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Spatial Climatology: Krill “Hotspots” 
off California, May-June, 2004-2009 

Santora et al. 2011, Progress in Oceanography
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Hotzones scale.  This is too smooth.  If we want to understand mechanisms of how these form, we need to go to the finer scale. 



Krill Shelf (ln CPUE+1)

s(
Kr

ill
 S

he
lf)

Common Murre

Seabird Productivity and Krill Abundance

Santora et al. 2014 Ecological Applications



Blue Whales and Krill Swarms in California
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This is also important for predators.



SWARM
SCALE

Stommel Diagram of plankton patchiness
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Swarm scale, sub meso-scale.  Want to understand interestions with predators, or fisheries, or habitat quality, we need to look finer resolution.   



Questions
• Can we model the krill prey field important to foraging 

predators?  
– Yes (Dorman et al. 2011, Dorman et al. in press PiO) -

coupled ROMS-NPZ-IBM reproduces krill spatial climatology 
(Santora et al. 2013 GRL, Dorman et al. in review  MEPS)

• Can we model the krill prey field at the “swarm” 
scale, and if so what are the emergent spatial and 
temporal statistics of modeled krill swarms?

• How do the space/time scales of krill swarms compare 
to the foraging scales of predator aggregations?

Presenter
Presentation Notes
Modeling approach is unique as measurements of size, intensity and persistence at the swarm.  We know what the scale should be, but we don’t know how it changes through time.  Tracking the coalescence of particles coming together and separating.  These things changes as swarms are affected by predators, or mating behavior. 



Definitions
• Swarms: forage/prey patches that have 

potential for elevated trophic
transfer, i.e., use by multiple predator species

• Characteristics important to predators:
– Size (km2; space)
– Persistence (days; time)
– Intensity (clustering index, z-score; interaction 

between space and time)
• as it turns out, these are all positively related…



Roadmap for Talk

• Introduction to 
– Individual-Based Model (Physical and Biological)

• Results
– 1:  latitude of modeled krill swarm formation and 

dissolution
– 2:  size, persistence, and intensity statistics
– 3:   intersection with UTL foraging scale; variation 

between central-place foraging and migratory 
birds. 
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Presentation Notes
Know from mesoscale  studies that krill hotspots associated with x bathymetry and y physical processed….wider shelf and advection. . Krill swarms should follow this pattern.



Model 
Domain

Physical Oceanographic Modeling
Regional Ocean Modeling System          

(ROMS)

Bathymetry of ROMS Domain

Pt. Conception, CA

- Years Modeled 2000 – 2008
- NCEP-NARR Forcing (32 km)

3-hourly
- SODA Boundary Conditions

Monthly 
- 3-6 km grid resolution

Cape Mendocino



Sea Surface Temperature (1-day) 
NDBC Buoy 46012 vs. ROMS SST 

ROMS Results vs. Observation Data

Surface Currents (1 mo. avg.) 
BOON CODAR vs. ROMS

Year Day

2001          2002          2003          2004   
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Individual Based Model
- Particle Tracking with Saved ROMS Data (Runge-Kutta Advection -

4th order)
- No Biology, Other than Diel-Vertical Migration

- Downward Vertical Migration of organisms based on light-levels
- Vertical Migration varied (5, 20 meters (chl max), 40m) --- for this 

talk used 20m as this matched acoustically-derived data best 
(Dorman et al. in revision MEPS) 

Spring Model Runs
Start Date – Feb 15
40,000 Particles
Uniform Distribution

Summer Model Runs
Start Date – May 15
40,000 Particles
Uniform Distribution

“Where are swarms 
formed?”

“Where do these 
swarms go?”
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Physical Modeling - Goal is to provide realistic physical conditions to force biological models.
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Summer Runs





Analysis – Identified Swarms Using Getis-Ord Statistic 
• Spatial Statistic (z-score) that highlights clusters of high local 

values in relation to overall values for the entire area.
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Presentation Notes
The Hot Spot Analysis tool calculates the Getis-Ord Gi* statistic for each feature in a dataset. The resultant Z score tells you where features with either high or low values cluster spatially. This tool works by looking at each feature within the context of neighboring features. A feature with a high value is interesting, but may not be a statistically significant hot spot. To be a statistically significant hot spot, a feature will have a high value and be surrounded by other features with high values as well. The local sum for a feature and its neighbors is compared proportionally to the sum of all features; when the local sum is much different than the expected local sum, and that difference is too large to be the result of random chance, a statistically significant Z score results.
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Spring

Summer

Formation Dissolution Difference

Swarm formation and dissolution by season & latitude
(> 2 days only)
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In spring form and die in same placeIn summer, form in GOF, but die northwards…in Cordell Bank region. 



Days

Days

Persistence
First location

Days

Spring Summer
Persistence
First location

Persistence
Last location

Persistence
Last location
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Summer Ano/North Monterey Bay to inner GoF and CB.  Not in spring.







