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What	
  Controls	
  Marine	
  Ecosystems	
  in	
  the	
  Arc4c?	
  

-  Light	
  -­‐	
  drives	
  photosynthesis,	
  absent	
  
during	
  winter	
  

-  Temperature-­‐	
  water	
  temperature	
  (min.	
  	
  	
  	
  
-­‐1.8°C);	
  many	
  lower	
  trophic	
  level	
  
organisms	
  are	
  poikilothermic	
  so	
  their	
  
metabolism	
  (growth)	
  is	
  slow	
  

-  Nutrients-­‐required	
  by	
  phytoplankton	
  
and	
  algae	
  for	
  photosynthesis	
  

-  Sea	
  Ice-­‐barrier	
  to	
  light	
  and	
  heat;	
  cri4cal	
  
substrate	
  for	
  organisms	
  ranging	
  from	
  
phytoplankton	
  to	
  mammals	
  

-  Hydrographic	
  Structure-­‐ver4cal	
  
structure	
  of	
  water	
  column	
  defines	
  
plankton	
  distribu4ons	
  

-  Advec4on-­‐	
  source	
  of	
  organisms,	
  
nutrients,	
  redistributes	
  plankton	
  

-  Seasonally	
  varying	
  food	
  supply	
  

Smith	
  and	
  Sakshaug	
  1990	
  

•  Arc4c	
  marine	
  ecology	
  is	
  profoundly	
  impacted	
  by	
  the	
  seasonal	
  	
  
	
   	
  varia4ons	
  in	
  temperature,	
  light,	
  and	
  ice	
  cover	
  	
  

•  Life	
  histories	
  of	
  organisms	
  are	
  4med	
  to	
  the	
  seasonal	
  cycles	
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[Courtesy Katrin Iken and Jakcie Grebmeier; modified after 
Grebmeier and Barry 1991, Carroll and Carroll 2003] 
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How	
  might	
  climate	
  change	
  impact	
  this	
  
ecosystem?	
  

•  Change	
  in	
  circula4on,	
  input	
  of	
  nutrients	
  and	
  heat	
  (water	
  
temperature),	
  and	
  biota	
  

•  Reduc4on	
  of	
  ice	
  that	
  can	
  have	
  serious	
  consequences	
  for	
  ice	
  
obligate	
  animals	
  that	
  live	
  in/on	
  the	
  ice	
  as	
  well	
  as	
  changing	
  the	
  
ice	
  and	
  light	
  environment	
  

•  Changes	
  in	
  the	
  ranges	
  of	
  organisms	
  	
  
•  Changes	
  in	
  the	
  marine	
  food	
  web	
  

–  Changes	
  in	
  dominant	
  organisms	
  	
  
–  Changes	
  in	
  food	
  web	
  linkages	
  (e.g.,	
  more/less	
  preda4on)	
  
–  Changes	
  in	
  alloca4on	
  of	
  carbon	
  between	
  different	
  components	
  of	
  the	
  food	
  

web	
  
–  Change	
  from	
  benthically	
  dominated	
  to	
  pelagically	
  dominated	
  and	
  vice-­‐versa	
  

•  Changes	
  in	
  environmental	
  seasonality	
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Changes	
  in	
  Seasonality	
  are	
  Hypothesized	
  to	
  Impact	
  
the	
  Marine	
  Ecosystem-­‐	
  Match/Mismatch	
  

Campbell and Ashjian 

Lee et al., 2006). C. glacialis females can loose up to half
of their lipid content during gonad maturation despite
access to food (Hirche & Kattner, 1993). After matura-
tion is completed, however, the lipid content stabilizes
since egg production is being driven by ingested food
(Hirche & Kattner, 1993). Although the lipid content in
females from Rijpfjorden decreased and stabilized as
descried above, the PUFA content remained constant or
slightly increased during gonad development and egg
formation (Fig. 5). This maintenance of PUFAs might
reflect their role as essential structural units in mem-
branes (Ackman, 1989). C. glacialis eggs have high

proportions of both EPA (417%) and DHA (413%)
(Hirche & Kattner, 1993). As such, senescent diatoms
with low PUFA content are poor food for copepods,
resulting in lower egg production (Mayzaud et al., 1989;
Jonasdottir, 1994; Breteler et al., 2005) and lower hatch-
ing success (Jonasdottir et al., 2005).

Ontogenetic development

Ice algae provided females high-quality food for early
and successful reproduction. In turn, there was also
high-quality food during nauplii and early copepodite
development. Later in the season, the PUFA content of
food may be less important because the overwintering
stages CIV and CV that dominated at this time (Fig. 4a)
mainly invested food into storage lipids (monounsatu-
rated fatty acids and alcohols) for overwintering (Lee
et al., 2006).
C. glacialis needs approximately 2 months to develop

from CI to their overwintering stages CIV and CV at
temperatures around 3 1C (Corkett et al., 1986). CI
individuals started to appear in Rijfjorden in June and
July, which corresponded to the dominance of CIV and
CV in late August (Fig. 4a) and known sea water
temperatures in the upper 50m from July to August
(Fig. 1). The earlier C. glacialis reaches its overwintering
stage, the earlier it can accumulate lipids and descend
to its overwintering depth, reducing the predation risk
(Dale et al., 1999; Varpe et al., 2007). In October, CV
dominated (55%), followed by CIV (29%), suggesting
that C. glacialis completes its life cycle in 1–2 years
despite the relative extreme environment in Rijpfjorden.
In general, the C. glacialis life cycle is biennial north of
the polar front and annual over the rest of its range
(Conover, 1988). However, in Rijpfjorden, C. glacialis can
take advantage of both ice algae and phytoplankton
production and have optimized timing of reproduction
and growth in accordance with the two bloom- and
PUFA-peaks. This schedule ensured early reproduction
and a long growth season for C. glacialis, allowing this
Arctic population to complete its life cycle within 1 year.

