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Tiivistelmä:  
Poro (Rangifer tarandus L.) on olennainen osa pohjoisen boreaalisen alueen ekosysteemejä ja poronhoito 
on tärkeä sosio-kulttuurinen tekijä erityisesti alkuperäiskansojen keskuudessa. Nykyään Fennoskandian 
alueen poronhoitoa uhkaa laidunalueiden heikentyminen. Yhtenä ratkaisuna haasteeseen on usein ehdotettu 
porojen lukumäärän vähentämistä. Kuitenkin monissa paliskunnissa myös metsätalous on voimakkaasti 
heikentänyt talvilaidunten kestävää tuottokykyä, ja siksi silläkin on ollut merkittävä rooli laidunalueiden 
heikkenemisessä korkeiden porolukujen lisäksi. Metsätalouden vaikutusta poronhoitoon on aiemmin tutkittu 
laadullisesti, ekologisesti tai yksinkertaisten bioekonomisten mallien avulla. Tässä maisterintutkielmassa 
laajennan monitieteellistä bioekonomista systeemimallia ja tutkin, miten jaksollinen metsänkasvatus 
vaikuttaa poronhoidon talouteen. Tutkimuskysymykseni ovat: 1) miten kiertoajan pituus ja 2) 
metsänhoitokäytänteet kuten maanmuokkaus ja hakkuutähteiden jättäminen maahan vaikuttavat 
taloudellisesti optimaaliseen porotalouteen. 
    Tutkielmassani laajennan yksityiskohtaista poronhoidon bioekonomista systeemimallia sisällyttämällä 
siihen metsätalouden vaikutukset jäkälä- ja luppobiomassaan olettaen samalla normaalimetsän rakennetta. 
Malliin lisättävät metsätalouden vaikutukset jäkälä- ja luppobiomassaan pohjautuvat aikaisempaan 
kirjallisuuteen. Ratkaisen optimaalisen poromäärän, vuotuiset nettotulot, laidunten jäkäläbiomassan ja 
lisäruokinnan tason eri pituisilla metsän kiertoajoilla ja eri metsänhoitokäytänteiden vallitessa 0–5 prosentin 
korkokannoilla käyttäen moderneja dynaamiseen optimointiin tarkoitettuja algoritmeja. 
    Tulosten mukaan kiertoajan pituudella on vaikutus taloudellisesti optimaalisiin tuloksiin. Laidunkiertoa 
käytettäessä kiertoajan lyhentäminen johtaa pienempiin poromääriin, vuotuisiin nettotuloihin ja 
jäkäläbiomassaan sekä kasvattaa lisäruokinnan tarvetta. Kun laidunkiertoa ei käytetä, kiertoajan lyhentäminen 
johtaa pienempiin poromääriin ja vuotuisiin nettotuloihin, vähentää lisäruokinnan tarvetta ja kasvattaa 
jäkäläbiomassaa. Maanmuokkaus ja hakkuutähteiden jättäminen pienentävät nettotuloja 1–15 % riippuen 
käytetystä metsän kiertoajasta ja laidunkierrosta. Mitä pidempi metsän kiertoaika on, sitä vähemmän 
metsänhoitokäytänteet vaikuttavat poronhoidon nettotuloihin. Korkeammat korkotasot johtavat suurempiin 
porolukuihin ja lisäruokinnan määrään, mutta vähentävät jäkäläbiomassaa ja poronhoidon vuotuisia 
nettotuloja. 
    Tutkielmani tulokset tukevat aikaisempia havaintoja metsätalouden ja lyhyen metsänkiertoajan 
porotalouteen kohdistuvista haitoista ja arvioita siitä, että laidunkierron avulla porotalous olisi kestävämpi 
ulkoisia häiriöitä vastaan. Koska erityisesti jaksollisen metsänhoidon taloudellinen kannattavuus Lapissa on 
viime vuosina kyseenalaistettu, voisi jatkuva kasvatus tarjota molempia osapuolia hyödyttävän ratkaisun. 
Tutkielmani tulokset tukevat metsänhoidon siirtymistä äärettömän pitkään kiertoaikaan ilman 
maanmuokkausta. Tutkielmani myös korostaa tarvetta ekologisten tutkimusten monitieteiselle 
yhteissuunnittelulle, jotta ne ja niiden tulokset olisivat paremmin hyödynnettävissä monitahoisissa 
ekologistaloudellisissa optimointimalleissa. 

  



 

 

Abstract 
Faculty: Faculty of Agriculture and Forestry 

Koulutusohjelma: Master’s programme in Agricultural, Environmental, and Resource economics 

Study track: Environmental and natural resource economics 

Author: Inka-Mari Anneli Sarvola 

Tittle: On the effects of rotation forestry on the economics of reindeer husbandry 

Level: Master’s thesis 

Month and year: April 2022 

Number of pages: 49+11 

Keywords: Reindeer husbandry, lichen pasture, forestry, rotation forestry, economic optimization, dynamic 
optimization 

Supervisor and supervisors: Antti-Juhani Pekkarinen, Olli Tahvonen 

Where deposited: Viikki Science Library 

Additional information: 

Abstract:  
Reindeer (Rangifer tarandus L.) is an integral part of ecosystems across the northern boreal regions, and 
reindeer husbandry is an important socio-cultural factor, especially for indigenous people. Currently, reindeer 
husbandry in Fennoscandia is confronted with deterioration of pasture areas, and the decreasing of reindeer 
number has often been offered as a solution. However, in most reindeer herding districts, forestry has also 
strongly decreased the sustainable production capacity of winter pastures and therefore has had a significant 
role in pasture deterioration in addition to high reindeer numbers. The interaction between forestry and reindeer 
husbandry has often been studied qualitatively, ecologically, or with simple bio-economic models from the 
perspective of forestry. In this thesis, I use a detailed interdisciplinary ecological-economical model to study 
how the rotation forestry affects the economics of reindeer husbandry. The research questions are 1) how 
does the length of forest rotation period and 2) the management practices such as soil scarification and leaving 
of harvesting residues affect the economically optimal reindeer husbandry.  
    I expand a novel ecological-economical reindeer husbandry optimization model to include the effects of 
forestry on the ground and arboreal lichen with an assumption of normal forest structure. The effects of forestry 
on the ground and arboreal lichen are based on previous literature. Modern dynamic optimization algorithms 
are used to solve the model for the optimal number of reindeer, annual net revenues, lichen biomass on 
pastures, and the level of supplementary feeding under different forest rotation lengths and management 
scenarios with zero and positive interest rates.  
    The results show that the length of forest rotation period affects the economically optimal solution. When 
pasture rotation is used, shortening the forest rotation length decreases the optimal number of reindeer, annual 
income, and the lichen biomass in pastures, but increases the amount of supplementary feed given. When 
pasture rotation is not used, shortening the forest rotation length decreases the number of reindeer, annual 
net revenues, and supplementary feeding, but increases the lichen biomass. Soil scarification and harvesting 
residues lower the annual net revenues of reindeer husbandry by 1-15% depending on the forest rotation 
length and pasture rotation. The longer is the forest rotation length, the less the annual net revenues are 
affected by the forest management practices.  Higher interest levels lead to higher reindeer numbers and a 
higher level of supplementary feeding, but also to lower lichen biomass and annual net revenues from reindeer 
husbandry. 
    The results of this thesis support the earlier findings of negative effects of rotation forestry and short 
rotation lengths on reindeer husbandry, and estimations that reindeer husbandry is more resilient if pasture 
rotation is used.  As the economical sensibility of rotation forestry in Lapland has currently been questioned, 
even-aged forestry could offer a solution with the best management scenarios for both parties. The results of 
this thesis support infinitely long forest  
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1 Introduction 
 

Reindeer is an integral part of ecosystems across the northern boreal regions, and reindeer husbandry 

is an important socio-cultural factor, especially for indigenous people (Forbes et al., 2016). Reindeer 

husbandry has a large geographical impact: approximately 40% of Fennoscandia is used as a reindeer 

pasture (Roto, 2015). As reindeer pasture areas cover a significant portion of land area across the 

Fennoscandia, interactions with other land use forms are inevitable. Reindeer husbandry operates in 

the same areas as settlements, mining industry, tourism, and forestry, and often these bodies have 

conflicting interests in the land use. One of the major challenges for reindeer husbandry is the 

degradation of pasture areas (Moen & Danell, 2003; Johansen & Karlsen, 2005; Kumpula et al., 

2009). The degradation is caused by multiple factors (Forbes et al., 2006; Kumpula et al., 2014), 

reindeer herding being among the most prospect direct factors (Helle et al., 1990; Kumpula et al., 

2000). However, there are also numerous indirect factors enhancing the degradation. Infrastructure 

such as roads, power lines, tourism centres, and mining removes some pasture areas, but they also 

change the spatial structure of the greater pasture area (Kumpula et al., 2014). The individual impacts 

are locally small scale; however, the cumulative effect of those disturbances is substantial as the 

pasture areas have become increasingly fragmented and difficult to reach (Danell, 2005). Degraded, 

diminished, and fragmented reindeer pastures also pose a risk to local Sámi people as reindeer 

husbandry is an integral part of Sámi culture (Danell, 2005).  

