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GENERAL ABSTRACT

This study’s primary goal was to understand the oceanographic effects on larval 

crab transport and distribution between an estuarine inner and more oceanic outer bay in 

the subarctic estuary of Kachemak Bay, Alaska. Plankton tows and hydrographic 

measurements (temperature and salinity) were taken along the boundary between the two 

bay parts from March -  October on spring and neap tides. Summer water flow and 

stratification in Kachemak Bay is predominantly freshwater-driven and density patterns 

vary inter-annually with the amount of freshwater supplied to the inner bay. Larvae of 

seven crab species occurred in a seasonal sequence and the crab larval assemblage was 

closely correlated to temperature in the upper 20 m. The influence of tidal forcing on 

larval transport was not clear even though most species exhibited peak abundances at 

spring tides. Larval distribution patterns across the inner/outer boundary indicated that 

Oregonia gracilis larvae may be transported into inner Kachemak Bay; however, late 

larval stages of the two commercially relevant species, Chionoecetes bairdi and Cancer 

magister, were never observed and may be exported from the inner estuary. These 

observations provide an important baseline for further studies to understand Kachemak 

Bay’s role as a source or sink for larval crab.



TABLE OF CONTENTS
Page

SIGNATURE PA G E .....................................................................................................................i

TITLE PA G E.................................................................................................................................ii

GENERAL ABSTRACT............................................................................................................iii

TABLE OF CONTENTS............................................................................................................ iv

LIST OF FIGURES................................................................................................................... vii

LIST OF TABLES....................................................................................................................xiii

ACKNOWLEDGEMENTS......................................................................................................xiv

GENERAL INTRODUCTION....................................................................................................1

LITERATURE CITED.................................................................................................................5

CHAPTER 1: Seasonal and inter-annual physical forcing within Kachemak Bay, Alaska 7

ABSTRACT...............................................................................................................................7

INTRODUCTION....................................................................................................................8

MATERIALS AND METHODS.......................................................................................... 11

Study A rea ..........................................................................................................................11

Sampling Locations.......................................................................................................... 12

Sampling.............................................................................................................................12

Data Processing.................................................................................................................. 13

iv



v

RESULTS................................................................................................................................ 14

DISCUSSION..........................................................................................................................18

Seasonal Patterns and Variation.......................................................................................18

Forces Driving Variation................................................................................................. 20

Fronts along the Inner/Outer Boundary......................................................................... 23

CONCLUSIONS.................................................................................................................... 23

LITERATURE CITED.......................................................................................................... 41

CHAPTER 2: Spatial and temporal abundance of larval brachyuran crab across an 

estuarine/oceanic boundary......................................................................................................  47

ABSTRACT...........................................................................................................................  47

INTRODUCTION..................................................................................................................49

MATERIALS AND METHODS..........................................................................................53

Study A rea .......................................................................................................................... 53

Sampling Locations........................................................................................................... 53

Sampling ............................................................................................................................  54

Sample Processing............................................................................................................. 55

Data Analysis...................................................................................................................... 56

Biological Samples.......................................................................................................56

Physical D a ta .................................................................................................................57

RESULTS................................................................................................................................ 58

Page

Biological Samples 58



Page

Physical Measurements....................................................................................................  62

DISCUSSION ........................................................................................................................  63

LITERATURE CITED.......................................................................................................... 90

GENERAL CONCLUSIONS....................................................................................................99

vi



vii

LIST OF FIGURES

Page

Figure 1.1. Map depicting regional and local Kachemak Bay circulation trends, adapted 

from Burbank 1977. Solid lines represent general circulation patterns emphasized in this

chapter...........................................................................................................................................26

Figure 1.2. Bathymetric map of Kachemak Bay showing CTD sampling locations (red 

dots) along the inner/outer bay boundary. Purple corresponds to deeper depths and orange

corresponds to shallower depths................................................................................................27

Figure 1.3. Temperature (°C) contour plots across the sampling transect for 2008 (top) 

and 2009 (bottom) spring tides. Each date represents a complete transect from south 

(station 1, left) to north (station 10, right). Different dates are separated by dashed lines.

  28

Figure 1.4. Salinity (psu) contour plots across the sampling transect for 2008 (top) and 

2009 (bottom) spring tides. Each date represents a complete transect from south (station

1, left) to north (station 10, right). Different dates are separated by dashed lines..............29

Figure 1.5. Density (kg/m ) contour plots across the sampling transect for 2008 (top) and 

2009 (bottom) spring tides. Each date represents a complete transect from south (station 

1, left) to north (station 10, right). Different dates are separated by dashed lines. 

Equipment failure prevented full depth sampling on 17 September 2008. Due to 

inclement weather, only two stations (3 and 7) were sampled on 28 October 2008........  30



Page

Figure 1.6. Upper 20 m temperature (°C) contours for 2008 (top) and 2009 (bottom) 

spring tides. Each date represents a complete transect from south (station 1, left) to north 

(station 10, right). Different dates are separated by dashed lines. Due to inclement

weather, only two stations (3 and 7) were sampled on 28 October 2008........................... 31

Figure 1.7. Upper 20 m salinity (psu) contours for 2008 (top) and 2009 (bottom) spring 

tides. Each date represents a complete transect from south (station 1, left) to north (station 

10, right). Different dates are separated by dashed lines. Due to inclement weather, only 2

stations (3 and 7) were sampled on 28 October 2008...........................................................  32

Figure 1.8. Upper 20 m density (kg/m ) contours for 2008 (top) and 2009 (bottom) spring 

tides. Each date represents a complete transect from north (station 10, right) to south 

(station 1, left). Different dates are separated by dashed lines. Due to inclement weather,

only 2 stations (3 and 7) were sampled on 28 October 2008...............................................  33

Figure 1.9. Upper 20 m mean water temperatures for April -  October spring tide 

transects. Due to stations 3 and 7 being the only data available for October 2008, October

comparisons reflect calculations only from stations 3 and 7 of both 2008 and 2009....... 34

Figure 1.10. Percentage of freshwater content at each station (using reference salinity 32) 

within upper 20 m in 2008 (top) and 2009 (bottom) over complete spring tide transects.35

viii



Figure 1.11. Upper 20 m mean salinities for April -  October spring tide transects. Due to

ix

Page

stations 3 and 7 being the only data available for October 2008, October comparisons

reflect calculations only from stations 3 and 7 of both 2008 and 2009..............................  36

Figure 1.12. Density (kg/m ) contour plots across the sampling transect for 2008 neap 

tides. The entire water column (top) and upper 20 m (bottom) are shown. Only three

stations (3, 7, and 10) were sampled on 21 October 2008...................................................  37

Figure 1.13. Density (kg/m ) profiles from seven transects over a spring tide 12-hour 

sampling on 22 August 2008. Tidal phase below indicates the sampling period of each 

transect and tidal height (m).......................................................................................................38

Figure 1.14. Upper 20 m density (kg/m ) contours for 12 h tidal sampling on 22 August 

2008. Number in lower left corner of each contour plot represents transect number (see 

Figure 1.13). Large arrows represent distinct frontal zone and small arrows represent

weak front detection.................................................................................................................... 39

Figure 2.1. General pattern of Alaska Coastal Current within the northern Gulf of Alaska 

and Lower Cook Inlet (detail 1). Detail 2 shows the general circulation patterns within 

Kachemak Bay (adapted from Burbank 1977). Solid lines depict general circulation 

patterns emphasized in this chapter. Dotted lines represent other circulation patterns not

further elaborated.........................................................................................................................73

Figure 2.2. Bathymetric map of Kachemak Bay showing three plankton sampling 

locations (red stars) as part of a 10-station CTD transect (red dots) along the inner/outer 

Kachemak Bay boundary. Purple corresponds to deeper depths and orange corresponds to



shallower depths. Net inflow into the inner bay is along the southern side (station 3) and

net outflow along the northern side (station 10).....................................................................74

Figure 2.3. Brachyuran crab larval abundance by species (ind 600 m- ) in Kachemak Bay 

in 2008. Seven species occurred during the sampling period. Spring tide sampling dates 

are represented by open circles (full moons) and black circles (new moons). Other

sampling dates were during neap tides..................................................................................... 75

Figure 2.4. Telmessus cheiragonus zoeal (Z) abundance across stations 3, 7, and 10 and 

over the 2008 sampling season. Timeframes of the presence of zoeal and megalopal 

stages are indicated by dotted lines below the graph, but individuals per stage were not

quantified...................................................................................................................................... 76

Figure 2.5. Chionoecetes bairdi zoeal (Z1) abundance across stations 3, 7, and 10 and

over the 2008 sampling season. No other zoeal or megalopal stages were found..............77

Figure 2.6. Pugettia spp. zoeal (Z) abundance across stations 3, 7, and 10 and over the 

2008 sampling season. Station 7 was significantly more abundant than station 10. 

Timeframes of the presence of zoeal and megalopal stages are indicated by dotted lines

x

Page

below the graph, but individuals per stage were not quantified............................................78

Figure 2.7. Oregonia gracilis zoeal (Z1-Z2) and megalopal (M) abundance across 

stations 3, 7, and 10 and over the 2008 sampling season. Stations 3 and 7 were 

significantly more abundant than station 10............................................................................79

Figure 2.8. Cancer oregonensis zoeal (Z) abundance across stations 3, 7, and 10 and over 

the 2008 sampling season. Station 7 was significantly more abundant than station 10.



Timeframes of the presence of zoeal and megalopal stages are indicated by dotted lines

below the graph, but individuals per stage were not quantified........................................... 80

Figure 2.9. Fabia subquadrata zoeal (Z) abundance across stations 3, 7, and 10 and over 

the 2008 sampling season. Timeframes of the presence of zoeal stages are indicated by

dotted lines below the graph, but individuals per stage were not quantified.......................81

Figure 2.10. Cancer magister zoeal (Z1, Z2, Z3) abundance across stations 3, 7, and 10

and over the 2008 sampling season. No megalopal stage was observed............................. 82

Figure 2.11. MDS ordination of crab larval assemblage composition by sampling date 

(top) and season (bottom) using Bray Curtis similarity based on larval abundances. The

grouped assemblages demonstrate the strong correlation with time.................................... 83

Figure 2.12. Upper 20 m density (kg/m ) contours for spring tides in Kachemak Bay.

Each date represents a complete transect from north (station 10, right) to south (station 1, 

left). Different dates are separated by dashed lines. Due to inclement weather, only 2 

stations (3 and 7) were sampled on 28 October 2008. The 02 August profile was used as 

an example to show how the general slope of pycnocline (black arrows) was used to infer 

water directionality. The left arrow indicates an area of inflow into the inner bay, the 

right arrow signifies an area of outflow from the inner bay. White arrow in the 02 July 

profile shows an example for the frontal area typically seen near the middle of the 

transect..........................................................................................................................................84

xi

Page



Page

Figure 2.13. Upper 20 m density (kg/m ) contours for 12 h tidal sampling on 22 August 

2008. Number in lower left corner of each contour plot represents transect number. Large 

arrows represent distinct frontal zone and small arrows represent weak front detection..85

xii



xiii

LIST OF TABLES

Page

Table 1.1. Upper 20 m water column monthly salinity (S) and temerature (T) means, 

standard deviation, maximum, and minimum. P-values are results of two-samples t-tests 

and indicate significant differences (p<0.05) between mean salinity and mean

temperature for the same month in 2008 and 2009.................................................................40

Table 2.1. Pooled t-test comparisons on individual species abundances between spring 

and neap tides, incoming and outgoing tides, and surface and oblique tows. Bold font

indicates differences that are statistically significant (a<0.05)............................................. 86

Table 2.2 Pairwise comparisons between station abundances using pooled t-tests. Bold 

font indicates statistically significant differences (a<0.05, p<0.0167 with Bonferroni

adjustment)................................................................................................................................... 87

Table 2.3 Comparison between crab larval assemblage and station, sampling date, and 

season using permutational multivariate analysis of variance (PERMANOVA). Bold font 

indicates high correlation of a factor on crab assemblage and statistical significance

(a<0.05).........................................................................................................................................88

Table 2.4. Upper 20 m water column salinity (psu) and temperature (°C) means ± 

standard deviations, maximums, and minimums across the inner/outer bay boundary.... 89



ACKNOW LEDGEMENTS

My sincerest thanks to Dr. Katrin Iken, my advisor and an exemplary human 

being, for her advice on this research, assistance with field work, continuous moral 

support, and substantial and expeditious edits throughout the course of this study. She 

has made this a wonderful journey. I also thank my two committee members, Drs. Scott 

Pegau and Ginny Eckert, as well as Dr. Mark Johnson for their guidance on this study 

and edits to this written thesis. I would also like to thank the School of Fisheries and 

Ocean Sciences faculty, staff and fellow students who provided many hours of support 

and assistance throughout the course of this study: Dr. Markus Janout, Seth Danielson,

Dr. Steve Okkonen, Dr. Amy Blanchard, Dr. Franz Mueter, Christina Neumann,

Madeline Scholl, Robbie Hamilton, Gretchen Hundertmark, and Cathy Miller.

