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The bay width line was extended to either the point at which the opening expands, 

in the case of enclosed structures, or to the point of the beach line, in the case of crescent 

shaped (or opening size of) bays.  For example, measurement of opening size applied to 

the San Francisco Bay would extend from a closure line west of the Golden Gate Bridge 

eastwards to the shoreline to the narrowest point before the channel opens up into the SF 

bay, at which point, the water becomes classified as inland delta water (Figure 2A).  As 

an example of an open-crescent shaped bay, the LxW measurement scheme used to 

define Half Moon Bay is shown in Figure 2B.  The LxW measures approximate (in km2) 

the water domain that has unhindered contact with the open ocean and tabulated in Table 

8.  We confirmed that adult crabs providing data corresponding to bays were caught near 

(< 2 km) these embayments though a precise location was not possible to determine as 

explained above. 

Mean depth (m) of embayments (Table 8) were collected from National Oceanic 

and Atmospheric Administration (NOAA) charts available online. 

The average yearly commercial catch where available was reported (in tons 

[equivalent to 2,000 pounds] Table 8).  Measurements were found online at state reported 

commercial catch numbers, which correspond to the years adult crabs were sampled.  We 

expected that high catch areas may show different diversity from low catch areas, and 

plotted typical seasonal tonnage data with genetic diversity measures.  All Dungeness 

crab fisheries are managed primarily by a minimum size limit and non-retention of 

females (Yonis 2010).  For Fraser Delta, crab catch was reported by DFO (Department of 



 

26 

Fisheries and Oceans Canada) for 2009 and available online.  Data for Washington State 

combined Dungeness crab, including Grays Harbor and Ilwaco, was reported for the 2009 

season by Washington Department of Fish and Wildlife (WDFW) and available online 

(WDFW 2013).  For California Dungeness crabs in the Northern region, which includes 

Half Moon Bay and San Francisco, catch data was reported by California Department of 

Fish and Wildlife (DFW) and included catch for Eureka Bay and Fort Bragg available 

online (DFW 2013).  California’s Department of Fish and Wildlife reported commercial 

fishery catch for Dungeness crab as two main sections along the coastline: Northern 

California and Southern California (DFW 2013).  Southern California fishing areas 

include other site such as Avila-Morro Bay, Monterey bay, while the Northern area group 

San Francisco with Bodega Bay.  The Morro Bay and Monterey fisheries are minor 

compared to the Northern San Francisco-Bodega Bay fisheries.  The commercial catch 

regulations require throwing back of females (Department of Fish and Wildlife 2013, 

Washington Department of Fish and Wildlife 2013).  There were no distinction among 

sampled sites of Half Moon Bay and San Francisco.  Similarly, Southern California catch, 

which included Moss Landing and San Luis Obispo did not distinguish among coast sites 

and data is grouped with other Southern California coastal cities (DFW 2013).   

Turbidity of embayments for each location was approximated using 

Nephelometric Turbidity Units (NTU) and data were collected from various published 

papers (Table 8).  NTU is a measure of waterborne light-scattering particles when a light 

beam is focused through water and reflected back to a detector.  The resulting light 

scatter can be used as a measure of turbidity.  In this study, turbidity data as NTUs were 
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obtained from published records that were made using calibrated a nephelometer (Myre 

& Shaw 2006).  Other studies have shown that NTU in many cases approximates the flow 

of water through embayments (White 1994).  Turbidity and total solids may also increase 

sharply during and immediately following a rainfall, a temperature increase (which 

results in oxygen-concentration decrease), or response to toxin levels (EPA 2009).  As 

one example, a study found that agricultural field runoff in its watershed contributed 

about 22,500 tons of sediment per year to Weeks Bay, in Alabama (EPA 2009).  

Averaged current velocity (cm3/s) data were utilized from each site to 

approximate the flow of water in and out of embayments (Table 8).  Velocity data were 

obtained from acoustic Doppler systems of the publically accessible National Oceanic 

and Atmospheric Administration (NOAA) National Data Bouy Center (NDBC) database.  

Average velocity was determined as the current speed collected from a single surface 

buoy over 24 hour period, quality-controlled, and reported to the website.  

We correlated matrices of pairwise FST measures of adult samples from Results 

section (Table 5A) with embayment opening size measurements (Table 8) as well as with 

D and FS measures (Table 3A) to examine whether hydrology correlated to population 

diversity.   

 

Examination of the association between genetic and environmental variables 

Canonical correlation analysis (CCA) was used to determine if there was a 

relationship between a suite of environmental measures and a suite of genetic diversity 

measures.  The environmental measures included opening size, mean depth, NTU, and 
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velocity in Table 8.  The genetic measures included h and π as well as neutrality scores D 

and FS (Table 3A and 3B).   Canonical loadings, correlations between the variables and 

the canonical scores for the suite of variables being measures, were used to interpret the 

canonical scores.  Positive loading indicates that small values of canonical score 

correspond to small values of the variable, whereas a negative loading indicates that 

small values of canonical scores correspond to the high values of the variable.  

Canonical correlation analysis requires a linear relationship between variables: 

therefore, prior to testing, we plotted all possible relationships among genetic variables (h 

and π) and neutrality scores (FS and D) with environmental variables (LxW, mean depth, 

NTU, and velocity) to verify these were linear.  The Pearson test for independence 

revealed that gene diversity (h) and nucleotide diversity (π) were not independent and 

could be used interchangeably.  Similarly, FS and D were not independent and could be 

used interchangeably for correlation tests.  The correlation test was a novel approach to 

analyzing genetic diversity spatial patterns using easily obtained environmental variables.   

Pairwise FST and LxW scores were compared to determine if a relationship 

existed (Results section: Figure 6).  To further explain any findings of correlation or 

genetic difference, as pairwise FST scores, and the highest correlated physical data (which 

was preliminarily opening LxW) were cross compared using Robust Linear Regression of 

observed data.  The Shapiro-Wilk test indicated data was normally distributed and also 

provided a test for significance among data sets.  This regression method was designed to 

not be overly affected by violations of assumptions in the underlying data-generating 
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process.  In contrast, the least squares estimates for regression models might have proved 

too robust (might have given too much weight) to data outliers (Wilcox 1998).   