 

One topic of the persistent discussion of the threats to reindeer husbandry is the role of forestry in 

pasture degradation. During the last decades, there have been multiple conflicts between forestry and 

reindeer husbandry in the reindeer husbandry area. For example, local opposition against forestry in 

Inari region has gained media attention and therefore became into a public awareness (Saijets & 

Rasmus, 2017; Wesslin & Arajärvi, 2016).  During the past century, forest structure in reindeer 

herding area has changed substantially due to forestry. In northern Sweden, the cover of old-growth 

pine forests has halved during the last century and the remaining forests are severely fragmented 

(Kivinen et al., 2012). The same development has occurred in Finland too. For example, Kivinen and 

Kumpula (2014) found that in Lappi reindeer herding district, the continuous cover of coniferous 

forests had decreased from 87.3% to 77.5% between 1972 and 2000. The old-growth forests are 

important for reindeer herding, since the quantity of arboreal lichens and ground lichens, both 

important winter forages for reindeer, are found to be the greatest in them (Esseen et al., 1996; 

Kumpula et al., 2014).  In addition to the loss of platform of arboreal lichen, forestry has been found 
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to have numerous other negative effects on reindeer husbandry (see Helle et al., 1990; Kivinen et al., 

2010).   

 

Despite the recognition of the negative effects, the effects of forestry management practices on the 

economics of reindeer husbandry have not been properly studied. Reindeer husbandry is a meshwork 

of ecological, socio-economical, cultural, and political aspects. Therefore, it needs to be studied 

interdisciplinary to capture its multidimensions (Pape & Löffler. 2012). In this thesis, I will present 

an economic-ecological analysis of the effects of rotation forestry on the economics of reindeer 

husbandry. I will use and expand the model by Tahvonen et al. (2014) and Pekkarinen et al. (2015), 

which is the most detailed and interdisciplinary economic-ecological model of the reindeer husbandry 

system. I include the effects of forest rotation length, soil scarification, and harvesting residues on the 

existence of arboreal and ground lichen in the model. With this expanded model, I will study, how 

the length of forest rotation and forest management practices affect the economically optimal reindeer 

husbandry. 

 

1.1 Reindeer husbandry 
 

Caribou and reindeer (Ranfiger tarandus L.) are essential elements of arctic biota (Vors & Boyce, 

2009) and their herding is an important part of the socio-cultural conditions across the circumpolar 

area (Forbes et al., 2006). Especially semi-domesticated reindeer (Rangifer tarandus tarandus) has 

been an important source of livelihood for centuries in Fennoscandia and reindeer husbandry is tightly 

integrated to traditional Sámi culture. Sámi are the only indigenous people in Europe and their right 

to develop and maintain their language and culture is written down in the European Union law 

(European Union, 2005) and the constitution of Finland (731/1999). Degradation of pasture areas due 

to land use changes is a threat to fulfilling this right. 

 

Reindeer husbandry is central in Sámi culture, because it has high communal values as a labour rich 

profession (Näkkäläjärvi & Jaakola, 2017). Practices related to reindeer husbandry are important 

contexts for teaching the Sámi languages to young people and transferring the traditional knowledge 

of nature to the next generations (Juuso 2018). In addition to its high cultural value, reindeer 

husbandry is an economic profession, and it is also practised to earn income. In Finland, almost all 

Sámi in Upper Lapland get some income from reindeer husbandry (Soppela & Turunen, 2017). 

However, the estimated economic profitability has been low for years. The most recent estimate of 
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the average profitability ratio of reindeer husbandry conducted by Natural resources institute Finland 

(Luke, 2021) is 0.41 meaning that only 41% of the herders’ profitability desires are met. In the special 

Sámi reindeer herding area, the profitability ratio is slightly higher, 0.63 (Luke, 2021). The extremely 

low profitability of herding year 2019–2020 has partly been caused by difficult snow conditions and 

poor mushroom growth, which forced the quantity of supplement feeding to increase (Tauriainen, 

2020).  

Reindeer husbandry is not just the concrete actions with the herd, that is to say herding. It also includes 

the overall management and organisation of reindeer herding and the livelihood of people living 

closely with the animals. (Jernsletten & Klokov, 2002) In Finland, reindeer husbandry is practised 

only in northern Finland in the reindeer husbandry area, which covers 36% of Finland’s total area, 

and is regulated by Reindeer Husbandry Act (848/1990). The reindeer husbandry area is divided into 

54 different herding cooperatives. Cooperatives are communities of reindeer herders acting in the 

cooperative’s area and together they are responsible for the reindeer in their area. Each herder owns 

and manages their reindeer, but due to the nature of herding of semi-domesticated animals, there is 

an abundant amount of cooperation between herders. For example, the pasture rotation between 

summer and winter pastures is a decision made on the cooperative’s level, but the slaughtering 

strategies and supplementary feeding are private decisions of herders.  

 

The revenues from reindeer husbandry come mainly in the autumn when reindeer are slaughtered and 

sold, and the costs arise from the management, feeding, and medicines. In spring and autumn, reindeer 

are gathered from the nature to round-up enclosures. Nowadays, herds are searched for and gathered 

with methods best suitable for the terrain: on foot, by helicopters, or by all-terrain vehicles. In the 

spring’s roundups, the ownership of newborn calves is marked by cutting a herder’s individual 

earmark into the reindeer’s ear. After all calves are marked, the reindeer are released to freely roam 

in the nature again. In autumn, the reindeer herds are again guided to enclosures where the ones to be 

slaughtered are separated from the ones to be left alive. The slaughtering strategy resulted from 

ecological-economic optimization in Tahvonen et al. (2014) is almost identical to the actual 

slaughtering strategy used in many areas in Finnish reindeer husbandry after the 1980s.  Herders aim 

to catch all reindeer which are then recorded and “read” to whom they belong to. Reindeer left alive 

are given antiparasitic medicine and then they are again released to roam freely in the nature.  

 

During winter, reindeer are traditionally allowed to freely wander in the nature and herders keep an 

eye on their reindeer and deliver substitute feed for them only if they do not seem to find enough food 
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from the nature. This is still a common practice in Upper Lapland, where most herders let their 

reindeer to pasture freely in the nature all year round. In some areas, especially in southern parts of 

the reindeer husbandry area, reindeer are kept in fences during the winter due to poor winter pastures.  

In some herding districts, reindeer are guided to separate pasture areas in winter and in summer 

season. This pasture rotation system enables the undisturbed growth of lichen during summer in 

pasture areas, which are used only during winter. Both the supplementary feeding and pasture rotation 

systems are included in the ecological-economic reindeer husbandry model of Pekkarinen et al. 

(2015). However, the model is not intended to describe a situation, where reindeer are kept in fences 

during winter. Therefore, it includes only the supplementary feeding brought to natural pastures as 

an additional forage. 

 

1.2 Forestry in Lapland 
 

Lapland is covered with forests and the majority of land area is owned by the state. Finnish state owns 

and operates its land areas through a state-owned enterprise named Metsähallitus. It is on 

Metsähallitus’ responsibility to use, manage, and protect the land and water areas owned by the state. 

