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Abstract 

Envlronmental threats such as habrtat slze reducuon or environmental pollution, 

may not cause immediate extinction of a population but shorten the expected time to 

extinction. We develop a method to estimate the mean time to extinction for a density-

dependent population with environmental fluctuation, and compare the impacts of different 

risk factors. The relative importance of different risk factors is evaluated by the decrease in 

the mean extinction time. We study a formula for the reduction in habitat size that 

enhances extinction risk by the same magnitude as a given decrease in survivorship caused 

by toxic chemical exposure. We also study an estimate of the parameters from time series 

data. By Monte Carlo sampling, we can remove the bias very effectively and determine the 

confidence interval. We propose to use "risk equivalent" in ecological risk management of 

toxic chemicals. 

1. Introduction 

i
 

Nakanishi ( 1995) proposed that the risk of extinction of animals and plants might 

be used as the basis for quantifying ecological risk. The extinction of species, race, or any 

taxonomic unit is an unrecoverable and deprives future human generations of the 
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oPPortunity　to　enjoy　its　potential　use．Even　if　most　sp㏄ies　are　of　no　direct　eoonomical

value，their1oss昌erves　as　a　good　measure　of　eoological　ri畠k　because　it　is　correIated　with　tbe

m・g・it・d・舳egeneF・lth舳的th・叩岬・m一早・・・…ti・・ti㎝・i・ki・・岬g・・did・t・

of　a　measure由on“hioh’quantitative　ris止mamgement　can　be　based．

　　　　　　Suppose　tbat　a　f閉cdon　of　the　habi胞t　of　a　population　is　demolished．This　may　not

ca1』se　immediate　exti■ction，but　it　depresse昌the　population　size　to　a　lower　leve1than　before，

resulting　in　a　shorter　m6an　ti㎞e　to　extiηcdon（Pig．1）。Similarly，the　mea日time　to

extinction　should　be　shorten　if　the　popuIation　is　exposed　to　a　toxic　ohemioal　in　a　low

concentrati㎝that　redu㏄畠the　survivorship　or　fertility．We　developed　a　method　to　compare

different　ri昌k　factors　by　using　a　common　cumncy　of　mean　extinc｛ion　time（Hakoyama　and

Iwasa2000a，b；Hakoyama　et　a1．，2000；Iwasa　et　a1一，2000）。Por　thi冨pu印ose　we　need　to

oomider　a　popu1ation　mode1that　inco叩o閉tes　density－dependent　popu1乱tion　regulation　and

㎝vironmenta1舳ctuations（see　also　Middleton　and　Nisbet1997：Saether；t　a1．工998）．

　　　　　　　　　　　　　　　PoPulation昌ize

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Time

　　　　　　　　　　　　　　　　Fi’9．1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　n

　　　　　　Many　models　in　oo－servation　bio1ogy　handle　the　situati㎝in　which　the　population・

shows　a　clear　negative　trend，and　the　expected　time　to　extinction　is　relativeIy富hort－In　such

a　c舶e，a口seful　me此od　of　risk　estimate　js　avai】able，w加ch　js　based　oηa　de］］s卿一jηdepende耐

popu1ation　modeI　oon昌idering　fluotuating　population　growth　mte（La1lde　and　Orzaok　I988；

Dennis　et6L1991）．Hpwever　this　is　not　suitable　for　density－dependent　populations，whioh

wou1d　go　extinct　only副fter　a　ldng　period　of　fluctllation　aromd　the　equilibrium．

　　　　　　In　this　ohaptor，we　present　a　method　to　evalu副te　the　extinction　risk　of　a　demity－

dependent　population　and　discuss　the　relative　impact　of　the　decrease　in　habitat　size　and　the

decrease　in　survivorship，This　gives　a　basis　of－he　ne対chapter　by　Mayuko　Nakamam　who

evaluated　the　eco1ogical　risk　of　DDT　to　a　herring　gull　pop1』lation。

2．C田皿o皿ical　Modo1

　　　　　　As　a　simp1e　standard　mode1of　population　dymmics，we　choose　a　model　that

inc1ud巳s　the　minimum　number　of　factors　needed　to　consider　the　extiootion　risk　of　a
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density-dependent population. Let X be the population size at time t. The dynamics are 

expressed in terms of the following stochastic differential equation: 

rX(1 X) dX - + o~~. (t) ' X + ~d (t) ' ~/~ , 
dt = K 

(r, K and a. > O), (1) 

where r is the intrinsic rate of population growth, K is carrying capacity, ~.(t) and ~d(t) are 

independent white noises for environmental and demographic stochasticities, and a* is the 

intensity of the environmental fluctuation. We call Eq, (1) "canonical model." We here 

assume Stratonovich-calculus in the environmental fluctuation (denoted by a small open 

circle) and Ito-calculus in the demographic stochasticity (denoted by a solid circle). This 

choice is made for the convenience of parameter fitting to time series data (see Hakoyama 

and lwasa 2000a for detail). 

