from the 

northeast to the southwest among the surfclam populations distributed from Georges 

Bank west and south along the MAB shelf. Continuous surfclam larval transport and 

settlement into regions off Delmarva (DMV) and New Jersey (NJ) is found in this 2006 

to 2009 modeling simulation. Assuming this pattern is unchanged from the 1980’s and 

1990’s, this result suggests that insufficient larval supply is unlikely to be the factor 

causing the failure of the population to recover after the observed decline of the surfclam 

populations in DMV and NJ from 1997 to 2005. The GBK surfclam population is 

relatively more isolated than populations to the west and south in the MAB; model results 

suggest substantial inter-population connectivity from southern New England to the 

Delmarva region.  

Simulated surfclam larvae generally drift for over one hundred kilometers along 

the shelf, exhibiting a mean downstream pattern following the mean coastal current from 

the northeast to the southwest. The distance traveled is highly variable, however, both in 

space and over time. Surfclam larval transport and settlement intra-annual variations in 
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2006 were investigated, and also those primary physical mechanisms causing such 

variations. Most high-frequency (periods of 2~10 days) variations in along-shore larval 

transport are associated with changes in the along-shore surface wind stress, with 

seasonal variations speculated to be driven mainly by changes in the across-shelf density 

gradient. 

Larval across-shelf movement is found to be highly correlated with the along-

shore surface wind stress mediated by coastal upwelling and downwelling episodes, but 

the correlation is further dependent on the vertical distribution of the larvae, particularly 

their position relative to the thermocline. Most surfclam larvae released from the Mid 

Atlantic shelf stay below the thermocline and experience a net onshore transport during 

the summer-stratified season when upwelling-favorable wind forcing dominates.  

A proposed critical value of water temperature at the thermocline successfully 

explains the observed patterns of vertical distribution of surfclam larvae and their across-

shelf movement on the New Jersey and South Virginia shelves.  Specifically, when the 

water temperature at the thermocline is above the critical value (19.0 oC in this study), 

surfclam larvae tend to escape the warm surface layer to concentrate below the 

thermocline and follow the across-shelf movement of bottom water, and when the water 

temperature at the thermocline is below this critical value, larvae tend to concentrate 

close to or above the thermocline and follow the surface water across-shelf movement.  

Our results indicate that the highest larval settlement rate, that is the highest 

percentage of settled larvae with respect to the total number of those released, occurs for 

those larvae released during July to early October in 2006, corresponding to higher 
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average temperatures experienced by the larvae (ATEL). This underscores the 

importance of shelf water temperature in affecting surfclam larval settlement and 

population connectivity, and suggests that an understanding of the heat budget on the 

MAB shelf, as well as the underlying physical mechanisms involved, is essential to better 

predict the effects of (e.g.) future climate change and variability. 

Analysis of the four years (2006-2009) of model results shows that surface air-sea 

heat flux and horizontal heat advection are the two most important terms in the vertically 

integrated ocean heat balance on the MAB shelf, generally balancing each other in the 

long-term state. The mean circulation pattern and water temperature structure 

determining the horizontal heat advection are expected to play important roles in 

affecting shelf temperature. Horizontal heat diffusion is only evident at shelf break 

regions with sharp bathymetry changes.  

Seasonal variation of water temperature is mainly controlled by the seasonally 

varying surface heat fluxes. Across-shore horizontal heat advection variations associated 

with different coastal across-shore circulation patterns generally affect water temperature 

on shorter time scales from days to weeks. This is most significant during the spring and 

summer seasons when the MAB water column is more stratified than it is during fall and 

winter. The coastal upwelling system transports warm surface water offshore and cold 

bottom water inshore, creating a negative heat advective flux to the inshore region and 

positive heat flux to the offshore, while the coastal downwelling system does the opposite. 

Fluctuation in the across-shore current system is mainly determined by the surface wind 

forcing, and the variation time scales are generally from days to weeks.  
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The long-term variation of water temperature is most likely due to variations in 

along-shore heat advection, specifically the component due to the depth-averaged 

currents acting on the depth-averaged horizontal temperature gradient, which is found to 

play an important role in the horizontal heat advection and the total heat balance. Its 

importance is consistent with the finding in Shearman and Lentz (2010) that the along-

shore transport mechanism associated with the mean coastal current system running from 

Labrador in the north to Cape Hatteras in the south is the main factor controlling long-

term temperature changes in the MAB. The well-known “cold pool” feature in MAB is 

also important in affecting the MAB shelf water heat budget, transporting large volumes 

of cold bottom water alongshore southwestward during spring and summer seasons, 

causing large negative along-shore heat advection as observed in this study. 

