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Introdnction 

Central European traditions clf forest management 
and a half century period under a central planning econ- 
omy predeterriiined focus on biological regularities, 
when choosing certain silvicrlltural regimes in Lithua- 
nia. Economic goals were expressed indirectly, when the 
main aim was to grow healthy stands, producing tim- 
ber of the most valuable tree species on appropriate 
sites. Important silvicultural decisions such as, timing 
and intensity of  tliinnings, and rotation length contin- 
ue to be strictly prescribed by rules atid standards, 
directed towards the achievement of the maximum pos- 
sible accumulation of valuable timber, until the deter- 
mined rotation age is reached. While such prescriptions 
are not necessarily wrong, it is of great interest to com- 
pare then1 with silvicultural regimes obtained using eco- 
nomic criteria. 

First attempts to calculate forest rent for pine 
stands in Lithuania were made in the 1970's ( K e ~ c r a -  
BMIJIOC M., K y n e w ~ c  A. 1977). Average annual re- 
turns were maximized by calculating tlie value of tim- 
ber, obtained from the final felling. Costs of planting 
and precornmercial thinnings as well as revenues from 

cornmercial tllinnings were ignored. In tlie recent stud- 
ies (Brukas 1997, Hrukas and Rrodie 1999) the entire 
cash flow throughout the rotation is included into the 
calculation of rotation ages maximising forest rent, net 
present value (NPV), and soil expectation value (SEV). 
The timing and intensity of thinnings are set at the 
average of those, observed in silvici~ltural practice. In 
this paper, the dynamic programming (DP) algorithm is 
used to estimate timing and intensity of tlie intermedi- 
ate felling and the optimal rotation age for Scots pine 
(Pinits sj~h~estl.is) statlds in Lithuania. 

In early DP applications in even-aged forest man- 
agement, dating back t o  1960's to late 1970's, residual 
stand volume served as a decision variahle (Brodie et 
al. 1978). Later studies extended to the projection of 
stand basal area ant! residual number of trees (Rrodie 
and Kao 1979), incorporation of diameter distribution 
in stands (F-laight et al. 1985), modification of the DP 
algorithm to reduce the computational burden of ardu- 
ous forest management problems (Paredes and Brodie 
1987). These examples stand for just a modest subset 
of studies, looking for efficient DP solutions in even- 
aged forest management. Notably, the tendency toward 
co~nputational sophistication did not induce a trend to 



ECONOMIC OPTiMISATlON OF SILVICULTUR iS FOR SC OTS PINE V .  BRUKAS ET AL. m 
a more extensive use of dynamic optimisation for solv- 
ing practical problems. 

The main task of this paper is to examine IIP solu- 
tions for Scots pine stands in Lithuania. This shoulti 
gain a twofold benefit. First, simultaneous optimisation 
of stand treatlnerits could provide new insights for mak- 
ing silvicultural and investment decisions. Second, i t  is 
of theoretical interest to disclose, what solutions would 
be generated in a country, where stand growth condi- 
tions, forest management practices, costs of labor and 
materials. and other relevant factors are quite distinct 
from those, observed in countries where the DP algo- 
rithm was repeatedly applied. 

by the Centre of Forest Market Economy (Centre of 
For. .. 1998), price lists for logs used in forest enterpris- 
es, assortment tables for pine stands in Lithuania (Ku- 
lieiis et al. 1997) and costs normative for intermediate 
and final felling in forest enterprises. Costs of planting 
and precommercial thinnings were differentiated accord- 
ing to the site productivity. Planting costs tend to be 
higher on poorer sites due to the increased planting 
density, while costs of precornmercial thinnings vary 
depending on the intensity of treatments. The joint 
costs range from 2600 to 4000 Litadha, when no dis- 
counting is applied. 
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basal area, stocking index, volume) for both thinned or 
self-thinned part and for the remaining part of a stand 
according to stand age, stocking index, and site produc- 
tivity. Site productivity is expressed as the mean height 
at so-called basal age (100 years for pine). The nature of 
the model allows flexible adjr~stment of growth dynam- 
ics in response to climatic or anthropogenic changes via 
alterations in the main diameter growth submodel. 

