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Abstract: An integrated model combining a wildlife population simulation model and timber harvest and growth models was
developed to explore the tradeoffs between the likelihood of persistence of a hypothetical wildlife species and timber harvest
volumes on a landscape in the Central Oregon Cascades. Simulated annealing, a heuristic optimization technique, was used t
solve for harvest schedules that maximized the likelihood of species persistence relative to a given timber harvest volume
constraint over a 100 year planning period. By solving this problem for a range of different harvest volumes a production
possibility frontier is developed that shows the relative tradeoffs between timber harvest volumes and likelihood of species
persistence on this landscape. Although the results are specific to the wildlife species and the landscape analyzed, the
approach is general and may provide a structure for future models that will allow land managers and forest planners to
become more informed about the tradeoffs among competing resources.
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Introduction determine the habitat conditions that in turn influence

Public land managers are often called upon to me&pegies persistence as well as determine timber harvests..We

multiple, and sometimes conflicting, ecological andc "M the process OT developing our approach and applymg
! ' it to a case study using GIS data for a forested landscape in

economics goals. For example, in a recent report to t o
Secretary of Agriculture (Johnson et al. 1999), ht‘?}e Central Cascades of Oregon. We are examining the

interdisciplinary Committee of Scientists recommended th rade-off between accumulated timber harvest and likely
" cip y Lommi . ) ersistence of a hypothetical species on the landscape.
ecological sustainability provide the foundation upon

i . hile we report a specific case study, the approach itself is
which the management for national forests and grasgl'an 2neral and can be adapted to accommodate additional or
can contribute to economic and social sustainability.

Specifically the report states that the Forest Service needsg'ﬁerent species, different geographic areas and additional

. ) o P different land management activities and economic
provide the ecological conditionsecessary to protect the
o : concerns.
viability of selected focal species and of threatened,
endangered and sensitive species. In addition to thdsing the model in its current form, we examined the
emphasis on ecological sustainability, the committegroduction relationships between likelihood of species
emphasized the importance of traditional resourcgersistence for a hypothetical species and timber harvest on
production such as timber harvest to the economic, social landscape. We attempted to trace out the production
and cultural sustenance of many local communities. possibility frontier, which describes the maximum feasible
While much of the existing research on land managemer%:f)mbmauons of species persistence likelihood and timber

; o . “harvest, illustrating the trade-offs between these goals under
has focused exclusively on economic issues (e.g., timber,

roduction or profitability) or exclusively on ecological Efficient _land management. Land management that
P pre Y . y . 9IC& Jenerates results inside this production possibility frontier is
issues (e.g., survival of a key species), there is a grown%

number of studies that consider both ecological and efficient and the degree of inefficiency can be calculated.

economic issues in an integrated fashion (see for exampll%owever’ because the problem of optimal landscape
Ando et al. 1998, Haight 1995, Haight and Travis 1997 anagement is complex (it involves spatial as well as

tynamic interactions), we used a heuristic approach,
Holland et al. 1993, Hyde 1989, Montgomery et al. 1994 o ; : .
1999, Polasky et al. forthcoming). specifically a simulated annealing algorithm, to generate a

solution. A heuristic approach generates a good solution
In this study, we integrate models of wildlife populationwithout imposing overwhelming computational burdens but
dynamics and timber production to search for landdoes not guarantee an optimal solution.

management regimes that achieve both ecological and

economic  objectives. Land management decisions
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In this paper, we describe the model in its current form andelected 50 different 62,500-hectare landscapes from the
expected developments as we continue to refine and exte@®S image to use in the development of the proxy in step
it. In the next section of the paper, we describe how thé3).

integrated model fits together. The following section . : . .
include details on each major component of the model anSTdhe subject species for this paper was a hypothetical

the application to the case study landscape. We then repvﬂld”fe. spepies that is characterized by ]ong life and low
results for the case study. We discuss our results and teecundlty.wnh a prgference. for older coniferous forests. In
direction of future work in the final section. our ongoing gnalys!s, we will use.the same study area. Our
subject species will be the flying squirreglgucomys
sabrinug. This species also characterized by a preference
The Integrated Model for older co_niferous_ fore;ts. Its search behayiqr .is such 'that
it is more likely to inhabit an available site if it is near its
The general framework of the integrated model involves th&irth site.” We plan to select a stratified random sample of
following steps: landscapes from the GIS image, stratified on two
dimensions: amount of suitable habitat (older coniferous

1. Select a set of landscapes from a GIS image of the .oy "2nd degree of fragmentation of that habitat on the
study area that represent a range of habitat att”b“teﬁémdscape

amount, quality, and configuration of suitable habitat
for the subject species.