The Wilcoxon-signed rank test (1945) was preformed to compare pairwise FST 

extracted from the population matrix to the environmental variables for given populations 

in order to determine if data sets follow normal distribution to avoid a false positive result.  

Helping to avoid a false positive result, nonparametric (the Wilcoxon test being an 

example) tests do not assume that the data conform to a particular probability distribution.  

The Wilcoxon test gives the value Z, the sum of signed ranks divided by square root 

times the sum of squared ranks (Wilcoxon 1945).  A p-value is accepted if a probability 

test calculates that observed data is less then a statistically derived estimate of data level 

of p ≤ 0.05.  

 

RESULTS 

Molecular diversity  

Comparison of COI sequences of 359 base pairs from 296 C. magister adults 

yielded 55 polymorphic sites and 86 haplotypes (Table 3A).  There was a ratio of 34 

transitions to 23 transversions and a total of 57 substitutions. The three most common 

haplotypes in the adult data set occurred at frequencies of 29.0% (n = 86), 21.9% (n = 65), 

and 8.4% (n = 25).  No other haplotypes occurred at frequencies greater than 2% (k = 6), 

and the proportion of singleton (Slatkin 1985) sequences occurring once in the data set 

was 40.5% (n = 120).  
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Table 3A.  C. magister adult diversity statistics.  Significant (p < 0.05) test results are 
shown in bold; * p ≤ 0.01; ** p ≤ 0.001. 
 
 

Population, 
(abbrev.), 

collection date n 

Number of 
private 

Haplotypes 
(k) 

Gene 
Diversity 

(h) 

Nucleotide 
Diversity 

(π) 

 
Tajima’s 

D 

 
Fu’s 
FS 

Fraser Delta 25 8 0.630 0.003 -1.720 -3.902* 
(FD) 2009       

 

Dungeness Bay 24 9 0.866 0.008 0.905 -1.541 
(DB) 2009       

Gray's Harbor 25 9 0.823 0.007 -0.227 -2.295 
(GH) 2009       

Ilwaco 25 9 0.817 0.004 -0.868 -4.435** 
(IW) 2009       

Astoria 24 22 0.981 0.014 -1.007 -19.629** 
(AS) 2004       

Eureka 25 14 0.947 0.008 -0.589 -7.550** 
(EK) 2005       

Half Moon Bay 36 12 0.789 0.005 -1.322 -6.540** 
(HM) 2005       

San Francisco 53 18 0.837 0.006 -1.875* -10.507** 
(SF) 2005       

Moss Landing 30 12 0.862 0.006 -1.183 -5.728** 
(ML) 2005       

Port San Luis  29 14 0.857 0.005 -1.777 -10.139** 
(SL) 2005       

Total adults 296 90 0.851 0.007 -2.145** -26.733** 
 

Adults sharing haplotypes at one or more polymorphic sites constituted 68% of 

the population overall, while private haplotypes not shared with any other population 

constituted 32%.  There was a ratio of 85 transitions to 48 transversions and a total of 133 

substitutions.  There were six synonymous changes in the first codon, and the remaining 

42 synonymous changes (silent substitutions) were in the 3rd codon position. 
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Truncating the 2001, 2003, 2008, and 2009 megalopae dataset in order to include 

the 222 base pairs common with the previous megalopae dataset studies (Dedhia 2005, 

Lardy 2006) yielded 28 unique haplotypes (Table 3B).  Truncation was necessary in 

order to ascertain the most precise reading of some sequences from previous megalopae 

datasets (2001 and 2003).  The three most common haplotypes in the larval data set, 

which were the same three common haplotypes in the adult set, occurred at frequencies 

of 23.9% for haplotype 1 (n = 97), 24.9% for haplotype 2 (n = 101), and 8.62% (n = 35).   

 
 
 
 
 
 
Table 3B.  C. magister megalopae diversity statistics, pooling larvae collected in 2001, 
2003, 2008, and 2009 at Coos Bay.  Significant (p < 0.05) test results are shown in bold; 
* p ≤ 0.01. 

Collection year n 

Number of 
private 

Haplotypes 
(k) 

Gene 
Diversity 

(h) 

Nucleotide 
Diversity 

(π) 

 
Tajima’s 

D 

 
Fu’s 
FS 

Coos Bay 2001 135 4 0.583 0.006 1.385 2.580 
Coos Bay 2003 75 8 0.801 0.016 0.887 2.572 
Coos Bay 2008 165 14 0.680 0.004 -1.361 -8.109* 
Coos Bay 2009 31 11 0.821 0.014 -1.697 -2.226 

Total megalopae 406 28 0.829 0.010 -0.197 -1.296 
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Some larval samples had little or no diversity (Table 4).  For example, only one 

haplotype was found in the light trap (which was deployed continuously since April 2001 

and checked daily) for the July and September 2001 samples. When multiple weeks 

samples from 2008 and 2009 were considered (each week having sample-sizes of 8 to 81 

megalopae per trap event) only two haplotypes were found in August 2008. The 

remaining sampled weeks had only one haplotype from April 2008 until August 2009 

(see Table 4).  The haplotypes tended to be common haplotypes (haplotype assigned 

number 1, 2, or 3), suggesting very few females contributed to the total brood population 

from Coos Bay.  Exact contribution of females, in terms of numbers, would require use of 

a more variable class of genetic markers or more loci. 
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Table 4.  Distribution of haplotypes found in megalopae populations.  Megalopae were 
collected by light trap in Coos Bay, OR.  Dr Alan Shanks oversaw collections. 
.  