The completion of this demanding field and lab study would not have been 

possible without the support of the Kachemak Bay Research Reserve staff, Hans 

Pedersen (Kasitsna Bay Lab), and the 26 volunteers, particularly Sarah Braden, Liz and 

Nate Brownlee, Karen Corbell, and Kristin Worman, who assisted me throughout three 

field seasons -  both on the water collecting samples and in the lab behind a microscope.

My gracious appreciation is for the financial support from the National Estuarine 

Research Reserve (NERR) System and the Rasmuson Fisheries Research Center, which 

made this study possible.

Finally, much love to my family and friends for their source of laughter, 

perspective, and encouragement.

xiv



1

GENERAL INTRODUCTION

Transport of pelagic larval stages of many benthic marine organisms is dependent 

upon physical oceanographic processes, such as tides and currents. Understanding larval 

dispersal mechanisms and their impacts on population connectivity facilitates appropriate 

management strategies of adult populations (Shanks et al. 2003, Cowen and Sponaugle 

2009). However, larval transport mechanisms are often not well understood, particularly 

in estuaries with highly dynamic physical variability and flow. Larval transport 

mechanisms are additionally species and site-specific processes, reflecting the need for 

locally-based studies (see Cowen et al. 2007 for review). The primary goal of this study 

was to address this need by examining the oceanographic effects on larval brachyuran 

crab transport into the highly productive estuary of Kachemak Bay, Alaska with special 

emphasis on the exchange between the inner estuary and the outer, more oceanic part of 

the bay.

Brachyuran crabs, especially Tanner (Chionoecetes bairdi) and Dungeness 

(Cancer magister), play a significant role in commercial and subsistence harvesting in 

Alaska. Within the last fifteen years, population estimates below sustainable levels have 

led to the closures of crab fisheries in Kachemak Bay in 1995 (Tanner) and 1991 

(Dungeness) (Kimker 1996, Gustafson and Bechtol 2005). These populations have not 

significantly rebounded to sustainable commercial harvest levels since the closures 

(Gustafson and Bechtol 2005), the reasons for which remain unknown. One possibility is 

that closures have not appropriately protected the adults in the bay that are the source of



new recruits to the population. Alternatively, if  the protected region mainly acts as a sink 

for larval recruits from other areas, closures in different areas may be more appropriate to 

regenerate adult populations. Therefore, it is imperative to consider the various life 

stages of a species and to understand larval transport into and out of the bay if effective 

management strategies are to be developed (Halpern 2003, Shanks et al. 2003).

Two critical components to effectively assess larval dispersal are: 1. to cover the 

relevant temporal window of larval dispersal (March to October in Alaska; Fisher 2005, 

this study) and 2. to investigate larval transport relative to the physical oceanographic 

effects (especially tides and currents) that characterize south-central Alaskan estuaries. 

Brachyuran crab larvae generally spend several months in the water column undergoing 

multiple zoeal stages (for example, 5 in Dungeness, 2 in Tanner) and a single megalopal 

stage before settling into the benthos (Puls 2001). Many studies support the theory that 

larval recruitment of estuarine species is a two-step process that first involves onshore 

transport of larvae over the continental shelf and then passage through inlets in search of 

suitable habitat for settlement (Queiroga 1998, Papdopoulos et al. 2002, Shanks et al. 

2003, Queiroga et al. 2006). While larvae are subjected to water currents, they also may 

actively select their vertical position in the water column to control horizontal transport 

into and out of estuaries (Queiroga 1998, Rawlinson et al. 2004, Quieroga et al. 2006). 

Avoiding seaward displacement by settling towards the bottom during strong ebb tides, 

then rising in the water column during flood tides particularly in later larval stages 

(megalopa) is believed to enhance migration success into and retention within estuaries 

(Queiroga 1998, Queiroga et al. 2006).

2
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Kachemak Bay in southcentral Alaska is a highly dynamic estuary with a tidal 

range that can exceed 8 m. The inner estuary of Kachemak Bay, where adult populations 

of adult Cancer magister crabs predominantly occur (Kimker 1996), is hydrographically 

modified by strong freshwater input from glacial melt (Burbank 1977, Abookire et al. 

2000, Speckman et al. 2005). Kachemak Bay hence is an ideal model system to 

investigate larval transport within a highly dynamic environment. This first crab larval 

transport study in Kachemak Bay also provides a guide for future larval transport studies 

and may help support local-level management efforts.

By combining biological and physical oceanographic observations, this study 

aimed to understand brachyuran crab transport within the dynamic, tidal- and freshwater- 

forced estuary of Kachemak Bay. This was done by measuring the physical water 

properties and documenting spatial and temporal distributions of brachyuran crab larvae 

from March through October 2008 across the boundary between inner and outer 

Kachemak Bay. The overarching questions addressed in this study were: 1. Which 

physical water properties most influence larval crab transport in Kachemak Bay?, 2. Do 

all larval brachyuran crab species respond similarly to the physical transport 

mechanisms?, and ultimately, 3. Can we determine if Kachemak Bay is a source or sink 

for brachyuran crab larvae?

Chapter 1 focuses on the physical properties of the water column (salinity, 

temperature, and density), detailing the observations over a 12 h spring tidal cycle, over 

the spring to fall seasons (March -  October), and comparing these seasonal patterns for 

two years (2008 and 2009). The inferred flow directionality within the upper 20 m



supported the general circulation patterns of inflow of water into the inner bay along the 

southern shore and outflow of water along the northern shore. Over the course of the 

seasons, the upper 20 m water column freshens and warms, leading to a two-layer density 

system. Comparisons of water column profiles between neap and spring tides showed 

similar density structure. Variation of exchange between the inner and outer bays seems 

to be predominantly driven by buoyancy forcing, particularly during the summer months, 

more so than by tidal forcing.

Chapter 2 focuses on the spatial and temporal distribution of larval brachyuran 

crab across the boundary between inner and outer Kachemak Bay over an entire larval 

period (March-October 2008). Larval crab species occurred in a seasonal sequence and 

most species exhibited distinct peak abundances, mostly coinciding with spring tides.

The larval crab assemblage was correlated to temperature, likely reflecting the seasonal 

species progression as water temperatures warmed. Larval abundances across the three 

sampling stations were significantly different for Pugettia spp., Oregonia gracilis, and 

Cancer oregonensis. Oregonia gracilis showed greater abundances in the area of inflow, 

thus suggested possible transport into the inner bay. Late larval stages of commercially 

important species, Cancer magister and Chionoecetes bairdi, were not observed. Thus, 

the early larval stages of these species were possibly exported out of Kachemak Bay.

4
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CHAPTER 1:

Seasonal and inter-annual physical forcing within Kachemak Bay, Alaska1 

ABSTRACT

Hydrographic sampling was conducted in 2008 and 2009 along the boundary between the

inner and outer parts of Kachemak Bay, Alaska, a sub-arctic estuary. The objective was

to determine the main forces driving water exchange between the inner and outer portions

of the bay. Focus of the study was on the small-scale variability of inflow and outflow

patterns across the boundary transect, and temporal variability of hydrographic exchange

during a spring tide cycle, across spring -  fall seasons (March-October) and between two

years (2008 and 2009). The Conductivity Temperature Depth (CTD) profiles supported

an overall circulation of inflow along the south and outflow along the north sides of the

bay. During the 12 h spring tidal cycle, front locations varied depending on the tidal

period. Over the spring and summer seasons, a two-layer system developed,

characterized by a stratified, freshwater layer on top and a more homogenous, saline

bottom. Within the upper 20 m, the area of the transect over which water enters and

leaves the inner bay varied in 2008 and 2009 with a larger outflow area in 2009. Surface

salinities were lower in 2009 than 2008. Buoyancy forcing, in addition to tidal forcing, is

the largest driver of inter-annual variability on the inner/outer bay boundary circulation

and water exchange, especially during the summer months.

1 Murphy M, Iken K (2010) Seasonal and inter-annual physical forcing within

Kachemak Bay, AK. Prepared for submission in Journal of Coastal Research
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INTRODUCTION

Sub-polar, fjord-type estuaries are hydrographically and biologically complex 

systems that display strong seasonal patterns (Muench et al. 1978, Klinck and O’Brien 

1981, Cottier et al. 2005). Combinations and interdependencies between atmospheric and 

ocean exchange, tides and tidal currents, shoreline configuration, bathymetry, distribution 

of turbulent energy, sedimentation patterns, and estuarine-river interactions define these 

highly variable hydrographic systems (Chen et al. 2003).

The biological community inhabiting these estuaries has to adapt to wide-ranging 

seasonal pulses in freshwater discharge, sediment load and turbidity, solar radiation, and 

water temperature and wide-ranging hourly to daily variations such as extreme tidal 

fluctuations and local wind events (Wlodarska-Kowalczuk et al. 2005). Nonetheless, 

estuarine environments provide important ecosystem services to the diverse biota. These 

services include high food availability, diverse habitat, and protection from adverse 

weather conditions, and serving as nursery habitats for species of economical, ecological 

and subsistence interest (Boesch and Turner 1984). Understanding the functioning and 

the scales of variability within these estuarine environments is necessary to evaluate the 

changes and bottlenecks for species utilizing these habitats.

Kachemak Bay (Figure 1.1, 59° 30’N, 151° 30’W), part of Lower Cook Inlet in 

the northern Gulf of Alaska (GOA), is a highly productive and biologically diverse 

estuary (Sambrotto and Lorenzen 1986, Konar et al. 2009). The bay provides excellent 

spawning and larval rearing habitat for marine invertebrate and fish species (Abookire



and Norcross 1998, Daly and Konar 2008). The distribution, survival, and successful 

recruitment of planktonic larval stages of estuarine species are critically influenced by 

local hydrography and circulation patterns (Roughgarden et al. 1987, Shanks 1995, 

Queiroga and Blanton 2004). Understanding the forces driving local circulation patterns 

that impact larval dispersal facilitates proper ecosystem management, especially in 

anticipation of continued variable climate impacts. In an effort to better understand 

seasonal and inter-annual physical transport mechanisms that may influence the biota, a 

small-scale physical oceanographic investigation was undertaken in Kachemak Bay.

The general circulation pattern in Lower Cook Inlet and Kachemak Bay, 

originally described in the 1970s, shows the major water exchange patterns between the 

northern GOA and Lower Cook Inlet (Muench et al. 1978), and between Lower Cook 

Inlet and Kachemak Bay (Burbank 1977, Haynes and Wing 1977). The existence of 

major gyres in outer Kachemak Bay was also recognized at this time (Burbank 1977).

This general circulation pattern shows the Alaska Coastal Current (ACC) bifurcating with 

one fork entering Lower Cook Inlet through Kennedy Entrance and the majority 

continuing within the northern GOA into Shelikof Strait. Once in Lower Cook Inlet, 

some water enters Kachemak Bay along its southern coast and continues circulating 

counter-clockwise before exiting the bay along the northern shore into Cook Inlet (Figure 

1.1).

The forces driving the seasonal circulation patterns within Lower Cook Inlet and 

Kachemak Bay are a combination of tidal forcing, wind mixing, changes in buoyancy 

(freshwater discharge and ACC intrusion), bathymetry, and solar insolation (Stabeno et

9



al. 2004, Royer 2005, Weingartner et al. 2005, Johnson 2008, Okkonen et al. 2009). Of 

these forces, drifter studies and model predictions demonstrated that tidal forcing 

predominately controls circulation within Cook Inlet (Johnson 2008), but the importance 

of tidal forcing is unclear for Kachemak Bay. Tidal forcing and mixing do, however, 

play an important role in defining how and when Kachemak Bay water is exchanged with 

Lower Cook Inlet water (Okkonen et al. 2009). Comparisons between temperature and 

salinity profiles of deep water in Kachemak Bay with Lower Cook Inlet water flowing 

through Kennedy Entrance provided evidence that tidal mixing might obstruct water 

exchange between the two areas (Baird and Pegau 2006, Okkonen et al. 2009). A weakly 

stratified water column is more prone to mixing and, even during neap tides, water 

exchange between Lower Cook Inlet and Kachemak Bay is restricted due to the dense, 

oceanic waters that form at the confluence of these two areas. This has been supported 

by drifter trajectories (Johnson 2008) and SeaWiFS satellite imagery depicting a large 

‘plug’ or concentration of chlorophyll at the entrance of Kachemak Bay during the 

summer months (Baird and Pegau 2006). Conversely, during the seasonal progression 

from spring into summer, a more stratified system allows for increased water exchange 

between Lower Cook Inlet and Kachemak Bay, particularly during neap tides (Okkonen 

et al. 2009).

