
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

Final Report

W911NF-15-1-0608

68118-MA-II.3

808-956-4660

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

Approved for public release; distribution is unlimited.

UU UU UU UU

10-07-2018 1-Jan-2016 30-Apr-2017

Final Report: Modeling the collective behavior of unsteadily 
swimming zooplankton, Research Area 3.3 Biomathematics

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
Daisuke Takagi

611104

c. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

University of Hawaii - Research Services
Office of Research Services
2440 Campus Road, Box 368
Honolulu, HI 96822 -2234



Agency Code:  

Proposal Number:  68118MAII

Address:  Office of Research Services, Honolulu, HI  968222234 
Country:  USA
DUNS Number:  965088057 EIN: 996000354 

Date Received:  10-Jul-2018
Final Report for Period Beginning 01-Jan-2016 and Ending 30-Apr-2017

Begin Performance Period: 01-Jan-2016 End Performance Period:  30-Apr-2017

Submitted By:  Daisuke Takagi
Phone:  (808) 956-4660

STEM Degrees:  2 STEM Participants:  5

RPPR Final Report 
as of 10-Jul-2018

Agreement Number:  W911NF-15-1-0608

Organization:  University of Hawaii - Research Services

Title:  Modeling the collective behavior of unsteadily swimming zooplankton, Research Area 3.3 Biomathematics

Report Term:  0-Other
Email:  dtakagi@hawaii.edu

Distribution Statement:  1-Approved for public release; distribution is unlimited.

Major Goals:  Predicting the large-scale and long-term collective behavior of a population of swimming organisms 
in terms of their small-scale intermittent movement is a major challenge in biomathematics. This project took a 
mechanistic approach toward understanding the unsteady dynamics of zooplankton known as copepods. Major 
goals of the project were to (i) develop a mathematical model that accounts for sudden changes in velocity as 
commonly observed in the behavior of zooplankton; (ii) perform laboratory experiments to assess the validity of the 
model assumptions and predictions; (iii) to gain a general understanding of the dynamics across different length 
and time scales. 



The initial plan was to represent each swimming organism as an individual agent alternating randomly between two 
arbitrary speeds in the model. The objective was to obtain analytical expressions for important statistical quantities 
such as the effective diffusivity. A careful analysis of the model led to an exciting discovery that the results could be 
obtained in a more general setting, where individuals switch stochastically not only between two but any number of 
distinct speeds. However, preliminary experiments showed that the changes in speed are not entirely random as 
initially assumed. Instead they are governed importantly by sensory cues from the external environment. Thus the 
focus of the project shifted toward identifying the key sensory cues that trigger behavioral responses and how such 
responses in turn modify the external environment.

Accomplishments:  A new mathematical model was developed to obtain analytical formulas for important 
statistical quantities: the mean-square displacement and effective diffusivity of individuals undergoing unsteady 
motion, jumping randomly between distinct velocities. The results reveal how the intermediate to long-term 
behavior depends importantly on the detailed assumptions about short-term fluctuations, such as the transition 
rates between distinct speeds and whether the fluctuations are deterministic or stochastic. These findings imply 
that any accurate model of a living system must adequately account for the transient dynamics of individual 
components making up the system. A manuscript outlining the theory is on track to be published in the Journal of 
Statistical Mechanics: Theory and Experiment. Two reviewers recommended publication with minor corrections, 
which we are currently addressing.



Experimental observations of copepods in the laboratory revealed that, contrary to the model assumptions, the 
swimming behavior depends importantly on what they sense. A striking manifestation of this is when a predatory 
fish approaches slowly. The fish creates a hydrodynamic disturbance which triggers a rapid escape response in 
copepods. Based on preliminary observations, a mathematical model was formulated to quantify what information 
becomes available to a copepod while a predator approaches slowly. The model shows that copepods perceive an 
intriguingly uncertain world yet they can still make informed decisions about which direction to escape. The theory 
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was presented at the 2017 Society for Mathematical Biology Annual Meeting in Salt Lake City, Utah, and published 
in the Bulletin of Mathematical Biology. 



The effect of unsteady motion on the external fluid environment was investigated in a model system consisting of a 
pair of oscillating rods. A theoretical model predicted that synchronous oscillations produce no net motion in the 
surrounding fluid, but a simple phase delay leads to complex flow patterns at a much larger scale. Scaled-up 
experiments performed in a bath of silicone oil validated the theory. The findings demonstrate the intriguing link 
between the rapid fluctuations at the microscopic scale and the slow resultant dynamics at the macroscopic level. 
The results were published in the Physical Review Fluids.
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Training Opportunities:  This project offered training for two graduate students and three undergraduate students 
who all assisted in the performed research. In addition, the research provided a basis for a new graduate course on 
stochastic processes, which the PI taught in Fall 2016. The course was completed by 8 students from mathematics 
and engineering departments.

Results Dissemination:  The laboratory participates regularly in outreach events to promote mathematics and 
science in general to the broader community in Hawaii. In January 2017, a Robotics Winter Camp was held on 
campus to promote hands-on learning in robotics, programming and mathematics. In April 2017 Molokai Math Day 
was held to reach out to students from the Molokai High School, the only high school on the neighbor island of 
Molokai. A poster summarizing activities in our laboratory was presented to promote the joys of mathematics and 
science in general.

Honors and Awards:  One of the undergraduate students who assisted in the performed research was awarded 
the Kern-Clark Award for excellence in undergraduate mathematics in 2017.



The PI was awarded the Departmental Teaching Award in 2017 for offering interdisciplinary research opportunities 
to students across different departments on campus.
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