
Research and education activities 
 
Our overall objectives are to: 
 
1. Perform inversions of the “mean state” of C. finmarchicus populations in the North Atlantic 

Climatological mean seasonal forcing 
Diapause entry hypotheses: food, photoperiod 
Diapause exit hypotheses: development, photoperiod 
Control parameter: mortality (spatially variable, stage dependent 
Skill assessment: cross-validation 
  

2. Use the genetic data to estimate the rate of population exchange between gyres, and compare 
with model predictions of same. 
 
3.  Investigate interannual to decadal variability 

High-NAO state vs. low-NAO state 
Hindcast 1950s-present 

 
In the last year, we have continued to make progress on objectives 1 and 2, and those findings 
are detailed below.  We have also continued the task of assembling other published data sets for 
the North Atlantic C. finmarchicus.  This work is being done in collaboration with the Jeff Runge 
and James Pierson project [Collaborative Research: Life histories of species in the genus Calanus 
in the North Atlantic and North Pacific Oceans and responses to climate forcing].  The data sets 
provide Calanus vertical distributions from the Barents Sea, a number of locations in the 
Norwegian Sea, the Northern North Atlantic south of Iceland including the Rockall Trough, 
Iceland basin, and Irminger Basin, the Labrador Sea, and the Northwest Atlantic including the 
Gulf of Saint Lawrence, Scotian Shelf, Gulf of Maine/Georges Bank, and the Slope Water. Most 
of the data sets provide C. finmarchicus copepodid stage distributions.  The vertical resolution of 
the samples varies and we are now working to provide standardized vertical distributions with a 
primary focus on the distribution of the overwintering C. finmarchicus stages (usually stage V). 
The standardized vertical profiles will be used to create a gridded data set for comparison with 
model outputs.  In addition to the vertical distribution profiles, physical data (temperature, 
salinity, and depth) taken at 
the time of the biological 
collections has also been 
assembled in order to 
determine the physical 
setting for the overwintering 
population.  The end product 
will be a climatological view 
of the overwintering 
population of C. 
finmarchicus for the entire 
North Atlantic range of this 
species. 
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Findings 
 
Physical model results 
 
Our 2011 annual report describes the results of our initial inversion of the “mean state” of C. 
finmarchicus populations in the North Atlantic (objective #1 above).  As we delved into the 
evaluation of the model solutions with genetic data (objective #2), it became clear that 
methodological development was needed to make direct comparisons between the simulations 
and observations.  Our approach is based on numerical methods to quantify population 
connectivity (e.g., Mitarai et al., 2009) within the framework of an advection-diffusion-reaction 
equation for copepod concentration C: 
  

 
                                                                  

       
   (1) 
 

The biological reaction term  is the simplest possible non-trivial formulation 
of sources and sinks that vary as a function of space only.  Positive  can represent emergence 
from diapause and reproduction, whereas negative  can represent entry into diapause and 
mortality.  The velocity (v) field is specified from the hydrodynamic model described in last 
year’s report.  A horizontal diffusivity (D) of /s is specified to damp numerical noise at 
small scales while leaving the large scale aspects of the solution relatively unaffected on short 
time scales.   
 
In order to obtain connectivity information between a particular point of interest 

 and other locations in the domain, we seek such functions  that make 
the objective function  
 

 
 

    
    
   (2) 
 

 
stationary with respect to  and  (Wunsch, 1996). The Lagrange multiplier  imposes a 
constraint that restricts the system to only those concentrations  that satisfy the model equation 
(1). By multiplying the first term in (2) by Dirac delta function , this term becomes 
the sum of all concentrations in time at the point . Appropriately scaled, objective function  
represents a sum over time period  of probabilities of finding a copepod at location  and time 
. We omit the scaling factors here for brevity.  

 
As described in Bennett (2002), we find the stationary point by looking at variation of  with 
respect to variations in  and . By setting  we obtain the forward model equation (1). 
Setting  yields its adjoint  
 

 
   
  (3) 
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which is an advection-diffusion-reaction equation for the spread of information backwards in 
time via the adjoint variable .  Note that   so  represents the change in 
concentration at point  with respect to changes in the sources/sinks elsewhere. 
 