All these results provide an important insight into the general mechanism of how 

physical environmental factors interact with biological behavior of the larvae to influence 

larval transport, connectivity and population dynamics, and also imply potential large 

impacts of large-scale climate change on benthic species and coastal ecosystems. 
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Appendix A: Larval daily mortality and sensitivity to larval duration 

 

A1. Introduction 

In our current surfclam larval model, daily background mortality has not been 

included.  Environmental and ecological factors influencing mortality are undoubtedly 

complex, and are not understood well enough to incorporate in any simple manner.   As 

an example, larval ontogenic changes in mortality are known to occur in plankton 

(Johnson and Shanks, 2003; Metaxas and Burdett-Coutts, 2006), yet the details are poorly 

characterized in the literature (Metaxas and Saunders, 2009) making them hard to 

adequately parameterize. Therefore, for simplicity, we introduce a 35-day cutoff to the 

larval life span to permit comparability across regions without introducing a completely 

unconstrained term into the analysis.  

Another implicit mortality effect in the model occurs through larval supply to 

habitat unsuitable for larval settlement.  In particular, larvae transported and settled into 

regions deeper than 60 m are assumed to die, in accordance with the fact that surfclams 

are only found on the shelf at depths shallower than 60 m.  

Daily larval mortality is indeed likely to be important in determining larval 

settlement rate and population connectivity. We have therefore performed a sensitivity 

analysis that explores the consequences of a uniform daily planktonic mortality rate. One 

of the constraints to inclusion of a planktonic mortality factor is the limited number of 

larvae released at each time step. (Currently at the DMV and NJ release sites, the total 

number of larvae released is only 2000 and 1800 respectively at each release time).  For 
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example, applying an assumed daily mortality of Z = 3/35, we will only have about 

100~200 larvae left after a period of about 30 days, calculated through the formula: n = 

N*exp(-Z*age). If we further exclude those larvae that are unable to grow large enough to 

reach settlement within the larval life span of 35 days or settle into unsuitable habitats 

deeper than 60 m, there will be very few larvae that eventually reach successful 

settlement in the model, and the resulting population statistics will be uncertain. One way 

to work around this issue is to release larger numbers of larvae from each region, but the 

resulting computational cost is huge.  As a compromise, our sensitivity analysis used 

offline calculations for planktonic mortality. 

 

A2. Method 

Herein the larval mortality sensitivity is tested offline, incorporating the “daily 

mortality” into the calculation by introducing the “survival rate” of each larva, which 

means the probability that each larva can survive after a certain time period. The survival 

rate is defined by the following formula:  sur_rate = exp(-Z*age), a function of mortality 

rate (Z) and larval age, and its value is between [0, 1]. Based on this method, the 

expected values of the average larval drifting distances, ATEL (averaged temperature 

experienced by larvae), etc., after applying the daily mortality can be obtained based on a 

probably distribution function (pdf) defined by the survival rate formula. 

Taking the calculation of larval along-shore drifting distance as one example.  Let 

L = L(t), be the modified larval drifting distance.  Then we have: 
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 E(L) = L(t)* pdf (t)dt
0

Age

∫  (A.1) 

Here: 

 

� 

L(t)  = v * t  (A.2) 

where t is the time each larva has stayed in the water, and we assume 

� 

v  is the averaged 

along-shore drifting speed (in km/day). In the current model we obtain the value of 

� 

v  by 

looking at the net drifting distances (

� 

LAge) from release time (t=0) to settlement time 

(t=Age), i.e.: 

 

� 

v = LAge /Age (A.3) 

Here 

� 

LAge  is the net larval along-shore drifting distance from the release position until the 

larval settlement position, or the position at the end of larval span of 35 days (Age) before 

applying the larval survival rates.  

Let T be the time (in days) each larva can survive after applying the larval 

survival rates, assuming that larva will die after the time T.  Then we will have the 

following formula for the cumulative distribution function (cdf) with respect to T: 

 

� 

F(t) = P(T ≤ t) =1− P(T > t) =1− exp(−Z * t)  (A.4) 

Here Z is the daily mortality value.  Therefore: 

a) when t = 0, 

� 

F(t = 0) =1, indicating that larva could live for a duration of 0 

days for sure, with the probability of 1; and 

b) 

� 

F(t =∝) = 0 , indicating that larva will eventually die. 
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These two limits of the cdf both make obvious physical sense.  