According to KulieSis model, stocking index is 
assumed to be constant throughout the rotation. This 
assumption is not adequate in seeking to simulate thin- 
ning regimes. The following function was derived from 
KulieSis yield table relationships simulated and then 
estimated by multiple regression by the authors, to 
predict the stocking index after a 10 years period: 

S,, = 0.1585 + 0.8838 x S, + 0.0032 x Pr - 0.0023 x A - 
0.0029 S, x Pr + 0.0023 x S, x A - 0.0506 x S,,2 

where: S , ,  - stocking index after 10 years, So - current 
stocking index, Pr - site productivity, expressed as the 
mean height of the stand at age 100, A - age of stand. 

The increase in stocking index during the period 
of ten years ranges from less than 0.01 in mature high 
stocked stands on poor sites to 0.13 in low stocked 
young stands on rich sites. 

Continuous price curves (Figure I), describing the 
dependence of the net revenue (Litaslm') on mean cut- 
ting diameter from intermediate and final felling were 
constructed using the data on timber prices, announced 

+ Clearfelling 
.-.r...Thinnina 

Figure 1. Priccs curves for pine 
Rcmark: 1 Litas I> 0.25 US %. 

Three criteria were used to optimize thinning re- 
gimes and the length of rotation. Forest rent simply 

maximizes average annual cash flow during rotation: 

where: Ro - net revenue (Litaslm') from thinnings; Vo - 

volume of thinning; R - net revenue (Litas/m3) from 
clear felling; V- volume of clear felling; Cp, CtI, - costs 
of planting and pre-co~nmercial thinning, respectively; 
R A  - rotation age; t - subscript, indicating age, when a 
silvicultural decision is made; 

Forest rent does not reflect time preference of an 
investor, while using NPV, the value of cash flow in the 
future is reduced using a discount factor. The effect of 
discounting increases with rotation age and discount 
rate r: 

where: r - tliscount rate. 
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SEV criterion is a modification of the NPV, account- 
ing for the fact, that the rotation length predetermines 
tlie frequency with which rotation cycles are repeated, 
i.e. shorter rotations allow for more frequent regenera- 
tion and final felling. Optimal path is founci using the 
following formula: 

( ROI . VOr - Ct~v) . (1 + r) "A-'  R . V - C,, . (1 + r) 
SEV = max 2 + 

, (1 + r)' - I ( 1  + r)IiA - I 

Derivation and more comprehensive discussion of 
the described econoniic criteria can be found in most 
Western textbooks for forest management and invest- 
ment analysis, for example (Davis and .lohnson 1987). 

Given the above characterized data, dynamic pro- 
gramming finds an optimal path of silvicr~ltural treatments 
when any of these objective fiinctions are maxiniised. The 
DP algorithtn is explained in most introductory books on 
operations research (for example, Hillicr and Liebermann, 
1996). The essence of DP can be colnprehended consid- 
ering the following example. Let us imagine a map of a 
country, containing cities, connected with each other via 
a road network. Our task is to travel from city A in tlie 
West (initial stage) to city Z in the East (final stage) 
minimizing the total travel distance. On tlie way we should 
pass other cities, for example, from city A we can travel 
to R ,  C or D, from B, C or D we can choose either E, or 
F, or H and so on. At each stage we should take an 
optimal decision, in our case, we should find the short- 
est total distance to each city at each stage. For exam- 
ple, we could get to the city F, using three alternatives: 
A@ B@ F, A@ C@ F and A@ D@ F. The number of pos- 
sible paths increases rapidly with increasing number of 
stages, and nun~ber  of alternatives (called states in DP 
jargon) in each stage. Fortunately, we do not have to 
check all possible paths at each stage and state. The 
amount of computation decreases significantly due to 
the so-called principle of optimality. It states, that, giv- 
en the current state, an optimal policy for the remaining 
stages is independent of the policy decisions adopted 
at previous stages. If we ctiscover a recursive relation- 
ship identifying the optimal policy to get from stage n 
to stage n + 1 (which would be the minimization of the 
travel distance in our trivial example), we can cotnpute 
the optimal path without exhaustive enumeration of all 
possible combinations. 

As is usually the case in DP applications in forest 
management, the age of tlie stand was chosen as a 
stage variable in the DP network. In accordance with 
growth conditions and common silvicultural practices 
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in Lithuania, a 10 years interval was selecteci between 
time points when a silvicr~ltural decision (no treatment, 
tliinning of certain intensity or clear felling) is made. 
The initial stage is set at age 20, since a reliable growth 
model for younger stands is not available. 