In addition to forest management, Metsähallitus provides multiple recreational services such as 

National parks and Wildlife services. In Upper Lapland, the state owns 91% of the land area. 

(Metsähallitus, 2021). Nearly 68% of the land area in Upper Lapland is under some protection 

scheme. However, only 22% of the protected area covers coniferous and old-growth forests, and the 

rest of the area consists of mires, fells, and downy birch forests. (Tolonen et al., 2013)  

 

In Upper Lapland, forests grow on the edge of their natural habitat, and thus, due to poor warmth 

conditions, they grow slowly. In Lapland, the annual growth of pine is approximately 1.5 m3/ha/y and 

of spruce is 0.3 m3/ha/y, while the respective growth in for example southern Savo area is 

approximately 2.8 m3/ha/y and 2.9 m3/ha/y (Forest resources, 2021).  This slow growth leads to a 

slow accumulation of biomass and therefore to slow development from seedling stands to mature 

forests. 

  

Reindeer husbandry act (848/1990) states that on government-owned land in Upper Lapland, no other 

land use actions can cause remarkable disadvantage to reindeer husbandry. However, the level of 

“remarkable disadvantage” is not quantified in the law. In addition, in the case of forestry, the level 

of disadvantage imposed by singular forestry operations may be spatially minor, but the cumulative 
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effect can be remarkable. To account for this Reindeer Husbandry law, there are special guidelines 

for forestry in public forests in the Sámi homeland region. The guidelines prohibit clear-cuts, but do 

not take a stand on rotation and continuous cover forestry. However, the prevailing forest 

management method in Lapland is still rotation forestry (Metsäkeskus, 2020) which had been the 

recommendation of official guidelines before the update in 2020. The official guidelines updated in 

2020 recommend quality thinnings and thinnings from above, opposed to the recommendation of 

thinnings from below in earlier guidelines (Metsähallitus, 2020). In addition to thinnings, the 

guidelines recommend harvesting during winter in arboreal lichen rich forests and removing the 

harvesting residues from the sides of reindeer fence to maintain the necessary movement along the 

fence line. However, the guidelines do not take a stand on harvesting residues left elsewhere or the 

level of soil scarification. The forest management modelled in this thesis follows these guidelines. 

However, thinnings are left out of it.  

 

During the past decade, the economic profitability of forestry in Lapland has been questioned. The 

current conclusion of forest economists is that with realistic interest rates, forests in Lapland may be 

optimal to manage with continuous cover (Tahvonen & Rämö, 2016; Parkatti & Tahvonen, 2021). 

Parkatti and Tahvonen (2021) even question the total profitability of forestry in northern Lapland and 

conclude that the existence of forestry is based on forest capital mining meaning that forest capita 

will not return to its original state after harvests and forestry is profitable only if the initial state of 

forest is ready for final harvesting.  

 

1.3 Interaction and conflicts between reindeer husbandry and forestry 
 

Through the free-ranging permission arising from the Reindeer Husbandry Act (848/1990), reindeer 

are in a constant interaction with forests and therefore also with forestry. Figure 1 presents a 

simplified interaction system of forestry and reindeer husbandry. Forestry affects the habitat of 

arboreal lichen and ground lichen, therefore, affecting the ecological condition of reindeer pastures 

(Dettki & Esseen, 1998; Roturier & Bergsten, 2006). Through plant-herbivore interaction reindeer 

influence the condition of their pastures too. In addition, forestry changes the structure of forests 

which is noticed to influence pasture utilization of reindeer. Logging residues and rugged ground 

after soil scarification may hinder the movement of reindeer in the area (Huusko, 2008; Kivinen et 

al., 2010) and reindeer are found to avoid dense seedling stands (Helle et al., 1990).  
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Figure 1. Interaction system between forestry and reindeer husbandry. Solid arrows represent 

interactions accounted for in the model presented in this study and dashed arrows interactions left 

outside of the model. 

 

Present-day reindeer husbandry is facing a crisis in the form of deteriorating and decreasing pasture 

areas (Kumpula et al., 2014). In the pasture analysis conducted by Kumpula et al. (2014), it was 

shown that the area of sufficient lichen pastures has decreased enormously since the similar analysis 

conducted in the 1990s. Decreased pastures increase the need for supplementary feeding, which 

increases the costs of reindeer herding. Often the supplementary feed is delivered to the nature. 

However, in areas without sufficient natural forage or with extremely poor winter pasture conditions, 

reindeer are kept in fences over the winter and during this time they are fed almost completely with 

supplementary feed. In addition to increased costs, decreased pasture area and quality create a 

pressure to lower the reindeer numbers in order to stabilize the lichen levels. In Finland, the 

government sets the upper limit for reindeer number for every 10 years. In the last evaluation of 

reindeer numbers in 2020, the Finnish government did not change the limit for reindeer (Ministry of 

Agriculture and Forestry of Finland, 2020). However, that solution has been brought up in a public 

debate and the tension has started to be visible (Aikio & Torikka, 2017).  

 

There seem to be multiple reasons behind the decrease in pasture area and quality. In their large study 

in Upper Lapland, Kumpula et al. (2014) deducted that the number of reindeer, aerosols from Nickel, 

forestry, and other land use forms have affected the decrease of ground lichens. Akujärvi et al. (2014) 

studied the aspects affecting the lichen biomass in Finnish reindeer husbandry area. They concluded 
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that reindeer themselves have the greatest effect on the decrease of lichen biomass. In Sweden, where 

reindeer husbandry is organised a bit differently than in Finland, Kivinen et al. (2012) showed that 

forestry has had a great effect on decreasing the area of sufficient pastures. However, they found no 

correlation between stand age and ground lichen biomass. Helle et al. (1990) concluded similar 

results, although logging residues reduced the biomass of lichen.  

 

In Finland, during the recent decades, there have been multiple conflicts between foresters and 

reindeer herders as well as among reindeer herders themselves (Peltonen et al., 2020). These conflicts 

among herders have risen from the regulations of pasture use due to poor pasture conditions (Lakkala 

et al., 2017). The conflicts between herders and foresters have risen from the negative externalities 

of forestry on reindeer husbandry experienced by herders (Peltonen et al., 2020). The conflict has 

been taken seriously by non-governmental, global Forest Stewardship Council (FSC) which provides 

FSC certifications to forests. FSC removed the certification from jointly owned forests in Inari region 

seizing the timber market simultaneously. The reason for the removal was the assumptions on logging 

in that area harming the livelihood of indigenous Sámi. (Metsälehti, 2019) The investigation of the 

issue has been active for 2 years already and it is still not resolved. There have been similar conflicts 

in Muonio region too (Jokinen, 2019). There the solution was reached in negotiations between herders 

and state-owned Metsähallitus. The forests in the focal point of the conflict were put aside from the 

loggings for 20 years.  

 

The relationship between forestry and reindeer husbandry has been studied to some extent. However, 

the effects of forestry on reindeer husbandry have been studied mainly qualitatively, and from the 

ecological or behavioural perspective (see e.g., Helle et al., 1990; Kivinen et al., 2010; Huusko, 2008). 

The effects of forestry on lichens and the effects of reindeer husbandry on lichen pastures have been 

studied mainly separately and within the discipline of ecology. Although there have been both 

qualitative and quantitative studies, they have had quite simple setups. Most studies on reindeer 

husbandry lack an interdisciplinary approach and only approximately 5% of the all reindeer studies 

are interdisciplinary (Pape & Löffler, 2012). The economic relationship between forestry and reindeer 

husbandry has typically been studied from the perspective of forestry. However, they have had simple 

ecological assumptions of reindeer husbandry or other very simple reindeer husbandry models. To 

study this multidimensional conflict between forestry and reindeer husbandry, up to date 

interdisciplinary methods should be used. 
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In the 21st century, there have been only few studies on the economics of forestry integrated with 

reindeer husbandry (Bosted et al., 2003; Korosuo et al., 2013; Horstkotte et al., 2015; Parkatti & 

Tahvonen, 2021).  Bostedt et al. (2003) approached the integration of forestry and reindeer husbandry 

with a simplified bioeconomic optimization model. In their model, the growth of reindeer population 

is dependent on the reindeer stock and lichen biomass. The lichen biomass on the other hand is 

dependent on the reindeer stock and its lichen consumption and the area of old-growth forest (over 

80-years-old). The development of reindeer stock and lichen follows the growth functions by Moxnes 

et al. (2001). The forest growth is determined by the program Plan33, which is a forest management 

program designed to help Swedish private forest owners. Bostedt et al. (2003) use 5 different forest 

management scenarios: maximizing timber revenues only, joint production of timber and reindeer 

with age-classes over 80-years-old forests protected for reindeer pasture use only, and joint 

production with thinning levels restricted to 40%, 60%, and 80% of the total harvested volume. The 

optimization is carried out over 100 discrete 1-year periods. According to Bostedt et al. (2003), the 

joint production produced less timber revenues than any other scenario simulated. However, the 

revenues from reindeer husbandry were the greatest in the said scenario.   