Period Approximate 
collection 

period (days) 

Number of 
individuals 
analyzed 

Number of 
haplotypes 

Actual haplotypes 
present and 

frequencies (n) 
July Wk4 2001 7+ 12 1 5(12) 
Aug Wk1 2001 7 14 1 3(14) 
Aug Wk2 2001 7 28 1 1(28) 
Sept Wk2 2001 7+ 81 1 6(81) 
Jun Wk2 2003 7+ 9 1 1(9) 
Jun Wk4 2003 14 24 2 1(1) 

 7(23) 
 14(1) 

Jul Wk1 2003 7 21 2 8(20) 
 9(1) 

Jul Wk2 2003 7 6 2 10(5) 
 11(1) 

Jul Wk3 2003 21 15 2 2(14) 
 15(2) 

Aug Wk1 2003 14 17 1 12(12) 
Aug Wk2 2003 7 10 3 9(1) 

 13(8) 
 14(1) 

Apr Wk4 2008 7 8 1 1(8) 
May Wk2 2008 14 8 1 1(8) 
May Wk3 2008 7 12 1 2(12) 
May Wk4 2008 7 11 1 2(11) 
Jun Wk2 2008 14 11 1 2(11) 
Jun Wk3 2008 7 12 1 2(12) 
Jun Wk4 2008 7 12 1 1(12) 
Jul Wk1 2008 7 11 1 2(11) 
Jul Wk2 2008 7 10 1 1(10) 
Jul Wk3 2008 7 12 1 1(12) 
Jul Wk4 2008 7 12 1 1(12) 

Aug Wk2 2008 14 10 1 2(10) 
Aug Wk3 2008 7 12 2 1(11) 

 2(1) 
Aug Wk4 2008 7 12 1 1(12) 
Sep Wk1 2008 7 12 1 3(12) 
Apr Wk4 2009 7 10 1 3(10) 
Jul Wk2 2009 7 10 1 1(10) 

Aug Wk4 2009 7 11 1 4(11) 
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Population diversity 

Nucleotide diversity (π) and gene diversity (h) of all sampled adults were similar 

to larval population total sampled diversity scores (Table 3A and 3B).  Nucleotide and 

gene diversity for the entire adult dataset were 0.010 and 0.850 (Table 3A).  For larvae 

from Coos Bay sampled over the years, (π) and (h) diversities had a net average of 0.010 

and 0.829 (Table 3B). 

Megalopae samples collected in 2001 and in 2008 had lower diversity on average 

than adults: for 2001 π = 0.006, h = 0.583; for 2008 π = 0.005, h = 0.680 (Table 3B).  

Megalopae sampled from 2003 and 2009 had higher diversity: for 2003 π = 0.016, h = 

0.801; for 2009 π = 0.014, h = 0.821 (Table 3B), which were in the range of those 

generally seen in adult populations (Table 3A).  Assessed over the time frame of a year 

cohorts of megalopae from Coos Bay, varied in diversity, h ranged from 0.63 to 0.98 and 

their nucleotide diversity, π ranged from 0.003 to 0.014 (Table 3B).  When larvae were 

broken down by one-week time frames (Table 4) single haplotypes appeared over 

approximately 7 or more days of sampling, the repeated appearance of single haplotypes 

suggesting broods of larvae were collected together. 

Figure 3 illustrates the diversity of adult populations in relation to their 

geographic distribution and embayment dimensions.  As seen in the insert, narrow 

mouthed embayments had higher haplotypic diversity generally.  Typically, three 

common haplotypes were found in each location (Figure 3).   
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Figure 3.  Diversity pie charts and collection inserts of embayments.  Black chart 
segments represent frequencies of haplotypes found at all sites, grey indicates 
haplotypes shared at one or more sites, and white indicates private haplotypes 
found only at one site. 
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The black shading in pie charts (Figure 3) are shared haplotypes throughout the 

Dungeness crab’s range, whereas grey shading represents haplotypes shared in one or 

more locations but not in all populations, and white portions are private haplotypes 

unique to that embayment.  Throughout the Northern American Pacific range, each 

population site shares haplotypes 1, 2, and/or 3.  As Figure 3 indicates, narrow mouthed 

bays like Dungeness Bay and Humboldt Bay have over 50% of private haplotypes, 

suggesting areas of high genetic diversity. 

There are notable anomalies.  At Astoria where over 50% are a private haplotype, 

but one km north on the same river is Ilwaco over 90% are shared geographically.  

Populations at San Francisco, Half Moon Bay, Moss Landing, and the port of San Luis 

Obispo have 50% or more shared haplotypes, which corresponds to the lack of regional 

differentiation found in the pairwise FST scores and AMOVA results.  There was one 

notable exception to net diversity scores in the San Francisco population.   In the San 

Francisco population (n = 53), haplotype 2 was absent, though haplotype 2 appeared in 

all other populations.   

 

Neutrality test results 

Tajima’s D in adult population samples was generally negative in value, but only 

three of the ten populations showed statistically significant deviations from the neutral 

model (Table 3A).  The remaining seven adult populations had non-significant p-values.  

Tajima’s D was estimated in four larval samples from years of collections in Coos Bay 
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(Table 3B); two years had positive D values (2001 and 2003), and two negative D values 

(2008, 2009), and only one adult population was statistically significant (2009).  A broad 

survey of 21 ssp. of crustaceans suggests slightly negative D is the most common pattern 

(Kelly & Palumbi 2010).  

As suggested earlier, FS scores are particularly sensitive to detecting data sets that 

have a “star phylogeny” and the large numbers of alleles may indicate an historic 

population expansion (Fu 1997).  In the sampled adult populations, FS values were 

slightly negative, and all populations were statistically significant with two exceptions: 

Dungeness Bay (FS = –1.540, p = 0.212) and Gray’s Harbor (FS = –2.295, p = 0.098).  

Megalopae samples from Coos Bay (Table 3B) had two nominally negative FS scores 

(2008 and 2009) but only one statistically significant score (negative FS in 2008).   

There was no obvious relationship in comparing neutrality scores and numbers of 

private haplotypes, which ranged from 8 to 22 private haplotypes in adult samples (Table 

3A) and 4 to 14 in the megalopae sampled over several years at Coos Bay (Table 3B).  