2. Use a species population simulation model to predicthe Species Population Simulation Model (Step 2)
persistence or failure to persist for the subject speci

on the landscapes at the end of some time period, SXe used a spatially explicit life history simulator called

PATCH (a Program to Assist in Trackingit@ral Habitat)

3. Develop a proxy to represent likelihood of speciegSchumaker 1998) to simulate the trajectory of a species
persistence in the objective function for thepopulation over time on a particular landscape. PATCH
optimization using the results from (2). reads GIS imagery describing the landscape directly and

ses the data to link species' life history attributes and
abitat preferences to the quality and distribution of habitats
throughout the landscape. The PATCH model breaks

5. Run heuristic optimizations to identify a set of timberspecies' life histories into three distinct components. Vital
harvest schedules (the timing and location of timberates (survival and reproduction) determine the growth rate
harvest) that have the highest value for the proxy fopf a species, and are entered into the model using a
species persistence for a range of timber harvest volung®pulation projection matrix (Caswell 1989). Habitat
targets on a particular landscape. preferences describe an organism's use of habitat. Lastly,

6. Use th : lati imulati del di movement behavior governs a species' ability to navigate a
: se the species population simulation model to pre '%\ndscape in search of high quality habitat. This approach

the probability th?‘ 'the subject spec?es will persist Ohllows PATCH to link its projections of population
the landscape as it is mOd'.f'Ed over t'|me for each' of th ersistence to changes in landscape pattern, habitat quality,
timber harvest schedules |d'ent|f|eq in (5). Plot 'glmbe nd habitat connectivity. Landscape pattern strongly
harvgst VO'UT“e target ggglnst highest probablllt'y'p ontrols the distribution of suitable breeding sites (and those
SPeECIes pe_r5|stence. This is the production p035|bllltm suited for breeding), while habitat quality determines
frontier estimated by the model. what survival and reproduction rate the individuals
While the analytical framework is general, some elements gfccupying these sites will experience. Habitat connectivity
the analysis are necessarily specific to the landscape aiffluences the ability of individuals to locate high quality
species that are the subject of the study. In the next sectiofgbitat, which influences an individual's fitness as well as
we describe each step of our preliminary analysis for &e ability of the species to re-colonize parts of the
hypothetical species on a specific landscape and our currdandscape that have experienced local extinctions.

efforts to extend and refine the analysis. PATCH includes probabilistic  demographic and
environmental elements so that it is a probabilistic rather
than a deterministic simulation model. Multiple simulations
The Landscape (Step 1) may be run to generate a distribution of likely outcomes for
The study area we used is a 1.2 million-hectare area in ttfelandscape. Altering the time series of landscapes to reflect
central Cascade region in Oregon that includes th#he changes resulting from timber management activities
Willamette National Forest and privately owned forest andllows PATCH to simulate the effects of various timber
agricultural land. A GIS image was developed by Coherinanagement regimes on the species populations.

(2000) in which vegetative cover is mapped, including 20, parameterize PATCH for the hypothetical species, we
year age classes for the coniferous forest area. We randomf¥eq vital rates, habitat preferences, and movement behavior

4. Define set of potential timber harvest manageme
regimes.
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used PATCH defaults for the probabilistic elements of theY; = In
model. The PATCH parameters for the flying squirrel will
be based on Bigger and Vesely (2000). We will still us
PATCH defaults for the probability density functions for
those parameters, but hope, in the future, to perfor
sensitivity analysis of model results to the degrees
demographic and environmental stochasticity.

that very roughly similar to the marmot and the lynx. We pi
=a+ X;'f+y; @

Svhere pi is the proportion of 100 PATCH simulations for
landscapé in which the ending species population size was
onzero,X; is a set of landscape metrics corresponding to
hat landscape, ang is an additive error term.