 

Korosuo et al. (2013) researched, how the changes in harvesting operations and intensities affect the 

forests suitability for reindeer husbandry. They formulated three different forest management 

scenarios, set the objective to be the maximisation of the net present value and simulated the scenarios 

over a 100-years period.  The first scenario was a business-as-usual scenario, where precommercial 

thinnings are neglected and both harvests and clear-cuts are postponed. In the second scenario, 

continuous cover forestry was well adopted and used in forest management. The last scenario 

mimicked the profit maximisation and harvesting level stability goals of big forest companies. The 

second scenario resulted in the best ecological environment for reindeer husbandry. However, it 

decreased the net present value of forest by 5%.  

 

Horstkotte et al. (2015) studied how prioritizing the ecological grazing objectives of Sámi reindeer 

husbandry affects the forest structure and timber revenues when compared to the forest management 

prioritizing timber production as practised in Sweden at that time. Both Horstkotte et al. (2015) and 

Korosuo et al. (2013) examined reindeer husbandry only from the ecological perspective using 

ecological objectives. Horstkotte et al. (2015) admit, that they did not model the profitability of 

reindeer husbandry since the population and energy intake dynamics of reindeer were too difficult to 

model, and the forest simulations covered only a portion of the pasture area of one siida (Swedish 
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reindeer herding district). Horstkotte et al. (2015) concluded that prioritizing objectives of reindeer 

husbandry causes a loss of 15–31% in the net annual incomes and a loss of 10–11% in the net present 

value, when the interest rate used was 3%. The reindeer scenario led to prolonged rotation periods, 

prolonged harvesting intervals, and reduced clear-cuts.  

 

Parkatti and Tahvonen (2021) studied the optimal forest management solutions in Finnish Sámi 

homeland region under carbon sequestration subsidies and negative externalities on reindeer 

husbandry. They estimated the costs of seedling felling on reindeer husbandry to be 1056 € (with a 

1% interest rate). They concluded that including externalities on reindeer husbandry in the 

optimization problem implies the optimality of continuous cover forestry even with a low (1%) 

interest rate. With a moderate interest rate (3%), the net present value of forestry becomes negative.  

 

As presented above, the previous studies have either focused on the qualitative ecological changes or 

the changes in forest revenues when reindeer husbandry has been included in the model. Commonly, 

reindeer husbandry has been included in the models as a set of ecological restrictions on forest 

management practices or as a lump sum of negative externalities. Thus, none of the previous studies 

have studied the optimal reindeer husbandry under forestry. In this thesis, I will focus on studying 

economically optimal pasture use along with slaughtering and feeding strategies under different forest 

rotation lengths and management practices. I will quantify the effects of rotation forestry on reindeer 

husbandry in monetary terms utilising interdisciplinary bioeconomic methods. 

 

1.4 Aims of this thesis 
 

In this thesis, I aim to monetarize the effects of rotation forestry on reindeer husbandry. I aim to 

answer what the effects of rotation forestry on economically sustainable reindeer husbandry are, and 

therefore to produce more information to help find solutions to the ongoing conflicts between forestry 

and reindeer husbandry. My hypothesis is that shortening the forest rotation length, execution of soil 

scarification, and leaving of harvesting residues decrease the profitability of reindeer husbandry. If 

the profitability continues to decrease in the future, it may be a threat to maintaining the traditions of 

reindeer husbandry and keeping the Sámi culture vivid. 
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The research questions in this thesis are: 

1. How does the length of forest rotation period affect the economically optimal reindeer 

husbandry?  

2. How does the leaving of harvesting residues, and soil scarification affect the economically 

optimal reindeer husbandry?  

 

To answer these research questions, I include management actions of rotation forestry in the 

ecological-economic optimization model of reindeer husbandry presented in Tahvonen et al. (2014) 

and Pekkarinen et al. (2015). The expansions utilize findings from previous forest ecology and 

management research. I will present the model and methods used in this thesis in more detail in 

section 2. I solve the economic optimal model solutions numerically with 0 and positive interest rates. 

In section 3, I will show the results of dynamic optimization for different forest rotation lengths and 

management practices, and different reindeer husbandry systems. Sections 4 and 5 present discussion 

and conclusions respectively.  

 

2 Model and methods 
 

In this thesis, I will expand the state-of-the-art bioeconomic reindeer husbandry model introduced in 

Tahvonen et al. (2014) and Pekkarinen et al. (2015) and solve optimal model solutions using advanced 

numerical optimization methods. The model is a continuance for ecological-economic optimization 

methods presented first by Clark (1976). The interdisciplinary reindeer husbandry model combines 

age- and sex-structured population model for reindeer, detailed ecological restrictions such as nutrient 

intake and forage growth, and economic optimization for reindeer husbandry. I aim to use the best 

available data to implement a description of rotation forestry into the model to study the effects of 

rotation forestry on reindeer husbandry. I will solve the model using modern optimization algorithms. 

 

2.1 Description of the ecological-economic reindeer husbandry model 
 

I will expand the economic-ecological reindeer husbandry model by Tahvonen et al. (2014) and 

Pekkarinen et al. (2015). The ecological-economic reindeer husbandry model (Pekkarinen et al. 2015) 

is a two-sex, age-structured optimal harvesting model for a reindeer-lichen system which also 

includes the dynamic description of the most important winter lichen pastures as well as optimal use 

of supplementary feeding. The model captures the dynamics of nutrient intake, reproduction, reindeer 
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population structure, lichen growth and consumption, and harvesting decisions. There are other 

reindeer-lichen models too (e.g., Virtala, 1992; Moxnes et al., 2001; Olofsson et al., 2011). However, 

the model presented in Pekkarinen et al. (2015) is the first model of such a holistic ecological scope 

and detailed economic optimization. In addition to ground lichen resources, it includes descriptions 

of arboreal lichen pastures, supplementary feeding, and pasture rotation systems which are not 

included in any of the previous reindeer husbandry optimization models. The model also includes 

age- and sex-structured description of reindeer population, which was lacking from the two state-

variable model of Moxnes et al. (2001) that was the base for ecological-economic optimization in the 

study of Bosted et al. (2003).  

 

After the first presentation of the model, it has then been used in multiple scientific publications. 

Additionally, the model has been used in practical applications. For example, recently it was used in 

the latest process of determining the maximum number of reindeer for the current ten-year period by 

Ministry of Agriculture and Forestry (Pekkarinen et al., 2020). The ecological-economic reindeer 

husbandry model by Pekkarinen et al. (2015) is utilized in this thesis because of its well formulated 

multidisciplinary approach with detailed ecological description of the system. In addition, the model 

is calibrated and validated for northern parts of Finnish Lapland (Pekkarinen et al., 2017) which 

enhances its suitability for the research aims of this thesis.  

 

The ecological-economic optimization model by Pekkarinen et al. (2015) consists of four submodels: 

reindeer population model, energy intake model, lichen model, and economic model. The complete 

model code is included as supplementary material in the original publications (Tahvonen et al., 2014; 

Pekkarinen et al., 2015) and is also freely available on the Economical-Ecological-Optimization 

research group’s site (https://www2.helsinki.fi/en/researchgroups/economic-ecological-

optimization-group/codes). The expanded model code used in this thesis is available in the appendix 

(Appendix 1). Here I shortly present the five central equations of the model. The reindeer population 

model describes the age and sex structure and the dynamics of reindeer population.  The model year 

starts right after autumn slaughtering and thus coincides with reindeer husbandry year. Therefore, the 

number of reindeer in the model (Xt) describes the size of winter population before winter mortality.  