The mismatch distribution of both the adult and larval populations sets was a uni-

modular, smooth wave (Figure 4A, Figure 4B).  The least squares test of the fit with the 

Sudden Expansion model (Schneider & Excoffier 1999) was non-significant, indicating 

distributions agree with a history of recent population expansion: for adults, the mean 

Sum of Squares deviations (SSD) was 0.008, p = 0.469, and for for larvae SSD was 0.049, 

p = 0.068.  Harpending’s raggedness index for the total adult populations set was r = 

0.062, p = 0.458, and for the larvae populations was r = 0.172, p = 0.051.   
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Figure 4A. The mismatch distribution of COI sequences obtained from adult 
populations. The mean tau value of allele changes was 2.253. 

Number of allele changes 

Fr
eq

ue
nc

y 
Fr

eq
ue

nc
y 

Figure 4B. The mismatch distribution of COI sequences obtained from larvae 
populations.  The bar graph illustrated the uni-modal wave distribution of allele 
changes in COI sequences. The mean tau value of allele changes was 2.565.  

Number of allele changes 
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In the adults, the lack of significance of the Harpending’s raggedness index also 

supported the sudden expansion effect. Notably, there were more that more instances of 

the same haplotype (number of differences among sequences = 0) in larval populations 

(discussed below) which may have contributed to the raggedness of the larval mismatch.  

It is also possible that the lower number of sites used in larval comparisons influenced the 

mismatch shape. 

Adult and larval expansion estimates indicated the time since expansion having an 

older interval in the larval population sample, using the formula τ = 2ut and mutation rate 

(μ) of 2.3% per million years.     

Using the adult sequences of 359 bp, the mean τ for 10 populations was 2.253, 

(95% confidence interval: 1.200 − 3.208); and θ0 < 0.001; and θ1 = 70038.443; where θ0 

is the mutation parameter estimate and θ1 the expansion under an infinite allele model of 

mutation (Rogers 1995).  In this case, t was estimated at 0.242 MY (CI: 0.145 – 0.389 

MY).  The median estimate of t using the larval sample (222 bp) was 0.502 MY (τ = 

2.565, and the 95% confidence interval ranged from 1.068 to 4.889 MY).  The larval 

mismatch distribution variance had a higher upper limit (t = 0.209 – 0.976 MY) than the 

adult population mismatch.  Sample larvae represent the general population pool and look 

to have a larger Ne if tau (τ = 2.565) is higher.  
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Population structure  

Pairwise FST tests and AMOVA indicated no regional structure, but local spatial 

difference was seen in the comparison of some adult populations.  Comparison of 

megalopae collections over different times revealed varying relative haplotype frequency, 

which suggests local variance is due to reproductive success rather than regional dispersal. 

 

Population structure analysis considering adults  

While there was no indication of large-scale regional differentiation, adult 

populations showed small-scale regional differentiation (Table 5A).  The overall adult 

pairwise FST considering 10 populations was 0.090, p < 0.001.  64% of the adult pairwise 

FST comparisons (23 out of the 36 in Table 4A) were statistically significant (p < 0.05).  

Three adult populations – Dungeness Bay, Astoria, and Eureka – had significantly high 

pairwise FST (all FST scores were below p < 0.01) as compared to all other populations.  

 
Table 5A.  A pairwise FST matrix for adult C. magister populations.  Label abbreviation 
and dates correspond to Table 3.A.  Bold indicates p-values of ≤ 0.05; * indicates p ≤ 
0.01; ** indicates p ≤ 0.001. 
 

DB2009 –          

GH2009 0.108 –         

IW2009 0.177** 0.043 –        

AS2004 0.198** 0.122** 0.068* –       

EK2005 0.119* 0.085* 0.158** 0.171** –      

SF2005 0.175** 0.077* 0.021 0.069** 0.121** –     

HB2005 0.205** 0.090 -0.010 0.081** 0.174** 0.029 –    

ML2005 0.149** 0.052 -0.003 0.088** 0.130** 0.032 0.003 –   

SL2005 0.211** 0.056 -0.003 0.088** 0.157** 0.021 0.017 0.022 –  

FD2009 0.194** 0.129** 0.018 0.068* 0.175** 0.013 -0.008 -0.015 0.040 – 
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The Mantel and the Exact tests supported AMOVA inference, revealing no 

structure throughout the range in adult samples.  The Mantel test correlating the adult 

pairwise FST scores and geographic distance among sites was non significant (r = 0.059 p 

= 0.289).  The Exact test also could not reject the null hypothesis of a non-random 

distribution of haplotypes among the samples from along C. magister’s range (p = 0.45). 

 

Population structure analysis sampling megalopae.  

The mean pairwise FST for the total megalopae population was 0.387 (p < 0.001) 

and ranging from 0.037 to 0.510.  The lowest pairwise FST value was between years 2008 

and 2009 (Table 5B).  The highest difference was between 2001 and 2008 (Table 5B).   

 

Table 5B.  A pairwise FST matrix for megalopae populations from Coos Bay, OR.  Label 
abbreviation and dates correspond to Table 3.B.  Bold indicates p-values of ≤ 0.05; * 
indicates p ≤ 0.01; ** indicates p ≤ 0.001. 
 