1-p

A brief description of the landscape metrics used in this

: . . %{r?alysis is given in Table 1 with the correlation coefficient
population at the epd of '100-year PATCH simulation. On etween each metric and the log of the odds as defined in
hundred PATCH simulations were run on each of the 5 quation (1).

landscapes to give the probability of species persistence on
each landscape.

For this study, we defined species persistence as a nonz

Metric Description r
Bs Number of breeding sites identified @y'5
The Proxy (Step 3) PATCH.

Shs Number of expected source breedir@
sites (PATCH).

ABs  (Sum of  expected domina@i64
eigenvalues of all breeding sites) /Bs

ASbs Sum of expected dominant eigenval@e81
for all source breeding sites.

Ms ASbs / Sbs 0.33

Area  Area of all pixels qualifying as wildlife.38

habitat.

Number of habitat pixels weighted By55

their habitat preference rankings.

We hope, in the future, to develop an optimization module
that will use PATCH (or a similar wildlife population
simulation model) simulations directly in the optimization
algorithm. At this time, however, that's not feasible.
PATCH is a very detailed model that takes too long to run
in an optimization routine that might require hundreds of
thousands of iterations. Consequently, we developed a
proxy for PATCH that can be quickly computed directly
from the landscape and that has a high correlation with
species persistence as predicted by PATCH for the subject
species. The proxy is necessarily specific to the species an

the landscape, but we hope to understand which aspects o dge Fl[eg_?t? of habitat artela edtgi. el frés 10'00
the proxy are general and can be applied to other species. nc?n-lhaab(i:'gte area at least 1 pixel ir
Landscape metrics were calculated for each of the 50Frac  Fractal dimension 0.38
landscapes. The set of landscape metrics includes indicesshape Landscape shape index -0.35

that have been identified as important for wildlife dispersal o ]
and survival success in the existing literature on landscapable 1. Description of ladscape metics and r =
patterns: habitat patch area, habitat edge, habitat core arérrelation coefficient betweeny; and metric.

fractal dimension and shape (Turner et al. 1989, Schumakefe variance of the error term in Equation (1108*(1- p
1996). It also includes PATCH specific output such as the« . (maddala 1983). The variables were transformed to
number of source breeding sites, the sum of habitat weightggrrect for this known heteroskedasticity and the
and the number of expected source sites. Source breedipgefficientsx and B were estimated using ordinary least
sites are defined within PATCH as sites with an expectedyyares. Small constants (.005) were added (subtracted)

dominant eigenvalue greater than 1.0, indicating that birtyhen p=0 (p=1) (Greene 1997). The results of selected
and out-migration is expected to ceed matality and  yegressions are shown in Table 2.

in-migration for the site. For this application, the o ) o
determination of source breeding status was dependehb€ relative importance of various landscape metrics in

solely on the amount and quality of habitat within a givenPredicting PATCH results depends on the particular species
territory. that is being modeled. We found the number of source

] ] breeding sites,Sbs and the sum of the dominant
We used the grouped logit regression model to relatgigenvalues for all source sitedSbs to be equivalently
combinations of these indices to PATCH predictions ofyowerful predictors of species persistence in PATCH for the
species persistence. In the grouped logit model, succef§pothetical species. Both had correlation coefficients with
occurs if the value of an unobservable index variable that ig that exceeded 0.90. The cdatéon coefficient ofSbs
a linear function of exogenous variables exceeds SOMgith ASbs was nearly perfect. The regression analysis
threshold value. If the probability of that occurrence, p showed that, while there were sets of metrics that explained
follows a logistic _cumulative der_lsity function, the naturalmore of the variation itY; than either variable did alone, the
log of the oddsy;, is equal to the index: gain appeared to be small when compared to the additional
computational cost. The adjusted fBr the regression of,
on the number of source breeding sites was 0.72. For the
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regression of; on the sum of the dominant eigenvalues forl7-hectare hexagon. In the study, timber management
all breeding sites, it was also 0.72. For the regressiof of activities occurred once each decade in the 100-year
on all of the variables in Table 1, the adjustéoMgs 0.81. simulation period. Every decade, each hexagon was
And for the regression of; on the set of traditional evaluated for availability for timber harvest; 50 percent of
landscape indices (habitat area, sum of habitat weighthe area must be conifer forest at least 60 years of age. If
habitat edge, core area, fractal dimension, and shape indeayailable, it was either clear-cut harvested or not. Every

it was only 0.29. Regression results for these and othesecond decade, unharvested hexagons were aged by one age
specifications that we tried can be obtained from thelass. Timber stand growth and harvest yield were governed
authors. by relationships developed for Douglas fir and western