In contrast to other studies, stocking index (the 
ratio of actual stocking level with the stocking level of 
a normal stand, standing for a maximally stocked stand 
at given site and age) was chosen as the niain descrip- 
tor variable. Stocking index traditionally serves in 
Lithiranian forestry, as an intuitively appealing meas- 
ure, indicating what intensity of  thinning, if any, is 
appropriate. The minimum stocking level is constrained 
to not allow reduction of the stocking index below 0.4, 
which, according to forest management rules in Lithua- 
nia, is tlie lowest stocking to register the inventory area, 
as a forest stand. 

The mean height, diameter, volume, and basal area 
of the main and thinned part of stand arc also stored in 
each stage and state. The mean diameter of thinning is 
calculated using tlie following formula. 

where: D,, - mean diameter of thinned trees; N, and N, 
- number of trees before and after thinning, respec- 
tively; D, and D, - mean diameter of stand before and 
after tliinning, respectively; N,  - number of thinned trees. 

The recursive relationship between two stages ori- 
ginates from the previously presented ob-iective filnc- 
tions. Using the forest rent criterion, the following ex- 
pression represents the dynamic equation for all stag- 
es except the last, when Ro, and Vo,, and t are replaced 
by R, V, and RA,  respectively. 

where: f,(S,, ..., S,) - optimal value function defined as 
best path from initial stage to age t; (s,,  ..., sn) - set of 

states at a given stage, in our study represented by a 
set of all feasible stocking levels at given age; x - the 
age interval between two neighboring stages, i.e. the 
number of years between tliinning and rotation deci- 
sions (10 years in our case); 

Siniilarly devised equations express the relation- 
ship between adjacent stages, when NPV or  SEV is 
optimized: 

/;@I ,...,. %) - rnax - (R*"Vol) + f (, - v, (.TI ,..., St,); 
( I  + r)' 
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Results 

As expected, both rotation ages, ant1 thinning re- 
gimes on a given site are highly dependent on the se- 
lected economic criterion and the interest rate. Table 1 
shows silvicr~ltural regimes on a site of average produc- 
tivity, when average height at age I00 equals 24 metres. 

Table 1. The impact of optimisation criterion and intercst satc 
on silvicultural rcgimcs for pinc (11100 = 24, initial stocking 
index Sb,, = 0.9) 

* Entrics arc NPV in Lithuanian L.itas appropriatcly discounlcd; 
Forcst Rcnt and SEV's arc Iransformcd appropriatcly. 

Using the forest rent theory, optimal rotation is 100 
years. The optimal path indicates several thinnings of 
negligible intensity. The stocking index is reduced just 
by 0.01, which practically implies a silvicultural regime 
without intermediate treatments. In accordance with the 
theory, the rotation using the NPV criterion exceeds SEV 
rotation if the obtained SEV value is positive. This dif- 
ference is not significant when low to moderate inter- 
est rates (up to 4%) are used on sites of average and 
high productivity. 

The optimal rotation age decreases and the inten- 
sity of thinnings increases with the rising interest rate 
(Figure 2). Using the interest rate of 3%, the optimal 
rotation is 70 years, heavy thinnings are obtained at age 
40 and 50. This is a logical result, since higher interest 
rate reflects higher preference for revenues at present 
as compared with future. Maximum internal rate of re- 
turn, when discounted revenues equal discounted 
costs, on average site is approximately equal to 3.5 %, 
which falls below the industrially competitive rates of 
investment in Lithuania. 

. . . . . . , Forest Rent 

. -.-- .. SEV(1%) 

. - - -SEV(3%) 

- SEV(5X) 

20 30 40 50 60 70 80 90 100110120 

Age, years 

Figure 2. Comparison of thinnings and harvest, when interest 
sate is varicd ( H  100 = 24, stocking index,, = 0.9). 

Site productivity also considerably affects the sil- 
vicultural regimes. Using forest rent theory, the optimal 
rotation ranges from 80 years on the most productive 
sites (H 100 = 33) to 130 years or more on the poorest 
sites (H 100 = IS). The amount of intermediate felling re- 
niains negligible on the entire range of site prodnctivity. 
Using the SEV criterion with 3% interest rate thinning 
regimes substantially differ on various sites (Table 2). 