 

 

 

 

https://www2.helsinki.fi/en/researchgroups/economic-ecological-optimization-group/codes
https://www2.helsinki.fi/en/researchgroups/economic-ecological-optimization-group/codes
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The structure of the reindeer population develops as 

 

𝑥1,𝑡+1
𝑖 = (1 − 𝑚0

𝑖 )𝑢𝑖𝑥0,𝑡 − ℎ0,𝑡
𝑖 ,          𝑖 = 𝑓, 𝑚,   𝑡 = 0,1, …,                (1) 

 

𝑥𝑠+1,𝑡+1
𝑖 = [1 − 𝑚𝑠

𝑖 (𝑤𝑑𝑡)]𝑥𝑠,𝑡
𝑖 − ℎ𝑠,𝑡

𝑖 ,         𝑖 = 𝑓, 𝑚,   𝑠 = 1, … , 𝑛𝑖 − 1, 𝑡 = 0,1 … , (2) 

 

where 𝑥1,𝑡+1
𝑖   gives the number of half-year-old calves 𝑥1,𝑡+1

𝑖  after each reindeer husbandry year. It is 

dependent on the rate of summer mortality of calves 𝑚0
𝑖 , the share of calves belonging to sex class i 

given by 𝑢𝑖, the number of calves born in spring 𝑥0,𝑡, and the number of calves slaughtered in autumn 

ℎ0,𝑡
𝑖 . The index 𝑖 = 𝑓, 𝑚 denotes the sex class, females and males respectively. Mating success is 

described by modified harmonic mean mating system (Bessa-Gomes et al., 2010). Together with 

over-the-winter-weight-loss of females it determines the number of calves born during the next 

spring. The number of reindeer in all other age classes 𝑥𝑠+1,𝑡+1
𝑖 , s=1…ni, i = f, m is dependent on the 

rate of winter mortality 𝑚𝑠
𝑖 (𝑤𝑑𝑡), the size of previous age class 𝑥𝑠,𝑡

𝑖 , and the number of slaughtered 

reindeer from the previous age class ℎ𝑠,𝑡
𝑖 . The rate of winter mortality is dependent on the over-the-

winter-weight-loss, which in turn is dependent on the over-the-winter-energy-intake from various 

energy resources.  

 

The energy intake model computes the daily energy intake during the winter. The reindeer’s diet in 

the model consists of ground lichen, other cratered food such as graminoids and dwarf shrubs, 

arboreal lichen, and supplementary feed (if needed). The choice between food sources is based on 

principles of optimal foraging theory (e.g., Stephens, 1986) meaning that reindeer seek to maximise 

the energy intake over foraging time with the available food resources. With low availability of lichen 

and arboreal lichen in pastures, the weight decrease during the winter may be great without 

supplementary feeding. The weight loss of adult reindeer decreases the number of calves born, 

increases winter mortality, and reduces the weight of calves. The average daily energy intake during 

winter 𝐸𝑡
𝑇 is calculated as the weighted average mean intake rates 𝐼𝑡

𝑘 multiplied by the foraging time 

𝐹𝑡
𝑘 over the winter periods  𝑎 and 𝑏 (eq. 3). 

 

𝐸𝑡
𝑇 = ∑

𝑑𝑡
𝑘𝐼𝑡

𝑘𝐹𝑡
𝑘

𝑑𝑊
,   𝑘 = 𝑎, 𝑏,      𝑡 = 0,1, …,        (3)

𝑏

𝑘=𝑎
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where 𝑑𝑡
𝑘 is the length of the winter periods 𝑎 and 𝑏, and 𝑑𝑊 is the total length of the winter period 

which is 181 days. The winter period 𝑎 refers to the early winter when reindeer can easily crater food 

from under the snow. Winter period 𝑏 refers to the late winter, when snow is hard, and cratering is 

difficult. If arboreal lichen pastures are available, reindeer prefer browsing them on top of the snow 

and from tree trunks. This is considered in the energy intake model. Due to more difficult cratering 

conditions, the maximum intake rate (MJ/h) of cratered food is lower during the late winter and thus 

reindeer may at least partly switch to using arboreal lichens if it offers a higher intake rate.  

 

The ecological model is based on the description of a consumer-resource (predator-prey) system, 

where the lichen biomass (resource) is affected by the size of reindeer population (consumer) and the 

size of reindeer population is affected by the lichen biomass. Therefore, the development of ground 

lichen biomass is dependent on the growth of lichen during summer, and the consumption of lichen 

by reindeer during the whole year. The wastage of lichen during snowless time due to reindeer’s 

trampling is accounted for in the consumption. The annual development of ground lichen biomass 𝑧𝑡 

(kg/ha) is calculated as 

 

𝑧𝑡+1 = 𝑧𝑡 − 𝑙𝑡
𝑤𝑖 − 𝑙𝑡

𝑠𝑝 + 𝐺(𝑧𝑡 − 𝑙𝑡
𝑤𝑖 − 𝑙𝑡

𝑠𝑝) − 𝑙𝑡
𝑠𝑢 − 𝑙𝑡

𝑎𝑢,      𝑡 = 0,1 …,          (4) 

 

where 𝑙𝑡
𝑤𝑖, 𝑙𝑡

𝑠𝑝
, 𝑙𝑡

𝑠𝑢, and 𝑙𝑡
𝑎𝑢 refer to the consumption of lichen in the winter, spring, summer, and 

autumn respectively, and 𝐺(𝑧𝑡 − 𝑙𝑡
𝑤𝑖 − 𝑙𝑡

𝑠𝑝) denotes the growth of lichen during the summer. In the 

model, the growth of lichen biomass is dependent on the biomass itself and the habitat. The growth 

function of lichen (Tahvonen et al., 2014) is defined as 

 

𝐺(𝑧𝑡
𝑠𝑢) = 𝑔 [−0.7008(𝑧𝑡

𝑠𝑢) + (𝑧𝑡
𝑠𝑢) (1 +

𝑧𝑡
𝑠𝑢

100.5832
)

−0.0853

],            (5) 

 

where 𝑧𝑡
𝑠𝑢 is the biomass of ground lichen in the beginning of the summer and 𝑔 is a scalar to growth 

depending on the pasture type and condition.  

 

The economic sub-model describes the prices and costs of reindeer herding in the system analysed. 

It maximises the annual net revenues of reindeer herders subject to restrictions of the ecological 
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models. The optimization problem and parameter values used for prices and costs are described in 

more detail later in this thesis.  

 

2.2 Description of the forest management practices studied  
 

In this thesis, I will expand the model of Pekkarinen et al. (2015) by including the effects of forest 

management. The expanded model codes written in AMPL programming language are available in 

the appendix of this thesis (Appendix 1). In this thesis, I will focus on the average effects of rotation 

forestry over large landscapes and thus assume a normal forest structure. The normal forest structure 

has the following assumptions: 

1. The forest is homogenous in species computation. 

2. All year classes occupy an equal share of the total forest area. 

3. The forest is homogenous in environmental potential (i.e., there are no patches where nothing 

grows or internal variation in growth conditions). 

4. Each year an equal share of forest area is clear-cut and regenerated.  

 

Although the normal forest structure is a very simplified description of rotation forestry, it is widely 

used in forest sciences as it enables the easy study of averaged effects. The length of the forest rotation 

period is used to formulate the structure of a normal forest. For example, if the rotation period is set 

to equal 100 years, then each year class represents 1/100 (1%) of the total forest area and the effects 

are divided equally over those shares. The formulation of normal forests is shown in equation 6: 

 

𝑥𝑎 =  
𝐴

𝑅
, 𝑎 = 1, … , 𝑅,                (6) 

 

where 𝐴  is the total forest area, 𝑥𝑎 is the area of one age class, and subindex 𝑎 = 1, … , 𝑅 refers to 

the age classes from 1 to as old as the rotation length 𝑅. 

