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PROGRESS AND PROSPECT OF A BIOENERGETIC SIMULATION 
MODEL OF PINE VOLE POPULATIONS 

John F. Coyle, Kevin C .  Jordan 
Alan R. Tipton, and Roy L .  Kirkpatrick 

Department of Fisheries and Wildlife Sciences 
Cheatham Hall, V. P .  I .  & S. U .  

Blacksburg, Virginia 24061 

As reported previously (Coyle and Tipton 1980), we have been 
engaged in the development of a computerized system which outlines 
the basic demographic features of a pine vole population. The system, 
when complete, wil l  hopefully contain four subsystems (biological ,  
spat ia l ,  control, and economic). This paper will discuss the biolo- 
gical submodel, i t s  development and validity,  and prospects for  i t s  
future. 

A mathematical model of pine vole population dynamics was con- 
structed using bioenergetic information supplied by Cengel e t  a l .  
(1978) and Lochmil l e r  (1980) to  describe the biological relationships 
(Coyle 1980). Interactions within the population were described using 
energetic stages ( i . e .  a group of animals with similar daily energy 
requirements) instead of age classes because pine voles are very 
d i f f i c u l t  to accurately age and age-specific data were scarce. 
Matrices of t rans i t ion  probabil i t ies for  transfer between the ener- 
getic stages were generated each week during the simulations. 

Relative energy balance, as simulated from energy transfers,  was 
used as the driving force in the model. Functions for  weekly energy 
avai labi l i ty  and d iges t ib i l i t y  of forages were derived from f ie ld  data. 
The processes of energy requirements, energy acquisition, energy 
deposition, and energy mobilization were simulated based on available 
energy. Algorithms for  these processes were developed using f ie ld  
and laboratory data,  and personal opinion where data were lacking. 
The degree of weekly energy res t r ic t ion  was used as input for  routines 
calculating survival, reproduction, and transfer of individuals 
between stages. We originally intended to use body f a t  level as an 
indicator of energy res t r ic t ion ,  but inconsistencies between f ie ld  
and 1 aboratory data required re-eval uation of i t s  use. 

Validation of the model was conducted using population data 
collected from the 2 apple orchards used by Lochmiller (1980) and 
Kuki l a  (unpublished data).  Simulations were conducted from 1 December 
to  1 March using vole population densities of 75 and 70 animals per 
1/2 ha fo r  the maintained and abandoned orchards, respectively. The 
densit ies,  age distr ibutions,  proportions of females reproductively 
active were taken from data (unpublished) collected in the same 
orchards tha t  Lochmiller (1980) used to determine the energy avail-  
abi 1 i t y  values. Discrepancies between simulated and observCd values 
were a t t r ibuted  to several factors,  including the incomplete data 
se t s ,  and inaccurate program algorithms. 



S e n s i t i v i t y  analysis, the process o f  vary ing parameter values t o  
determine t h e i r  r e l a t i v e  importance t o  model output,  revealed t h a t  
est imates o f  d a i l y  energy budget, number o f  feeding times per day, 
and the degree o f  forage u t i l i z a t i o n  were important components of the 
model. Fur ther  ref inements o f  the  mathematical representat ions o f  
these processes, as w e l l  as add i t i ona l  c o l l e c t i o n  o f  data, are needed. 
S imulat ion r e s u l t s  ind ica ted  a lso  t h a t  j u v e n i l e  growth ra tes  are n o t  
expressed accurate ly  i n  the  model, and t h a t  f u r t h e r  ref inement of 
t h a t  a1 g o r i  thm i s  needed. Nineteen recommendations f o r  f u r t h e r  study 
are inc luded i n  Coyle's (1980) thes is .  

I n  a d d i t i o n  t o  the s e n s i t i v i t y  s imulat ions,  two s imu la t ion  
experiments o f  a  year i n  length ( f rom 8 September t o  1 September o f  
the  f o l l o w i n g  year)  were conducted. The o r i g i n a l  populat ion l e v e l  
consis ted o f  98 animals (50 males [13 juven i les ,  37 adu l t s ]  and 
48 females [13 juveni les,  6 nonreproduct i  ve adul ts ,  29 pregnant 
adul ts ] ,  values from unpublished f i e l d  data) on a 112 ha g r i d  i n  an 
apple orchard. 