Concluding remarks

C. glacialis elongated its grazing and growth season by
efficient use of both the early ice algae and the late
phytoplankton as food resources. The effects of a short-
er ice algal growth season and a corresponding earlier
onset of the phytoplankton bloom on the C. glacialis
population remains unknown, and further research is
required to examine the adaptability of C. glacialis
under these future scenarios. However, based on this
study and an earlier study (Tourangeau & Runge, 1991),
we propose that an earlier onset of the pelagic spring

Fig. 7 Current primary production regime in Arctic shelf seas

(a) with highest food quality [highest poly unsaturated fatty acid

(PUFA) content] during the ice algal and phytoplankton blooms.

Calanus glacialis efficiently uses the high-quality ice algal food in

early spring to fuel reproduction, which allows the offspring

(nauplii and copepodites) to fully exploit the high food quality in

the later occurring phytoplankton bloom. This perfect primary

producer–grazer match ensures high population biomass of

C. glacialis. Future primary production regime (b) with shorter

growth season for ice algae due to earlier ice break up, will lead

to shorter time between the two PUFA-peaks associated with the

ice algal and phytoplankton blooms. This decrease may lead to a

mismatch between primary producers and the ontogenetic de-

velopment of the offspring. Because C. glacialis requires roughly

3 weeks to develop to first feeding nauplii stage (NIII) after

spawning, it may partially or totally miss the high-quality

phytoplankton bloom during its most critical growth phase.

T IM I NG O F P RODUC T I ON IN A CHANG ING ARC T I C 3161

r 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 3154–3163

Søreide et al. 2010 

•  Reproduction in Arctic species is timed to 
coincide with the availability of food 
(phytoplankton or ice algae) or so that 
their young start to feed coincident with 
the availability of food. 

•  The idea that earlier ice melt will result in 
mismatch between these events is being 
explored in modeling, but field 
observations are needed   
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How	
  do	
  we	
  study	
  the	
  Arc4c	
  marine	
  ecosystem?	
  	
  
•  Sampling	
  –	
  Collec4on	
  of	
  organisms	
  (determina4on	
  of	
  species,	
  

abundances,	
  biomass),	
  observa4ons	
  of	
  upper	
  trophic	
  level	
  
organisms,	
  sensors	
  on	
  ships,	
  moorings,	
  ice-­‐tethered	
  profilers	
  
–  Difficulty	
  in	
  access	
  means	
  that	
  sampling	
  is	
  limited	
  and	
  most	
  has	
  

been	
  done	
  during	
  spring/summer/fall,	
  liale	
  work	
  in	
  winter	
  
•  Experimenta4on	
  –	
  Determina4on	
  of	
  vital	
  rates	
  (grazing,	
  egg	
  

produc4on,	
  growth,	
  development,	
  primary	
  produc4on,	
  
respira4on)	
  

•  Modeling	
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Why	
  model	
  the	
  ecosystem?	
  
•  Predict	
  future	
  condi4ons	
  

–  Informed	
  management	
  decisions	
  (short-­‐term	
  predic4ons)	
  
–  Understand	
  the	
  impact	
  of	
  environmental/climate	
  change	
  
(produc4on	
  changes,	
  range	
  shids	
  of	
  organisms,	
  changing	
  
seasonality)	
  

•  Understand	
  how	
  the	
  ecosystem	
  works	
  and	
  why	
  we	
  
see	
  the	
  paaerns	
  that	
  we	
  do	
  
–  How	
  do	
  extrinsic	
  factors	
  (environmental	
  characteris4cs	
  (T,	
  
S,	
  nutrients,	
  ice/snow	
  cover,	
  light,	
  circula4on)	
  impact	
  
distribu4ons,	
  produc4on	
  cycles,	
  carbon	
  cycling?	
  

–  How	
  do	
  interac4ons	
  within	
  the	
  ecosystem	
  impact	
  
func4on?	
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Approaches	
  to	
  Modeling	
  

•  Individual	
  based	
  modeling	
  
–  Focuses	
  on	
  a	
  single	
  species	
  or	
  organism,	
  models	
  their	
  life	
  
history	
  rela4ve	
  to	
  environmental	
  condi4ons	
  

•  NPZ	
  or	
  ecosystem	
  type	
  modeling	
  
–  Focuses	
  on	
  ecosystem	
  compartments	
  (e.g.,	
  large	
  
zooplankton)	
  and	
  the	
  fluxes	
  between	
  compartments	
  

•  Both	
  can	
  be	
  coupled	
  to	
  physical	
  models	
  that	
  model	
  
circula4on,	
  temperature,	
  salinity,	
  ice	
  cover,	
  light,	
  etc.	
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Some	
  Considera4ons	
  in	
  Modeling	
  	
  
•  Environmental	
  characteris4cs	
  are	
  very	
  important	
  to	
  biology:	
  

–  Temperature	
  governs	
  rate	
  processes	
  
•  Growth	
  (put	
  on	
  weight),	
  development	
  (advance	
  through	
  life	
  stages),	
  primary	
  produc4on,	
  

respira4on…	
  

–  Light	
  in	
  the	
  Arc4c	
  is	
  par4cularly	
  important	
  in	
  governing	
  biological	
  ac4vity	
  because	
  
of	
  its	
  impact	
  on	
  primary	
  produc4on	
  

•  Light	
  impacted	
  by	
  ice	
  cover,	
  snow	
  cover	
  on	
  ice,	
  annual	
  cycle	
  

–  Food/nutrient	
  QUANTITY,	
  TYPE,	
  and	
  TIMING	
  is	
  cri4cal	
  to	
  produc4on	
  
•  Interac4ons	
  between	
  ecosystem	
  compartments	
  

–  Grazing,	
  preda4on	
  
•  In	
  order	
  to	
  model	
  the	
  ecosystem,	
  need	
  data	
  from	
  observa4ons	
  (e.g.,	
  biomass)	
  

and	
  from	
  experiments	
  (rates)	
  
•  Can	
  some4mes	
  use	
  empirical	
  rela4onships	
  (e.g.,	
  modeling	
  respira4on	
  based	
  on	
  

biomass	
  and	
  Q10)	
  
•  NPZ	
  type	
  models	
  usually	
  are	
  validated	
  through	
  comparison	
  with	
  observa4ons	
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An	
  Example	
  of	
  a	
  NPZ	
  Model	
  –Bering	
  Sea	
  

Gibson	
  and	
  Spitz	
  2011	
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on what size class of microzooplankton eats what size phytoplankton
and the fact that all sizes of mesozooplankton appear to consume both
large and small microzooplankton. This aggregated representation of
microzooplankton in the model means that, in addition to senescence,
there is a large amount of cannibalism occurring within this trophic
level. These losses were represented by a quadratic ‘mortality’ term.
Grazingwas formulated followingRyabchenko et al. (1997), which is an
extension of the Holling type III grazing function to multiple prey
resources. Losses due to temperature-dependent respiration were
incorporated following Arhonditsis and Brett (2005) but were assumed
to be limited at low food concentrations.