 

The forest in this thesis represents typical dry pine forest in Inari region. The main tree species is 

Scots pine (Pinus sylvestris) and both ground lichen and arboreal lichen thrive there. Dry and low 

fertility soil dominated by lichens, bog bilberry, crowberry, lingonberry, bilberry, and calluna is 

typical for forests in Inari. In this thesis, the duration of different forest development phases in years 

are as presented in table 1. The durations follow the estimations provided by the guidelines of Finnish 

Metsähallitus (Äijälä et al. 2019) and empirical estimations (Juujärvi, personal communication, May 



19 

 

 

5, 2021). The guidelines of Finnish Metsähallitus recommend regenerating the forest at the age of 

90–120 years in Northern Finland (Äijälä et al., 2019). In the updated guidelines, the lowest 

regeneration age in Northern Finland is stated to be 90 years (Metsähallitus, 2020). However, 

Northern Finland covers multiple latitudes and the environmental potential reduces greatly when 

approaching the Inari region, thus diminishing the growth rate and delaying the regenerating time. 

The more local estimations provided by Juujärvi (personal communication, May 5, 2021) state the 

forest to be mature at the age of 80-120 years and ready for regeneration at the age of 120 years. The 

suitability of the forest development phases for ground lichen, arboreal lichen, and reindeer is 

described in table 1.  

 

Table 1. The length of forest development phases and descriptions of its suitability for ground lichen, 

arboreal lichen, and reindeer. 

 

The development 

phase and its 

length (x-x 

years) 

Short description of the 

forest habitat 

(Äijälä et al., 2014) 

Habitat for ground 

lichen 

(Helle et al., 1990; 

Jonsson Ĉabrajić, 2010) 

Habitat for 

arboreal lichen 

(Dettki & Esseen, 

1998) 

Habitat for reindeer 

(Helle et al., 1990; 

Huusko, 2008; 

Kivinen et al., 2010). 

Open and 

seedling stand 

(0-40) 

Stand density 0–2200 

trees/ha.  

Open stands are open to 

wind and the solar 

radiation reaches the 

ground layer. Often dry 

ground. 

In a dense seedling stand 

solar radiation does not 

reach the ground layer. 

Depending on the 

initial forest state, the 

dryness may improve 

the lichen growth or 

hinder it. Hay and other 

graminoids dominate. 

In seedling stands 

lichen suffers from 

poor light conditions. 

No growth platform 

in open stands.  

If fragments are 

dispersed to a 

seedling stand from 

older forests, they 

may survive. 

Uneven soil and 

harvesting residues 

create avoidance. 

Reindeer avoid dense 

seedling stands 

because it is difficult 

for them to move 

there and there is a 

high predation risk.  

Young forest 

(40-90)           

Quite dense, stand density 

approximately 800–1000 

trees/ha.  

Depending on the stand 

density and canopy 

cover, the light 

conditions may be 

good. Hay and other 

graminoids may still 

dominate. 

Not ideal stand 

density. Fragments 

dispersed to stand 

survive. 

Depending on the 

stand density, 

reindeer may avoid 

these. 

Mature forest 

(90-110) 

Solar radiation reaches to 

the ground layer of 

vegetation. 

Optimal microclimate 

and light conditions. 

Good platform for 

arboreal lichen. 

Optimal 

microclimate. 

Suitable habitat for 

reindeer. 

Old forest 

(110-ꚙ) 
Solar radiation reaches to 

the ground layer of 

vegetation. Natural deaths 

and reproduction of trees.  

Optimal microclimate 

and light conditions. 

Good platform for 

arboreal lichen. 

Optimal 

microclimate. 

Natural dispersal of 

fragments and 

regeneration. 

Optimal source of 

food since good 

growth conditions for 

ground lichen and 

arboreal lichen. 

Familiar pasture area. 
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In traditional rotation forestry, trees are planted and clear-cut is executed at the end of a rotation 

period. In 2014, Finnish forestry act was renewed and regulations concerning the timing of a clear-

cut were removed. Nowadays foresters can decide the rotation lengths themselves. Despite the new 

chance to implement continuous cover management, rotation forestry is the prevailing method used 

in Lapland (Metsäkeskus, 2020). In this thesis, forest management is assumed to follow traditional 

rotation forestry. However, thinnings are excluded from the model. Additionally, all types of rotation 

forestry (clear-cut, seed tree cut) are classified as a clear-cut as the effects of different rotation forestry 

methods are similar on reindeer husbandry.  

 

2.3 Defining the effects of rotation forestry on reindeer pastures 
 

To describe the effects of rotation forestry I expand the description of ground lichen growth and 

availability as well as the description of arboreal lichen availability presented in the model. In my 

model formulation, the growth rate of ground lichens, as well as the availability of arboreal lichens, 

are dependent on the average forest structure over the normal forest area which is determined by the 

forest rotation length. Disturbances caused by soil scarification and leaving of harvest residues after 

clear-cut reduce ground lichen biomass. The effects of these disturbances are included in the 

expanded model presented in this thesis (fig. 2). The forest structure is assumed to follow the structure 

of a normal forest. Therefore, all changes are added to the model as an average effect over the whole 

normal forest. 
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Figure 2. Winter energy intake as described in the model of Pekkarinen et al. (2015) with red boxes 

indicating the forestry expansions added to it in this thesis. The red arrows show which parts of the 

model are affected by the expansion. Adapted from “Reindeer management and winter pastures in 

the presence of supplementary feeding and government subsidies” by Pekkarinen A.-J., Kumpula J., 

and Tahvonen O., 2015, Ecological Modelling, 312, p.261. 

(https://doi.org/10.1016/j.ecolmodel.2015.05.030). 

 

2.3.1 The effects of rotation forestry on the availability of arboreal lichen 

 

The availability of arboreal lichen is defined in the energy intake submodel, and it affects the energy 

intake of reindeer.  However, the availability of lichen correlates to the succession classification of 

the forest and the greatest quantities of arboreal lichen have been found in natural old-growth forests 

(Price & Hochacka, 2001; Esseen et al., 1996; Dettki & Esseen, 1998). In the energy intake model, 

by the assumptions of the optimal foraging theory, reindeer do not utilize arboreal lichens almost at 

all if it is scarce because it is more time and energy efficient to crater ground lichens in that situation. 

Therefore, I account only for those arboreal lichen pastures where the availability is sufficient for 

reindeer. Thus, in this model it is assumed that arboreal lichen exists in sufficient quantities to be 

used by reindeer in mature- and old-growth forests only. In equation 7, the land area of arboreal lichen 

pastures 𝐴𝑞 is defined as total pasture area (1000 ha) times the share of mature 𝐹𝑀 and old-growth 𝐹𝑂 

https://doi.org/10.1016/j.ecolmodel.2015.05.030
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forest development phases’ lengths over the total forest rotation period length 𝑅. Parameters 𝐹𝑀, 𝐹𝑂, 

and 𝑅 are all expressed in years. 

 

𝐴𝑞 =
𝐹𝑀  + 𝐹𝑂 

𝑅
∙ 1000.             (7) 

 

Biomass of arboreal lichen is greater in older forest stands (Price & Hochacka, 2001; Esseen et al., 

1996; Dettki & Esseen, 1998) than in younger ones. Jaakkola et al. (2006) estimated the arboreal 

lichen biomass available to reindeer to vary between 1 to 30 kg/ha in natural parks in Finnish Metsä-

Lappi zone. However, the quantity of arboreal lichen has been found to be less in managed forests 

compared to natural forests (Esseen et al., 1996; Dettki & Esseen, 1998). Therefore, in this model the 

mean availability of arboreal lichen in mature (𝑞𝑀) and in the beginning of the old forest (𝑞𝑂) is 

estimated to be 5 kg/ha and 7 kg/ha respectively. The biomass of arboreal lichen in old forests is 

expected to grow constantly at a steady rate, and it is estimated to reach its maximum availability in 

40 years, reaching to 15 kg/ha. The mean annual biomass of arboreal lichen 𝑞 on arboreal lichen 

pastures over the rotation period is calculated as 

 

𝑞 =
∑ 𝑞𝑀 + 𝑞𝑂

𝑅
𝑖=1

𝐹𝑀 + 𝐹𝑂
=

5𝐹𝑀 + 7𝐹𝑂 + 0.1𝛼 + 0.1𝛼2 + 8𝛽

𝐹𝑀 + 𝐹𝑂
 ,             (8) 

 

where 𝛼 and 𝛽 are parameters dependent on the length of succession period of old forest. The 

parameters 𝛼 and 𝛽 arise from the arithmetic summation of steadily increasing yearly biomasses and 

are defined as 

 

𝛼 = {
𝐹𝑂 𝑖𝑓 𝐹𝑂 ≤ 40
40 𝑖𝑓 𝐹𝑂 > 40

,                             (9) 

 

𝛽 = {
𝐹𝑂 − 40 𝑖𝑓 𝐹𝑂 > 40

0 𝑖𝑓 𝐹𝑂 ≤ 40
.                    (10) 

 

The development of arboreal lichen pasture area and the available arboreal lichen biomass as a 

function of forest rotation length are presented in figure 3. 
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Figure 3. The area of arboreal lichen pastures and biomass of available arboreal lichen with respect 

to different forest rotation lengths as described in the model. 