2001 –          
2003 0.443** –         
2008 0.510** 0.332** –        
2009 0.421** 0.207** 0.037* –       

 

Larval samples were grouped by annual collection time for analysis.  Data 

samples compared pairs of years larvae were collected for the pairwise FST test (Table 

5B).  In addition to comparing by years, larvae were tested as separate pairs of monthly 

groups across each year, and also by weekly groups across years.  Although data sets 

pooled by week and then again by month revealed significant differences, the year-to-

year comparisons revealed the greatest differentiation and shown in Table 5B.  
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AMOVA test for regional differentiation 

Different year groups of both adult and megalopae samples had higher ΦST 

difference more than even pairs of adult populations sampled at different geographic ends 

of the 3000 km coast line.  The first AMOVA arrangement (Table 6) was conducted to 

test crab populations from 3 geographic regions indicated in comparison 1 and included 

adults and larvae, showing no evidence of regional differentiation (ΦCT = −0.004, p = 

0.477).  In comparison 2, geographic structure was not apparent across the 3 large-scale 

regions when adults only were considered (ΦCT = 0.013, p = 0.096) (comparison 2; Table 

6).  Within these regions, within-group (ΦSC) and inter-population variance (ΦST) 

components were significant (see comparison 2 and 3; Table 6).  
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Table 6.  AMOVA tests of alternative spatial and temporally based comparisons.  
Comparisons are listed by number for reference.  P-values are given in parentheses and 
bold numbers emphasis significant values. 
 

Comparison AMOVA test arrangement 
ΦCT 
(p) ΦSC (p) ΦST (p) 

1 

3 spatial groupings of adults (North 
FD, DB, GH, IW; Central AS, EK; 
and South SF, HB, ML, SL) and 
megalopae from Coos Bay. 

-0.004 
(0.477) 

0.282 
(< 0.001) 

0.274 
(< 0.001) 

2 3 spatial groupings of adults only 
(North, Central, and South). 

0.013 
(0.096) 

0.081 
(< 0.001) 

0.093 
(< 0.001) 

3 
2 spatial groupings of adults only  
(North FD, DB, GH, IW, AS; South 
EK, SF, HB, ML, SL). 

-0.008 
(0.670) 

0.093 
(< 0.001) 

0.086 
(< 0.001) 

4 
6 temporal groupings of adults and 
megalopae by net year (2001, 2003, 
2004, 2005, 2008, and 2009). 

0.212 
(0.037) 

0.107 
(< 0.001) 

0.297 
(< 0.001) 

5 3 temporal groupings of adults only 
(2004, 2005, and 2009). 

0.039 
(0.023) 

0.065 
(< 0.001) 

0.102 
(< 0.001) 

6 

4 temporal groupings of megalopae 
from Coos Bay arranged by month 
2001: June, July, August;  
2003: June July August;  
2008: April, May, June, July, 
August, September;  
2009: April, July August. 

0.197 
(0.035) 

0.618 
(< 0.001) 

0.694 
(< 0.001) 

 
To determine if the spatial structure occurred in a simpler North to South scale 

rather than 3 regions, adult populations were arranged as two broader regions 

(comparison 3; Table 6), These also revealed no structuring: ΦCT  = −0.008, p = 0.670.  

 

AMOVA based comparisons of megalopae sampled at different times  

AMOVAs were next conducted across 3 separate arrangements of adults by year, 

adult and larvae by year, and finally adults and larvae by month (comparison 4, 5, and 6; 
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Table 6).  Differentiation was often observed in comparisons of adults and larvae (ΦCT = 

0.212, p = 0.037, comparison 4). In comparison 4 (Table 6), megalopae from Coos Bay 

from the years 2001, 2003, 2008 and 2009 were compared to adults from 2004 (which 

included only AS), 2005 (which included SF, HB, ML, SL) and 2009 (which included FD, 

DB, GH, and IW).  Temporal variance of megalopae and adults (comparison 4) within-

group years (ΦCT = 0.212) was similar to comparison 1 (Table 6) spatial within-group 

variance (ΦSC = 0.282). 

The highest variance levels in AMOVA occurred in comparing groups of larvae 

only collected across multiple years (comparison 5 and 6; Table 6).  The strongest 

variance was found in comparison 6 (Table 6) in which megalopae samples were broken 

down into collection months through out 2001, 2003, 2008, and 2009.  An AMOVA 

across these 4 annual groups showed significant differences among monthly samples 

(ΦCT = 0.197 p = 0.035) as well as within-group and within-population variance when 

arranged by months. 

The allele frequency difference observed among concentrated groups of larvae 

could be a result of related larvae rafting together over 6 months as they disperse in the 

open ocean, completing stage I-V development.  This effect may be seen in examining 

the frequency of private haplotypes (Table 4), as there are a low number of unique 

haplotypes and mostly common haplotypes are sampled together.  Megalopae were light-

trap sampled through out an entire month in time periods ranging over the course of 

about 7 to 14 days, suggesting broods of larvae (characterized by a single private 

haplotype) are recruiting into estuaries together after months at sea.   
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Consideration of diversity measures and environmental variables  

We examined population diversity measures (h or π) to determine whether they 

correlate with easily obtained environmental variables.  Larvae were not considered for 

this relationship test, having been sampled in a single location, Coos Bay, OR.  Adult 

genetic diversity (Table 3A) and environmental variables (Table 7, 8, and 9) were 

tabulated and data was then tested for statistical normality.  The Shapiro-Wilk (1965) test 

indicated that NTU was not normally distributed and was subsequently transformed with 

natural log for analyses as an environmental variable (Table 9).   
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Table 7.  Reported turbidity measurements (Nephelometric Turbidity Units, averaged) at 
selected sites with references cited. 

 

Area Average 
turbidity 

(NTU) 

Location 
notes 

Geographic 
density of 
sampling 

Sampling 
frequency 

Collection period and 
data Source 

      
Fraser Delta, 
BC, Canada 

45 Strait of 
Georgia, 
estuary 
mouth 

24 stations not 
given; 
daily 

average 

04/1991-05/1991, 
(Gregory 1998); 

04/1999-01/2001; 
(Masson 2002) 

Dungeness 
Bay, WA 

2 Dungeness 
River, 
estuary 
mouth 

4 stations once a 
month, 
for 12 

months 

11/1999-10/2000; 
(Sargeant 2000) 

Grays 
Harbor, WA 

75 Upper 
estuaries 

5 stations 9 
samples 
over five 

days 

19-21/05/1983; (Kehoe 
1985) 

Ilwaco, WA 3.5 Bakers Bay 4 randomly 
positioned 
samples 

4 
samples 

daily 

06/1977-03/1978; 
(Durkin et al. 1979) 