2.1.1.3. Mesozooplankton. The BEST–NPZD model tracks the biomass of
small copepods, large copepods, and euphausiids. As with microzoo-
plankton, grazing for each of the mesozooplankton groups follows a
Holling type III formulationadapted tomultiplepreysources (Ryabchenko
et al., 1997) and respiration losses were dependent on temperature and
food availability. Small copepods graze on small and large phytoplankton
andmicrozooplankton. Large copepods graze on small phytoplankton but
have a preference for large phytoplankton and microzooplankton. With
varying preference, euphausiids consume large phytoplankton, micro-
zooplankton, and small copepods. All mesozooplankton groups are
potentially eaten explicitly by jellyfish and implicitly by ‘undefined

predators’. The undefined loss is represented by a quadratic closure term,
and is directed into the fast sinking detritus.

2.1.1.4. Jellyfish. A ‘jellyfish’ component is included in the BEST–NPZD
model because, at times, jellyfish comprise a substantial portion of
zooplankton biomass on the Bering Sea shelf and can contribute
significantly to grazing of calanoid copepods and euphausiids (Brodeur
et al., 2002). In the model, jellyfish are parameterized to represent the
hydromedusae Chrysaora melanaster that can constitute 80% of the
overall gelatinous zooplankton biomass in the region (Brodeur et al.,
2002). The jellyfish formulations are detailed in Tables 1 and 2.
Measuring functional responses for jellyfish is difficult and compounded
by problems in determining biomass of individuals, container effects,
and experiment duration. Baselineparameters for the jellyfish equations
(Table 3) were selected to give a summertime biomass and food ration
within the range predicted by Brodeur et al. (2002).

Hansson and Kiørboe (2006) found that jellyfish that have been
allowed to adjust to their food concentrations, as would be the case in
the natural environment, exhibit a saturation feeding response to
increasing prey concentration. As such, in the model, jellyfish ingestion
is represented by a Hollings type III function similar to that used for the
other zooplankton. Copepods and euphausiids constitute 40–85% of the
prey items in the stomachs of individual C. melanaster. Other prey items

Table 1
Model equations for the BEST–NPZD model. For clarity advection and diffusion terms have been omitted. Sub equations are presented in Table 2.

State variable Equation

Nitrate NO3ð Þ
∂NO3

∂t = −ξ PS⋅PmaxPS⋅min LimLightPS ; LimNO3PS; LimFePS + PL⋅PmaxPL⋅min LimLightPL ; LimNO3PL; LimFePL
! "! "

+ Nitrif
!

Ammonium NH4ð Þ
∂NH4

∂t = −ξ

PS⋅PmaxPS⋅min LimLightPS ; LimNH4PS
! "

+ PL⋅PmaxPL⋅min LimLightPL; LimNH4PL
! "

+ RespPS + RespPL + RespZM + RespZS
+ RespZL + RespE + RespJ + RespB

+ ReminD +
1

hz=1
ReminBD⋅fNO2 + DefecB
! "

0

BBBBBBBBB@

1

CCCCCCCCCA

−Nitrif

Iron Feð Þ ∂Fe
∂t = −ζ PS⋅PmaxPS⋅min LimLightPS ; LimNO3PS; LimFePS

! "

+ PL⋅PmaxPL⋅min LimLightPL⋅LimNO3PL⋅LimFePL
! "

# $
+ NFe Fe−Feclmð Þ

Small phytoplankton (PS)
∂PS
∂t = PS⋅PmaxPS⋅ min LimLightPS ; LimNO3PS; LimFePS

! "
+ min LimLightPS ; LimNH4PS

! "! "

−GrazZMPS−GrazZSPS−GrazZLPS−GrazEPS−GrazBPS⋅H−1
Z=1

−RespPS−MortPS−SinkPS
Large phytoplankton (PL)

∂PL
∂t = PL⋅PmaxPL⋅ min LimLightPL; LimNO3PL ; LimFePL

! "
+ min LimLightPL; LimNH4PL

! "! "

−GrazZMPL−GrazZSPL−GrazZLPL−GrazEPL−GrazBPL⋅H−1
Z=1

−RespPL−MortPL−SinkPL
Ice algae (AI)

∂AI
∂t = GrowAI−RespAI−GrazAIZS−GrazAIZL−GrazAIE−MortAI−SinkAI−FluxAI

Microzooplankton (ZM)
∂ZM
∂t = γZM⋅ GrazZMPS + GrazZMPLð Þ−GrazZSZM−GrazZLZM−GrazEZM#RespZM−PredZM

Small copepods (ZS)
∂ZS
∂t = γZS⋅ GrazZSPS + GrazZSPL + GrazZSZMð Þ−GrazZLZS−GrazEZS−GrazJZS−RespZS−PredZS

Large copepods (ZL)
∂ZL
∂t = γZL⋅ GrazZLPS + GrazZLPL + GrazZLZMð Þ−GrazZLJ−RespZL−PredZL

Euphausiids (E)
∂E
∂t = γE⋅ GrazEPS + GrazEPL + GrazEZM + GrazEZSð Þ−RespE−MoltE−MortE−PredEJ

Jellyfish (J)
∂J
∂t = γJ⋅ GrazJZS + GrazJZL + GrazJE

! "
−RespJ−PredJ

Benthic infauna (B)
∂B
∂t = GrazBPS + GrazBPL + GrazBD + GrazBDF−RespB−MortB−PredB−DefecB

Benthic detritus (BD)
∂BD
∂t = DefecB + MortBD + PredBDþ SinkPS z=hð Þ + SinkPL z=hð Þ + SinkD z=hð Þ + SinkDF z=hð Þð Þ⋅Hz