Connectivity information between point  and other locations is obtained by integrating the 
adjoint equation (3) backward in time, starting from zero at time , and continuously forced by 
delta function at point . With appropriate scaling, the values of the adjoint variable at the end 
of integration  yield the probability that a copepod originating at location  has passed 
through a point  sometime during period  following the circulation pathways prescribed by 
the physical model. 
 

Figure 1.  Locations of the 17 samples, 10 areas, and three gyres that are the basis of the 
hierarchical analysis of molecular variation and other population genetic analyses of C. 
finmarchicus in the N. Atlantic Ocean. From Unal and Bucklin (2010). 
 
A connectivity matrix for the ten sites for which we have genetic information (Figure 1) was 
estimated using a series of ten such simulations with the adjoint model.  Example snapshots of 
the adjoint solutions illustrate the propagation of information from the point sources outward 
along advective pathways (Figure 2).  Each simulation provides a row of the connectivity matrix, 
quantifying the connectivity between the source and all other sites.   
 
The resulting connectivity matrix evolves in time as the effect of the continuous source at X=  
spreads.  Although the magnitude of  will continue to change as the length of the integration is 
increased, its spatial distribution will eventually reach a steady state when a balance is achieved 
between advection, diffusion, and the source term.  Evolution of the connectivity matrix on time 
scales of 1-20 years (Figure 3) suggests self-similar solutions emerge in about ten years.   
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Figure 2.  Adjoint solutions and connectivity matrix for the ten genetic sampling sites after ten 
years of integration.  In each case the location of the point source is indicated by a black dot, 
with the remaining sampling sites indicated as magenta dots.  Values of  in the model solutions 
are scaled so that the sum over the domain is equal to 1.0.  A second order Shapiro filter has been 
applied for smoothness.  The color bar for the connectivity matrix also applies to the  fields. 
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The structure of the connectivity matrix provides some useful insight relative to C. finmarchicus 
populations.  As expected, peak values of the connectivity matrix occur along the diagonal, and 
this aspect persists in time.  As the duration of the simulation increases to times long enough to 
capture transport on basin-wide scales, the structure of the three-gyre system emerges.  
Specifically, enhanced connectivity is evident in three groups of stations: (1) GOM-NSC-STL, 
(2) NFD-LAB-IRM1-IRM2-ICE, and (3) NOR-BAR.  These patterns are relatively robust after 
5-10 years.  The primary differences in the 15-20 year simulations reflect increases in inter-gyre 
exchange, and even these patterns are self-similar within that time horizon.   
 

Figure 3.  Connectivity matrix as a function of time diagnosed from the adjoint solutions.  The 
maximum of neighboring points (5x5 grid box) is used to minimize numerical noise.  Note that 
the apparent differences with the ten-year connectivity matrix presented in Figure 2 are due to 
different color bar scalings. 
 
With these relative trends in mind, the results at t = 10 years solution were chosen to represent 
the “slow manifold” connectivity matrix for direct comparison with the genetic data.   These 
results are driven primarily by advective pathways and relatively insensitive to the horizontal 
diffusion.  Specifically, the time scale over which diffusion of /s is felt over a distance of 
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100 km is 15 years. The time needed for a particle to be advected across the whole basin (10000 
km) by a current of 0.1 m/s is ca. 3 years. Thus, the 10-year integration is long enough to explore 
various advective pathways, but still short enough not to be significantly impacted by diffusion.  
 
Population genetic results 
 
Patterns of exchange of C. finmarchicus within and among North Atlantic gyres were estimated 
based on prior population genetic analysis (Unal, 2008; Unal and Bucklin; 2010) for 17 samples 
representing 10 populations (Figure 1).  Several different genetic measures of exchange between 
populations (migration) were calculated, each based on different statistical approaches and 
underlying assumptions. 
 