For a long-term sustainable population, the small size of initial population causes a 

relatively high extinction rate in the first several generations. Once the population survives 

through the initial critical perlod and reaches the carrying capacity, the population may stay 

around it for a long time before extinction. Thereaftrer, the extinction time follows an 

exponential distribution, and we can treat extinction events as if they occur at random 

(Quinn and Hastings 1987). The extinction risk can then be characterized by a single 

quantity -- mean time to extinction, which can be calculated as 

T 2 xo" R(K+1))+1 dy dx' y+D R(y-x) - e Cre2 Jo Jx (y + D)y 
x+D 

(2) 

l
 

where R ~ 2r and D ~ ~T (Hakoyama and lwasa 200a) We use the average 

a,2K (T, 
extinction time starting from the carrying capacity xo = K in the following analysis (see 

Lande 1993; Lande et al, 1995). 

3. Comparison of different risk factors 

Effect of reduction in habitat size 

When the habitat area is reduced, carrying capacity K becomes smaller and the 

average extinction time T becornes shorter. The way it depends is 

logT 2r = Iog K + [terms independent of K] , c
F
~
 

(3) 
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(Ludwig 1976; Lahde 1993; note the difference in the expression of proportionality 

coefficient caused by their choice of Ito-calculus). The mean extinction time is a power 

function of the carrying capacity T = K2da~ . The dependence of the mean extinction time 

on carrying capacity varies with the environmental fluctuation. When the environmental 

fluctuation is small, the average time to extinction T increases very qulckly with earrying 

capacity K. In contrast when environmental fluctuation is large, it increases with K slowly, 

Effect of decrease in survivorship 

Consider a population exposed to toxic chemical subst~nces in the environment. 

Let a be the magnitudi of the subsequerit reduction in survivorship per generation. 

Population dynamics have an additional negative term for the loss: 

- = rX(1 - ~) dX K +a.~,(t)'X+~d(t)'~~-aX' 
dt 

= FX(1 - :~) 
k +a,~.(t)'X+~d(t)'If~, 

(4) 

where 7 = r - CC, k = K - K~ ･ The decrease in survivorship by a per generation makes 

both r and K smaller in the canonical model Eq. (1), and its impact on the mean extinction 

time can be evaluated by using Eq. (2). The same is applicable to the risks caused by 

pathogens, genetic deterioration, or any process that decreases the survivorship or fertjlity. 

Comparing dtfferent risk factors 

Figure 2a shows the relationship between the decrease in the survivorship per 

generation a and the mean extinction time T. This was calculated for severalcarrying 

capacities K indicated by different curves. Two other parameters (intrinsic rate of 

population growth r and environmental nolse oi~ ) are the estimates for the crucian carp in 

Lake Biwa, Japan, from fishery records (Hakoyama and lwasa 2000a). Around Lake Biwa, 

there are many lakelets and srnall populations of crucian carp that may have similar r and 

CF~, but different K. The estimate of mean extinction time shown here is the extinction risk 

of crucian carp populations in these lakelets. Mean extinction time decreases quickly with 

a and logT declines with a alrnost linearly. The decrease in logarithmic mean extinction 

time is larger for a large population (K = I05) than a srnall population (K = I02). This 

irnplies that the decrease in the survival rate per generation a are very effective in 

threatening large populations that are otherwise quite stable. 

Figure 2b illustrate the decrease in the mean extlnction time and the habitat loss. A 

value on the horizontal axis of 50 implies that half of the area is demolished without 
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changing the eondition in the remaining part of the habitat. Mean extinction time decreases 

w'ith habitat area, initially at a slow rate and then rapidly decrease to zero betw. een 90~o loss 

and 1009~o loss. Note that the curves corresponding to different K are parallel to each other. 

implying that the decrease In a fixed fraction of habitat area causes the same decrease in log 

T, irrespective of the total population size K. 

b
 

h
e
J
)
 

iO 

4S 

dO 

3S 

30 

25 

20 

15 

LO 

S
 

O
 

2
 

~h K=L02 
~- K=LOl 
4- K=L04 
~- K=1fl5 

h
~
G
 

r ~ [}.6S2 t
y
 

D*****=* i* su*i+~**i'ip p'* g*~*'*ti'*, * H*bi'nt l'** (%) 
Fig. 