While the seasonal circulation patterns in the northern GOA and Lower Cook Inlet 

regions are reasonably well understood, less is known about their connectivity with and 

influence on Kachemak Bay. The water exchange processes between the 

hydrographically and biologically distinct outer and inner parts of Kachemak Bay are
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also poorly understood (Abookire et al. 2000, Schoch and Chenelot 2004, Speckman et 

al. 2005). To better understand the physical forcing effects on biological processes, this 

study provided an opportunity to identify both seasonal and inter-annual variability along 

the boundary between the estuarine inner bay and more oceanic regime of outer 

Kachemak Bay. The specific objectives of this study were to: 1. determine the main 

forces driving inner and outer bay water exchange by measuring the physical properties 

along this boundary, 2. determine small-scale variability of inflow and outflow patterns 

across the boundary transect, and 3. determine temporal variability of hydrographic 

exchange along the boundary during a spring tide cycle, across spring through fall 

seasons (March-October) and between two years (2008 and 2009).

M ATERIALS AND METHODS 

Study A rea

Kachemak Bay is a fjord-type, tidally-influenced estuary that harbors important 

marine resources for economic, subsistence and recreational users. It has over 540 km of 

coastline, an area of 1,500 km , and an 8.5 m maximum tidal range. The Homer Spit 

extends 6 km from the northern shore and divides Kachemak Bay into inner and outer 

bays (Figure 1.1). The presence of the Spit creates a narrow passageway along the 

southern shore for water exchange between the two bay parts, i.e. between the oceanic 

inflow and the estuarine, hydrographically modified from 15 glaciers, water exiting the 

inner bay.
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Sampling Locations

Ten sampling sites, evenly spaced approximately 450 m apart, were selected 

along the narrow passageway created between the Homer Spit and the southern shore of 

Kachemak Bay (Figure 1.2). This 4 km-long transect is along the natural boundary 

between inner and outer Kachemak Bay, which we used to infer water circulation into 

and out of the inner bay. These stations were sampled for physical parameters 

(temperature and salinity) to identify vertical water column properties and infer flow 

direction. Station 1 was located at the southern shore and according to the general 

circulation pattern was located in the area of net inflow into the inner bay and station 10 

on the northern side was in the net outflow area.

Sampling

Conductivity Temperature Depth (CTD) casts, utilizing a Sea-Bird Electronics 

(SBE) 19+, were taken between 31 March and 28 October 2008, for a total of 17 CTD 

transects. The following tidal conditions were typically sampled: slack tides of the neap 

tides (~2-3 m tidal range) providing approximations of general water flow in Kachemak 

Bay least influenced by tidal currents, and slack tides of spring tides (~7-8.5 m tidal 

range) providing information about water flow during strong tidal movement. On 22 

August 2008, the transect was sampled seven times during a 12 h spring tidal cycle 

starting at high tide to provide better tidal cycle context for the single transects measured 

over the season. To provide inter-annual comparisons of the physical dynamics and 

water flow across the inner/outer bay boundary, CTD casts were repeated monthly



around spring tide from 10 April -  16 October 2009, for a total of eight transects.

For each cast, the SBE19+ was lowered at ~1 m/s to maximum depth, which 

ranged from 50 m along the northern and southern sides to 100 m in the middle of the 

transect. Stations along the transect were sequentially sampled, which took about 90 min 

for the total transect. In addition, CTD casts were also taken in conjunction with 

plankton tows (see chapter 2).

D ata Processing

Utilizing the SBE software, CTD downcast data were processed, averaged into 1 

m bins, and rounded to two decimal places from the four measured. After applying the 

standard SBE data processing suite, the data were processed in Matlab (v9) to compute 

density (utilizing the seawater library functions) and create temperature, salinity, and 

density contour plots across the transect. To support the interpretation of the CTD data 

and to determine the influence of the Coriolis parameter on local circulation, Rossby 

numbers (R0) were calculated for a range of parameters using the following equation: 

R0=U/(f*L)

where U is velocity of the water (velocities utilized =1 cm/s, 10 cm/s, and 100 cm/s; 

based on the observed and calculated velocities observed in Cook Inlet (Johnson 2008) 

and the ACC (Weingartner et al. 2005), f  is the Coriolis parameter ( f  =2Qsin^=10-4, 

where Q=angular velocity of the Earth and p la titude) and L is the length scale of the 

flow in question (both 4500 m for length of sampling transect and 62 km for the entire 

length of Kachemak Bay were used in approximations). By scaling the equations of
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motion, Rossby numbers less than 0.1 indicate that the circulation pattern is “large scale” 

and the Coriolis parameter must be incorporated.

The amount of freshwater at each station within the upper 20 m was calculated for 

2008 and 2009 spring tides using:

I (Sr -S)/Sr

where Sr  is the reference salinity (32 psu) and S is the measured salinity at 1 m depth 

increments (integrated from 0-50 m depth).

Monthly salinity and temperature means ± standard deviation were calculated for 

2008 and 2009 for the upper 20 m of April through October spring tides. Two-sample t 

tests were used to determine significant differences (a  < 0.05) between averaged monthly

2008 and 2009 transect data.

RESULTS

The temperature, salinity, and density contour plots created from 2008 and 2009 

CTD casts (Figures 1.3-1.5, respectively) show the seasonal and inter-annual water 

column variation across the inner/outer bay boundary. For ease of comparison, 2008 and

2009 plots are comprised of eight spring tide samplings in seasonal progression. In late 

winter (March-early April), a highly-mixed, uniform water column existed. In spring 

(mid April -  May), temperature increased within the top 20 m (Figure 1.6) and salinity 

decreased in the top 15 m (Figure 1.7). By summer (June-August), a strong freshwater 

layer developed within approximately the top 20 m. The resulting two-layer density 

system (Figures 1.5 and 1.8) continued to exist through the beginning of August when the
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pycnocline dissipated and the entire water column became more homogeneous. The 

early fall water column was warmer, less saline, and less dense during late August 

through late September (Figures 1.3-1.5). By late fall - early winter (October), the water 

column became more mixed with, overall, decreased temperatures and increased salinity 

and density. Seasonal patterns of stratification were similar in 2008 and 2009; however, 

annual differences in monthly temperatures were significant for May and August through 

October. Annual monthly salinities were significantly different for May through October 

in the two years (Table 1.1). In 2009 water temperatures were colder (on average 0.29 

°C) in late winter through mid-summer (early April-July) and warmer (on average 1.03 

°C) in late summer/early fall (late August -  October) than in 2008 (Figure 1.9). Also, the 

upper water column had more freshwater from June through August in 2009 than in 2008 

(Figure 1.10 and 1.11). Even though only limited data were available from October 

2008, the water column maintained stratification longer into October 2009 (Figures 1.8).

The hydrographic properties for spring tides were similar to those measured 

during neap tides in 2008 (Figures 1.8 and 1.12, respectively). Due to the natural time 

difference between subsequent spring and neap tide measurements of about a week, 

direct comparisons are confounded by time. However, the development of the low- 

density layers within the upper 20 m occurred in late spring for both spring and neap 

tides. The two-layer density system developed similarly over the summer for both tidal 

phases before dissipating in October (Figures 1.8 and 1.12, respectively). Hence, overall 

water column structure in Kachemak Bay was similar between the two tidal phases, 

indicating that tidal forcing was not the dominant influence on overall water column
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structure.

The two-layer density system in Kachemak Bay was predominantly driven by 

salinity, evident from the similarity of the isohalines and isopycnals on the respective 

salinity and density contour plots (Figures 1.4-1.5 and 1.7-1.8). Most spatial changes 

over the transect and temporal changes over the season occurred in the upper 20 m.

Thus, salinity and density of this upper layer were used to infer circulation trends 

(Figures 1.7-1.8). The Rossby numbers calculated for Kachemak Bay were R0̂ 0.08 and 

indicated that the influence of the Coriolis parameter was strong and that the flow was 

horizontal and predominately geostrophic (assuming that frictional forces are also small). 

This, combined with the existence of a two-layer density system, indicated that the flow 

pattern was a layered system, with the top 20 m of the water column as the upper layer.

In this case, a northward inclination of the pycnocline corresponded to westward flow 

and southward inclination of the pycnocline corresponded to eastward flow. The 2008 

spring tide density contours (Figure 1.8) showed a general southward inclination from the 

north-central part (station 7) of the transect to the southern part (station 1) and a short and 

steep northward inclination from the north-central part (station 7) of the transect to the 

north (station 10). This indicated eastward flow on the south side of the transect into the 

inner bay and westward flow on the north side of the transect out of the inner bay within 

the top 20 m. While the magnitude of tidal influence on this overall circulation pattern 

could not be discerned, both the density profiles of both neap and spring tides showed 

these general pycnocline inclinations and supported the general water flow directions 

(Figure 1.8 for spring tides and Figure 1.12 for neap tides).
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Pycnocline slopes and general water flow trends within the top 20 m in 2009 were 

similar to the trends described for 2008 but with distinct differences in the distribution of 

inflow and outflow area across the transect and the location of the pycnocline maximum 

depth. The 2009 June through August transects show a short and steep southward 

inclination of the pycnocline from station 2 to station 1 and a long, gradual northward 

inclination from station 3 towards station 9 (Figure 1.8). This supports similar flow 

directionality as in 2008 with net inflow on the south shore and net outflow on the north 

shore, but with a larger area along the transect supporting outflow of water on the 

northern side of the transect than in 2008 and a much smaller inflow area on the south 

side in 2009.

The reversal in pycnocline angle across the transect in the density contour plots 

additionally demonstrate areas of shear or fronts along the transect in addition to different 

flow direction (Figure 1.8). There was no consistent front location along the transect 

between months within a year and between years; however, in 2008 fronts were generally 

observed between stations 7 and 10 (predominantly on the north side) and in 2009 two 

separate fronts occurred between stations 1 and 4 (south side) and stations 7 and 10 

(north side).

The 12 h tidal sampling on 22 August 2008 revealed that the pycnocline described 

above for the seasonal transects shifted in location along the transect throughout a single 

spring tide (Figure 1.13). At the start of the sampling series at high and outflowing tide 

(panels 1-3 in Figure 1.14), the front was located at station 8 towards the northern end of 

the transect. At low and start of the inflowing tide (panels 4-5 in Figure 1.14), the front
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weakened and shifted towards the south of the transect around stations 3-4. This 

southern side front then dissipated with a weak presence during inflowing tide in the 

south-central part of the transect (station 5); it was undetectable at high tide at the end of 

the sampling cycle (panel 7).

DISCUSSION 

Seasonal Patterns and Variation

The seasonal water column pattern in Kachemak Bay is similar to general patterns 

described for the northern GOA and Lower Cook Inlet (Royer 1979, 2005, Hare and 

Mantua 2000, Weingartner et al. 2002, 2005, Stabeno et al. 2004, Okkonen et al. 2009), 

with an increase in stratification in the upper water column over the summer and fall 

seasons. The annual cycle begins with a cold winter air and water temperatures from 

November through March where the water column is well-mixed and homogenous 

(National Estuarine Research Reserve System 2010). From April through May (spring), 

air temperature and daylight hours increase steadily, leading into a warm season from 

July through August. As surface waters warm and river discharge increases with these 

warming air temperatures, stratification of the upper water column increases during the 

summer season. This summer season is marked by the strengthening of a freshwater 

upper layer in the upper 20 m (Abookire et al. 2000, Speckman et al. 2005, this study).

As the season progresses into fall (October), decreases in air temperature and increases in 

storm activity gradually break down the stratification in the upper layer. Ultimately, the 

entire water column becomes more mixed and homogenous, thus concluding the annual
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cycle. Our observations along the inner/outer bay boundary support this general annual 

cycle for both 2008 and 2009.