−GrazBBD−ReminBD

Slow sinking detritus (D)
∂D
∂t = 1−γZMð Þ⋅ GrazZMPS + GrazZMPLð Þ + MortPS + MortPL + PredZM−GrazDB⋅H−1

Z=1−ReminD−SinkD

Fast sinking detritus (DF)
∂DF
∂t = 1−γZSð Þ⋅ GrazZSPS + GrazZSPL + GrazZSZMð Þ + 1−γZLð Þ⋅ GrazZLPS + GrazZLPL + GrazZLZMð Þ

+ 1−γEð Þ⋅ GrazEPS + GrazEPL + GrazEZM + GrazEZSð Þ + min 0;1−γJ
! "

⋅ GrazJZS + GrazJZL + GrazJE
! "

+ PredZS + PredZL + PredE + PredJ−GrazDFB⋅H−1
Z=1−ReminDF−SinkDF
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Equa4ons	
  from	
  the	
  Gibson	
  and	
  Spitz	
  (2011)	
  paper	
  for	
  the	
  NPZ	
  Model	
  

on what size class of microzooplankton eats what size phytoplankton
and the fact that all sizes of mesozooplankton appear to consume both
large and small microzooplankton. This aggregated representation of
microzooplankton in the model means that, in addition to senescence,
there is a large amount of cannibalism occurring within this trophic
level. These losses were represented by a quadratic ‘mortality’ term.
Grazingwas formulated followingRyabchenko et al. (1997), which is an
extension of the Holling type III grazing function to multiple prey
resources. Losses due to temperature-dependent respiration were
incorporated following Arhonditsis and Brett (2005) but were assumed
to be limited at low food concentrations.

2.1.1.3. Mesozooplankton. The BEST–NPZD model tracks the biomass of
small copepods, large copepods, and euphausiids. As with microzoo-
plankton, grazing for each of the mesozooplankton groups follows a
Holling type III formulationadapted tomultiplepreysources (Ryabchenko
et al., 1997) and respiration losses were dependent on temperature and
food availability. Small copepods graze on small and large phytoplankton
andmicrozooplankton. Large copepods graze on small phytoplankton but
have a preference for large phytoplankton and microzooplankton. With
varying preference, euphausiids consume large phytoplankton, micro-
zooplankton, and small copepods. All mesozooplankton groups are
potentially eaten explicitly by jellyfish and implicitly by ‘undefined

predators’. The undefined loss is represented by a quadratic closure term,
and is directed into the fast sinking detritus.

2.1.1.4. Jellyfish. A ‘jellyfish’ component is included in the BEST–NPZD
model because, at times, jellyfish comprise a substantial portion of
zooplankton biomass on the Bering Sea shelf and can contribute
significantly to grazing of calanoid copepods and euphausiids (Brodeur
et al., 2002). In the model, jellyfish are parameterized to represent the
hydromedusae Chrysaora melanaster that can constitute 80% of the
overall gelatinous zooplankton biomass in the region (Brodeur et al.,
2002). The jellyfish formulations are detailed in Tables 1 and 2.
Measuring functional responses for jellyfish is difficult and compounded
by problems in determining biomass of individuals, container effects,
and experiment duration. Baselineparameters for the jellyfish equations
(Table 3) were selected to give a summertime biomass and food ration
within the range predicted by Brodeur et al. (2002).

Hansson and Kiørboe (2006) found that jellyfish that have been
allowed to adjust to their food concentrations, as would be the case in
the natural environment, exhibit a saturation feeding response to
increasing prey concentration. As such, in the model, jellyfish ingestion
is represented by a Hollings type III function similar to that used for the
other zooplankton. Copepods and euphausiids constitute 40–85% of the
prey items in the stomachs of individual C. melanaster. Other prey items

Table 1
Model equations for the BEST–NPZD model. For clarity advection and diffusion terms have been omitted. Sub equations are presented in Table 2.

State variable Equation

Nitrate NO3ð Þ
∂NO3

∂t = −ξ PS⋅PmaxPS⋅min LimLightPS ; LimNO3PS; LimFePS + PL⋅PmaxPL⋅min LimLightPL ; LimNO3PL; LimFePL
! "! "

+ Nitrif
!

Ammonium NH4ð Þ
∂NH4

∂t = −ξ

PS⋅PmaxPS⋅min LimLightPS ; LimNH4PS
! "

+ PL⋅PmaxPL⋅min LimLightPL; LimNH4PL
! "

+ RespPS + RespPL + RespZM + RespZS
+ RespZL + RespE + RespJ + RespB

+ ReminD +
1

hz=1
ReminBD⋅fNO2 + DefecB
! "

0

BBBBBBBBB@

1

CCCCCCCCCA

−Nitrif

Iron Feð Þ ∂Fe
∂t = −ζ PS⋅PmaxPS⋅min LimLightPS ; LimNO3PS; LimFePS

! "

+ PL⋅PmaxPL⋅min LimLightPL⋅LimNO3PL⋅LimFePL
! "

# $
+ NFe Fe−Feclmð Þ

Small phytoplankton (PS)
∂PS
∂t = PS⋅PmaxPS⋅ min LimLightPS ; LimNO3PS; LimFePS

! "
+ min LimLightPS ; LimNH4PS

! "! "

−GrazZMPS−GrazZSPS−GrazZLPS−GrazEPS−GrazBPS⋅H−1
Z=1

−RespPS−MortPS−SinkPS
Large phytoplankton (PL)

∂PL
∂t = PL⋅PmaxPL⋅ min LimLightPL; LimNO3PL ; LimFePL

! "
+ min LimLightPL; LimNH4PL

! "! "

−GrazZMPL−GrazZSPL−GrazZLPL−GrazEPL−GrazBPL⋅H−1
Z=1

−RespPL−MortPL−SinkPL
Ice algae (AI)

∂AI
∂t = GrowAI−RespAI−GrazAIZS−GrazAIZL−GrazAIE−MortAI−SinkAI−FluxAI

Microzooplankton (ZM)
∂ZM
∂t = γZM⋅ GrazZMPS + GrazZMPLð Þ−GrazZSZM−GrazZLZM−GrazEZM#RespZM−PredZM