A rotation of  100 years is obtained on partici~larly 
poor sites (1-1 100 = 1 S), it decreases to 70 years on sites 
of average and high productivity. Figure 3 shows thc 
higher intensity of thinnings in more productive stands. 

The initial stocking index at age 20 does not effect 
the choice of rotation age. The optimal paths on aver- 
age sites are compared in Figure 4. Naturally, higher 
initial stocking favours more intensive intermediate 
treatments. 

Beside the selected optimisation criterion, interest 
rate, and site productivity the highly influential factors 
for resulting solutions are the shape of  stand growth 
prediction function and the distribution of prices for 
various logs. Substantially different solution was ob- 
tained when the stocking index prediction function was 
replaced be the prediction of constant stocking index 
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Table 2. Coniparison of optima! solutions according to site after 10 years from fellillg. The resulted optilnal paths 
productivity, when SEV(3%) is useti (stocking ilidcx,,, Sb = 0.9). v a r i o l l s  s i t e s  and  with var ious  i n i t i a l  stocking lev- 

els indicated no thinning or weak thinning treatments 
using SEV(3%). 

The constructed price curves are based on timber 
prices observed since 1994, when a free timber market 
became fully established and when timber prices start- 
ed to be observed by the Centre of Forest Market Econ- 
omy in Lithuania. In accordance with the available ob- 
servations, small sized assortments, mainly sold as 
pi~lpwood, are particularly inclined to priccs changes. 
For that reason, two price levels (60 and 80 Lt/ml) were 
used to construct alternative price curves in addition 
to the original price cur-ve, when a pulpwood price of 
70 Ltlm' was used. The resulting thinning regimes are 
shown in Figure 5. A change of 10 Litas in pulpwood 
price does not effect the length of the rotation, yet tim- 
ing and intensity of  thinnings appeared to be highly 
sensitive. Higher prices on small sized timber logically 
require more intensive intermediate treatments. 

FUpKcd pice. 
LtJrn3 

E 
0 150 

6 0  

. . - .TO 
'ij 100 > --80 

20 30 40 50 60 70 8)  90 loo110 I 
Years 

Figure 5. Thc impact  of pulpwoocl price on optimal 
Figllre 3. Comparison of optimal paths on different sitcs, SilviclIltllral rcgilnes, using SEV(3%) criterion (HI00 = 24, 

when SEV(3%) criterion is used (stocking index,, - 0.9). stocking level,, = 0.9). 

Discussion and conclr~sions 

m 2 200 
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Figure 4. Comparison of optimal paths. whcn initial stocking 
lcvcl at agc 20 is varied. (H I00 = 24, SEV(3%) maximization). 

An interesting question is how the obtained results 
cornpare with actual silvicultural treatments. Forest rent 
on sites of average productivity yields an optimal rota- 
tion length close to currently prescribed rotation ages, 
with negligible intermediate treatments. The SEV criteri- 
on with moderate interest rates renders 20 to 30 years 
lower rotations with heavy thinnings in stands. older 
than 40 years. In  20-40-year old stands light thinnings if 
any are indicated, despite high stocking levels. What are 
the main reasons for these appreciable differences be- 
tween our solutions and the practise? The sensitivity 
analyses show that decisive forces in our model are the 
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chosen rate of time preference, the shape of price curves, 
and the shape of the stocking index prediction function. 
In reality, highly stocked young stands are vulnerable 
to windthrows and snowbreaks, they often fall under the 
growth depression. Therefore, the assumption about their 
ability to sustain high stocking level is tentative. More 
infor~nation is needed to incorporate the stochastic na- 
ture of the development of highly stocked young stands 
in the stocking index prediction function. Such consid- 
eration would obviously induce heavier thinnings in 
young stands. We tlo not sinli~late stand development 
when planting density and regimes of precommercial 
thinnings are varied. Such analysis could be easily in- 
cluded into dynamic optimisation, but the retliiired em- 
pirical data are absent. The current planting density (from 
6 to 1 1  thousand trees per ha according to site condi- 
tions) is baseti mainly on tradition rather than on a sound 
biological or economic justification. Such a high density 
clearly is one of the ~nain causes of the frequently ob- 
served growth depression in young stands. Lesser dcn- 
sity bolsters diameter increment and increases the sta- 
bility of a stand, but a risk of reduced timber quality is 
present, especially in highly untlerstockecl pine stands. 
Intensified growth would also increase the price prcmi- 
u~i i  and more intense tliinnings in young stands could 
beconie optinial from an economic viewpoint. 