The general circulation pattern of water entering inner Kachemak Bay on the 

south side and leaving the inner bay on the north side was consistent over the two study 

years. The area of water inflow across the transect, however, changed considerably 

between 2008 and 2009. During the summer of 2008, when the water column was less 

stratified and more saline than in summer 2009, inflow within the top 20 m was generally 

located across a large area of about 3.5 km of the transect on the southern side and 

outflow across a small area less than 1 km on the northern side (Figure 1.8). In contrast, 

inflow across the transect during summer 2009 was contracted to a small area of less than 

1 km on the south side, while outflow extended over a large area of about 3 km on the 

north side (Figure 1.8). With salinity in the upper 20 m being a major difference between 

the two years, this suggests that the distribution and amount of water inflow within the 

top 20 m into the inner bay was determined largely by the strength of the freshwater layer 

and the amount of freshwater exiting the inner bay. The freshwater sources likely are 

glacial melt and precipitation (see following section). It is possible that during warmer 

years, increases in the volume of glacial melt discharged into the inner bay result in a 

large outflow area as observed in 2009, which would restrict the surface inflow across the 

transect, particularly in the summer months. If freshwater-driven outflow occurred over 

much of the transect area, water transport into the inner bay might occur primarily at 

depth, below the freshwater layer.
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Forces Driving V ariation

Inter-annual climate variability alters the exact timing and degree of the seasonal 

forces driving circulation. In this study, the two-year comparison of physical water 

properties and inferred water flow across the inner/outer Kachemak Bay boundary 

suggested that inter-annual variation in localized circulation patterns can be substantial. 

The forces that influence inter-annual variation and the rate of mixing/stratification 

depend on wind speed and direction, solar heating, and surface freshwater flux 

(Speckman et al. 2005, Okkonen et al. 2009). Over both 2008 and 2009, wind direction 

was variable and speed for March through October monthly means ranged between 1-6 

m/s (Homer Spit Meteorological Station). Approximately 60 h of continuous wind speed 

and consistent direction is required to develop steady-state wind-driven circulation 

(Johnson 2008), a phenomenon that was not observed in either 2008 or 2009 (Homer Spit 

Meteorological Station). Thus wind-driven circulation was likely not established during 

our study. Increased solar heating contributes to increases in water column stratification. 

It additionally contributes to the rate of glacial melt, which impacts the amount of 

freshwater entering the inner bay. The mean temperatures and salinities from 2008 and 

2009 show a greater difference in annual and monthly salinity compared to temperature 

(Figure 1.9 and 1.11, respectively). Thus, stratification was determined to be controlled 

largely by the freshwater flux.

The salinity contours in our study showed a deeper and stronger freshwater 

influence from late June to late August in 2009 compared to 2008 (Figures 1.4 and 1.7),
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likely in part related to differences in precipitation between the two years. Mean annual 

precipitation records between 1932 and 2005 are 63 cm for rain and 139 cm for snowfall, 

representing a portion of the total freshwater input entering Kachemak Bay (National 

Climate Data Center). With the exception of January and September 2008, monthly 

mean precipitation was higher in 2009 than 2008, with overall annual means of 79 cm 

and 54 cm, respectively (Homer Spit Meteorological Station). Similarly, salinity 

measurements at the Homer Spit taken by the System Wide Monitoring Program 

(SWMP) of the Kachemak Bay Research Reserve (KBRR) show comparatively stronger 

freshening in October 2009 than 2008 (27.79 psu in 2009 versus 30.36 psu in 2008 at ~9- 

12 m depth) (National Estuarine Research Reserve System 2010).

Warm air temperatures increase glacial melt and river discharge inputs into 

Kachemak Bay (VanLooy et al. 2006, Luthcke et al. 2008). Laser altimetry studies 

demonstrated an accelerated decrease in glacial volume of the Harding Ice Field over the 

last 50 years, with loss rates as high as 0.1 km /yr within the last decade (Arendt et al. 

2002, VanLooy et al. 2006). April through October air temperatures in 2009 were on 

average 1.5°C warmer than in 2008; however, March 2008 was warmer than March 2009 

(Homer Spit Meteorological Station). While warmer air temperatures contribute to the 

thermal stratification of the water column stratification, a warmer and wetter 2009 likely 

also caused an increase in freshwater input from glacial melt and could have contributed 

to the described inter-annual variability in the buoyancy-driven circulation across the 

inner/outer boundary. Predictions of the continued rise in temperatures over the next 

century (Serreze et al. 2000, Klein et al. 2005) suggest that as long as glaciers still exist,
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the impacts of glacial melt on freshwater flux are likely to increase stratification and 

buoyancy-driven circulation of estuarine systems. Qualitatively, aerial and satellite 

imagery provide evidence that glacial melt and river discharge is a dominant source of 

freshwater to the inner bay (e.g., NOAA 2009).

Another source of freshwater flux into Kachemak Bay could be the incursion of 

Alaska Coastal Current waters. The ACC is a relatively shallow current driven by 

buoyancy from the large amounts of coastal runoff, particularly in the summer and fall 

months (Royer 1979, 1982, Wilson and Overland 1986, Stabeno et al. 2004, Weingartner 

et al. 2005). The ACC has a warm (around 6-13°C from 100 m-surface, respectively) and 

strong freshwater signal (salinity around 32-27 psu, 100 m-surface, respectively) in the 

summer months (Royer 2005). As some ACC water gets diverted into Lower Cook Inlet, 

tidal mixing and weak stratification along the boundary between Lower Cook Inlet and 

Kachemak Bay may minimize water exchange between the two, thus closing Kachemak 

Bay off to ACC incursion during periods of the year. However, each year as the ACC 

freshwater signal strengthens with increased riverine discharge (Royer 1979, 1982) and 

the stratification across the Kachemak Bay/Lower Cook Inlet boundary strengthens 

(Baird and Pegau 2006, Okkonen et al. 2009), ACC water incursion into Kachemak Bay 

may be enhanced. Sea-surface temperature (SST) images and hydrographic sensors at 

the south shore of outer Kachemak Bay both typically show incursions of warmer water 

characteristic of the ACC into outer Kachemak Bay during the summer months (Baird 

and Pegau 2006). Drifters deployed upstream in Prince William Sound during late 

summer 2009 entered Kachemak Bay in early August 2009 (S. Pegau, unpublished data),
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providing additional evidence of ACC incursion into Kachemak Bay. While it remains 

unclear if  the ACC signal can be detected in our data, the decrease in density over the 

entire water column during August of both years (Figure 1.5) may at least in part be due 

to the inflow of ACC waters across the inner/outer bay water column.

Fronts along the Inner/O uter Boundary

Within the highly complex and variable flow structure of estuarine environments, 

bathymetric effects can play a strong role in defining regions of the largest shears and 

fronts along the slopes of estuarine channels (Valle-Levinson and Atkinson 1999, 

Okkonen 2005). Correspondingly, the fronts in Kachemak Bay observed in the seasonal 

density profiles (Figure 1.8) are generally located at the stations flanking the main 

channel across the inner/outer boundary (stations 8-10 in 2008, stations 1-3 and 8-10 in 

2009). While bathymetry might influence front positions along this boundary, changes in 

the location and structure of the front also suggest a strong tidal influence on the front 

(Franks and Chen 1996, Mendes et al. 2002) as we observed over the 12 h tidal cycle. It 

appears that the pycnocline slopes within the profiles at the lowest tidal current speed are 

most similar (slack high and slack low, profiles 1, 4, and 7 in Figure 1.14).

CONCLUSIONS

The CTD profiles along a transect between inner/outer Kachemak Bay supported 

the overall circulation of inflow along the south and outflow along the north sides of the 

bay in the upper water column. Velocity measurements utilizing an Acoustic Doppler 

Current Profiler (ADCP) or a suite of drifter deployments would help address further the
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flow directionality at different depths within the water column across the inner/outer bay 

boundary. CTD transects along this boundary additionally supported a defined seasonal 

cycle and the development of a two-layer density system, predominated by a stratified, 

freshwater layer in the upper 20 m and a more homogenous, saline bottom layer during 

the summer. Besides the basic influence of tides on overall circulation patterns, 

buoyancy forcing seems to have the most influence on circulation, especially during the 

summer months. Thus, it is suggested here that buoyancy is the largest driver of inter

annual variability on the inner/outer bay boundary circulation and water exchange.

Dynamic estuarine environments require investigations of multiple spatial and 

temporal scales of variability to develop a thorough understanding of local hydrographic 

patterns and how these might influence biological communities. Temporal scales of 

variability range from decades, including large-scale features such as Pacific Decadal 

Oscillation (PDO) and El Nino Southern Oscillation (ENSO), inter-annual and seasonal 

variations, and even daily to hourly variations in highly dynamic environments 

(Weingartner et al. 2002, Stabeno et al. 2004, Speckman et al. 2005). Our observations 

of variability on time scales of hours to seasons to years across the sampling transect 

have important bearing on biological processes in Kachemak Bay. For example, the level 

of stratification may impact phytoplankton blooms (Malone et al. 1988, Cloern 1996) and 

freshwater-driven differences in the strength of inflow versus outflow across the 

outer/inner bay boundary will have implications on the dispersal of planktonic organisms 

(Shanks 1995). The latter is of particular interest for the assessment of recruitment of 

valuable fisheries species into the inner, estuarine bay area for use as a habitat and
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potential nursery ground. Depending on precipitation, temperature and subsequent 

freshwater discharge during summer, surface water inflow into the inner bay can become 

restricted and could decrease immigration of dispersal stages into the inner bay.

Warming temperatures due to climate change will likely amplify the freshwater discharge 

into Kachemak Bay’s inner bay, exacerbating these effects on larval dispersal and overall 

biological communities.

Future studies on freshwater influx into Kachemak Bay, particularly monitoring 

riverine discharge, are necessary to determine the residence time of water within the inner 

bay and to detail the buoyancy forcing on the inner/outer bay exchange. Long-term 

freshwater inflow monitoring paired with established CTD transects will facilitate the 

interpretation of seasonal and inter-annual variation in the bay and within Lower Cook 

Inlet. Strong seasonality with distinct freshwater runoff variability indicates a system 

highly susceptible to climate variability, thus further supporting the need for increased 

monitoring efforts of this highly productive estuarine system.
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Figure 1.1. Map depicting regional and local Kachemak Bay circulation trends, adapted 
from Burbank 1977. Solid lines represent general circulation patterns emphasized in this 
chapter.
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Figure 1.2. Bathymetric map of Kachemak Bay showing CTD sampling locations (red 
dots) along the inner/outer bay boundary. Purple corresponds to deeper depths and orange 
corresponds to shallower depths.
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Figure 1.3. Temperature (°C) contour plots across the sampling transect for 2008 (top) 
and 2009 (bottom) spring tides. Each date represents a complete transect from south 
(station 1, left) to north (station 10, right). Different dates are separated by dashed lines.
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Figure 1.4. Salinity (psu) contour plots across the sampling transect for 2008 (top) and 
2009 (bottom) spring tides. Each date represents a complete transect from south (station 
1, left) to north (station 10, right). Different dates are separated by dashed lines.
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• 3Figure 1.5. Density (kg/m ) contour plots across the sampling transect for 2008 (top) and 
2009 (bottom) spring tides. Each date represents a complete transect from south (station 
1, left) to north (station 10, right). Different dates are separated by dashed lines. 
Equipment failure prevented full depth sampling on 17 September 2008. Due to 
inclement weather, only two stations (3 and 7) were sampled on 28 October 2008.
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Figure 1.6. Upper 20 m temperature (°C) contours for 2008 (top) and 2009 (bottom) 
spring tides. Each date represents a complete transect from south (station 1, left) to north 
(station 10, right). Different dates are separated by dashed lines. Due to inclement 
weather, only two stations (3 and 7) were sampled on 28 October 2008.
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Figure 1.7. Upper 20 m salinity (psu) contours for 2008 (top) and 2009 (bottom) spring 
tides. Each date represents a complete transect from south (station 1, left) to north (station 
10, right). Different dates are separated by dashed lines. Due to inclement weather, only 
two stations (3 and 7) were sampled on 28 October 2008.
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3Figure 1.8. Upper 20 m density (kg/m ) contours for 2008 (top) and 2009 (bottom) spring 
tides. Each date represents a complete transect from north (station 10, right) to south 
(station 1, left). Different dates are separated by dashed lines. Due to inclement weather, 
only two stations (3 and 7) were sampled on 28 October 2008.
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Figure 1.9. Upper 20 m mean water temperatures for April -  October spring tide 
transects. Due to stations 3 and 7 being the only data available for October 2008, October 
comparisons reflect calculations only from stations 3 and 7 of both 2008 and 2009.
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Figure 1.10. Percentage freshwater content at each station (using reference salinity 32) 
within the upper 20 m in 2008 (top) and 2009 (bottom) over complete spring tide 
transects.
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Figure 1.11. Upper 20 m mean salinities for April -  October spring tide transects. Due to 
stations 3 and 7 being the only data available for October 2008, October comparisons 
reflect calculations only from stations 3 and 7 of both 2008 and 2009.
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• 3Figure 1.12. Density (kg/m ) contour plots across the sampling transect for 2008 neap 
tides. The entire water column (top) and upper 20 m (bottom) are shown. Only three 
stations (3, 7, and 10) were sampled on 21 October 2008.
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12 hr tidal cycle transect #

Time

3Figure 1.13. Density (kg/m ) profiles from seven transects over a spring tide 12-hour 
sampling on 22 August 2008. Tidal phase below indicates the sampling period of each 
transect and tidal height (m).
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Figure 1.14. Upper 20 m density (kg/m ) contours for 12 h tidal sampling on 22 August 
2008. Number in lower left corner of each contour plot represents transect number (see 
Figure 1.13). Large arrows represent distinct frontal zone and small arrows represent 
weak front detection.
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Table 1.1. Upper 20 m water column monthly salinity (S) and temperature (T) means, 
standard deviation, maximum, and minimum. P-values are results of two-sample t-tests 
and indicate significant differences (p<0.05) between mean salinity or mean temperature 
for the same month in 2008 and 2009.