Pairwise population differentiation (FST) matrix 
 
Pairwise FST distances were retrieved from Unal and Bucklin (2010) for the 10 populations. 
Hierarchical F-statistics were calculated using the AMOVA program within the Arlequin Ver. 
3.11 software package (Excoffier et al., 2005). In sum, pairwise FST values between C. 
finmarchicus populations are very small, clearly showing extensive within- and between-gyre 
exchange. FST values ranged from 0.0000 (for 14 comparisons) to a maximum of 0.2400; all 
pairwise FST values involving the Barents Sea (BAR) were highly significant (p < 0.001) and 
were among the highest observed, ranging from 0.1560 between the Norwegian Sea (NOR) to 
0.2400 between Labrador Sea (LAB).  Pairwise FST values were also highly significant (p < 
0.001) between NOR and Nova Scotia (NSC, FST = 0.0416), and LAB (FST = 0.0407).  Between 
the NW Atlantic gyre areas NSC, Gulf of Maine (GOM), and St Lawrence (STL), FST values 
ranged from 0.000 to 0.0179 and none were significant at the p < 0.05 level.  NSC differed 
significantly from most NC Atlantic areas (NFD, LAB and IRM2); GOM and STL did not show 
this trend.  
 
As a test of an isolation-by-distance model, linear regression analysis was carried on pairwise 
FST values versus geographic distance between area sampling sites. The regression was non-
significant for all 10 area populations (R2 = 
0.1722) and for 9 areas, excluding the 
Barents Sea sample (R2 = 0.0535). This 
hypothesis was deemed to be a poor fit for 
the genetic data.  It should be noted that FST 

values have no directionality (hence the 
half-matrix in Figure 4) and have been 
shown to have poor correlation with 
oceanographic distances in complex flow 
fields (Blanco-Bercial et al., 2012). 
 
Model-based population connectivity 
estimates provide an alternative metric for 
the effective separation between 
populations, related to the concept of 
“oceanographic distance” discussed in 
Alberto et al. (2011).  For this purpose we 
utilize 1/FST (Figure 4) which follows the 

 

Figure 4.  Inverse pairwise FST values.  White 
cells in the upper-left indicate non-significant 
FST values. See Figure 1 for explanation of 
population names. 
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connectivity convention, for which the value of the metric varies inversely with rates of 
exchange, unlike FST, for which smaller values indicate lower migration rates.  Regression of 
inverse FST values with pairwise directional connectivity obtained from the numerical model 
does in fact show a weak but statistically significant relationship (Figure 5).  Because there is no 
directionality in the genetic estimate, each genetic estimate is used twice on the scatter plot.  
Correlation between the model and genetic estimates is 0.54. Regression analysis was performed 
on all pairs except two, GOM – NFD and STL – IRM2, which had significance value p>0.3.   
 

p-value

Figure 5.  Scatter plot showing numerical model pairwise connectivity results after ten years of 
integration (on y-axis) versus 1/ FST (on x-axis).   Colors represent significance value (p) for each 
genetic estimate. Numbers near each colored dot represent a pair of cites for which connectivity 
is given. The cites are numbered as follows: 1 –GOM, 2 – NSC, 3 – STL, 4 – NFD, 5 – LAB, 6 – 
IRM1, 7 – IRM2, 8 – ICE, 9 – NOR, 10 – BAR. Dashed black line is the least squares linear fit 
for all the points except the two pairs which have p>0.3.  Similar correlation is evident when 
model results of 15 and 20 years are used, r=0.61 and r=0.60, respectively. 
 
 
Genetic distance (Dest) matrix 
 
The genetic distance metric, Dest, is a useful statistic to reflect geographic patterns of 
differentiation among populations without assumptions of equilibrium required for FST.  Jost’s D 
genetic distances (Jost, 2008) were calculated using the online tool SMOGD (Crawford, 2010) 
with a confidence interval obtained after 10,000 bootstrap replicates. Values of Dest between 
populations across loci were calculated by taking the harmonic mean, and negative results 
assumed as zeros.  
 