The preceding discussion reveals the need for the 
fi~rtlier refinement of the model to more accurately erii- 
ulate biological regularities of stand development. The 
economic assu~nptions also require further examination, 
first of all the choice of interest rates should be justi- 
fied. However. the dynamic model provides valuable 

timber in the Lithuanian market. Otherwise, a high share 
of overstocked, depressed young stands might become 
a severe issue in Lithuania, as has already happened, 
for exaniple, in Germany. 

The most significant finding of this study is that, 
regardless of the chosen optimisation criterion, the 
minimum allowable rotation age for pine stands should 
be differentiatcd according to the site productivity. The 
dynamic simulation discloses an insignificant depend- 
ence of rotation age on thinning regimes, when a cer- 
tain interest rate is chosen. This study confirms the 
appropriateness of the rotation ages obtained using the 
static model (Rrukas and Brodie 1999). Adoption of the 
proposed rotation ages would incite significant savings 
without any adtlitional investments. The net benefits 
on productive sites would amoi~nt  i ~ p  to 3000 Ltlha 
throughout the rotation. 
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3KOHOMMYECKAII OlITMMM3AlJHR JIECOBOnCTBEHHhIX METOAOR 
M c i  COCHhI OI;LIKI-IODEHHOU C IIOMOLZI[bIO nMHAMM/IYECKOrO 
IIPOrF'AMMHPOBAHI/UI 

Conpehreirrrr,re ~recoxo3niimnerrrrhre ~reponprrn~rrn n Jlrrrne ocrrouarrr~r rra rpurruunx n 6rrohre~purrec~rix hro),,rennx. B TO 

me speMn. a~or roh r r r~ rec~ue  hioncnu noKa c u e  rre rrarrrnu urrrpoKoro npriMerrerrun. B narrrroii pacore nnn co3narrun 
orr~u~ru3arruw weponprinrnii R cocrronhrx npenocronx 61,mrr r~cnonh3onarr1,r: Monenh nprrpocra, pmpa6o~arrrra~ A.Ky~reuruco~, 
CO~TI. IMCIITIII . I~  T ~ ~ J I A U ~ I  nnn COCIILI, TeKyrurrc U C I I ~ I  Ira npeeecurry, a raKxe narrtrbre o cTorrMocru ~~ecoxo3niicmerrrrh1x 
~eponprrnrrrii. B o~rrrihrrisauriu ucnonh3yro~cn cirefiyrouue ~ K O I I O M U V ~ C K H ~  Kpurepuu: nccrrnn perr-ra, qricran rracronrrrm 
C T O ~ I M O C T ~  !I ompmacbran 3 e ~ e n ~ r r a n  crorihlocrh ( c ~ o r i ~ o c r h  no  aayc r~a r ry ) .  nonxon, oc~ronarorr,rii rra nurraMulrecKoM 
nporpahrhtuponarruK nomonne~  npononrm o~lrronpc~crrrryro orrrn~ri3auuro pyGo~  rrpoMemyroqrroro rr rnanrwro rro.nr.soearrun 
Ira nchr o6opore py6~11. 

llo~rycrerrrrr,re pesynhrarhr nonmcprm1aro.r, Irro no3pac-r rnanrrhrx pyGo~  saorrcur o r  nponyK-rprnrrocrrI yracma. Ilpu 
IICIlOJTl~30R~~lIill KpI4TeprlH J I ~ C ~ I O ~ ~  peHT1,l 011~lrhf;WIhllhlfi 0 6 0 ~ 0 ~  p y G ~ u  MOXeT A3MellRThCII R IlpeneJlaX OT 80 neT 1UIn 
rrarr6onee nponyrcTrrnrlhrx npeoocroen no  130 n c r  nnn rrauhicrree nponyrcrunrrbrx. Bhr6op pexrrua rrpoMexyroqrroro 
I T O J I ~ ~ O ~ ~ I I A ~  Melree ovenrfnerr no npuqurre cunhrroii 3 a n r r c ~ ~ o c r u  pexrlhron o r  uerr rra npenecurry, rrpouerrrrrr,rx CraooK, a 
TaKXC npyWlX C ~ ~ K T O ~ O R .  