Based on this analysis we chose to use the number of soun:eemIOCk stands in western Oregon (Curtis et al. 1981).

breeding sites as a predictor of the likelihood of specieGiven the existing public attitudes concerning forest
persistence in a PATCH simulation on a static landscapgractices and the range of silvicultural alternatives available
unmodified by timber harvest, for this hypothetical species.to forest managers, it is unrealistic to limit our management
prescriptions to simple clear-cut harvest. We intend to
include different alternatives such as pre-commercial and
commercial thinning as well as partial cuttings may allow us

The resulting species persistence componEnt,of the
objective function to be maximized took the following form:

10 10 . to increase overall timber harvest and reduce the time it
FS =" "Sbs-> 5,(S -Sbs)? ) takes to produce high quality wildlife habitat.
t=1 t=1

_ . The timber harvest componef, of the objective function
whered, =1 if Sbg<S , elsed; =0 to be maximized is a simple penalty function:

The first term is the sum of the source breeding sites for the T _ _
landscape in each period after it has been modified by any
timber harvest activity and by timber stand growth. We used A . 0
this as a measure of the quality of the landscape for th\é\lhere"_o'f v ZV‘ =0 elseu=wu
hypothetical species over the entire time horizon. The =1

second term represents our attempt to incorporate a dynamyge timber harvest volume in periods V; and the timber
element -- that a stable time path of source breeding sitg@rvest volume target for the 100-year simulation period is
would be better for the species than a volatile one. It acts i@, Solutions that did not meet the timber harvest volume
smooth the time path of the number of source sites. It is @rget were rejected for the final solution. But the solution
penalty function that reduces the value of the objectivgigorithm was able to identify superior solutions when this
function for negative deviations below a threshold numbemechanism was used to allow it to search in neighborhoods
of breeding sitesS. We chose5 =40 for the hypothetical  of the solution space where the target was nearly met. We
species for this landscape because, in simulations, there Wwag the value of the penaly, at different levels to control
very little risk of SDECieS extirpation as Iong as the numbEﬁow W|de|y the search a|gorithm would range away from
of breeding sites exceeded 40. The gatidiform penalizes the feasible sét.

large deviations more heavily than small ones, placing a

premium on landscapes that are relatively stable over time.

®3)

10

For the flying squirrel, we expect to develop a proxy forOPtimization Module (Step 5)

PATCH simulations that will represent more complexThe objective of our study was to trace out the production
population dynamics. The number of source breeding sitgsossibility frontier showing the maximum feasible
will surely be an important predictor of PATCHcsass for  combinations of species persistence likelihood and timber
the squirrel, but the quality of habitat in neighboring siteqyarvest. Because the decision space grows exponentially
will also matter. This will add a spatial component to theyjth the number of land units and the time periods included
analysis that is missing for the hypothetical species that i the analysis, we used heuristic algorithms to find good,
the subject of this paper. though not necessarily optimal, solutions to the problem.
Therefore, the results that we found are expected to be close

to, but not necessarily on, the production possibility frontier.
Timber Harvest (Step 4)

PATCH can simulate species performance on a changing

landscape if it is provided with landscape images over timé.We found that relatively large penalties were required to