Pairwise Dest values (Figure 6) show patterns similar to 1/FST.  The underlying population 
dynamic and oceanographic processes determining the patterns of exchange between populations 
still need to be investigated, but the consistent patterns between these two metrics, 1/FST and Dest, 
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are promising.  Examples of consistent 
results include the similarity of GOM to 
other NW Atlantic gyre population, 
especially STL and NFD. It is generally 
known that there is significant interannual 
variation in the strength of transport from 
the NW Atlantic to points north and east, 
and thus in the “leakiness” of the NW 
Atlantic gyre.  A possible explanation of the 
lack of genetic differentiation and inference 
of high gene flow between the NW and NC 
gyre populations of C. finmarchicus is that – 
just prior to 2005 (the year of sample 
collection for Unal and Bucklin, 2010) – 
there were one or more “leaky” years 
immediately prior.   
 
Additional similarities between the Dest and 
1/FST matrices included distinctiveness of 
the Barents Sea population (BAR) and high similarity between STL – IRM2. The high similarity 
between ICE and IRM1 for Dest could not be compared to 1/FST due to non-significance of that 
value. 
 
Directional migration (m) matrix 
 
Estimation of the migration parameter, m (the proportion of migrants in A from B divided by the 
mutation rate, K; Hey, 2010) is 
useful for comparison with 1/FST 
and Dest, since m reveals directional 
asymmetric exchange (where A-to-
B is not equal to B-to-A).  
Importantly for analysis of pelagic 
populations, calculation of m has no 
underlying assumption of an 
equilibrium state.  Directional 
migration rates were estimated in 
IMa2 (Hey, 2010). Prior conditions 
required for analyses were set by a 
Neighbor-Joining tree built from the 
FST matrix and the 1-year 
connectivity matrix from the 
physical model. In comparisons for 
which the numerical model 
connectivity was zero for 
bidirectional migration between any 
two populations, genetic estimates 
of migration were also set to zero.  
Preliminary results were obtained 

 

 

Figure 6.  Pairwise inverse Dest genetic distance 
values.   White cells in the lower right indicate 
non-significant Dest values.  See Figure 1 for 
explanation of population names. 

 
Figure 7. Pairwise values of m between populations of C. 
finmarchicus after 1 year. Values shown indicate the rate 
(forward in time) at which population i (x-axis) receives 
migrants from population j (y-axis). The software does 
not compute self-migration values, so all cells on the 
diagonal = 0. 
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from a run consisting of 200 Metropolis-coupled chains under a geometrical heating model, 
ranging from 0.99 to 0.7 (for explanation see http://genfaculty.rutgers.edu/hey/software). The 
burn-in period was sampled every 3 hr until reaching a stationary state, after which the Markov 
chain was sampled every 1,000 generations for 3,000,000 steps. Median values for the 
directional migration rates between the populations were used.  
 
A general result shown in the migration (m) matrix (Figure 7) is that transport is more reciprocal 
than might be expected from the complex currents and circulation patterns within and between 
N. Atlantic gyres. Some of the same “hot spots” appear in the matrix of m values as in the 1/FST 
and Dest matrices, incuding high migration rates between ICE, IRM1, and IRM2, as well as to 
and from BAR and NOR.  These results are consistent with Unal and Bucklin (2010) conclusions 
that the complex water masses surrounding Iceland are a boundary region between the NE and 
NC gyres, with extensive exchange among both regions. Also apparent from this analysis are 
high levels of bi-directional transport between NFD, GOM, NSC, and LAB. This result echoes 
evidence of the “leakiness” of the NW Atlantic gyre seen in the other genetic analyses.  
 
Additional analyses of directional migration using IMa2, which are computationally intensive, 
are currently underway at the UConn Bioinformatics Computing Cluster Facility.  In particular, 
comparison will be done of the physical model and genetic results generated after 1, 2, 3, 4, 5, 
10, 15, and 20 years.  The impact of run duration on the estimates of m is particularly important 
because of the absence of assumptions of equilibrium conditions and the resolution of 
asymmetric exchange, suggesting that m may provide the most relevant and valid comparison 
with the physical model results. 
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