Astoria, OR 25 Youngs 
Bay 

4 randomly 
positioned 
samples 

4 
samples 

a day 

06/1977 and 03/1978; 
(Durkin et al. 1979) 

Eureka, CA 8.2 North 
Humboldt 

Bay 

20 sites 
along 

channel 

once per 
month 

08/2003-07/2004; 
(Pinnix et al. 2001) 

San 
Francisco, 

CA 

8.6 San Pablo 
bay, 

Central 
Bay, South 

Bay 

4 sample 
sites at 3 
locations 

once a 
month 

10/2000- 01/2001; 
(Buchanan & Ganju 

2001) 

Half Moon 
Bay, CA 

3.6 Beachline One site 2 
samples 
on one 

day 

2009 (date not given); 
(Lean et al. 2010) 

Moss 
Landing, CA 

8 Elkhorn 
Slough 

mouth and 
within 20m 

of river 

two sites once a 
month 
for 12 

months 

12/1999-09/2001; 
(Chapin et al. 2004) 

Port San Luis, 
CA 

1.5 Along dock 
at Alvisa 

bay 

1 km from 
shore at 

surface and 
10 meters 

depth 

every 
half hour 

for 4 
hours 

06/2009-08/2009; (Orric 
et al. 2009) 
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Table 8.  Physical and genetic measurements from collection sites.  
 

Site 
Opening 

L x W 
Depth 

(m) 

 
Catch 

in Tons 
Velocity 
(cm3/s) 

Turbidity 
(NTU) 

Haplotype 
diversity 

h 

Nucleotide 
diversity 

π 

Fraser Delta 49.29 62 5599 30 45 0.63 0.003 
Dungeness 

Bay 13.30 1.4 NA 15 2 0.87 0.008 
Gray’s Harbor 16.85 10 772.5 97.74 75 0.82 0.007 

Ilwaco 21.27 4 6.31 87.45 3.5 0.82 0.004 
Astoria 11.70 2.5 NA 108.02 25 0.98 0.014 
Eureka 0.61 3.6 7216 2 8.2 0.95 0.008 

San Francisco 30.79 41 2271 80 8.6 0.84 0.006 
Half Moon 

Bay 27.42 9.1 
Included 

above 25 3.6 0.79 0.004 
Moss Landing 21.76 7.6 92.5 25 8 0.86 0.006 

Port San Luis 34.24 11 
Included 

above 11 1.5 0.86 0.005 
 

 

Table 9.  Statistical description of Skewedness.  Skewedness results of physical and 
genetic measurements as well as Shapiro-Wilk test of normality with p-value used for 
correlation.  Because the NTU dataset was higher than the skewedness threshold of 2.0, it 
was logarithmically transformed and retested.   
 
 LxW Depth Velocity lnNTU h π FS D 
Number of cases 10 10 10 10 10 10 10 10 
Variance 184.684 400.806 1,623.700 1.613 0.009 0.001 27.932 0.706 
Skewness 0.427 1.920 0.454 0.930 -0.917 1.598 -1.507 1.232 
Shapiro-Wilk Statistic 0.982 0.688 0.856 0.892 0.904 0.860 0.875 0.902 
Shapiro-Wilk p-value 0.976 0.001 0.069 0.177 0.243 0.077 0.114 0.228 
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The comparison of environmental variables with genetic diversities revealed 

several significant linear relationships (Figure 5).  Physical dimensions that did not 

correlate with the genetic data, include lnNTU at r2 = -0.219 for h and r2 = 0.183 for 

nucleotide diversity.  In addition, velocity did not correlate with diversity measures (gene 

diversity and velocity was r2 = 0.136 and nucleotide diversity and velocity was r2 = 

0.475).  Opening size (LxW) related with both gene diversity (h) and to a lesser extent 

nucleotide diversity (π) (simple Pearson’s r2 was -0.840 for h, but r2 = -0.484 for π was 

not a relationship).  When the mean depth of embayments was compared with gene 

diversity, there was a negative relationship for h (Figure 5; r2 = -0.757) but a lower trend 

for π (r2 = -0.434). 
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Figure 5. Plots of genetic diversity measures and environmental parameters. 
Turbidity and velocity data are not shown as there was no obvious relationship.  Site 
abbreviations refer to labels in Table 3A. 
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A post hoc analysis was conducted to eliminate alternative explanations, using 

commercial catch numbers, measured by the ton, for each location (graph not shown) 

with Tajima’s D value and gene diversity (h).  The commercial catch in tons plotted 

against h revealed no relationship with r2 = 0.038.  While commercial catch in tons 

plotted against Tajima’s D reveled no relationship with r2 = 0.0631.  This suggested that 

the scaling of harvest intensity did not relate to genetic diversity. 

Environmental data were also related to adult population pairwise FST.  Only 

opening dimensions (LxW) showed a significant correlation (Figure 6).  In total, 45 

pairwise FST data points were compared, corresponding to pairwise FST across 10 

populations listed in Figure 1.  A linear regression procedure indicated a strong negative 

relationship (r2 = -0.67 p < 0.001) between pairwise FST and LxW (Figure 6).  Since the 

comparisons between pairwise FST and LxW were not independent measures, the 

Wilcoxon-signed rank test was used, indicating a significant negative relationship 

between genetic diversity opening size (Wilcoxon test Z value = 3.622, p < 0.001). 
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Figure 6. Plot of embayment opening sizes versus FST. Robust regression was used to 
calculate a linear relationship for pairwise FST values against embayment opening size 
(km2).  Trend line calculated in Systat (r2 = -0.675, p < 0.001). The Shapiro-Wilk Test Z 
value = 3.622, p-value was < 0.001. 