Month Year S mean S  std S max S  min S  P va lu e T mean T  std T max T min T  P valu e

April 2008 31.26 0.06 31.50 28.29 3.58 0.09 4.52 3.36

April 2009 31.34 0.23 31.72 24.58 0.2879 3.54 0.23 4.79 3.17 0.65

May 2008 30.51 0.09 31.31 27.18 6.53 0.18 8.77 5.01

May 2009 31.03 0.22 31.67 27.19 <0.001 6.00 0.45 7.46 4.77 0,0028

June 2008 30.39 0.18 31.44 21.48 8.06 0.39 10.70 6.38

June 2009 29.98 0.46 31.56 26.16 0.0183 7.71 0.52 10.24 5.83 0.1036

July 2008 30.19 0.26 31.28 24.53 8.65 0.34 10.69 7.53

July 2009 29.40 0.61 31.53 22.74 0.0013 8.41 0.30 11.12 7.18 0.1125

August 2008 30.25 0.36 30.87 28.11 9.94 0.16 11.07 9.64

August 2009 28.88 0.50 30.54 24.63 <0.001 10.90 0.21 12.00 10.18 <0,001

Se ptember 2008 28.65 0.45 30.05 22.73 10.32 0.09 10.60 9.59

Se ptember 2009 28.66 0.33 29.57 26,50 0.9689 10.56 0.07 10.74 9.93 <0,001

October 2008 30.67 0.06 30.75 29.05 7.74 0.11 7.85 7.79

October 2009 29.03 0.30 29.80 23.43 0.954 9.64 0.06 9.83 8.35 0.0022
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CHAPTER 2:

Spatial and temporal abundance of larval brachyuran crab across an estuarine/oceanic

boundary1

ABSTRACT

Crab larval transport was studied in the subarctic estuary of Kachemak Bay, Alaska to 

address the temporal and spatial variation of brachyuran crab larvae with respect to tidal 

forcing and hydrographic properties. Plankton tows and hydrographic measurements 

were taken along a boundary between an estuarine inner and more oceanic outer bay over 

the timeframe of crab larval presence (March -  October) on spring and neap tides. Seven 

species from four families dominated the larval crab assemblage and occurred in a 

seasonal sequence. The crab larval assemblage was highly correlated to temperature, 

which supports the strong seasonality of larval occurrence. Cancer oregonensis was the 

most abundant species, comprising 37% of the total assemblage. Peak abundances for all 

species except Chionoecetes bairdi occurred on spring tides; however, overall species’ 

abundances at spring and neap tides were not significantly different. Larval abundances 

across the three sampling stations were significantly different for Pugettia spp., Oregonia 

gracilis, and C. oregonensis, and the greater abundances of O. gracilis in areas of inflow

1 Murphy M, Iken K (2010) Spatial and temporal abundance of larval brachyuran crab 

across an estuarine/oceanic boundary. Prepared for submission in Marine Ecology 

Progress Series
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suggest transport into the inner bay. In contrast, larvae of the commercially important 

Chionoecetes bairdi might be exported from the bay because no late larval stages were 

ever observed. Cancer magister early larval stages also may be exported from the bay.



INTRODUCTION

Brachyuran crabs provide an important trophic link in coastal ecosystems, each 

life stage serving as a food source for other marine organisms such as planktivores, 

invertebrates, fishes, birds, and sea otters (Morgan 1990, Morgan 1992, Doroff and 

DeGange 1994, Grisley et al. 1996). In addition to their ecological role, some brachyuran 

crab species are important for commercial fisheries. Over the last twenty years, closures 

of most Alaskan commercial crab fisheries, especially Chionoecetes bairdi (Tanner crab, 

Family Majidae) and Cancer magister (Dungeness crab, Family Cancridae), have not 

resulted in satisfactory adult population rebounds. To better understand their ecological 

roles and to better inform adult crab population management, it is critical to understand 

the entire crab life cycle and individual species’ life histories. The goal of this study was 

to create a baseline of the crab larval transport mechanisms within Kachemak Bay, 

Alaska. This adds important information to our understanding of adult crab population 

dynamics in this high-latitude estuary.

Like many marine invertebrates, brachyuran crabs release their free-living larvae 

into the water column. Brachyuran larvae can travel great distances during their time in 

the plankton before settling into the benthos as juveniles (Lough 1974, Lough 1976, 

Shanks 1995, Warner and Cowen 2002, Queiroga and Blanton 2004). During the pelagic 

phase, crab larval distribution depends largely on regional and local hydrography and 

local settlement cues. This larval distribution can influence the distribution of the adult 

populations (Largier 2003, Metaxas and Saunders 2009 for review). ‘Larval dispersal’ 

refers to the spread of larvae from a spawning source to a settlement site. Temporal
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measurements, such as spawning time and season, and conditions, such as food 

availability and predation, are important factors in determining larval dispersal (Metaxas 

and Saunders 2009). On a smaller spatial scale, ‘larval transport’ refers to the horizontal 

change of larval position between points a and b (Pineda et al. 2007). Hence, larval 

transport is a small-scale, integral part of understanding the larger larval dispersal 

patterns. The use of biophysical models to facilitate predictions of larval dispersal is 

increasing (Cowen et al. 2006, Metaxas and Saunders 2009). These models require 

accurate field estimations of biological and oceanographic components, their variation, 

and of larval transport to successfully validate the model outcomes. Among the 

biological components, it is important to determine larval release time, duration of 

pelagic larval phase, mortality, and behavior in the water column. Among the 

oceanographic components, mean velocity, wind- and tidally-driven circulation patterns, 

and density structure are most essential (Metaxas and Saunders 2009). This highlights 

the need to better understand dispersal and transport of crab larvae and their population 

connectivity in a physical context to ensure and support effective local management.

This may be especially important in coastal and estuarine systems where adult 

populations may be recruitment-limited (Gaines and Roughgarden 1985, Bilton et al.

2002).

Larval transport continues to be a poorly understood process due to the high 

variability and the difficulties in tracking horizontal and vertical larval movement over 

large areas (up to 100+ km) for the entire pelagic phase (months) (Lough 1976, Shanks 

1995, Fisher 2006). Larval transport in estuaries is under the influence of the strong
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physical forces of shear and tidal pressures (Forward and Tankersley 2001, Olaguer-Feliu 

et al. 2010). The interpretation of larval dispersal patterns is complicated by the ability of 

larvae to actively regulate their vertical positioning within the water column (Epifanio 

1988, Epifanio and Garvine 2001, Queiroga 1998, Queiroga et al. 2006, Herter and 

Eckert 2008). Crab larvae can be preferentially retained within, exported from, and/or 

returned to an estuary by responding to endogenous activity rhythms and utilizing 

physical cues, such as tidal currents (Tankersley et al. 1995, Shanks 1995, DiBacco et al. 

2001, Queiroga et al. 2006). Additionally, observations of varying export and retention 

patterns for different species within the same estuary (DiBacco et al. 2001, Fisher 2006) 

suggest that some larvae may be preferentially exported from estuaries while others are 

retained. This variation among species is likely due to species-specific balances between 

nutrition, predation, and physiological stress (Morgan and Christy 1995) and supports the 

need to determine species-specific transport during the dispersal process.

Several crab larval transport studies have been conducted in Alaska, either in the 

laboratory or in coastal areas with dynamic conditions. In Southeast Alaska, crab larval 

transport has been studied in Auke Bay (Shirley and Shirley 1989) and Glacier Bay (Park 

and Shirley 2005, Fisher 2006, Herter and Eckert 2008), fjord-type estuaries with tidal 

activity of 6-8 m and with freshwater fluctuations from glacial melt. These studies 

provide information on larval transport, duration, and behavior influenced by dynamic 

and variable physical environments. Crab larval species in Glacier Bay differed in their 

vertical position in the water column, presence and abundance of larval stages, and/or 

settling locations regardless of strong tidal, wind, or freshwater forcing (Park and Shirley



2005, Fisher 2006, Herter and Eckert 2008). This supports the idea that behavioral 

mechanisms and active retention can occur even under strong physical forcing, e.g. 

strong tides, density stratification, winds, etc.

A remaining question for these fjord-like, highly dynamic estuaries is how small- 

scale hydrographic patterns relate to crab larval abundance. This study aimed to 

determine the presence and timing of crab larvae in Kachemak Bay and relate larval 

transport to physical transport mechanisms on small temporal and spatial scales. To 

answer this question, we first observed crab larval abundances across a boundary 

between an oceanic outer part and an estuarine inner part of the bay. We then 

investigated which local physical water properties most influence larval crab transport. 

Crab larval abundance, for some species the presence of larval stages, and crab 

assemblage composition were used to infer larval transport into and/or export from the 

inner estuary. The specific objectives of this study were 1. to assess the temporal and 

spatial variability of brachyuran crab larval assemblage composition and abundance over 

the main regional larval period (March -  October), 2. to determine temporal and spatial 

patterns of individual larval stages of Chionoecetes bairdi and Cancer magister as 

commercially important species, and 3. to relate larval crab assemblage with physical 

variables (salinity and temperature) and hydrographic features.
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M ATERIALS AND M ETHODS 

Study A rea

Kachemak Bay is a highly productive, tidally-influenced estuary of Lower Cook 

Inlet and the northern Gulf of Alaska (GOA) (Figure 2.1, 59° 30’N, 151° 30’W), which 

harbors important marine resources for economic, subsistence and recreational users. It 

has over 540 km of coastline, an area of 1,500 km , and an 8.5 m maximum tidal range. 

Extending 6 km into the bay, the Homer Spit divides Kachemak Bay into an estuarine 

inner and oceanic outer bay and creates a narrow passageway along the southern shore 

for water exchange between the two bay parts. The Alaska Coastal Current bifurcates 

with one fork entering Lower Cook Inlet through Kennedy Entrance and the majority 

continuing within the northern GOA into Shelikof Strait and south of Kodiak Island 

(Muench et al. 1978). Once in Lower Cook Inlet, part of the water enters Kachemak Bay 

along the southern coast where it continues circulating counter-clockwise. Water that 

enters the inner bay is hydrographically modified by glacial and riverine inflow, thus 

becoming more estuarine in nature compared to the more oceanic outer bay. Water exits 

the inner bay along the northern shore where it continues until it flows into Cook Inlet 

(Burbank 1977, Haynes and Wing 1977, Figure 2.1).

Sampling Locations

Three sampling sites, spaced approximately 1,500 m apart, were selected along a 

transect line across the narrow passageway created between the Homer Spit and the 

southern shore of Kachemak Bay (Figure 2.2). This transect was along a natural, narrow
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boundary between inner and outer Kachemak Bay across which brachyuran crab larval 

passage into and out of the inner bay could be determined. The three biologically 

sampled stations were part of a 10-station transect that was also sampled for physical 

parameters (temperature and salinity) to identify vertical water column properties and 

flow direction across the boundary (see chapter 1). Of the biological stations, station 3 

was located at the southern end of the transect in the area of net water inflow into the 

inner bay and station 10 was on the northern side in the net outflow area, with station 7 

intermediate in between.