In this GIS image, coniferous forests are divided into 20obtain feasible solutions when the timber harvest target

year age classes (Cohen 2000). For simplicity, we definegblume was high, while relatively low penalties encouraged

management units so that they correspond to spatial unigsswider search of the solution space and improved the

used in the species population simulation module, which isending solutions when the timber harvest target volume was
low.
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Heuristic optimization techniques have been applied tending temperature, the rate of cooling, the stopping
problems where complete enumeration of the solution spaceiterion, and the neighborhood structure. Parameters are
is unrealistic due to the size of the problem and wheranique for each problem and their selection generally
traditional integer programming methods such as branch amdquires some experimentation by the modeler.
bound are computationally prohibitive. Heuristic algorithms . _— . -
typically use intelligent programming or randomness to::n ;[/Cés;.problem, the full objective function to be maximized,
establish rules to accept inferior solutions th#dbw the ' '
algorithm to extract itself from local optima and to explore a 10 10
larger subset of the entire solution space. HeuristicF S T Z Z * 2

. ; , =F F! = - - -
techniques have been applied to large computationally * N S - -4 ()
solvable problems and have been shown to identify "good" t=1 t=1
(i.e. close to the globally optimal) solutions at low to
moderate levels of computational effort. Several differen
heuristics optimization techniques have been developeg - if (S ~-S)<0 elses, = 1
including simulated annealing, tabu search, and genetic

¥vhere:

algorithms. Heuristic optimization techniques have been b
gaining favor in forest management applications, mosi: =0 if (V —ZVt)SO, else u = 4°
notably Lockwood and Moore (1992), Sessions and t=1

Sessions (1993), Murray and Church (1995), Lazore and

Greber (1997), Bettinger et al. (1997, 1998), and Boston arfgfé@sible solutions/0) were not accepted for the final
Bettinger (1999). solutions. Our SA algorithm is described in Table 2.

We used simulated annealing (SA) in our analysis

(Kirkpatrick et al. 1983). SA is relatively simple t0 gglect an initial solution a 10-decade harvest

implement, computationally efficient, and produces gchedule for the landscape, by randomly assigning
solutions that compare well with those obtained using other p5rvest regimes to management units until the timber

heuristics (Murray and Church (1995) and Gendreau et al. parvest volume target is met.

(1994)). Boston and Bettinger (1999) showed SA

outperformed tabu search in 3 out of 4 forest planninget initial temperature This ranged from 750 for the
problems in less computing time (approximately 2 minutes lowest timber harvest volume target to 1500 for the
vs. 6 minutes) and outperformed Monte Carlo Integer highest timber harvest volume target.

Programming in all 4 problems with comparable computinqqepeat

time. Sharer (1999) found that SA outperformed simple tabu

search in a forest planning problem in significantly less time Repeat

(12 minutes versus 303 minutes). Swap. Randomly choose a management unit.

SA begins with an initial solution. It moves through the Randomly choose an alternative timber
decision space by swapping some elements of the solution harvest schedule to assign to that unit.

with elements selected from the neighboring solution space.
SA uses a random acceptance criterion atow the
algorithm to accept inferior solutions to thetiogpzation
procedure. In doing so, SA is able to explore a larger set of ~ Else if swap reduces the value of the objective
the solution space than traditional hill climbing techniques function and meets acceptance criterion,
that would be likely to converge to local (non-global) accept it as new solution.

optimum. The randomcaeptance criterion has a control
parameter referred as the temperafui&e higher the
temperature, the more likely an inferior solution will be
accepted. The algorithm begins the search using a highntil stopping criterion is met -- ending temperature of
temperature and then gradually cools it so it becomes20 for the lowest timber harvest volume target and 40
increasingly less likely that inferior solutions are selected for the highest timber harvest volume target has been
until the probability of acepting inferior solutions is reached.

reduced to zero. The quality of the SA solutions depends on ] . . ]
the parameterization of the SA algorithm: the initial and'@Plé 2.Simulated annealing algorithm for this problem.

If the swap improves that value of the objective
function, accept it as new solution.

Until 15,000 iterations, then cool temperature to
0.95 times its previous value.