During the  reference simulat ion, populat ion l e v e l s  increased by 
16 percent dur ing  the year  ( t o  114 voles).  Cohorts i n  sp r ing  and 
summer con t r ibu ted  s i g n i f i c a n t l y  t o  the over-winter ing populat ion. 
A1 though these populat ion l e v e l s  could n o t  be accurate ly  v e r i f i e d  
w i t h  e x i s t i n g  f i e l d  and labora to ry  data, the general t rend  o f  the 
populat ion dynamics appeared t o  be reasonable. 

A second s imu la t ion  was conducted ( w i t h  the above-mentioned 
i n i t i a l  populat ion l e v e l s )  t o  examine the e f f e c t  o f  a  pes t i c ide  
a p p l i c a t i o n  i n  mid-October. The e f f e c t  o f  the a p p l i c a t i o n  was t o  
remove 80 percent o f  the  i n d i v i d u a l s  i n  a1 1 stages o f  voles. The 
populat ion l e v e l  decreased by 47 percent ( t o  60 voles) from the  
previous s imulat ion.  Most over-winter ing reproduct ive ly  i n a c t i v e  
females conceived and bore young dur ing A p r i l .  A f t e r  sexual matu r i t y ,  
t h i s  s t rong  cohor t  con t r ibu ted  t o  an equa l l y  s t rong August cohort.  
Although the  populat ion was reduced by 80 percent a t  the ou tse t  o f  
the  s imulat ion,  r e s u l t s  ind ica ted  the p o t e n t i a l  f o r  the  populat ion 
t o  increase p r i o r  t o  the f o l l o w i n g  w i n t e r  due t o  s t rengths o f  the 
A p r i l  and August cohorts. This hypothesis confirms p r i o r  observat ions 
t h a t  p ine vo le  populat ions can and do recover w i t h i n  1 year a f t e r  a  
p e s t i c i d e  appl i c a t i o n .  

The next  phase o f  model cons t ruc t ion  w i l l  r e f i n e  the a lgor i thms 
represent ing b ioenerget ic  regu la t ion  o f  su rv ivo rsh i  p, growth, and 
reproduct ion. The b i o l o g i c a l  submodel w i l l  then be nested i n  a l a r g e r  
model o f  i n t ra -o rchard  s p a t i a l  movement. This l a r g e r  model w i l l  
i t s e l f  be nested w i t h i n  a con t ro l  op t im iza t ion  r o u t i n e  intended t o  
recomnend optimum treatment regimes f o r  c o n t r o l l i n g  p ine vo le 
populat ions i n  i n d i v i d u a l  orchards. 

Poss ib le  ref inements o f  the b ioenerget ic  model invo lve  determin- 
ing :  

1  .) seasonal d i g e s t i b i l i t i e s  and p a l a t i b i l i t i e s  o f  forages, 

2. ) the e f f e c t s  o f  populat ion densi ty  and forage abupdances, 



d i g e s t i b i l i t i e s ,  and p a l a t i b i l i t i e s  on u t i l i z a t i o n  rates,  

3 . )  the e f f e c t s  o f  u t i l i z a t i o n  r a t e s  on the  subsequent abund- 
ances o f  forages, 

4. ) how surv ivo rsh ip  var ies as a func t ion  o f  age, energy 
balance, body weight, and body f a t  l e v e l ,  

5.) how growth and body f a t  l e v e l  vary as funct ions o f  age, 
energy balance, and l i t t e r  s ize,  

6.) how l i t t e r  s i z e  var ies as a func t ion  o f  maternal age, 
energy balance, body weight, and body f a t  l e v e l ,  

7. ) how energy in take,  and thus u t i l i z a t i o n ,  vary as func t ions  
o f  energy balance, w i t h  stomach s i z e  l i m i t i n g  on ly  when 
d i g e s t i b i l i t y  i s  so low t h a t  food bulk ,  r a t h e r  than energy 
balance, l i m i t s  energy intake, 

8. ) how ambient temperature, l i g h t / d a r k  cyc le  o f  i l l u m i n a t i o n ,  
f o s s o r i a l  behavior, and soc ia l  s t r i f e  a f f e c t  surv ivorsh ip,  
growth, and reproduct ion, 

9. ) the  e f f e c t s  o f  a p o s i t i v e  o r  negat ive energy blance 
achieved gradual ly ,  r a t h e r  than suddenly, on surv ivorsh ip,  
growth, and reproduct ion. 