Sampling

Horizontal surface and oblique plankton tows (20 m to surface) were taken using 

two 333 pm ring nets (1 m opening x 2 m long) from a 7 m-long skiff. The net utilized 

for oblique tows was weighted with 11 kg of lead and additionally equipped with a 

SUUNTO Vyper dive computer to record depth and sampling profile. Each net was 

affixed with a flowmeter (General Oceanics model 2030) to determine the filtered water 

volume. Both nets were towed at 2-3 kts (relative to water speed) for 5 min. The average

3 3volume of water sampled for surface and oblique tows was ~40 m and ~60 m , 

respectively. Because the oblique tows comprised the majority (84%) of the total larvae 

collected with both tows, the abundances from surface and oblique tows were combined 

for most temporal and spatial comparisons.

Samples were taken between 31 March and 28 October 2008, typically at the 

incoming and outgoing tides of the neap tides (~2-3 m tidal range) and the spring tides
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(~7-8 m tidal range). The neap tide sampling was used to gain approximations of larval 

transport due to general water flow in Kachemak Bay with least influence of tidal flow, 

while the spring tide sampling provided information about larval transport influenced by 

strong tidal movement. Since crab larval abundances were not significantly different 

(p>0.05 pooled t-test for each species, see results) between incoming and outgoing tides, 

abundance data for both tows per station and date were combined. Station abundances 

are hence standardized as individuals per 200 m (combined surface and oblique tows and 

combined incoming and outflowing tide samples) or as individuals per 600 m3 when 

abundances for all three sampling stations were combined.

To correlate larval crab assemblage structure to temperature and salinity 

properties, plankton tows were accompanied by CTD (Sea-Bird Electronics 19+) casts. 

For each sampling event and station, temperature and salinity data were averaged for 0

20 m, rounded to two decimal places, and mean (± standard deviation), minimum and 

maximum values were determined for this depth range.

Sample Processing

Plankton samples were preserved in molecular-grade 100% ethanol immediately 

after sampling and all brachyuran larvae were sorted. Crab larvae were identified to 

species using the following reference guides: Hart (1935), Hart (1960), Poole (1966), 

Trask (1970), Lough (1974), Roesijadi (1976), Haynes (1981), Debrosse et al. (1989), 

Puls (2001), and Kornienko and Korn (2008). The Pugettia larvae, while most likely P. 

gracilis or P. producta due to presence of adults in Kachemak Bay (Field and Walker



2003), were collectively identified as Pugettia spp. because of the difficulty in larval 

morphological identification. All brachyuran larvae were enumerated by taxon, and for 

Chinoecetes bairdi, Cancer magister, and Oregonia gracilis, to larval stage (zoea = Z, 

megalopa = M). Observations on the presence of larval stages were made for all other 

brachyuran species, but these larval stages were not quantified.

Data Analysis

Biological Samples

Total larval crab abundance (pooled for all stages, species, and sampling dates) 

and individual species’ abundances (pooled for all larval stages and sampling dates) were 

compared across the three sampling stations using pooled t-tests on log10-(x+1)- 

transformed abundance data (individuals 200 m- ). Pooled t-tests were applied to all 

possible station comparisons (n=3). Due to the fixed sampling design with no replicates 

and the strong temporal signal in the data, parametric assumptions were not met. The 

absolute difference between individual station abundance and the abundance for the same 

station lagged by one sampling date was calculated for each station. The variances of 

individual station abundances were then utilized to calculate standard error and the 

denominator of the test statistic for the stations of comparison using the following 

equations:
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2. t = • f ± U 1 ]
SE \\y rn)  ^ n2 J

where SE is standard error, ni is the number of abundance data points in a sample, vari is 

variance of station abundance, t is the test statistic, and Xi is the abundance mean 

(Scheaffer et al. 1996). The t alpha levels (a=0.05) were Bonferroni adjusted due to the 

repeated use of the same data sets (n=3) in multiple station comparisons, resulting in 

significant differences being represented by p< 0.0167. Individual species’ abundance 

comparisons between surface versus oblique tows, incoming (flood) versus outgoing 

(ebb) tides, and spring versus neap tides were calculated using the same procedure. Since 

no repeated use of the same data occurred for these comparisons, no Bonferroni 

adjustment was required.

Similarity of crab larval assemblage composition across stations, sampling date, 

and sampling date nested with season was analyzed using permutational multivariate 

analysis of variance (PERMANOVA) (Anderson 2001, Anderson et al. 2008) within the 

multivariate statistics software package Pr i m e r ™. Sampling dates were assigned to 

seasons based on previous crab larval studies within Alaskan waters as spring (31 March 

-  29 April), summer (5 May -  2 August), and fall (23 August -  28 October) (Fisher 2006, 

Daly and Konar 2008).

Physical Data

Correlation between larval crab assemblage composition and the upper 20 m 

mean temperature and salinity variables was determined using the BEST Bio-Env 

procedure in Pr i m e r ™ (Clarke and Warwick 2001, Clarke and Gorley 2006). Both
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environmental variables were normalized (standardized) to a common scale using the 

appropriate Primer function. Temperature and salinity were only moderately negatively 

correlated (Spearman Rank Correlation, p=-0.537), therefore both were used in the 

analysis. The analysis correlated the normalized physical variables with Bray-Curtis 

similarity matrices of square root-transformed crab larval abundances using Spearman 

Rank correlations.

RESULTS 

Biological Samples

Seven species representing four families dominated the brachyuran crab 

abundance in the plankton tows during the sampling period (Figure 2.3). Brachyuran 

larvae, primarily zoea, were observed during the entire sampling period but with very low 

abundances in the beginning (late March) and the end (late October). Distinct sequential 

peak abundances of each species were noted over the sampling period with Telmessus 

cheiragonus occurring first in March, proceeded by Chionoecetes bairdi and Pugettia 

spp. in April, and then Oregonia gracilis, Fabia subquadrata, Cancer oregonensis, and 

Cancer magister starting in May. Three species, O. gracilis, C. oregonensis, and F. 

subquadrata, each had two abundance peaks: O. gracilis in May and in June, C. 

oregonensis in early July and in August, and F. subquadrata in August and September 

(Figure 2.3). With the exception of C. bairdi and the second peak of F. subquadrata, all 

of these peak abundances occurred on spring tide sampling dates (Figure 2.3), although 

pooled t-test comparisons of overall abundance between spring and neap tides for each



species were not significantly different (Table 2.1). Crab species’ abundances were not 

significantly different between incoming and outgoing tides and, with the exception of T. 

cheiragonus, abundances were significantly higher in oblique than surface tows (Table 

2.1). Abundances for all crab species combined were not significantly different between 

any of the station pairs (pooled t-test, Table 2.2), even though abundances were 

significantly different among sampling stations for some of the individual species. In the 

following, abundances per species were combined across the stations for each sampling 

date (ind per 600 m3) for overall temporal comparisons before assessing differences 

among stations for each species.

Telmessus cheiragonus (Family Cheiragonidae) was the first species present in 

the plankton on 31 March, with low numbers (13 ind per 600 m ) of Z1, i.e. larval 

occurrence had already commenced at the beginning of the sampling period (Figure 2.3). 

Later Z stages (Z2-Z5) and M were first observed on 5 May and 28 May, respectively, 

but these stages never reached similarly high abundances as during the Z1 peak of 1,643 

ind 600 m- on 22 April (Figure 2.4). The observed larval phase lasted 64 days, as Z1-Z5 

and a few M were observed until 3 June (Figures 2.3 and 2.4). There were no significant 

differences in T. cheiragonus larval abundances among any of the station comparisons 

(Table 2.2) and T. cheiragonus was the only species that had similar abundances in both 

surface and oblique tows (Table 2.1).

Chionoecetes bairdi (Family Majidae), occurred second in the observed seasonal 

sequence and was first encountered as Z1 in late April (11 ind per 600 m ). They reached 

peak abundance in mid May (842 ind per 600 m3) and were last observed in the plankton
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on 26 June (n=58 days for Z1 presence, Figure 2.3). No Z2 or M were encountered. 

Differences in C. bairdi larval abundances were not significant between any of the station 

pairs (Figure 2.5, Table 2.2).

Pugettia spp. (Family Majidae) were first observed as Z1 in late April and Z2 and 

M both first occurred on 26 June (Figure 2.6). Pugettia spp. larvae were present in the 

plankton samples through the end of September, thus having a presence of 153 days in 

the water column (Figure 2.3). Larval abundance was significantly greater at the 

intermediate station (7) than the outflow station (10, p=0.0032), while comparisons 

among other station combinations were not statistically different (Figure 2.6, Table 2.2).

Oregonia gracilis (Family Majidae) Z1 first appeared on 13 May and quickly 

peaked on 19 May with 2,629 ind per 600 m3, and were last observed on 2 July (Figure

2.3). Z2 were first observed three weeks after Z1, and had a small peak on 26 June (766 

ind 600 m- ), remaining in the water column for another month. M were first observed, 

and in highest abundance, on 25 July (82 ind per 600 m3) and were last found at the end 

of August (108 day larval phase, Figure 2.7). Abundances of O. gracilis at stations 3 and 

7 were both significantly higher than at station 10 (Figure 2.7, Table 2.2).

Cancer oregonensis (Family Cancridae) Z1 was first observed in the water 

column on 19 May, and was the most abundant species observed throughout the entire 

sampling period (37% of the total assemblage abundance). This species was observed in 

the water column for 162 days, only exceeded by Fabia subquadrata (see following 

paragraph). Z2 started to appear in June about one month after Z1 and M occurred in late 

July. While the different larval stages of Cancer oregonensis were not quantified, all

60



stages (Z1-5, M) were observed successively throughout the sampling period, with lower 

abundances of the Z3-Z5 larval stages observed through 29 September. Cancer 

oregonensis M were observed in low abundance from 25 July through the last sampling 

effort on 28 October. Abundance of C. oregonensis larvae at the central station (7) was 

significantly higher than at both stations 3 and 10 (Figure 2.8, Table 2.2).

Fabia subquadrata (Family Pinnotheridae) was the second-most abundant species 

(30% of assemblage) and the larvae were observed in the water column longer than all 

other species (13 May -  28 October, 168 days, Figure 2.3). All zoeal stages (Z1-Z5) 

were observed over the sampling period. Combinations of various Z stages were 

simultaneously observed from 26 June on, peaking on 2 August with 3,176 ind per 600 

m3, but no M were ever encountered. Fabia subquadrata abundance was not 

significantly different among any of the stations (Figure 2.9, Table 2.2).

Cancer magister (Family Cancridae) was the last brachyuran crab species to 

appear within the plankton in Kachemak Bay and the least abundant species over the 

sampling period (<1% of community assemblage, Figure 2.3). Z1 were first observed on

28 May, peaked in abundance on 2 August (136 ind per 600 m ), and were last detected

29 August. Z2 occurred in low numbers (peaked with 16 ind per 600 m on 29 August) 

between late June and late September and a few Z3 were observed on 29 August (Figure 

2.10). The time span for Z1-Z3 stages observed in the plankton totaled 117 days (Figure

2.3). Cancer magister Z4, Z5, and M were never observed in the plankton samples.

Even though abundance of C. magister appeared to be slightly higher at station 10
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(outflowing) than at station 3 (inflowing) (Figure 2.10), this difference was not 

significant (Table 2.2).

Crab larval assemblage composition was highly correlated with season but not 

with station. The factors season and sampling date nested within season significantly 

influenced assemblage composition (PERMANOVA, p=0.001 each), while station 

location and station and season combined had no significant influence (p=0.731 and 

p=0.815, respectively) (Table 2.3). The influence of time (sampling date and season) on 

community assemblage composition is additionally demonstrated by the progressive right 

to left and bottom to top order in the MDS plots (Figure 2.11). Hence, community 

composition changed over time (date and season), but was independent of sampling 

station.

Physical M easurem ents

Water column measurements across the inner/outer boundary showed warming 

temperatures and decreasing salinities as the spring season progressed into summer and 

early fall in September (Table 2.4). This established a vertically stratified density profile 

within the upper 20 m that existed for the majority of the sampling period (Figure 2.12). 

Vertical pycnocline orientation within the upper 20 m water column changed across the 

transect, indicating inflow into the inner bay along the south side and outflow from the 

inner bay along the north side (black arrows in Figure 2.12). The region where the 

pycnocline changes direction might mark a hydrographic front (white arrows in Figure 

2.12, Figure 2.13). Average minimum temperatures and maximum salinities of the upper
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20 m were observed in March while maximum temperatures were observed in August 

and minimum salinities were observed in September (Table 2.4). Mean temperature 

within the upper 20 m had the highest correlation with total community assemblage (Bio- 

Env, p=0.679), while adding salinity decreased the strength of the correlation (Bio-Env, 

p=0.420).