In our study, we have assumed that larva only stay in the water column for the 

duration of larval age (35 days or earlier), and after this larval age, they will either reach 

settlement or just die. Therefore, the modified cdf becomes: 

 

� 

F(t) =
1− exp(−Z * t), 0 ≤ t < Age
1, t ≥ Age
⎧ 
⎨ 
⎩ 

 (A.5) 

From the above cdf we can calculate the probability distribution function (pdf) with 

respect to t: 

 

� 

pdf (t) = F ' (t) =

Z * exp(−Z * t),  0 ≤ t < Age

Z *exp(−Z * t)dt = exp(−Z * Age),  t = Age
Age

 ∝∫
0, t > Age

⎧ 

⎨ 
⎪ 

⎩ 
⎪ 

 (A.6) 

Putting (A.6) and (A.2) into (A.1), we get: 

 

E(L) = v* t *Z *exp(−Z * t)dt
0

Age

∫  + LAge *P(t = Age)

        = LAge / Age* t *Z *exp(−Z * t)dt
0

Age

∫ + LAge *exp(−Z *Age)

        = LAge *{ Z
Age

*[− Age
Z

*exp(−Z *Age)+ 1
Z 2 −

exp(−Z *Age)
Z 2 ]

+ exp(−Z *Age)]}

        =
LAge

Z *Age
*[1− exp(−Z *Age)]

 (A.7) 

This is the expected value of larval drifting distance after we have applied daily mortality 

and survival probability theory. 
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Looking at the influences before and after this daily mortality has been applied to 

the larval drifting distance calculation (

� 

LAge  v.s  E(L) ), we define a ratio between 

� 

E(L) 

and 

� 

LAge  as follows: 

 Rratio =
E(L)
LAge

= 1− exp(−Z *Age)
Z *Age

 (A.8) 

A few tests to calculate the value of this ratio when Z=3/35 are shown in Table A1. 

Applying daily mortality would have a net effect of decreasing larval along-shore drifting 

distances by 50~70%. 

The e-folding time for mortality is 1/Z. So when the larval age exceeds the 

mortality e-folding time, the exponential term, exp(−Z *Age) , becomes small, and the 

average larval drifting distance becomes:  

 

� 

E(L) =
LAge

Z * Age
=
v * Age
Z * Age

=
v
Z

ratio =
E(L)
LAge

=
1

Z * Age

 (A.9) 

Furthermore, we can calculate the basic statistical parameters, such as the median, 1st 

quartile, 3rd quartile, based on the probability profile as shown by  (A.5): 

 

Let F(t = median) = 0.5 ⇒ tmedian =
log(2)
Z

Let F(t = 1st quartile) = 0.25 ⇒ t1st =
log(4 / 3)

Z

Let F(t = 1st quartile) = 0.75 ⇒ t3rd =
log(4)
Z

 (A.10) 
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The corresponding statistics for the larval drifting distances can then be obtained from the 

following formulae: 

 

L1st = v* t1st =
LAge
Age

* t1st =
log(2)*LAge
Z *Age

Lmedian = v* tmedian =
LAge
Age

* tmedian =
log(4 / 3)*LAge

Z *Age

L3rd = v* t3rd =
LAge
Age

* t3rd =
log(4)*LAge
Z *Age

 (A.11) 

So far, the above analysis is based on the assumption of a constant larval drifting 

speed calculated from the net drifting distance during the larval age, i.e.: v = LAge / Age . 