With a small carrying capacity K = I02, 25 9~e decrease in survivorship per 

generatlon is needed to cause the risk equivalent to 50 % habitat loss. In contrast with a 

large carrying capacity K = 10s , 5 9;~o decrease in survivorship per generation ( a = 0.05) is 

equivalent to about 50 9{fo habitat loss. In general, the magnitude of the reduction in habitat 

size in terms of the decrease in the logarithm of chrrying capacity A Iog K is approximately 

proportional to the decrease in the survivorship per generation a. 

a2 a AlogK ~logT (5) 

where T is the mean extinction time (Hakoyama et al., 2000b). The proportionality 

coefficient increases with carrying capacity K because it increases log T if the other two 

parameters are fixed This implies that the relative importance of the decrease in the habitat 

area compared to the decrease in survivorship is high for unstable and endangered 

population (with a small logT); but is low in stable populations (a large logT). 

To relate the decrease in survivorship a and concentration of toxic chemicals z, we 

need to use a nonlinear relationship between them as summarized by Tanaka (1997). 

4. Parameter Estimation from a Time Series 

To apply the model to fleld populations, we need to estimate three parameters. 

Hakoyama and lwasa (2000a) studied the estimate of unknown parameters from a time 

{ } series of population size X(t) . 
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2000a). 

We can remove the bias in estimate by Monte Carlo iterations (Hakoyama and lwasa 

The basic idea underlying the method is as follows: Suppose that we generate a 
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number of independent Monte Carlo time series by a model with parameters Lr , K, a~ , 

r ･ ･ ･1 and then calculate the AML-estimates kr . K , a* ) for each. The averages of these values 

r 2¥ are different from kr , K, (T* , , becauseof theblas. For example, the AML of r tends to 

overestimate the true value .' EFLr IJ > rHence the AML-estimate calculated from an 

observed time series, denoted by Lr~b..K~h,,, (,* .h,, , " is likely to be systematically dlfferent 

from the true value. To remove this bias, we search for a value rb*, which is smaller than the 

observed value rob* ' and the model using rh* should generate the AML estimator that has 

the mean equal to r~b* . Since there are three parameters, we should search for a set of 

parameters Lrb., Kb. , CF*,h* ) so that the model with these values can generate the Monte 

r
 

Carlo time series with the AML having the averages equal to ~r~b..K~h., a. ~h.) . The bias 

corrected estimators ¥rh*, Kb* , a*,b* , can be obtained by iterative Monte Carlo calculation. 

Figure 4 shows that the magnitude of bias in estimate of r increases with a;: from 

0.1 to 0.5 (r = 0.1). These correspond to the cases in which the standard deviation of the 

population size (approximately equal to (~r~T~~(~e2/2r)K) is larger than the mean, and the 

AML-estimate of r is much higher than the true value, showing a large bias. In contrast, the 

average of the bias corrected estimate based on Monte Carlo sampling with a mildly long 

time series (the length of tirne series is 50) are indicated by squares, whlch are close to the 
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true value indicated by a broken line. This demonstrates the effectiveness of bias correction 

procedures based on Monte Carlo sampling. 

To evalulate the reliability of the estimate, we can obtain the confidence intervals of 

the estimates based on Monte Carlo methods (Hakoyama and lwasa 200a; Iwasa et al. 

2000). 

Estimate of mean extinction time when r is known 

In many cases, we have a relatively accurate estimate of intrinsic growth rate r based 

on biology of the species, but we need to estimate carrying capacity K and environmental 

noise (J~ from a time series of population size. 

Figures 3e and 3f illustrate the averages and percentiles of the AML-estimates when 

intrinsic population growth rate r is known. The variance of CF* is smaller in Fig. 3e than in 

Fig. 3d when K is unknown. Note that the estimate of log T is very accurate even for a 

short time series (e,g, the number of data points are as small as lO) if r is known, The 

knowledge of r greatly improves the estimate of parameters and the mean extinction time 

log T, which is accurate even without Monte Carlo bias correction. 
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