DISCUSSION

Density profiles, created from temperature and salinity measurements, showed a 

well-developed, stratified, buoyancy-driven upper water column over the summer season. 

Water directionality inferred from these density profiles supported the general circulation 

pattern of inflow on the southern side (near station 3) and outflow along the northern side 

of the inner/outer bay boundary (near station 10). We have previously established that 

this general flow pattern is independent of tidal phase, i.e. occurs during spring and neap 

tides (see Chapter 1). The change in water flow direction across the transect creates an 

area of shear, or hydrographic front, a feature that can be important in accumulating 

planktonic organisms (Clancy and Epifano 1989, Scotti and Pineda 2007). The location 

of this front moves over the course of a 12 h tidal cycle (Figure 2.13), so that the water 

flow at the middle station (7) is under a variable flow pattern. The general patterns of 

inflow around station 3 and outflow around station 10, however, were consistent and can 

be used to interpret both the larval crab spatial variation and possible transport 

directionality across the transect.
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Spatial distribution of larval abundances across the three sampling stations was 

significantly different for three crab species, Oregonia gracilis, Pugettia spp., and 

Cancer oregonensis. Oregonia gracilis exhibited significantly greater abundance at the 

area of net inflow (station 3) and the intermediate station (station 7) than at the area of net 

outflow (station 10). Particularly the higher abundance in the inflow region may possibly 

reflect transport of O. gracilis into the inner bay. It cannot be excluded that this 

difference between inflow and outflow areas may be due to high mortality of these larvae 

within the inner bay, but since larval abundance for most other crab species did not differ 

between inflow and outflow regions, we believe that specifically high mortality of O. 

gracilis is unlikely to explain this pattern. It seems more likely that inner Kachemak Bay 

may act as a settlement area for larvae of this species. Two species, Pugettia spp. and 

Cancer oregonensis, were significantly more abundant at station 7 (middle of transect) 

than either stations 3 or 10, especially during the summer. Oregonia gracilis was also 

significantly more abundant in the middle of the transect than the outflow region (station 

10). This middle station is under the influence of the variable oceanographic front forms, 

which may play a role in concentrating plankton (Clancy and Epifano 1989, Scotti and 

Pineda 2007). It is also known that apart from passive concentration, plankton organisms 

can actively respond to frontal systems with vertical migration patterns (Forward and 

Tankersley 2001), which could be examined for our three crab species in further studies. 

The changing location of this front both over the course of a tidal cycle and over the 

summer 2008 makes it difficult to determine general flow trends for these crab larvae.



In addition to spatial distribution of crab larvae with respect to inflow and outflow 

regimes, larval transport may be inferred from the timing of larval stages. The 

occurrence of initial Z1 for Telmessus cheiragonus, Fabia subquadrata, and Cancer 

oregonensis was similar to the timing in Z1 presence in other Alaskan studies (Fisher 

2006, Daly and Konar 2008). For example, we first observed the Z1 of Pugettia spp. on 

29 April, similar to their appearance on 26 April in Glacier Bay, Alaska (Fisher 2006). 

The similar timing of early larval stages across regions within the northern GOA may 

indicate that larvae were released relatively close to the locations where they were 

observed. If larvae were to come from a downstream source, we might expect a delay in 

the occurrence of these early larval stages. In addition, the persistence of early and late 

larval stages for Cancer oregonensis, Oregonia gracilis, T. cheiragonus, F. subquadrata 

(with the exception of megalopae for Fabia subquadrata), and Pugettia spp. suggests that 

these larvae were likely locally sourced within or very close to Kachemak Bay (Fisher 

2006). Overall, these considerations suggest that larvae of Pugettia spp., O. gracilis, and 

C. oregonensis are locally transported within Kachemak Bay.

The commercially important Tanner crab, Chionoecetes bairdi, did not have 

significantly different abundances across the sampling stations. But based on larval 

timing as well as on larval stages present, it could be that these species may be exported 

from the inner bay. The observation of Z1 C. bairdi larvae during typical release times 

(Incze et al. 1987, Rosenkranz et al. 1998) suggests that larvae of this species could have 

come from within the bay or a close upstream area. The absence of Z2 and M from any 

sampling station may indicate that local larvae are exported from the bay rather than pass
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through from an upstream source. It is difficult to extrapolate larval behavior and 

oceanographic patterns from other locations, but both zoeal phases of C. bairdi 

predominated within the top 20 m in the Bering Sea (Incze et al. 1987). We would hence 

have expected to capture Z2 throughout our frequent sampling schedule if they were 

present in large numbers. However, it also is possible that the density of C. bairdi larvae 

in the water column was so low that our plankton sampling did not capture the later Z2 

and M stages. The rate of mortality, particularly from predation, increases as the pelagic 

larval period progresses (Rumrill 1990). While there are many factors that affect survival 

rates in crab larvae, overall estimates of crab survival to settlement are quite low. For 

example, survival rate of the Alaskan red king crab (Paralithodes camtschatica) from Z1 

to settled megalopae was estimated to be between 0.7-3% (Shirley and Shirley 1989). 

Even the Z1 peak abundance of 842 for C. bairdi in our study would result in only about 

25 megalopae at a 3% survival rate, which makes it likely that these later stages are 

missed. Methodological reasons might have also precluded Z2 and M from being caught, 

e.g., larvae might have been located at depths below 20 m or exhibited net avoidance.

Few C. bairdi M were collected using plankton nets in late August and early October by 

a similar study conducted in Glacier Bay, Alaska (Fisher 2006). Other methods may be 

more suitable, as Daly and Konar (2008) observed six C. bairdi M utilizing light traps in 

smaller embayments in Kachemak Bay. Anecdotal observations of C. bairdi M 

associated with the bell of hydromedusae may indicate that traditional plankton tows may 

not reliably capture this later larval stage (G. L. Eckert, personal communication). 

Observations of the later larval stages of other brachyuran crab species and of larger,
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mobile zooplankton (particularly euphausiids and larval fish) in our samples suggest that 

net avoidance probably does not adequately explain absence of C. bairdi Z2 and M.

Since behavioral mechanisms are species-specific, C. bairdi may employ vertical 

migration as described for its congener C. opilio (Kon et al. 2003) that may have 

precluded capture in the upper 20 m. Lastly, all stages of Oregonia gracilis, a species 

within the same Majidae family with similar morphology and larval timing to C. bairdi, 

were observed in this study. It has to be noted though that overall larval abundance of O. 

gracilis was much higher than for C. bairdi, increasing the likelihood of detecting O. 

gracilis. Overall, these considerations suggest that later larval stages of C. bairdi either 

occurred in such low numbers that they were not detected, or they might not occur in 

Kachemak Bay due to net export.

Cancer magister early stages (Z1-Z3) were detected between late May and 

August, similar as in Glacier Bay (Fisher 2006), and showed a seasonal progression in 

timing from Z1 to Z3 with lower abundance of Z2 and Z3. Larval abundance of Cancer 

magister was not significantly different among stations, even though abundances seemed 

to be slightly reduced in the region of water inflow into the inner bay (station 3, Table 

2.2.). The later larval stages (Z2 and Z3) occurred at all sampling stations in similarly 

(low) numbers (Figure 2.10). Adult populations of C. magister in the mid-1990s had 

highest female crab abundances within inner Kachemak Bay (Kimker 1996), which could 

be a local source of larvae within the bay. Potential export of these larvae from the bay 

could contribute to the occurrence of Z1 along the outflow area in early July, while Z1 in 

the inflow area were not observed until a month later (early August). Along the outer
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open coast systems of Washington and Oregon both C. magister and C. oregonensis zoea 

are transported offshore and return as megalopae to nearshore habitats to settle (Lough 

1976, Jamieson and Phillips 1988). However, in the present study no late stage (Z4-Z5 or 

M) C. magister were observed that would currently support such a return from offshore 

into Kachemak Bay. Similar to Chionoecetes bairdi, it is possible that the plankton tows 

did not capture the later larval stages of C. magister. The overall abundance of C. 

magister was the lowest of the entire larval crab assemblage, making it likely that there 

were too few later stage C. magister to capture with plankton tows. Additionally, cancrid 

megalopae are particularly strong swimmers, which makes net avoidance likely 

(Fernandez et al. 1994). Cancer magister megalopae also are strongly positively 

phototactic, making their capture in light traps more efficient than with plankton tows 

(Porter et al. 2008).

Overall larval crab abundance in Kachemak Bay had a distinct seasonal signal 

with the sequential occurrence of different species in the water column. The seasonal 

pattern in larval occurrence by species coincided with the strong correlation between the 

crab assemblage composition and mean temperature. Temperature is among the most 

important environmental factors for larval growth rates, with warmer temperatures 

supporting faster growth and shorter development times (Shirley and Shirley 1989, 

Hoegh-Guldberg and Pearse 1995, O’Connor et al. 2007). Therefore, successful crab 

development would most likely result from larval release events that coincided with 

water column temperatures that were above the species’ minimum tolerances (Forward 

1987, Park and Shirley 2005, Fisher 2006). It follows that larval release timing and larval
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duration of brachyuran crab in high latitudes, which are later and longer compared to 

those along lower Northeast Pacific latitudes (Fisher 2006), are most likely correlated to 

the longer-lasting cold water temperatures in spring.

The timing of larval occurrences and larval duration observed in this study were 

similar to other larval crab studies in Alaska (Haynes and Wing 1977, Shirley and Shirley 

1989, Park and Shirley 2005, Fisher 2006, Daly and Konar 2008, Herter and Eckert 

2008). In this study, Telmessus cheiragonus, Chionoecetes bairdi, and Pugettia spp. 

were observed first in the water column (late March and April) while mean upper 20 m 

water temperatures ranged from 2.58-4.52°C (Table 2.4). This corresponded with the 

timing of larval release of these species previously observed in Kachemak Bay (Daly and 

Konar 2008). The majority of crab species were released in May when water 

temperatures were above 5°C (Table 2.4). Cancer magister was the last species to occur 

within the plankton at ambient mean temperatures of 7.30°C, corresponding to laboratory 

studies that established its minimum temperature tolerance for larval survival at 6.00°C 

(Jamieson and Phillips 1993). Each larval stage was not observed for every species, thus 

total pelagic larval duration could not be established reliably for all species. However, 

those species for which all stages were observed, i.e., Pugettia spp., Oregonia gracilis, 

Fabia subquadrata (with the exception of megalopae), and Cancer oregonensis, had 

pelagic durations that coincided well with those observed in a similar temperature 

environment in Glacier Bay, Alaska (Fisher 2006).

Tidal patterns, both ebb and flood tides as well as spring and neap tides, influence 

many larval marine invertebrates and larval fish during transport (Shanks 1995, Bradbury
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and Snelgrove 2001). Kachemak Bay experiences a very large tidal range of up to 8.5 m. 

Even though overall water direction and stratification patterns are similar between neap 

and spring tides, possible differences in water velocity and transported volume may 

impact larval transport. Faster and higher volume flow during spring tides could 

transport more larvae more quickly within Kachemak Bay, leading to higher abundances 

of crab larvae during spring tides.

While larval abundances were not significantly different between spring and neap 

tides for each species, the peak abundances of most species except for Chionoecetes 

bairdi seemed to coincide with a spring tide (both full and new moons) (Figure 2.3).

Peak abundances at spring tides could result from increased water movement and the 

development of hydrostatic instabilities, such as small-scale eddies or areas of 

convergence, that force zooplankton to the surface (Clancy and Epifanio 1989, Franks 

1992, Eggleston et al. 1998). Tidal cues can also influence larval behavior such as 

vertical migrations (Shanks 1995, Tankersley et al. 1995, Queiroga 1998, Shanks 2006), 

but our study design did not allow distinguishing passive and active distribution patterns 

of crab larvae.

The density structure of the water column and the frontal systems can play an 

important role in larval transport, as was most obvious in the accumulation of C. 

oregonensis and Pugettia spp. larvae along the frontal system observed within the 

sampling transect. Fronts are commonly associated with the accumulation of planktonic 

organisms such as larval crabs (Eggleston et al. 1998); however, it is not clear if  crab 

larvae are actively selecting their position within or if  they are physically forced into
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these front locations. The stratified density structure of the upper water column also 

influenced larval distribution. Most species’ abundances were higher in the oblique than 

surface tows, indicating that they accumulated at lower density layers below the surface. 