Small copepods (ZS)
∂ZS
∂t = γZS⋅ GrazZSPS + GrazZSPL + GrazZSZMð Þ−GrazZLZS−GrazEZS−GrazJZS−RespZS−PredZS

Large copepods (ZL)
∂ZL
∂t = γZL⋅ GrazZLPS + GrazZLPL + GrazZLZMð Þ−GrazZLJ−RespZL−PredZL

Euphausiids (E)
∂E
∂t = γE⋅ GrazEPS + GrazEPL + GrazEZM + GrazEZSð Þ−RespE−MoltE−MortE−PredEJ

Jellyfish (J)
∂J
∂t = γJ⋅ GrazJZS + GrazJZL + GrazJE

! "
−RespJ−PredJ

Benthic infauna (B)
∂B
∂t = GrazBPS + GrazBPL + GrazBD + GrazBDF−RespB−MortB−PredB−DefecB

Benthic detritus (BD)
∂BD
∂t = DefecB + MortBD + PredBDþ SinkPS z=hð Þ + SinkPL z=hð Þ + SinkD z=hð Þ + SinkDF z=hð Þð Þ⋅Hz

−GrazBBD−ReminBD

Slow sinking detritus (D)
∂D
∂t = 1−γZMð Þ⋅ GrazZMPS + GrazZMPLð Þ + MortPS + MortPL + PredZM−GrazDB⋅H−1

Z=1−ReminD−SinkD

Fast sinking detritus (DF)
∂DF
∂t = 1−γZSð Þ⋅ GrazZSPS + GrazZSPL + GrazZSZMð Þ + 1−γZLð Þ⋅ GrazZLPS + GrazZLPL + GrazZLZMð Þ

+ 1−γEð Þ⋅ GrazEPS + GrazEPL + GrazEZM + GrazEZSð Þ + min 0;1−γJ
! "

⋅ GrazJZS + GrazJZL + GrazJE
! "

+ PredZS + PredZL + PredE + PredJ−GrazDFB⋅H−1
Z=1−ReminDF−SinkDF
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Grazing	
  on	
  
Small	
  Phyto	
  

Grazing	
  on	
  
Large	
  Phyto	
  

Grazing	
  on	
  
Microzoo	
  

Preda4on	
  by	
  
Jellyfish	
  

Respira4on	
   Other	
  	
  
Preda4on/Mortality	
  Assimila4on	
  

Efficiency	
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Bering	
  Sea	
  
Ver4cally	
  

Integrated	
  and	
  
Coupled	
  	
  
Ecosystem	
  	
  
Modeling	
  

Physical	
  Oceanography	
  
(ROMS)	
  

Lower	
  Trophic	
  Level	
  
(NPZ)	
  

Upper	
  Trophic	
  Level	
  
(FEAST)	
  

Management	
  Strategies	
  
(MSE)	
  

Fishing	
  Effort	
  Alloca4on	
  
(FAMINE)	
  

3	
  Climate	
  Models	
  
1	
  Emission	
  
Scenario	
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Biogeography	
  of	
  Calanus	
  spp.,	
  a	
  key	
  
ecosystem	
  component	
  

•  Four	
  species	
  of	
  the	
  copepod	
  genus	
  
Calanus	
  are	
  found	
  in	
  the	
  Arc4c	
  and/or	
  
adjacent	
  seas	
  

–  C.	
  finmarchicus	
  is	
  in	
  the	
  temperature	
  and	
  
subarc4c	
  Atlan4c	
  Ocean	
  and	
  enters	
  Arc4c	
  	
  

–  C.	
  marshallae	
  is	
  in	
  the	
  Gulf	
  of	
  Alaska	
  and	
  
Bering	
  Sea	
  

–  C.	
  glacialis	
  is	
  most	
  abundant	
  on	
  shelf/slope	
  
regions	
  in	
  the	
  Arc4c	
  as	
  well	
  as	
  in	
  the	
  Bering	
  
Sea	
  and	
  Sub-­‐Arc4c	
  Atlan4c	
  

–  C.	
  hyperboreus	
  is	
  truly	
  “Arc4c”	
  and	
  is	
  found	
  
on	
  the	
  shelf/slopes	
  and	
  basin	
  	
  

•  Advec4on	
  transports	
  the	
  species	
  
between	
  regions	
  yet	
  they	
  have	
  
persistent,	
  biogeographical	
  paaerns	
  of	
  
distribu4on	
  

R.	
  Ji	
  

C.	
  Ashjian	
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An	
  Example	
  using	
  IBM	
  linked	
  to	
  circula4on	
  
model	
  output	
  

•  What	
  determines	
  the	
  distribu4on/biogeography	
  of	
  Calanus	
  
spp.	
  in	
  the	
  Arc4c	
  and	
  adjacent	
  seas?	
  	
  
–  How	
  do	
  their	
  life	
  histories	
  and	
  temperature/food	
  specific	
  
development	
  rates,	
  coupled	
  to	
  advec4on,	
  determine	
  
where	
  the	
  species	
  persist	
  and	
  where	
  they	
  are	
  only	
  
expatriates?	
  

•  How	
  might	
  this	
  change	
  under	
  ongoing	
  climate	
  and	
  
environmental	
  change?	
  
–  Will	
  environmental	
  change	
  result	
  in	
  range	
  expansion	
  or	
  contrac4on	
  

and	
  	
  changing	
  biogeography	
  of	
  the	
  different	
  species?	
  	
  

Ji,	
  R.,	
  Ashjian,	
  C.J.,	
  Campbell,	
  R.G.,	
  Chen,	
  C.,	
  Gao,	
  G.,	
  Davis,	
  C.S.,	
  Cowles,	
  G.W.,	
  Beardsley,	
  R.C.	
  2011.	
  