% SA accepts an inferior solution if a random variable Simulation Results (Step 6)

selected from a uniform distribution on (0,1) is less than )

exp(-dit) wheredis the amount of the change in the We reported our results for a single 62,500-hectare
objective function value ars the temperature. landscape. This landscape consisted of 3800 17-hectare
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hexagons (some hexagons were truncated by the landscdpereases. This is due to the quadratic penalty for less than
boundary), of which approximately 700 were available forthe threshold number of source breeding sites, which tends
harvest. There were 72 initial breeding sites on thiso dominate the solutions with very high harvest volumes.
landscape, of which 23 served as source sites. There wdfigure 2 is a graph of the production possibility frontier
97 potential source breeding sites during the 100-yearetween the likelihood of species persistence anfithe
simulation as the landscape evolved over time. four best solutions for each VThe concave (to the origin)
We ran four sets of five heuristic optimizations for each 0]sha_pe show_that “ke!'hOOd of species persistence for the
;iject species and timber harvest are competing uses on

T e e ot a3 andscape - tht i, the ancscape woull be optmaly
- 9 9 . : . Tmanaged for some combination of the two uses. The optimal
billion board feet. In this range, trade-offs between the

likelihood of species persistence and timber harvest Werco;:g!sngl::(?[uevr\rl]ould depend on the relative values society

most pronounced for this species and landscape. Outside
this range, variations in the timber harvest target had limited

effect on the likelihood of species persistence. Specifically,
at harvest levels below 2.25 billion board feet, the likelihood
of species persistence was constrained primarily by the o 3
initial number of breeding sites on the landscape; at harvest2 os
levels greater than 2.45 billion board feet, most source # os
breeding sites were eliminated by timber harvest an i§ o4 +
population persistence was highly unlikely. 5
% 0.2
° =
‘ ’
-2000 0
w 2.2 225 23 2.35 24 245 25
@ -4000 Timber Harvest Volume, V*, bill. bd. Ft.
>
S -6000 Figure 2: Likelihood of species persistence for subject
2 species on landscape as predicted by PATCH for four best
§ 5000 solutions for each timber harvest volume target.
E-loooo
%-12000 Figures 3 and 4 show trajectories for timber harvest volume
O s and number of breeding sites for selected solutions: one at
14000 V'=2.25 billion board feet and one at22.40 billion board
16000 feet. Figure 3 shows that a majority of the timber harvest
2-25511 nbeﬁﬁaw ot v;fne v b2-4if|3| bd ﬁ2-45 occurs in the first two and last two decades with limited
s harvest in the middle decades of the planning horizon. Many

Figure 1: The value of the objective function for 20 Studies eliminate harvest volume fluctuations by including
solutions for each of five timber harvest volume targets. Some type of even flow harvest constraint in the
optimization algorithm. However, we decided not to impose
an even-flow constraint due to the relatively small size of

The solutions were characterized by a set of ten landscafftiS landscape and our desire to not impose any “a priori”
maps, one for each decade, showing the evolution of tHonstraints on the optimization algorithm. quever, it
original landscape over time as the forest on each hexagghould be noted that as we have formulated this problem,
either grows or is harvested. PATCH simulations on thidimber harvest contributes just as'much to the ;atlsfaqtlon of
changing landscape yielded estimates of the likelihood df'€ timber harvest volume target in the last period as it does
species persistence for each of the 100 solutions. THB the first, so there is no penalty for postponing harvest. In
correlation between the objective function valEeand the contrast, because source breeding sites contribute to the

probability of species persistence as predicted by PATCQPjective function in every period in which they are present,
was 0.94. eliminating them in the first periods is more costly than in

the last periods. Hence, sites that are available for harvest
The relationship between the objective function vakie, and are not suitable habitat are harvested in the early periods
and the timber harvest volume constraMt, is shown in o they can become available for harvest again in the 100-
Figure 1. All 20 solutions per volume are shown in order t§ear simulation period, while sites that are eligible for
illustrate the increasing variation in the solutions as Vharvest and also provide suitable habitat are held until the
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last periods and then harvested. Some of these results dmeation parameter is assumed “a priori” to contain the
artifacts of the problem formulation that will be eliminatedoptima, and this is what was to be inferred in the first place.
when we specify the timber harvest constraint as al®ther studies have used traditional optimization techniques
economic objective of meeting a present value of timbeto identify the true global optimum of the planning problem,
harvest target for the planning period and also when wand then compare this solution to a set of solutions
impose ending conditions on the landscape that arieentified using the heuristic algorithm (Murray and Church
consistent with sustaining the achieved level of likelihood 0fl995, Csuti et al. 1997, Boston and Bettinger 1999).
species persistence on the landscape. However, because the integer program in this paper contains
thousands of decision variables, traditional algorithms such
as branch-and-bound are computationally intractable.