However, in reality larval drifting speed (v) is not constant, but rather a function varying 

with time, i.e: v = v(t) . So, we can conduct a second analysis based on the new 

assumption v = v(t) : 

 

� 

L(t) = v(s)ds
0

t∫
LAge = L(Age) = v(s)ds

0

Age∫
 (A.12) 

The larval age, Age is independent from its experienced on-time drifting speed, 

v(t), which is only determined by its local water environment. Therefore: 

 

� 

E(LAge ) = v(s)ds
0

E (Age )∫ = v(s)ds
0

E(Age )∫  (A.13) 

Also, we know from the previous analysis that:  

 

� 

E(Age) =
1− exp(−Z * Age)

Z
 (A.14) 

Therefore:  
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� 

E(LAge ) = v(s)ds
0

E (Age )∫ = v(s)ds
0

1−exp(−Z *Age )
Z∫  (A.15) 

 Rratio =
E(LAge )
LAge

=
v(s)ds

0

1−exp(−Z*Age)
Z∫
v(s)ds

0

Age

∫
 (A.16) 

Since 

� 

E(Age) < Age, then we can also write the ratio as: 

 Rratio = 1−
v(s)ds

0

Age−1−exp(−Z*Age)
Z∫
v(s)ds

0

Age

∫
 (A.17) 

This indicates that it is primarily the ending point of the time period ( Age − 1−exp(−Z*Age)Z ) that 

matters most. This formula is also consistent with the previous results with v assumed to 

be constant, in which case: 

 Rratio =
E(LAge )
LAge

=
v*1− exp(−Z *Age)

Z
v*Age

= 1− exp(−Z *Age)
Z *Age

 (A.18) 

which is exactly (A.8) with v assumed to be constant.  

 

A3. Conclusions 

 We have tested the sensitivity of the dispersal of surfclam larvae to planktonic 

mortality by introducing a “survival rate” for each larva which indicates the probability 

of that larva being able to survive after a certain time period. The daily planktonic 

mortality has been incorporated by the assumption of an exponentially decaying “survival 
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rate” with respect to larval age, i.e., sur_rate = exp(-Z*age), where Z is the daily 

mortality rate.  

The sensitivity results show that the magnitude of dispersal distances decreases 

with increasing planktonic mortality. On average, daily mortality has a mean effect of 

decreasing 50~70% of the larval along-shore drifting distances (e.q. A.8, Table 1). The 

variation of the current speed each larva experiences during the larval stage determines 

the magnitude of the impacts of applying larval daily mortality to the mean larval drifting 

distances (e.q. A.16). For example, if during early larval life, there is a higher probability 

for larva to experience a stronger current than that during the latter stage, then the ratio of 

larval drift with daily mortality applied with respect to that without daily mortality 

applied will be small (e.q. A16), indicating a stronger influence of larval daily mortality 

on larval drift, and vice versa. 

 This offline method of incorporating daily mortality gives us a general picture of 

how it affects the mean larval drifting distance. The length of larval drifting distance is 

further closely related to the larval connectivity pattern among different regions as shown 

in chapter 2 and chapter 3. The net influence of decreasing larval drifting distance by 

adding larval daily mortality is expected to decrease the relative magnitude of population 

connectivity among different regions and increase the relative importance of larval self-

supply to each region. However, in order to obtain a more quantitative evaluation of the 

impacts of applying daily mortality, an alternative in-line method of incorporating daily 

mortality inside the larval model might be needed, especially considering the large 

temporal and spatial variations of coastal currents.  
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Table A.1 Values of ratio of LAge with respect to E(L) varying with different larval ages  

Age (days) 

� 

Rratio  Age (days) 

� 

Rratio  

20 0.478 28 0.379 

21 0.464 29 0.369 

22 0.450 30 0.359 

23 0.437 31 0.350 

24 0.424 32 0.341 

25 0.412 33 0.333 

26 0.400 34 0.325 

27 0.389 35 0.317 
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Appendix B: Inter-annual variation in larval settlement 

 

 As introduced in Chapter 2 (section 2.3), a four-year simulation (2006-2009) of 

the coupled modeling system was conducted in this study.  Surfclam larvae were released 

each year from those regions with large adult populations within the Middle Atlantic 

Bight and Georges Bank. The four-year-mean modeling results were described in section 

2.4 in Chapter 2, exhibiting a mean along-shore connectivity pattern from the northeast to 

the southwest among the surfclam populations distributed from Georges Bank west and 

south along the MAB shelf.  

In addition to the time-mean picture, temporal variations -- both inter-annual and 

intra-annual -- in larval transport, settlement and connectivity are also of interest. The 

intra-annual variation and the associated underlying physical mechanisms were examined 

in Chapter 3 based on the year 2006 simulation. In the following, the inter-annual 

variation of the population connectivity and larval transport is briefly examined for the 

four years from 2006 to 2009. 