Life	
  history	
  and	
  biogeography	
  of	
  Calanus	
  copepods	
  in	
  the	
  Arc4c	
  Ocean:	
  An	
  individual-­‐based	
  
modeling	
  study.	
  Progress	
  in	
  Oceanography,	
  96:	
  40-­‐56.	
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Calanus	
  spp.	
  Life	
  Cycle	
  
•  Six	
  naupliar	
  and	
  five	
  copepodid	
  

stages	
  before	
  the	
  adult	
  stage	
  is	
  
reached	
  

•  Mul4year	
  in	
  the	
  Arc4c	
  because	
  of	
  
cold	
  temperatures	
  

•  Egg	
  produc4on	
  is	
  food-­‐dependent	
  
and	
  occurs	
  near	
  the	
  surface	
  except	
  
for	
  C.	
  hyperboreus	
  (Arc4c	
  species)	
  
that	
  reproduces	
  based	
  on	
  stored	
  lipid	
  
at	
  depth	
  

•  Feeding	
  and	
  lipid	
  storage	
  (and	
  thus	
  
growth	
  and	
  development)	
  occurs	
  
during	
  the	
  produc4ve	
  season	
  

•  Diapause	
  occurs	
  during	
  winter;	
  the	
  
animals	
  migrate	
  to	
  depth	
  (200	
  m),	
  
reduce	
  metabolic	
  ac4vity,	
  do	
  not	
  
develop	
  further,	
  and	
  do	
  not	
  feed	
  

•  Diapause	
  at	
  C4,	
  C5	
  for	
  glacialis,	
  C5	
  for	
  
finmarchicus,	
  marshallae;	
  C3,	
  C4	
  for	
  
hyperboreus	
  R.	
  Ji	
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Approach:	
  	
  Use	
  physical	
  model	
  (AO-­‐FVCOM;	
  
Chen	
  et	
  al.	
  2009;	
  Ji	
  et	
  al.	
  2011)	
  with	
  an	
  IBM	
  
•  Advect	
  the	
  “copepods”	
  using	
  the	
  model	
  circula4on	
  
•  Temperature	
  comes	
  from	
  the	
  modeled	
  temperature	
  at	
  each	
  grid	
  point	
  
•  In	
  the	
  IBM,	
  allow	
  the	
  copepods	
  to	
  develop	
  from	
  egg	
  or	
  first	
  feeding	
  stage	
  to	
  cri4cal	
  life	
  

stage	
  during	
  the	
  growth	
  season	
  and	
  see	
  where	
  they	
  end	
  up	
  
•  Start=first	
  date	
  of	
  growth	
  season;	
  End=end	
  of	
  growth	
  season	
  
•  Cri4cal	
  life	
  stage	
  is	
  the	
  first	
  diapausing	
  life	
  stage	
  for	
  each	
  species	
  (different	
  for	
  the	
  

different	
  species)	
  
•  Animals	
  that	
  reach	
  the	
  diapausing	
  stage	
  SUCCEED;	
  those	
  that	
  do	
  not	
  FAIL	
  and	
  cannot	
  

persist	
  at	
  that	
  loca4on	
  (they	
  will	
  not	
  overwinter	
  successfully)	
  
	
  

The	
  AO-­‐FVCOM	
  model	
  grid	
  

R.	
  Ji	
  

Methods

Overall approach

• FVCOM-based IBM approach: 3-D ”offline” Lagrangian tracking
and stage-based copepod modules.

• Eggs (N3 for Chyp) released at the beginning of the growth season.

• Check if an individual reach diapause stage at the end of growth
season; allow diapausing ones advecting at depth.
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Modeled	
  Circula4on	
  and	
  Water	
  
Temperature	
  from	
  AO-­‐FVCOM	
  

April	
   September	
  

Ji	
  et	
  al.	
  2011	
  

•  Model	
  does	
  a	
  good	
  job	
  of	
  simula4ng	
  the	
  dominant	
  circula4on	
  and	
  temperature	
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Needs:	
  

•  The	
  length	
  of	
  the	
  growth	
  season	
  for	
  each	
  
loca4on	
  
– This	
  is	
  loosely	
  defined	
  as	
  the	
  period	
  in	
  which	
  food	
  
is	
  available	
  to	
  fuel	
  development.	
  	
  Food=both	
  
phytoplankton	
  and	
  microzooplankton	
  

•  Temperature	
  and	
  food-­‐dependent	
  
development	
  rates	
  for	
  each	
  copepod	
  species	
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How	
  to	
  determine	
  the	
  length	
  of	
  the	
  growth	
  season?	
  

•  Use	
  satellite	
  measured	
  chlorophyll	
  (SeaWifs	
  climatology)	
  for	
  seasonally	
  
ice-­‐covered	
  regions.	
  	
  
–  No	
  satellite	
  data	
  from	
  under	
  sea	
  ice	
  so	
  this	
  is	
  useful	
  only	
  in	
  the	
  seasonally	
  ice-­‐

covered	
  marginal	
  seas	
  and	
  sub-­‐arc4c	
  regions	
  (Northern	
  Atlan4c,	
  Bering,	
  
Southern	
  Chukchi	
  

–  Does	
  not	
  show	
  ice	
  algal	
  produc4on	
  
–  Will	
  also	
  yield	
  a	
  chlorophyll	
  concentra4on	
  that	
  can	
  be	
  used	
  to	
  supply	
  food	
  
–  Start/end	
  of	
  season	
  would	
  be	
  defined	
  by	
  cri4cal	
  level	
  of	
  chlorophyll	
  

•  Use	
  satellite-­‐derived	
  onset	
  of	
  snow	
  melt	
  for	
  permanently	
  ice-­‐covered	
  
areas	
  (Basin)	
  for	
  start	
  and	
  solar	
  radia4on	
  for	
  end.	
  	
