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Human activities and climate change 
have altered coastal and marine ecosystems  



Coastal and Marine Ecosystem Stressors 

Climate Change   Non-Climate

● Global warming  

● Precipitation & runoff 

● Sea-level rise 

● Storms & extrem events 

● Ocean acidification

● Overfishing 

● Eutrophication 

● Loss of habitats 

● Land reclamation

As the world population grows,  
demand for ocean services continues to increase  



Our Marine Ecosystems Are in Trouble!
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Marine  
Ecosystems

CLIMATEFISHING



time (Adapted from Pauly, 1998 )



FAO Report (2016): The State of World Fisheries and Aquaculture

Capture production levels off since 1980s

Aquaculture production  
increases steadily

74 MT  
(2014)

94 MT  
(2014)

World Consumption:  
Aquaculture/Capture ~ 45% (2014)

Aquaculture/Capture ~ 75% in China



Peruvian Anchoveta

FAO Report (2016): The State of World Fisheries and Aquaculture

Total catch - Anchoveta



Yi Chao,In the year 1891, Senor Dr Luis Carranza, President of the Lima 
Geographical Society, contributed a small article to the Bulletin of that 
Society, calling attention to the fact that a countercurrent flowing from 
north to south had been observed between the ports of Paita and 
Pacasmayo.

The Paita sailors, who frequently navigate along the coast in small craft, 
either to the north or the south of that port, name this countercurrent the 
current of "El Niño" (the child Jesus) because it has been observed to 
appear immediately after Christmas. 

As this countercurrent has been noticed on different occasions, and its 
appearance along the Peruvian coast has been concurrent with rains in 
latitudes where it seldom if ever rains to any great extent, I wish, on the 
present occasion, to call the attention of the distinguished geographers 
here assembled to this phenomenon, which exercises, undoubtedly, a 
very great influence on the climatic conditions of that part of the world.

Peruvian fisherman noticed  
the current reversal around  
Christmas, and named it as 

 “El Nino”



Yi Chao,

Peruvian anchoveta fishery today



ENSO, PDO, Peruvian Anchoveta and Sardine

Chavez et al., Science, 2003

The	link	to	today	(El	Niño	2014-15/16?)	
and	decadal	variability	

2.3 MT (2014)
3.6 MT (2015)
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El Nino and Peruvian Anchovy Fishery

Sea Surface Temperature Anomaly in Nino1+2

Annual Anchovy Catch

10 x 106 MT
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FC

deYoung, Heath, 
Werner, Chai, 
Megrey, Monfray 

Science, 2004

The difficulty arises because organisms at higher trophic 
levels are longer lived, with important variability in 
abundance and distribution at basin and decadal scales.
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Rhomboid Approach The rhomboids 
indicate  
the conceptual 
characteristics  
for models with 
different 
species and differing  
areas of primary 
focus. 

Rhomboid is 
broadest where 
model has its 
greatest  
functional 
complexity i.e., at  
the level of the 
target organism.

deYoung, Heath, 
Werner, Chai, 
Megrey, Monfray 
Science, 200416



Regional Ocean 
Model System (ROMS)  
1/8 deg. (7-12km) 
(1990 to 2018) 

 (Chai et al., 2002, 2003, 2007, 
2009; Fujii and Chai, 2007; Liu and 

Chai, 2009; Xiu and Chai, 2011, 
Palacz et al., 2011, Xu et al., 2013, 

Xiu and Chai, 2013, 2014, Guo et al., 
2014; 2015; Zhou et al., 2017; Liu et 
al, 2018; Xiu and Chai et al., 2018)


Carbon, Silicate, Nitrogen 
Ecosystem Model (CoSiNE)



Model

Data

SST Sea level (SSHA)

1990 2008 20081990

EOF
Mode 1

Zhang et al., 
2017, JGR



Pacific Basin ROMS-CoSINE (12-km) Simulation 
Annual Mean Sea Surface Temperature (SST)

Modeled 
SST (oC)

Satellite 
SST (oC)
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Surfare Chlorophyll Comparison 
in situ, the modeled, and SeaWiFS 

Historical DataSeaWiFS 
1997-2006
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FC

Seasonal Cycle of Surface Chlorophyll 
along Coast of Peru, 0-100km, 4oS-18oS

in situ

SeaWiFS

Modeled

21Xu, Chai et al., 2013t

SeaWiFS 
1997-2006

in situ



Variable ratios of N, C, and Chl-a Model

N C Chl-a

Fujii, Boss, Chai, 2007, Biogeosciences

Chl:C
= 0.02



Current, Food, Temperature
Output from ROMS-CoSiNE
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EGGS 
DURATION:  

24 HR 
MORTALITY 
RATE>99%

YOLK-SAC 
LARVE 

LEN: 2-4MM 
DURATION: 

24-28 HR 
MORTALITY 

RATE 80%-98%

FIRST-
FEEDER 

FEED BY 
PHYTOPL. 