 

2.3.2 The effects of rotation forestry on ground lichen 

 

The growth of ground lichen is dependent on the forest habitat in addition to its biomass during 

summer after the winter and spring time consumption and the wastage by reindeer population. Based 

on Kumpula et al. (2014), Pekkarinen et al. (2015) estimated the growth rate of lichen in their model 

to be in the young stands and in open areas 60% of the rate observed in mature and old forests. I use 

this same estimate in my thesis. Thus, the average growth rate multiplier 𝑔𝑅 of the whole normally 

structured forest is given as: 

 

𝑔𝑅 =
0.6(𝐹𝑂𝑆 + 𝐹𝑌) + 𝐹𝑀 + 𝐹𝑂

𝑅
 ,                                (11) 

 

where 𝐹𝑂𝑆, 𝐹𝑌, 𝐹𝑀, and 𝐹𝑂 are the lengths (in years) of open and seedling stand, young, mature, and 

old forest development phases respectively.  
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The annual growth of lichen 𝐺𝑅 during summer in a forest managed with rotation is defined using the 

growth rate multiplier 𝑔𝑅 and the growth function presented in equation (5):  

 

𝐺𝑅 = 𝑔𝑅 ∙ 𝑧𝑠𝑢 ∙ (−0.7008 + (1 +
𝑧𝑠𝑢

100.5832
 )

−0.0853

).                           (12) 

 

The annual growth of lichen with two initial biomasses is presented in figure 4. The first initial 

biomass (1235 kg/ha) is the optimal equilibrium level of lichen biomass under reindeer husbandry at 

a 0 % interest rate according to Tahvonen et al. (2014) and the second (2300 kg/ha) is the biomass 

yielding maximal annual growth with given forest structure (Tahvonen et al., 2014; Kumpula et al. 

2000). 

  
Figure 4. Average annual growth of lichen with respect to different forest rotation lengths. The annual 

growth is displayed with two initial lichen biomasses. 
 

2.3.3 The effects of harvesting residues and soil scarification on ground lichen 

 

Both the harvesting residues and the soil scarification deteriorate lichen biomass (Akujärvi et al., 

2014; Olsson & Staaf, 1995; Kivinen et al., 2010; Horstkotte & Moen, 2019; Roturier & Bergsten, 

2006).  In a study conducted in Sweden, Bråkenhielm and Liu (1998) estimated that the lichen cover 

in areas left under double amount of harvesting residues was only 20% of the cover on areas without 

residues. According to Akujärvi et al. (2014) and their study conducted in Finnish Lapland, 50% of 

the lichen left under the harvesting residues will decay. In this thesis, the more conservative decrease 
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presented in Akujärvi et al. (2014) is used, and it is assumed that 50% of the lichen biomass under 

the residue coverage will decay. For simplification, the deterioration is modelled to take place 

immediately after the harvesting residues are imposed. Kyngäs (2015) estimated that the area left 

under residues varied between 9–22% of the total land area, averaging to 16% cover, when the 

residues were piled for energy wood collection. The piling is usually done when the residues are 

meant to be collected for energy wood. However, in Upper Lapland energy wood collections are 

rarely done and therefore all residuals are left scattered in the harvested area. There are no studies 

conducted on how great the coverage of residues is with different harvesting methods. From my 

empirical visual observations and the coverage of piles estimated in Kyngäs (2015), I deduce that the 

coverage of residues, 𝐴𝐻, when scattered and left on the ground can be around 70%. The effects of 

residuals 𝐻 to summer lichen biomass 𝑧𝑠𝑢 are in the model then as 

 

𝐻 = 𝐷𝐻 ∗ (
0.5 ∗ 𝐴𝐻

𝑅
) ∗ 𝑧𝑠𝑝,                      (13) 

 

where 𝐷𝐻 is the boolean variable for leaving the residuals on the ground,  𝑧𝑠𝑝  is the lichen biomass 

in the spring, 𝐴𝐻 is the coverage percentage of residues over the clear-cut area, and 0.5 represents 

the share of decayed lichen under the residues. When residuals are left, 𝐷𝐻 gets a value 1, and when 

they are gathered away, it gets a value 0. Following the deductions presented earlier, 𝐴𝐻 gets a 

value 0.7. 

 

According to Roturier and Bergstein (2006), ploughing can destroy up to 37.5% of the lichen biomass 

within 6 years of the soil scarification. In this model that effect is simplified to take place within 1 

year. Therefore, the effect of soil scarification 𝑆 is defined as 

 

𝑆 = 𝐷𝑆 ∗
0.375 ∗ 𝑧𝑠𝑝

𝑅
,                       (14) 

 

where 𝐷𝑆 is a boolean variable of soil scarification taking place, 𝑧𝑠𝑝  is the lichen biomass in the spring, 

and 0.375 represents the share of lichen biomass destroyed due to soil scarification.  

 

The disturbances from harvesting residues and soil scarification are imposed on lichen biomass in the 

late spring. Therefore, the lichen biomass in the early summer is conducted as 
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𝑧𝑠𝑢 = 𝑧𝑠𝑝 − 𝑙𝑠𝑝 − 𝐻 − 𝑆.                 (15)     

 

2.4 Optimization problem 
 

In this model, the reindeer herders’ objective is to maximize the present value of net revenues 𝐽 by 

choosing the slaughtering strategy and quantity of supplementary feeding, subject to restrictions 

defined in the sub-models. The objective function to be maximised is 

 

𝐽 = ∑(𝑉𝑡 − 𝐶𝑡)𝛼

∞

𝑡=0

∙ (
1

1 + 𝑟
)

𝑡

,                    (16) 

 

where Vt is the annual revenues from slaughtering, Ct is the total annual costs and r is the annual 

discount rate. Parameter α=1 refers to maximising the annual net revenues, and 0<α<1 to maximising 

the annual net revenues but with attaining a smooth annual net income level. I will use both value 

sets of α.  I will use value α<1 in optimization problems of finding the effects of forest rotation length, 

harvesting residue, and soil scarification, because attaining stable annual net revenues is a realistic 

preference assumption on behalf of reindeer herders. However, the value α=1 is used in calculations, 

where supplementary feeding is allowed, as then the optimization problem is easier to solve. For 

analysis, the price and cost level of 2015–2016 was used (Pekkarinen et al., 2020). The producer price 

of meat is 10 €/kg. The total costs consist of slaughtering costs (16,7 €/ slaughtered reindeer), variable 

costs (39.54 €/reindeer in winter population), fixed cost (1.14 €/ha of land area) and cost of 

supplementary feed (0.5 €/kg supplementary feed given).  

 

The objective function is maximized with respect to the three submodels and non-negativity 

constraints for state and control variables. The initial states of variables are given. The optimization 

is solved as a non-linear dynamic optimization problem, and it is carried out using AMPL 

programming language and Knitro optimization software version 12.3. The optimization code is 

available in the appendix.  