  
–  We	
  know	
  that	
  primary	
  produc4on	
  under	
  sea	
  ice	
  starts	
  when	
  snow	
  melts	
  

because	
  enough	
  light	
  can	
  get	
  through	
  
–  Use	
  solar	
  radia4on	
  level	
  (daily	
  mean	
  short	
  wave	
  radia4on)	
  for	
  end	
  of	
  season	
  

(cri4cal	
  level	
  <20	
  W/m2)	
  
–  Snow	
  melt	
  climatology	
  from	
  Drobot	
  and	
  Anderson,	
  2001,	
  updated	
  2009	
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Growth	
  Season	
  

(Snow	
  Melt	
  Climatology	
  from	
  Drobot	
  and	
  Anderson,	
  2001,	
  	
  
updated	
  2009;	
  Satellite	
  chlorophyll	
  from	
  SeaWifs	
  climatology)	
  

Growth	
  Season	
  Start	
  (Day)	
   Dura4on	
  of	
  Growth	
  Season	
  

•  Predictably,	
  growth	
  season	
  starts	
  earliest	
  in	
  subarc4c/marginal	
  seas	
  and	
  ends	
  
latest	
  there	
  

•  Sub-­‐Arc4c	
  copepods	
  (C.	
  finmarchicus/marshallae)	
  star4ng	
  loca4ons	
  were	
  where	
  
SeaWifs	
  chlorophyll	
  was	
  available	
  

•  Arc4c	
  copepods	
  (C.	
  glacialis	
  and	
  C.	
  hyperboreus)	
  star4ng	
  loca4ons	
  were	
  where	
  
winter	
  sea	
  ice	
  was	
  present	
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Development	
  Equa4ons	
  

D	
  =	
  a	
  (T+α)β	
  	
  Temperature	
  Dependent	
  

D	
  =	
  a	
  (T+α)β[1-­‐exp(-­‐F/K)]	
  	
  Temperature	
  and	
  
Food	
  Dependent	
  

•  Can	
  only	
  simulate	
  the	
  food	
  dependent	
  cases	
  for	
  the	
  sub-­‐arc4c	
  species	
  where	
  
SeaWIFS	
  climatology	
  is	
  available	
  to	
  supply	
  food	
  levels	
  
-  Here	
  satellite-­‐derived	
  chlorophyll	
  is	
  used	
  as	
  a	
  proxy	
  for	
  food	
  availability;	
  likely	
  

	
  there	
  is	
  more	
  food	
  because	
  the	
  copepods	
  also	
  eat	
  microzooplankton	
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Development	
  Times	
  
All	
  Stages	
   Cri4cal	
  (egg/first	
  feeding	
  to	
  diapause)	
  

•  At	
  cold	
  temperatures,	
  the	
  two	
  Arc4c	
  species	
  develop	
  more	
  quickly	
  than	
  the	
  
subarc4c/temperate	
  species.	
  	
  This	
  is	
  par4cularly	
  acute	
  for	
  the	
  
development	
  to	
  the	
  diapause	
  stage	
  

•  We	
  could	
  not	
  derive	
  development	
  4mes	
  for	
  C.	
  marshallae,	
  the	
  Pacific	
  sub-­‐
arc4c	
  species	
  (not	
  enough	
  observa4onal	
  data).	
  	
  We	
  used	
  the	
  4mes	
  for	
  C.	
  
finmarchicus	
  in	
  our	
  simula4ons	
  

Ji	
  et	
  al.	
  2011	
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The	
  Simula4ons	
  

Species Development Diapause 
A) 2 Week 

Earlier 
B) 2° C 

Warming Both Start Diapause 
  

Temperature
-Dependent 

Temperature- 
and Food- 
Dependent        

Growth A) and B) Stage Stage 
Season 

  Start         

C. finmarchicus 0 m 0 m 200 m 0 m 0 m 0 m Egg C5 
50 m 50 m 

C. marshallae 0 m 0 m 200 m 0 m 0 m 0 m Egg C5 
50 m 50 m 

C. glacialis 0 m - 200 m 0 m 0 m - Egg C4, C5 
50 m - 

C. hyperboreus 0 m - 200 m 0 m 0 m - N3 C3, C4 
50 m - 
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The	
  Sub-­‐Arc4c	
  Species	
  (C.	
  finmarchicus	
  
(Atlan4c	
  side)	
  and	
  C.	
  marshallae	
  (Pacific	
  side)	
  

Temperature	
  Dependent	
  @	
  Surface	
   Temperature	
  and	
  Food	
  Dependent	
  @	
  Surface	
  

•  Neither	
  species	
  can	
  “make	
  it”	
  	
  (achieve	
  the	
  diapause	
  stage)	
  in	
  the	
  Central	
  Arc4c	
  
•  The	
  situa4on	
  is	
  worse	
  with	
  food	
  dependent	
  development	
  rate;	
  food	
  must	
  be	
  

limi4ng	
  
•  Although	
  these	
  species	
  may	
  be	
  transported	
  into	
  the	
  Central	
  Arc4c,	
  they	
  

develop	
  too	
  slowly	
  at	
  the	
  ambient	
  temperatures	
  to	
  reach	
  diapause	
  during	
  the	
  
growth	
  season	
  

Ji	
  et	
  al.	
  2011	
  Ji	
  et	
  al.	
  2011	
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The	
  Arc4c	
  Species	
  (T	
  Dependent,	
  @	
  Surface)	
  
C.	
  hyperboreus	
  	
  C.	
  glacialis	
  

•  Neither	
  could	
  reach	
  diapause	
  in	
  the	
  Central	
  Arc4c;	
  C.	
  hyperboreus	
  was	
  successful	
  
slightly	
  further	
  to	
  the	
  N	
  than	
  was	
  C.	
  glacialis	
  

•  This	
  was	
  counter	
  to	
  what	
  we	
  know	
  of	
  the	
  distribu4on	
  of	
  	
  C.	
  hyperboreus	
  which	
  is	
  
found	
  in	
  the	
  Central	
  Arc4c	
  	
  

•  There	
  are	
  a	
  number	
  of	
  reasons	
  why	
  this	
  could	
  be,	
  including	
  several	
  having	
  to	
  do	
  
with	
  our	
  assump4ons	
  and	
  methodology	
  

Ji	
  et	
  al.	
  2011	
  Ji	
  et	
  al.	
  2011	
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Add	
  Advec4on	
  during	
  Diapause	
  For	
  Two	
  
Addi4onal	
  Years	
  

C.	
  hyperboreus	
  	
  

•  Range	
  is	
  extended	
  into	
  the	
  
Central	
  Arc4c	
  if	
  the	
  
animals	
  that	
  reach	
  
diapause	
  in	
  the	
  first	
  year	
  
are	
  advected	
  and	
  con4nue	
  
to	
  develop	
  (and	
  diapause)	
  
for	
  an	
  addi4onal	
  two	
  years	
  

Ji	
  et	
  al.	
  2011	
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Effect	
  of	
  2	
  °C	
  Warming	
  
(Increased	
  Development	
  Rates)	
  

•  All	
  four	
  species	
  expand	
  their	
  range.	
  	