Evidence t h a t  p ine voles l i v e  and reproduce i n  t r e e - s p e c i f i c  
demes (Stehn e t  a l .  1977) suggests t h a t  the orchard can be t r e a t e d  
as a m a t r i x  o f  subpopulations, r a t h e r  than as a s i n g l e  populat ion. 
Since some l i m i t e d  movement has been shown t o  occur between t rees  
and rows, a corresponding mat r i x  o f  movement p r o b a b i l i t i e s  might be 
computed f o r  dens i t y  d i f fe rences  between adjacent t r e e  subpopulations. 
Both the  populat ion m a t r i x  and the  s p a t i a l  d i s t r i b u t i o n  mat r i x  could 
be stacked i n  a t h i r d  dimension t o  represent the d i f f e r e n t  energet ic  
stages. The t o t a l  orchard populat ion size, as simulated from the  
b ioenerge t i c  and s p a t i a l  d i s t r i b u t i o n  submodels, could be computed 
as the  th ree  dimensional sum o f  the  subpopulations. 

The c o n t r o l  op t im iza t ion  r o u t i n e  would operate b i o e n e r g e t i c a l l y  
a t  the  t r e e  subpopulat ion leve l ,  w i t h  e f f e c t s  sumned t o  y i e l d  com- 
merc ia l  impact a t  the orchard leve l ,  the l e v e l  o f  concern t o  the  
o rchard is t .  Control  opt ions would consider the f o l l o w i n g  parameters: 

1.) type o f  c o n t r o l  substance, 

2. ) purchase cos t  per  u n i t  mass, 

3.) cos t  o f  app l i ca t ion ,  

4 . )  ef fec t i veness  on populat ions o f  d i f f e r e n t  s izes and age 
s t r u c t u r e s  a t  d i f f e r e n t  t imes o f  the  year  under d i f f e r e n t  
forage condi t ions.  



Con t ro l  o p t i o n s  would be eva lua ted  i n  terms o f  t o t a l  c o s t  t o  t h e  
o r c h a r d i s t ,  w i t h  recommendations made t o  min imize t h e  sum o f  t h e  c o s t  
o f  c o n t r o l  and o f  p i n e  v o l e  damage t o  c u r r e n t  and f u t u r e  app le  crops 
v i a  app le  consumption and t r e e  damage. B e n e f i t s  and cos ts  o f  each 
c o n t r o l  o p t i o n  wou ld  be present -d iscounted a t  t h e  s p e c i f i e d  market  
r a t e  t o  y i e l d  p r a c t i c a l  b e n e f i t - c o s t  a n a l y s i s .  

Cu r ren t  work a t  VPI & SU, bo th  i n  t h e f i e l d  and i n  t h e  l a b  w i l l  
p r o v i d e  impor tan t  i n f o r m a t i o n  i n  a c h i e v i n g  t h e  re f inements  ment ioned 
above. The p resen t  s t a t e  o f  t h e  model embodies t h e  r e s u l t s  o f  exten- 
s i v e  research i n t o  p i n e  v o l e  p o p u l a t i o n  demography and n u t r i t i o n a l  
needs. T h i s  knowledge has been u n i f i e d  i n  a  b i o e n e r g e t i c  f o rma t  t h a t  
reso l ves  p o p u l a t i o n s  i n t o  t h e  e n e r g e t i c  stages t rave rsed  i n  a  s i n g l e  
male o r  female l i f e  h i s t o r y .  The f u t u r e  e f f o r t  w i l l  address what 
happens when those n u t r i t i o n a l  needs a r e  n o t  met, t h e  importance o f  
o t h e r  env i ronmenta l  and s o c i a l  v a r i a b l e s  on p o p u l a t i o n  demography, t h e  
impact  o f  vo les  on orchards ,  and t h e  recomnendation o f  o r cha rd  c o n t r o l  
p r a c t i c e s .  These re f inements ,  a l ong  w i t h  a d d i t i o n a l  data,  may 
e v e n t u a l l y  be i n c o r p o r a t e d  i n  a  system t h a t  w i l l  p rove u s e f u l  as a  
management t o o l  f o r  p i n e  vo les .  
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