Example of the 2 most persistent 
swarms observed during spring and 

summer (top 2% of all modeled 
swarms)

Changes in their Size, Intensity and 
distance traveled over time.
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Spring Summer

Fairly constant

Swarms lasting ~2 months

variable
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Top 2%...Swarms last almost 2 months…tail of size, intensity, and persistence distributions.First, day since formation…forming and staying in place for 2 weeks, and then start to move but very slowly.  But don’t go far…these are magical for predators.However, size can vary a lot from  200 to 1500 km2.  Intensity is fairly consistent.  Increases but moderately.   



Predator aggregations



Visual surveys of seabird abundance/distribution 
Summer (May-June): Aggregation size (# per 3km)

Sooty
Shearwater

Common
Murre
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Presentation Notes
Sightings of birds over same time period as model krill.Different sizes = sizes of flocks at 3km resolution, no. individuals per aggregationScaling of swarms vs scaling of krill predators.  Bird are fish with wings.  Can’t observe fish aggregations, but birds may provide a proxy.CPF murres, vs migrant shearwaters.Neritic shelf foragers…vs slope.To understand if our model is producing reasonable swarms statistics, need to look at many predators does the scaling match?   Classic aggregative response marine ecology.
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Latitudinal coherence  (also from Dorman et al. and Santora et al.)Black is birds…color is swarm stat.Persistence coherent.Size maybe less important to birds…Intensity matches, slight offset with shearwaters.



McGowan et al. 2013



Blue Whale 
foraging tracks
(Bailey et al. 2010) 



Sightings 1980-2003



Summary and Conclusions
• Can we model the krill prey field at the “swarm” 

scale?
– Yes. Provides information on how food is distributed in the 

environment and changes on a synoptic scale.  Very 
important.  

• How does the space/time scales of krill swarm field 
compare with the foraging scale of UTL predators?
– Pretty well (persistence and intensity).  Not size as much…
– Model presents various opportunities for understanding 

and prediction of predator foraging and breeding success.
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Patches form in the Gulf and end in the Gulf.  Good for central place foraging seabird from the Farallon Islands.Patches in Monterey Bay good for migratory shearwaters and blue whales.



Changes in Size, Intensity, Depth and 
Distance from the coast relative to 

latitude off central CA



0

100

200

300

400

500

600

700

2
3
4
5
6
7
8
9

10
35

35
.5 36

36
.5 37

37
.5 38

38
.5 39

39
.5 40

Si
ze

 (k
m

2 )

Pe
rs

is
te

nc
e 

/ 
In

te
ns

ity

Persistence
Intensity
Size

0

100

200

300

400

500

600

700

2
3
4
5
6
7
8
9

10

35
35

.5 36
36

.5 37
37

.5 38
38

.5 39
39

.5 40

Si
ze

 (k
m

2 )

Pe
rs

is
te

nc
e 

/ 
In

te
ns

ity

Persistence
Intensity
Size

0

500

1000

1500

2000

2500

20
25
30
35
40
45
50
55
60

35
35

.5 36
36

.5 37
37

.5 38
38

.5 39
39

.5 40

De
pt

h 
(m

)

Di
st

an
ce

 fr
om

 c
oa

st
 (k

m
)

Distance coast
Depth

0

500

1000

1500

2000

2500

20
25
30
35
40
45
50
55
60

35
35

.5 36
36

.5 37
37

.5 38
38

.5 39
39

.5 40

De
pt

h 
(m

)

Di
st

an
ce

 fr
om

 c
oa

st
 (k

m
)

Distance coast

Depth

Latitude north Latitude north

Spring Summer



-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6

-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0

35 35.5 36 36.5 37 37.5 38 38.5 39 39.5 40

Di
ffe

re
nc

e 
in

 in
te

ns
ity

 
(G

i)
Sp

rin
g 

-S
um

m
er

Di
ffe

re
nc

e 
in

 
pe

rs
is

te
nc

e 
(d

ay
s)

Sp
rin

g 
-S

um
m

er

>Spring

>Summer

-15

-10

-5

0

5

10

15

-300.0

-200.0

-100.0

0.0

100.0

200.0

300.0

35 35.5 36 36.5 37 37.5 38 38.5 39 39.5 40

Di
st

an
ce

 to
 c

oa
st

 (k
m

)
Su

m
m

er
 -

Sp
rin

g

Di
ffe

re
nc

e 
in

 si
ze

  (
km

2 )
Sp

rin
g 

-S
um

m
er

Latitude north

>Summer

>Spring



Formation and dissolution of hotspots:
Changes in their size and intensity, and 

emergence of seasonal source/sink 
dynamics
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Differences between seasons.  Intensity is Z score.  Spring linear, summer: asympototic.  But positively associated as expected.
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Liklihood of large swarms is rare.  Most about 500 km2 or less.  1000km2 or > are very unusual…~10%.Long-lasting simulated swarms are also rare…Simulated patterns are similar between spring and summer.
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