From the 2006-2009 simulation results, we have calculated the surfclam larval 

dispersal kernel with and without mortality enforced at the end of the larval stage (35 

days) (Fig. B1, B2). The no-mortality case (NoM case) considers all the settled and non-

settled larvae at the end of the larval stage, from which we can study how the coupled 

physical model and larval IBM together determine larval transport and geographic 

connectivity. For comparison, the mortality case (M case) incorporates only those larvae 

which successfully reach settlement within 35 days, and exclude those not large enough 
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to settle, or those which settle at inappropriate depths deeper than 60 m. The M case gives 

information about the pattern of larval settlement, defined as the portion of larvae from 

one region that were both transported and successfully settled in another, while the NoM 

case shows the overall pattern of larval supply, which is defined as the portion of larvae 

transported from one region to another. 

The connectivity pattern shown in all four years is similar in both cases (NoM and 

M), indicating an alongshore connection from the northeast to the southwest, but with 

varying magnitudes. Generally, only two nearby regions have close connections, e.g., the 

pairs DMV-SVA, NJ-DMV, LI-NJ, SEN-LI and GBK-SNE. In contrast, GBK is a region 

where most larvae stay on the bank.  For example, an average of over 80% of larvae 

released on GBK still remain on the bank, and 5% successfully settle on the bank, while 

only 12% are transported into the SNE region and nearly none of them successfully 

settled. 

Among the larvae released from LI and DMV during the four years, most of them 

are transported and settle into their downstream nearby regions, which are NJ and SVA 

respectively, while a relatively smaller number stay and settle within their release region 

(Fig. B1, B2). For those larvae released on the NJ shelf during 2007 and 2008, more 

larvae remain and settle than those larvae that are transported and successfully settle to 

the south (i.e., self-seeding exceeds successful connectivity with the adjacent southern 

regions). In contrast, in 2006 a comparable number of larvae released on the NJ shelf 

remain and settle compared to those successfully transported to downstream regions. 

Finally, in 2009 a larger proportion of larvae released from NJ shelf are transported and 

successfully settle to the southwest DMV region. Year 2007 appears to be an especially 
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successful self-recruiting year, during which a larger proportion of larvae released from 

SVA, DMV and NJ are all retained on the original shelves (Fig. B1, B2).   

As previously introduced in sections 2.4 and 3.3, larval along-shore and across-

shore drifting distances show large temporal variations. The inter-annual variation in the 

annual-mean along-shore drifting distances, as shown in Figure B3, indicates that years 

2007 and 2008 are different from years 2006 and 2009 in that the August larval releases 

in 2007 and 2008 experience much less along-shore drift than the same month releases in 

2006 and 2009. This most likely could explain the previous finding in Figure B1 and B2 

that in 2007 and 2008 a larger proportion of larvae released from SVA, DMV and NJ are 

still retained on the original shelves than those transported downstream. This suggests a 

relatively weaker along-shore current in August during 2007 and 2008.   

Another interesting finding is the much stronger mean along-shore southwestward 

larval drift during late September and early October in 2009 than those during the other 

years (Fig. B3), indicating a potentially much different along-shore current pattern in 

2009. As introduced in chapter 3, the seasonal variation of along-shore current on the 

shelf is strongly associated with the seasonal variation of the position of the maximum 

across-shore density gradient, which is further dependent on the seasonal variation of 

vertical stratification. The inter-annual variation of the mean along-shore currents 

simulated here suggests, in turn, significant inter-annual variation in the shelf water 

structure. Episodic changes in external forcing, -- e.g., the strength of the northern 

boundary inflow, the influence of Gulf Stream warm core rings, and so on – are also 

possible causative factors. 
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Figure B1. Annual-mean connectivity matrices of surfclam larval transport from 2006 to 

2009 without mortality enforced (NoM case) at the end of larval life span (35 days).   
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Figure B2. Annual0-mean connectivity matrices of surfclam larval transport from 2006 to 

2009 with mortality enforced (M case) at the end of larval life span (35 days), and 

excluding those larvae that do not reach settlement size or settle into inappropriate 

habitats deeper than 60 m. 
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Figure B3. Variation in the mean along-shore larval drifting distances among all larvae 

released from the SVA, DMV, NJ, LI, SNE and GBK regions for year 2006 (blue), 2007 

(red), 2008 (pink) and 2009 (green) respectively. The x-axis indicates different release 

dates in each year from May 21st until October 11th. The y-axis indicates the mean along-

shore drifting distances in km.  
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