0 10 20 30 40
Embayment opening size 

-0.1

0.0

0.1

0.2

0.3

Pa
irw

ise
 FS

T v
alu

es
r2 = -0.675, p < 0=0.001 

 P
ai

rw
is

e 
F S

T  

Embayment opening size, LxW (km2) 



 

52 

 

Canonical correlation comparison of environmental and genetic relationships  

Canonical correlation analysis showed strong negative relationships between 

measures of genetic diversity and environmental measures (Figure 7).  The high positive 

canonical loading for environmental measures (loadings chart in Figure 7) indicated that 

opening LxW was positively related to canonical scores.  In addition, the high positive 

loadings for gene diversity (h) and for Tajima’s D were correlated to opening size 

canonical scores (Figure 7).  The turbidity measure (lnNTU) did relate to genetic 

variables but was not interpreted because its loading was below a typically accepted 

threshold (0.424) (data not plotted). The CCA indicated that there was a relationship 

between the genetic diversity of crabs and the environment in which they obtained.  The 

implication is that coastal terrain has an impact on the genetic measures, in this case, 

Tajima’s D and gene diversity (h).  
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Figure 7. Canonical Correlation Analysis of diversity measures and habitat 
measures.  The plot shows the strongest bivariate correlates. Arrows represent 
loadings; direction of the arrow indicates the signal of the loading and the 
thickness of the arrow indicates that absolute value of the loading.  Nucleotide 
diversity π showed the same trend as h, and depth showed the same trend as LxW. 
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DISCUSSION 

Spatial and temporal genetic variation was assessed using mitochondrial DNA 

from adult and megalopae of Dungeness crabs sampled from Fraser Delta in British 

Columbia, Washington, Oregon, and California.  Megalopae were sampled repeatedly 

using light traps that were deployed in one location, Coos Bay, OR.  Nucleotide (π) and 

gene diversity (h) for the entire adult dataset were 0.010 and 0.850, COI diversity was 

uniform and lacking the variance found in adult populations, which is remarkable 

considering larvae were caught across several years.  While this study found no net 

genetic difference consistent with regional barriers to dispersal, genetic differences were 

evident in comparing separate years of larval samples (Table 3B) as discussed below.  

Given the long distance dispersal of C. magister larvae, we expected to find was 

low to no spatial variation among regions as reported in other studies (Dawson 2001, 

Petersen 2007, Kelly & Palumbi 2010), and this was consistent with our FST comparisons 

of adult populations.  Secondly, there was no correlation between geographic distances 

and genetic distances.  Habitat variables, however, were found in some cases to correlate 

measures of COI diversity.  The adult populations sampled in smaller bay tended to have 

higher diversity (h).  

We found a third ecologically significant pattern to diversity.  Low diversities of 

broods of larvae (while warranting further statistical examination) were apparent.  This 
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observation suggests larvae from the same brood aggregate during dispersal remaining 

grouped even at settlement (following about 2-month pelagic length dispersal).  

   

No apparent broad scale differentiation 

In sampling extensively over the range of a species, it may be possible to detect 

distance-limited dispersal, where genetic distances between demes are correlated with 

their spatial separation, in other words, an Isolation-by-Distance pattern (Wright 1931, 

Hellberg 1996, Whitlock & McCauley 1999, Holsinger & Weir 2009, Weersing & 

Toonen 2009).  There was no significant fit to the Isolation-by-Distance model, 

considering adult populations sampled from San Luis Obispo, CA to Frasier Delta, BC 

with a coastal length covering 1700 km (Mantel r = 0.059, p = 0.289) or evidence of 

discrete genetic breaks.   

This study suggests accordingly that high gene flow among adult populations 

leading homogeneity over a large geographic scale (British Columbia to California).  The 

non-significant Mantel and Exact tests showed no relationship between geographic 

distance and genetic differentiation among population.  In addition, AMOVA indicated 

that variance among regions was non-significant, suggesting no population structure 

across the C. magister range.  Beacham et al. (2008) and Barney (2012) found similar 

results using COI and microsatellites.  

The lack of geographic structure found in this study contrasts with the geographic 

variation found in the COI gene of Hemigrapsus oregonensis (Petersen 2007), a species 

with 3-4 week larval dispersal.  Petersen did suggest a possible genetic dilution in C. 
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magister that we observed in this study (2007).  C. magister had no obvious barrier to 

gene flow from British Columbia to California despite some evidence of small scale 

variance.  Similarly to H. oregonensis (Petersen 2007), neutrality tests on both adults and 

megalopae indicated Dungeness crab went through a recent, post-bottleneck population 

expansion, likely associated with the most recent glacial relaxation, and accordingly, 

population samples always consisted of many haplotypes. 

 

High genetic variance among larval collections 

Small-scale spatial variation was evident.  The typical pairwise FST seen in 

comparing samples of larvae from Coos Bays by separate years (range: 0.04 - 0.51, mean 

= 0.33) was about three times higher than pairwise FST

 0 - 0.21, mean = 0.09), as shown in Table 3.   

AMOVA revealed variation when considering time-sampled within-group 

populations (see ΦSC in Table 6 in all 6 comparisons).  These temporal variations could 

be seen when comparing either adult or megalopae samples.  An AMOVA comparing 

larval samples (pooled across months) among 6 non-consecutive years from Coos Bay, 

showed a difference being retained over the years: ΦCT = 0.212, p = 0.037.  This suggests 

that diversity is potentially maintained by annual variance of successful recruits.  It 

appears that the complex diversity of adult populations and lack of broad regional 

distinction are the result of movements of pulses of larvae.  Recruitment over time, in 

other words, dampens genetic differentiation.  Temporal variations could be seen when 

comparing sequences of adult or megalopae samples.  An AMOVA comparing larval 
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samples (pooled across months) among 6 non-consecutive years from Coos Bay revealed 

a difference being retained over the years: ΦCT = 0.212, p = 0.037.  This suggests that 

diversity is potentially maintained by annual variance of successful recruits.   