800

We did not attempt to evaluate our solutions with respect to
~< a hypothetical true optimum. Instead, we compared the
500 . Total Volume =2.4 bbf quality of our solutions with a set of randomly generated
14 harvest solutions. The random harvest algorithm starts with
500 ) P a zero harvest volume and randomly chooses a harvest unit
100 \ Y and a management prescription. If the prescription increases
\ / the total harvest volume, it ixe@epted and a new unit and
300 . / prescription are chosen until the target harvest volume is
VO volume = 225 bbf ,/ reached. We created landscape maps from the resulting
200 » .
\ / harvest schedules and these maps were entered into the
PATCH model for full wildlife population simulations. Five
——a D L harvest schedules were simulated for each of two different
’ . ) s . s s 7 o 0 harvest volumes. At the 2.0 billion board feet level, all five
Decade in planning horizon schedules resulted in extirpation of the species from this
landscape. At the 1.8 billion board feet level, the estimated
Figure 3: Timber harvest volume per decade over thdikelihood of species persistence ranged from .05 to .29.
simulation period. With the simulated annealing algorithm we were able to
identify solutions with non-zero ending populations up to
45 2.4 billion board feet. Therefore, our solutions are
considerably better than those found by a random algorithm.

700

100 \

Timber harvest per decade, thous. bd. ft.

40

- T L a Volume = 2. N We intend to simulate some possible outcomes that might

actually occur on this landscape, given the pattern of land
» T ~= ownership that occurs on it. This will provide a more
- Ll Y\ realistic comparison for our solutions. The comparison can
-3 " Total Volume = 2.4|bbf \ be interpreted either as a measure of the quality of our
* \ solution algorithm or, conversely, as a measure of the
15 \ efficiency loss associated with imperfect markets face by
. private landowners and regulatory management on public
land.

1]
N
N
g
o
o
S

10

Number of source breeding sites
o
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Conclusion
Decades

The simulation results, illustrated in Figure 2, show the
Figure 4: Number of source breeding sites per decade oveshysical trade-offs between likelihood of species persistence
the simulation period. and timber harvest on this landscape. The solutions are

estimates of the bounds on the feasible set of production

combinations. Figure 2 can also be given a marginal
The primary shortcoming of heuristic algorithms is that theopportunity cost interpretation. The opportunity cost (the
quality of the best solution found is difficult to assess. Manwalue of output forgone) of increasing the likelihood of
studies apply extreme value theory where an extreme valgpecies persistence in this case study from 30 to 50 percent
distribution (such as the Weibull) is empirically fit to a is the present value of fifty 50 billion board feet of timber
random sample of the best solution value found oveharvest that must be forgone. This can, as well, be couched
multiple runs and a confidence interval is found for thein terms of the opportunity cost of timber harvest; the
location parameter (Bettinger et al. 1998, Boston an@pportunity cost of increasing the total timber harvest from
Bettinger 1999, and Sharer 1999). A shortcoming of thishis landscape over 100 years from 2.3 to 2.35 billion board
technique is that the estimated confidence interval for the



IIFET 2000 Proceedings

feet is the value of lost certainty of population persistenceequired integration of a model to simulate wildlife
from 67 to 50 percent. populations on a landscape and a model for manipulation of

. . that landscape via timber harvest in the context of a
There are several logical next steps for this research, SOME, ristic algorithm that guided the search for “best’

of wh|ch.we have identified in Fhe main bo'dy of the PaPEL ombinations the two objectives. Such integration and the
and are in the process of pursuing. Others include:

collaboration across disciplines that isecassary to

1. Simulation of additional species with different habitataccomplish it, is absolutely essential as land managers face
needs, body size, life span, fecundity, and dispersancreasingly complex demands from increasingly stressed
characteristics. This will allow us to explore productionlandscapes.

relations between dlfferent species that may compete his study differs from many previous efforts because it was
the landscape. This study focused exclusively on

commodity/non-commodity trade-offs. representing the! attempt to identify the full range of efficient management
cost of S yecies ersisten)(/:e Iikelihoc;d iﬁ terms gf th options for a landscape — those that form the bound on the
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