LEN: 4.25CM, 
WT: ~2 gm 

DURATION: 80 
DAYS

AGE-1 
(JUVENILE) 

BECOME 
SEXUAL 
MATRUE 

LEN: 8-10CM 
WT: ~10 gm

AGE-2 
LEN: ~20CM 
WT: ~55 gm  
OPT TEMP: 

18.6°C 
SPAWN ~20 
TIMES/YR

AGE-2+ 
LIFE SPAN ~3 YR 
PREDATOR: SEA 

BIRDS, 
 MARINE 

MAMMALS
Life Cycle of Peruvian 

Anchovy
Modeling one fish at a time

Individual Based Model (IBM)



Movement - a 3D Lagrangian particle tracking  algorithm
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drifting   swimming 

 

Bioenergetic – life history (size specific 
growth, mortality, reproduction, …)

Individual Based Model
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Offline 
• Sensitivity runs 
• No feedback to 

planktons 

Good for model 
development!

Online 
• Biological attributes/

behaviors need to be 
specified a priori 

• Allow feedbacks to 
planktons 

There are existing codes 
coupled with ROMS.



3-D ROMS-CoSiNE-IBM (1991-2007)

Xu et al. (2015 Progress in Oceanography)
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Fish Growth Curves 
  

Xu et al. (2013)

27



Days to recruit to 5cm
Total Zooplankton

Total Phytoplankton

Recruitment: Seasonal Cycle
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Xu et al. (2013)



There is a clear seasonal and interannual variability 
characterized by anchovy recruitment to 5cm.

Strong El NinoModerate El Nino

Temperature

diatom
mesozooplankton

Recruitment

Anchovy Recruitment in Response to ENSO
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Xu et al. (2013, 2015)



Averaged from 1991-2007

Anchovy Distribution - Mean Conditions
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Xu and Chai, et al. (2013, Ecological Modeling;)



Latitudinal distribution of Anchovy

Xu and Chai, et al. (2013, Ecological Modeling)
31

1997-98 El Nino



0-D vs. 3-D results comparison

Xu et al. (2015 Progress in Oceanography)
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0-D model means no movement and behavior, 
all the fish experience the same temperature and food 



0-D vs. 3-D results comparison

Xu et al. (2015 Progress in Oceanography)
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Larval (5-45mm) are mainly following the flow (i.e. currents), 
but also actively searching/moving for better conditions.

Larval  
survival rate

Juvenile 
Survival rate

Larval  
growth rate

3-D results are better, moving around is good for the young fish.
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Xu et al. 2015, PiO

0-D vs. 3-D results comparison



End-to-End Modeling for CCS 
Proof of Principle

• Sardine – anchovy population cycles 
– Well-studied 
– Teleconnections across basins 

• Good case study 
– Forage fish tightly coupled to NPZ 
– Important ecologically and widely distributed 
– Cycles documented in many systems 
– Recent emphasis on spatial aspects of cycles

Rose et al. 2015. Demonstration of a fully-coupled end-to-end model for small pelagic fish using sardine  
and anchovy in the California Current. Progress in Oceanography 138: 348-380. 

Fiechter et al. 2015. The role of environmental controls in determining sardine and anchovy population cycles in  
the California Current: Analysis of an end-to-end model. Progress in Oceanography 138: 381-398.



Fully-Coupled Model Within ROMS 

Fish IBM 

Sardines 

Anchovies 

Predators

Regional Ocean Circulation Model 

NPZ Component (multiple) 

Floats Component

Data 
Assimilation

Climate 
Coupling

Fishing Fleet



Sardine Spatial 
(E&YS – 1012; 1000 MT)

Adults

Juveniles

Larvae

Eggs/ 
Yolk-sac
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End-to-End Modeling for CCS 



Peruvian Anchoveta

FAO Report (2016): The State of World Fisheries and Aquaculture

Total catch - Anchoveta



Peru fishmeal price during past 30 years



Human Consumption of Anchoveta 

A Japanese restaurant in Lima, 2006

Dr. Patricia  
Majluf 41
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1.  Climate and non-climate stressors 
 Warming, ocean acidification, and overfishing 
 Anchoveta, sardine, cod, lobsters, and shellfish 
 Connecting climate information to fish 

2.  New approach for sustainable development   
 Integrating natural/social science, management 
 Matching of scales (climate, ecological, social) 
 Globalization, population, changing culture 

Summary and Recommendations



3.  Recommendations 
 Monitoring from local to global 
 Warming, OA and hypoxia are global issues with 

local effects, ecosystem processes are regional (EBUS) 
 Regional programs (EBUS) to integrate climate, 

ecosystems, social for sustainable development 
 Need for more international collaborations and 

coordinations, training and capacity building

Summary and Recommendations



Modeled Plankton at surface (based 3km ROMS-CoSiNE)

Small 
Phyto Diatom

Micro-Zoo Meso-Zoo

1 October  
2013 