An exception was Telmessus cheiragonus, which had similar abundances in both surface 

and depth-integrated oblique tows. Telmessus cheiragonus was the first to appear within 

the water column and predominated before strong stratification within the upper 20 m 

had developed (Figure 2.12). This suggests that this species was less influenced by the 

physical water column structure within the top 20 m than the seasonally later species. 

Therefore, it is possible that as horizontal stratification strengthened over the season, the 

remaining crab species may have been passively or actively concentrated at the density 

layers below the surface (Sulkin 1984). Reasons for this could be, among others, that this 

location is part of a vertical migration pattern (Cronin and Forward 1986), a preference 

for a higher salinity regime that is physiologically more suitable (O’Connor and Epifanio 

1985, Tankersley et al. 1995), or increased predator avoidance at greater depth (Morgan 

1992).

In summary, crab larval distribution and transport seemed to be influenced by 

physical forcing, especially temperature regimes, but also by tides, fronts, and density 

structure in the tidally-driven and buoyancy-influenced estuary of Kachemak Bay. The 

correlation of crab larval assemblage patterns with temperature indicated the importance 

of seasonally warming waters for specific crab larvae. Spring tides coincided with peak 

abundances although we could not establish a pattern between crab larval abundance and 

distribution with tidal phase. Most larval crab species were differentially distributed
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within the density layer of the upper water column with higher abundances at lower 

density layers. The frontal system between inflow and outflow regimes was an area of 

strong concentration for Cancer oregonensis and Pugettia spp. and further small-scale 

investigation is needed to determine the effects of this concentration on transport 

direction. Oregonia gracilis showed evidence of being transported into inner Kachemak 

Bay, which could be driven by behavioral mechanisms in addition to physical forcing. 

Possible retention of these crabs within the inner bay will have to be addressed in future 

studies of settlement of larval crabs in the inner bay estuary. Other species, specifically 

the commercially important Tanner crab, Chionoecetes bairdi, and early larval stages of 

Cancer magister, may be exported from the bay. If this were confirmed, it would have 

important management implications. The currently imposed harvest closures in 

Kachemak Bay may appropriately conserve the existing adult population, but if  indeed 

there is a net export of larvae of these species from the bay, there may be little 

replenishment of this adult population via larval inflow from upstream sources. Current 

genetic information using allozymes on C. bairdi populations in the Gulf of Alaska 

waters suggest little separation of populations (Merkouris et al. 1998), but the use of 

mitochondrial markers indicated separate populations. However, sample size and marker 

sensitivity were not sufficient to clearly delineate stock structure in the latter study 

(Bunch et al. 1998). Future genetic or chemical tracer information may provide a better 

estimate of the crab population connectivity in Alaska.
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Detail 1

Figure 2.1. General pattern of Alaska Coastal Current within the northern Gulf of Alaska 
and Lower Cook Inlet (detail 1). Detail 2 shows the general circulation patterns within 
Kachemak Bay (adapted from Burbank 1977). Solid lines depict general circulation 
patterns emphasized in this chapter. Dotted lines represent other circulation patterns not 
further elaborated.
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Figure 2.2. Bathymetric map of Kachemak Bay showing three plankton sampling 
locations (red stars) as part of a 10-station CTD transect (red dots) along the inner/outer 
Kachemak Bay boundary. Purple corresponds to deeper depths and orange corresponds to 
shallower depths. Net inflow into the inner bay is along the southern side (station 3) and 
net outflow along the northern side (station 10).
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3Figure 2.3. Brachyuran crab larval abundance by species (ind per 600 m ) in Kachemak 
Bay in 2008. Seven species occurred during the sampling period. Spring tide sampling 
dates are represented by open circles (full moons) and black circles (new moons). Other 
sampling dates were during neap tides.
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Telmessus cheiragonus
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Figure 2.4. Telmessus cheiragonus zoeal (Z) abundance across stations 3, 7, and 10 and 
over the 2008 sampling season. Time frames of the presence of zoeal and megalopal 
stages are indicated by dotted lines below the graph but individuals per stage were not 
quantified.
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Chionoecetes bairdi

Figure 2.5. Chionoecetes bairdi zoeal (Z1) abundance across stations 3, 7, and 10 and 
over the 2008 sampling season. No other zoeal or megalopal stages were found.
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Pugettia sp p .
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Figure 2.6. Pugettia spp. zoeal (Z) abundance across stations 3, 7, and 10 and over the 
2008 sampling season. Station 7 was significantly more abundant than station 10. Time 
frames of the presence of zoeal and megalopal stages are indicated by dotted lines below 
the graph but individuals per stage were not quantified.
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Oregonia gracilis

Figure 2.7. Oregonia gracilis zoeal (Z1-Z2) and megalopal (M) abundance across 
stations 3, 7, and 10 and over the 2008 sampling season. Stations 3 and 7 were 
significantly more abundant than station 10.
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Cancer oregonensis
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Figure 2.8. Cancer oregonensis zoeal (Z) abundances across stations 3, 7, and 10 and 
over the 2008 sampling season. Station 7 was significantly more abundant than station 
10. Time frames of the presence of zoeal and megalopal stages are indicated by dotted 
lines below the graph but individuals per stage were not quantified.
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Fabia subquadrata

Z1 •----------
Z variable • ------------------------------------------------------------------------------------------------------------------------------------#

Figure 2.9. Fabia subquadrata zoeal (Z) abundance across stations 3, 7, and 10 and over 
the 2008 sampling season. Time frames of the presence of zoeal stages are indicated by 
dotted lines below the graph but individuals per stage were not quantified.
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Cancer magister

Figure 2.10. Cancer magister zoeal (Z1, Z2, Z3) abundance across stations 3, 7, and 10 
and over the 2008 sampling season. No megalopae were observed.
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Figure 2.11. MDS ordination of crab larval assemblage composition by sampling date 
(top) and season (bottom) using Bray Curtis similarity based on larval abundances. The 
grouped assemblages demonstrate the strong correlation with time.
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Mar 31 Apr 22 Jun 03 Jul 02 Aug 02 ALg 22 Sep 17 Oct 28

Date

• 3Figure 2.12. Upper 20 m density (kg/m ) contours for spring tides in Kachemak Bay. 
Each date represents a complete transect from north (station 10, right) to south (station 1, 
left). Different dates are separated by dashed lines. Due to inclement weather, only 2 
stations (3 and 7) were sampled on 28 October 2008. The 02 August profile was used as 
an example to show how the general slope of pycnocline (black arrows) was used to infer 
water directionality. The left arrow indicates an area of inflow into the inner bay, the 
right arrow signifies an area of outflow from the inner bay. White arrow in the 02 July 
profile shows an example for the frontal area typically seen near the middle of the 
transect.
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• 3Figure 2.13. Upper 20 m density (kg/m ) contours for 12 h tidal sampling on 22 August 
2008. Number in lower left corner of each contour plot represents transect number. Large 
arrows represent distinct frontal zone and small arrows represent weak front detection.
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Table 2.1. Pooled t-test comparisons (p-value) on individual species abundance between 
spring and neap, incoming and outgoing tides, and surface and oblique tows. Bold font 
indicates differences that are statistically significant (a<0.05). All significant differences 
between surface and oblique tows represented higher crab larval abundances in oblique 
tows.

Crab species Spring v Neap In v Out Sur v Obl

t value p value t value p value t value p value

T. cheiragonus -1.180 0.249 -1.269 0.251 1.284 0.204

C. bairdi 1.232 0.228 -0.160 0.880 -3.297 0.003

Pugettia spp. -0.472 0.638 -1.758 0.085 -5.325 <0.0001

O. gracilis -1.550 0.127 0.192 0.850 -4.463 <0.0001

C. oregonensis -1.779 0.081 0.542 0.592 -3.336 0.001

F. subquadrata 0.919 0.362 -0.561 0.579 -6.780 <0.0001

C. magister -0.799 0.432 0.170 0.867 -6.711 <0.0001
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Table 2.2. Pairwise comparisons between station abundances using pooled t-tests. Bold 
font indicates differences that are statistically significant (a<0.05, p<0.0167 with 
Bonferroni adjustment).

Crab species St 3 v St 7 St 3 v St 10 St 7 v St 10

t value p value t value p value t value p value

T. cheiragonus 0.974 0.337 0.773 0.445 -0.143 0.887

C. bairdi -1.192 0.242 -0.594 0.557 0.881 0.385

Pugettia spp. -0.670 0.506 3.182 0.003 1.903 0.066

O. gracilis 2.128 0.041 2.878 0.007 2.786 0.009

C. oregonensis -2.727 0.011 -0.027 0.979 2.753 0.010

F. subquadrata -0.037 0.970 0.5114 0.613 0.551 0.586

C. magister -1.976 0.057 -1.817 0.079 -0.326 0.747

Total assemblage -0.408 0.635 0.024 0.727 0.431 0.924
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Table 2.3. Comparison between crab larval assemblage and station, sampling date, and 
season using permutational multivariate analysis of variance (PERMANOVA). Bold font 
indicates high correlation of factor on crab assemblage and statistical significance
(a<0.05).

Source df SS MS Pseudo-F P(perm) Unique perms

Station 2 2174 1087 0.785 0.731 999

Sea son 2 35205 17603 12.712 0.001 999

Date(Se) 16 1.11E+Q5 6924 5.001 0.001 997

St x Se 4 4290 1072 0.775 0.815 999

Res 30 41543 1384

Total 54 2.02E+05



Table 2.4. Upper 20 m water column salinity (psu) and temperature (°C) means ± 
standard deviations, maximums, and minimums across the inner/outer bay boundary.
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Month sJ  mean S  ski sJ  max s  .J  rnn "I" mean 1 std 1 max "I" min

March 31.32 0.10 31.46 31.18 2.58 0.21 2.91 2.35

April 31.26 0.06 31.50 28.29 3.58 0.09 4.52 3.36

May 30.51 0.09 31.31 27.18 6.53 0.18 8.77 5.01

June 30.39 0,18 31.44 21.48 8.06 0.39 10.70 6.38

July 30,19 0.26 31.28 24.53 8.65 0.34 10.69 7.53

August 30.25 0.36 30.87 28.11 9.94 0.16 11.07 9.64

September 28.65 0.45 30.05 22.73 10.32 0.09 10.60 9.59

October 30.67 0.06 30.75 29.05 7.74 0.11 7.85 7.79
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GENERAL CONCLUSIONS

This study was the first to document crab larval transport within Kachemak Bay, 

Alaska, a high-latitude estuary that experiences extreme tidal and freshwater forcing. 

Comparisons between 2008 neap and spring tides showed similar profiles of density 

structure, thus reflecting similar water flow patterns. Comparisons of density profiles 

between 2008 and 2009, however, showed high variation in the freshwater exiting the 

inner bay, thus suggesting that exchange between the inner and outer bays is largely 

buoyancy-driven, particularly during the summer months.

Physical forcing, especially tides, fronts, density structure, and temperature did 

seem to influence larval crab distribution and transport, however, passive advection and 

diffusion alone do not describe the larval transport processes of all species. Seven 

brachyuran crab species predominated the plankton, exhibiting a seasonal progression of 

larval release and individual species’ peak abundance. The larval crab assemblage was 

highly correlated to temperature, possibly reflecting this seasonal progression of larval 

release alongside the seasonal warming of the water column. Several larval crab species 

had significantly different abundances across the transect; however, only one species, 

Oregonia gracilis, was more abundant in the area of inflow and showed evidence of 

possible transport into the inner Kachemak Bay. In addition to physical forcing, this 

transport could be driven by behavioral mechanisms and should be investigated further to 

more fully understand the spatial variation and possible retention of these brachyuran 

crabs in highly dynamic environments. Commercially important species, Chionoecetes



bairdi and Cancer magister, might be exported from the bay as no late larval stages were 

ever observed.

Further study on crab life histories is necessary to better correlate larval crab 

abundance and timing with larval dispersal and settlement success. It is recommended 

that further observation of inter-annual variation abundance, timing, settling rates and 

settling locations of megalopae would help to inform the next phase of the life history 

and transport/retention questions. Chionoecetes bairdi and Cancer magister larval 

observations made here suggest possible export of these larvae, thus encouraging 

increased protection of the adult species and a need for further understanding of the 

connectivity with upstream sources that might enter the bay during late summer. Still, 

additional and inter-annual quantitative measurements of juvenile and adult crab densities 

are necessary to correlate larval crab abundance with predictions of larval recruitment 

success. Ultimately, future genetic information may provide a good estimate of crab 

dispersal in Kachemak Bay and population connectivity throughout Alaska’s coast.
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