  	
  
-  The	
  Atlan4c/Pacific	
  species	
  only	
  expand	
  slightly	
  
-  C.	
  glacialis	
  expands	
  into	
  the	
  Central	
  Arc4c	
  
-  C.	
  hyperboreus	
  covers	
  the	
  en4re	
  Central	
  Arc4c	
  

•  Note	
  that	
  the	
  length	
  of	
  the	
  growing	
  season	
  remains	
  the	
  same	
  as	
  in	
  the	
  
previous	
  simula4ons	
  
	
   	
  	
  

C.	
  hyperboreus	
  	
  C.	
  glacialis	
  C.	
  finmarchicus/marshallae	
  

Ji	
  et	
  al.	
  2011	
   Ji	
  et	
  al.	
  2011	
   Ji	
  et	
  al.	
  2011	
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Effect	
  of	
  Lengthening	
  the	
  Growing	
  
Season	
  by	
  2	
  Weeks	
  

C.	
  hyperboreus	
  

C.	
  glacialis	
  
C.	
  finmarchicus/	
  
marshallae	
  

•  Liale/no	
  expansion	
  in	
  range	
  for	
  the	
  Sub-­‐Arc4c	
  Species	
  (C.	
  fin/C.	
  marsh)	
  
•  Some	
  expansion	
  in	
  range	
  for	
  C.	
  glacialis	
  
•  C.	
  hyperboreus	
  can	
  persist	
  in	
  most	
  of	
  the	
  Central	
  Arc4c	
  

Ji	
  et	
  al.	
  2011	
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Conclusions	
  from	
  Modeling	
  
•  The	
  observed	
  biogeographic	
  distribu4ons	
  of	
  the	
  species	
  could	
  be	
  

explained	
  by	
  life	
  history	
  characteris4cs	
  and	
  development	
  rates	
  coupled	
  to	
  
water	
  temperature,	
  length	
  of	
  the	
  growth	
  season,	
  and	
  advec4on	
  

•  Both	
  expatriate	
  Calanus	
  species	
  cannot	
  under	
  present	
  condi4ons	
  colonize	
  
the	
  Central	
  Arc4c	
  because	
  the	
  growth	
  season	
  is	
  too	
  short	
  to	
  permit	
  
development	
  to	
  the	
  diapausing	
  stage	
  

•  Both	
  endemic	
  Calanus	
  species	
  can	
  maintain	
  viable	
  popula4ons	
  in	
  the	
  
Arc4c	
  marginal	
  seas	
  and	
  Central	
  Basin	
  

•  Only	
  the	
  Arc4c	
  endemics	
  responded	
  to	
  increased	
  temperature	
  and	
  the	
  
longer	
  growing	
  season,	
  by	
  increasing	
  the	
  range	
  of	
  where	
  they	
  could	
  reach	
  
diapause,	
  	
  sugges4ng	
  that	
  even	
  with	
  moderate	
  warming	
  and	
  changes	
  in	
  
seasonality,	
  the	
  expatriate	
  species	
  will	
  not	
  be	
  able	
  to	
  expand	
  their	
  range	
  
and	
  colonize	
  the	
  Arc4c	
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Some	
  Limita4ons	
  to	
  the	
  Modeling	
  
•  Food-­‐dependent	
  development	
  rates	
  could	
  not	
  be	
  used	
  for	
  the	
  Arc4c	
  

species	
  because	
  we	
  have	
  no	
  informa4on	
  on	
  food	
  concentra4ons	
  under	
  
the	
  sea	
  ice	
  
–  Perhaps	
  link	
  this	
  effort	
  to	
  an	
  NPZ	
  model	
  that	
  predicts	
  food	
  concentra4on?	
  
–  These	
  simula4ons	
  are	
  “best	
  case”	
  scenarios	
  

•  The	
  development	
  rate	
  coefficients	
  were	
  dependent	
  on	
  extrapola4ons	
  
from	
  limited	
  experimental	
  data	
  

•  The	
  start	
  date	
  of	
  the	
  growth	
  season	
  in	
  both	
  ice-­‐free	
  and	
  ice-­‐covered	
  
regions	
  is	
  not	
  well	
  constrained	
  

•  We	
  assumed	
  that	
  the	
  predominant	
  first	
  stage	
  of	
  diapause	
  was	
  the	
  cri4cal	
  
stage;	
  if	
  younger	
  stages	
  can	
  overwinter,	
  then	
  the	
  cri4cal	
  development	
  
4me	
  would	
  be	
  reduced	
  

•  The	
  warming	
  scenario	
  did	
  not	
  include	
  changes	
  in	
  ice	
  coverage	
  and	
  food	
  
availability	
  that	
  might	
  result	
  from	
  warming	
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Overall	
  
•  The	
  use	
  of	
  the	
  IBM	
  coupled	
  to	
  the	
  circula4on	
  was	
  an	
  effec4ve	
  way	
  
to:	
  
-  Explain	
  and	
  understand	
  the	
  observed	
  distribu4ons	
  of	
  these	
  
four	
  congeneric	
  species	
  

-  Iden4fy	
  how	
  climate	
  change	
  might,	
  or	
  might	
  not,	
  impact	
  their	
  
biogeography	
  

-  Iden4fy	
  shor{alls	
  in	
  our	
  knowledge	
  and	
  understanding	
  that	
  can	
  
guide	
  future	
  field	
  and	
  modeling	
  research	
  

•  Ecosystem	
  models	
  can	
  offer	
  similar	
  insights	
  
•  Successful	
  marine	
  ecosystem	
  modeling	
  depends	
  on	
  good	
  physical	
  

and	
  sea	
  ice	
  modeling	
  
•  We	
  need	
  more	
  observa4ons	
  both	
  to	
  understand	
  the	
  system	
  and	
  

also	
  to	
  provide	
  beaer	
  inputs	
  to	
  the	
  modeling	
  efforts	
  (e.g.,	
  Central	
  
Arc4c	
  chlorophyll,	
  C.	
  marshallae	
  development	
  rates)	
  