 

Inverse correlation among bay size and genetic diversity 

Species that are isolated in small populations typically have higher rates of 

divergence with lower diversity than comparable species of larger populations (as 

suggested by Ohta 1992, Gillespie 1999, 2001, Woolfit & Bromham 2005).  In C. 

magister, the measured COI sequence diversity was correlated to embayment opening 

sizes.  Analyses the relationship between genetic diversity indices such as π, Tajima’s D, 

and Fu’s FS are still not often considered (e.g. see Wares 2009).  We found unexpectedly, 

small bays tended to have greater genetic diversity than large bays.  

The relationship between genetic data and hydrologic features are easily 

accessible means of identifying potentially high diversity in populations.  While COI 

diversity was negatively related to bay size and depth, the size and depth measures were 

themselves positively correlated.  A canonical correlation analysis in this sense was 

useful for better understanding trends.  The CCA considering bay dimensions and genetic 

diversity measures (π, h, and Tajima’s D, and Fu’s Fs) supported a strong correlation 

between bay opening size and gene diversity, h, with a significant correlation also seen 

between the opening size and D.   

The negative correlation between genetic diversity and bay size may be explained 

a number of ways.  Small embayments may allow high survivorship of unique haplotypes 
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(i.e., through reduced harvesting), thereby increasing gene diversity measures; or perhaps 

due to imprecise collection methods of adults, one might see an artifact of sampling 

ocean shelf habitats with varying diversity patterns. 

Perhaps recruitment occurs less often in restricted bays leading to a greater spatial 

genetic patchiness in these areas.  We used the opening size (LxW) to approximate 

restriction of larval movement in and out of an embayment.  This restriction is not a 

direct measure of the bay water’s turnover rate, but still may represent the difficulty of C. 

magister entering and exiting a bay.  Further studies comparing artificial coastal drifters 

and water turnover (e.g. Hickey & Banas 2003) might show whether a current based 

model could predict the genetic variance effect that we measured.  Accordingly, the 

mechanism of how hydrology affects genetic diversity is uncertain, and may warrant a 

focused sampling regime.  We do not always have precise sample locations for the adult 

specimens examined because some samples were obtained entirely or in part from fishing 

boats.  An aspect of the variance might be due to a collection artifact, that is, small bays 

may harbor vessels that travel outside the bay to bring in their catch.  Just as easily, 

changes in hydrology could be a reasonable explanation for annual variance among 

Dungeness crab distribution (Galindo et al. 2006).   

The maternally inherited mitochondrial data presented in this project will reflect 

the female effective populations.  We found a stronger correlation between bay size and 

genetic diversity than between regional fishing pressure and diversity.  This suggests that 

overall no effect of harvesting on diversity was obvious.  But determining whether an 

effect could occur is difficult – there have been no comparison of populations present 
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prior to commercial harvesting.  We observed an unusual genetic signature in the San 

Francisco populations, where haplotype 2 was not sampled, despite being common 

elsewhere. Another challenge, which could be addressed in future research, is the need to 

gain more localized measures of variation in harvest pressure.  There may be harvesting 

related effect in the dataset. 

 

Diversity pattern in the larval pool 

There was a tendency of observing larvae that shared haplotypes in a given light 

trap collection, which suggests that larvae from the same brood often remain aggregated 

during dispersal, then recruiting together back into estuaries.  The data suggest that often 

single haplotypes (See Table 4 for the year and weeks where only one or two haplotypes 

are sampled) appear together during the recruitment period resulting in low diversity.  

The implication is that a few parents are producing large numbers of offspring and those 

offspring are maintain kin bonding during 5 to 6 months of open ocean dispersal.  

Diversity of larval samples collected together prior to settlement was much lower (2001 h 

= 0.583 while 2009 h = 0.821) than in adult populations (mean h = 0.851).  The relatively 

low diversity of collected haplotypes in larval samples demonstrates what has been 

referred to as the “Hedgecock effect” (Waples 1998) – a low diversity of propagules 

reflecting reproduction by a few mothers in the population.  This thesis showed that 

families of larvae may remain aggregated during 5 months of development.  The larval 

haplotype variation was as low as one haplotype (the pattern reflecting perhaps one 

mother only) in many samples.  Over time however, there was additive variation in the 
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reproducing females that resulted in high genetic diversity, with the frequency of long 

distance dispersal events being sufficiently high, preventing regional patterns of 

differentiation.  

There are multiple plausible explanations for genetic variance among crab 

populations.  Post settlement selection and commercial harvesting may have had 

significant impacts on a population signal after larval settlement.  Contrasting these post 

selective factors, the current study has shown that variance occurs in megalopae prior to 

settling.  

Hedgecock (1994) predicted that adult diversity would have higher diversity than 

in the surviving offspring and demonstrated that stochastic environmental factors would 

determine that a fraction of successful broods return each year.  Our results demonstrate 

that the larval populations sampled have lower Ne than adult populations.  This pattern is 

common in other marine species, including crustaceans, echinoderms, and fish 

(Hedgecock 1994, Gillespie 2001, Turner et al. 2002).  Our study supports Hedgecock’s 

prediction of reproductive variance, where the diversity of adult populations might be 

estimated as functions of temporal variation in the alleles present in recruiting megalopae. 

We showed a higher diversity in adult populations and lower diversity in larval cohorts.  

This suggests that over all population diversity might be maintained by the influx of low-

diversity sets of larval recruits.  Over time, due to the high mortality of offspring year 

after year, megalopae contribute to a small portion of C. magister’s overall diversity. 

  Variance among years has been identified in the correlation between hydrology 

and diversity of local populations.  On a local level, the narrow and shallow hydrological 
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features of embayments impact the diversity of adult crabs.  The mechanism of 

hydrological features has been discussed in Roegner et al. (2003), where they suggested 

the Columbia River greatly increased larval distribution.  Accordingly, further studies of 

the genetic variation patterns in larval populations are needed. 

In summary, the diversity data of the COI sequence revealed surprising ecological 

patterns across the range of C. magister.  Genetic differences accumulated over time are a 

more likely explanation of adult diversity than the alternative explanation of geographic 

distribution.  In addition to accumulative variance, local hydrological features may also 

contribute the adult’s variance even between nearby populations.  
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