 

This thesis studies how rotation forestry with clear-cuts affects the economically optimal reindeer 

husbandry. To answer the research questions of this thesis, the model is tested and first, the static, 

zero interest rate steady states of the systems with different forest rotation lengths and arbitrary initial 
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states are solved. After that I examine the effect of forest rotation length on the number of reindeer, 

annual net revenues, and lichen biomass with interest rates from 0 to 5%. I show both the steady-state 

and dynamic solutions. The dynamic solutions are calculated with interest rates from 0 to 5% and are 

computed using a time horizon of 250 years, since that is found to be sufficient to find an accurate 

representation of the steady-state solutions. Then the modelling of the soil scarification and harvesting 

residues are added to the model, and the objective is solved again with zero interest rate.  

 

After the solutions without supplementary feeding, I proceed to show the effects of supplementary 

feeding on the optimal reindeer husbandry subject to forest management. First, I solve the break-

even-prices of supplementary feeding under intensive forestry and old-growth low intensity forestry, 

and both pasture rotation systems.  Then I proceed to dynamic solutions with supplementary feeding. 

I use the same representative price level of supplementary feed as used in Pekkarinen et al. (2015), 

which is 0.5 € per 1 kg of supplementary feed delivered to winter pastures. Here the optimal level of 

supplementary feeding is calculated for interest rates of 1–5% in two different forest management 

systems. The systems were chosen to represent different levels of forest management. The intensive 

forestry had 100 years’ rotation length with soil scarification and harvesting residues, and the old 

growth low intensity forestry had 300 years’ forest rotation length without disturbances on ground 

lichen. Due to the complexity of the optimization problem, both practices were modelled only with 

pasture rotation and the parameter α was set to equal 1 in this objective function with supplementary 

feeding. Parameter α=1 indicates the aim to purely maximize the sum of annual net revenues. 

 

3 Results 
 

I will first present the dynamic steady-state solutions to validate the solutions’ independence of the 

systems’ initial states. Then I proceed to present the steady-state solutions with different forest 

rotation lengths. After that, the solutions with different forestry practices combined with forest 

rotation lengths are presented. Finally, I will present the results of a system where supplementary 

feeding is enabled. The optimal solutions are conducted under interest rates from 0 to 5% thus also 

the effect of interest rate on the optimal solutions is shown. 
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3.1 Dynamic solutions and steady states 
 

Figure 5 shows the optimal development of the lichen-reindeer system from two different initial 

states. The initial states represent situations with high reindeer population and low lichen biomass, 

and with low reindeer population and high lichen biomass. Both solutions represent systems with 

pasture rotation, zero interest rate, and forest rotation lengths of 100 and 300 years respectively. 

Within both systems, the solutions develop to optimal steady states independently of the initial states. 

The steady state 1 represents dynamic solution, where the length of forest rotation is 300 years. The 

steady state 2 on the other hand represents a solution, where the length of forest rotation is 100 years. 

The respective developments of the net annual revenues to steady states of both systems are shown 

in figure 6. 

 

 

Figure 5. Examples of the optimization solutions from different initial states in the lichen-reindeer 

system. The solutions represent systems with pasture rotation, zero interest rate, and forest rotation 

lengths of 100 and 300 years with red and black lines respectively.  
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Figure 6. Examples of the optimization solutions for annual net revenues of reindeer husbandry from 

different initial states. The solutions represent systems with pasture rotation, interest rate of 0%, and 

forest rotation length of 100 (red line) and 300 (black line) years. The dashed lines represent a system 

with an initial state of high reindeer population and low lichen biomass. The solid line represents a 

system with an initial state of low reindeer population and high lichen biomass. The steady states 

depend on the length of rotation period, but the transition phases depend on both the rotation length 

and the initial state of the system. 

 

3.2 Effects of forest rotation lengths 
 

Longer forest rotation lengths lead to higher annual net revenues and reindeer population sizes 

independently of the pasture rotation system used. Without pasture rotation, the annual net revenues 

and the size of reindeer population are lower when compared to the system with pasture rotation. The 

annual net revenues per 1000 hectares of lichen pasture increase by 1.85-fold from 5 914 € to 10 938 

€ when forest rotation is lengthened from 100 years to 300 years in a system where pasture rotation 

is used and the interest rate is zero. Without pasture rotation, the annual net revenues increase by 2.7-

fold from 2 469 € to 6 740 € per 1000 hectares of lichen pasture. The number of reindeer increase 

similarly from 81 to 118 reindeer per 1000 hectares of lichen pasture when pasture rotation is used, 

and from 56 to 90 without pasture rotation. With pasture rotation, the level of lichen decreases only 

lightly when the rotation period is lengthened despite the increase in reindeer population. On the 
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contrary, when pasture rotation is not in use, the lichen biomass decreases significantly. In figure 7, 

the optimal steady states of annual net revenues, reindeer population, and lichen biomass with respect 

to different forest rotation lengths are presented. The dynamic solutions stabilize to these steady states 

in approximately 60 years (see fig. 8).  

  

 

  

 

Figure 7. The optimal steady state a) annual net revenues, b) reindeer population, and c) lichen 

biomass with respect to different forest rotation lengths when the interest rate is zero. The black solid 

line represents a system with pasture rotation and the dotted line represents a system without pasture 

rotation. The red line represents a system with untouched forest and pasture rotation.  
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Figure 8. The dynamic solutions from an arbitrary initial state for a) reindeer population and b) annual 

net revenues with different forest rotation lengths in a system with pasture rotation.  The red line 

represents a system with a forest rotation length of 100 years, the grey line of 200 years, and the black 

line of 300 years. 
 

Positive interest rates lead to higher optimal reindeer number but lower optimal annual net revenues 

with all pasture rotation systems and forest rotation lengths when compared to solutions with zero 

interest rate. The level of lichen biomass decreases significantly when positive interest rate is 

introduced. The interest rate of 1% changes the optimal solutions for annual net revenues and reindeer 

number from 0% interest rate solution only slightly. However, the increase from 0% to 1% interest 

rate decreases the optimal lichen biomass from 1169 to 875 kg/ha and from 1140 to 861 kg/ha with 

100- and 300-years forest rotation respectively. Increasing the interest rate to 3% or higher causes a 

reduction in annual net revenues and an increase in reindeer number (see fig. 9). With an interest rate 

of 4% and in a system with pasture rotation the discounted net present value is 254 442 € per 1000 

ha of lichen pastures when the length of forest rotation period is 300 years. With a rotation length of 

100 years the respective net present value is 140 129 €.  
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Figure 9. The dynamic solutions of annual net revenues, reindeer population, and biomass of lichen 

for different interest rates with a) 100 years and b) 300 years forest rotation length. The solutions 

presented are for system with a pasture rotation, no soil scarification or harvesting residues, and 

without supplementary feeding.   

 

3.3 Effects of harvesting residues and soil scarification 
 

Both soil scarification and harvesting residues decrease the annual net revenues of reindeer 

husbandry. However, the decrease is relatively small, especially with long forest rotation lengths, in 

the solutions with both pasture rotation systems. The effect of soil scarification and harvesting 

residues decrease the longer the forest rotation length is. Figure 10 shows the effects of soil 

scarification and harvesting residues on the annual net revenues of reindeer husbandry combined with 

different forest rotation lengths. With forest rotation length of 100 years and pasture rotation, the soil 
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scarification decreases the annual net revenues by 577 € (-10%) per 1000 lichen pasture hectares. 

Without pasture rotation the decrease is 365 € (-15%). When the forest rotation length is 300 years, 

the decrease in revenues is 189 € (-2%) and 87 € (-1%) respectively. Harvesting residues have a 

similar impact on annual net revenues as soil scarification. When both the soil scarification and 

harvesting residues are imposed on the model, the annual net revenues decrease by 1 098 € per 1 000 

ha of pasture (with pasture rotation) or 696 € per 1 000 ha of pasture (without pasture rotation) with 

100 years rotation length. The respective decreases with 300 years’ rotation length are 361 € and 167 

€. 

 

 

 

Figure 10. The effect of soil scarification (a.), harvesting residues (b.), and their combined effect (c.) 

on the annual net revenues of reindeer husbandry with 100-, 200-, and 300-years forest rotation 

lengths. 
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3.4 Effects of supplementary feeding 
 

This section observes, how the forest rotation length affects the optimality of supplementary feeding. 

Supplementary feeding is used to prevent the over-the-winter-weight-loss of reindeer and it is given 

when other food resources are scarce. Figure 11 shows the break-even prices of supplementary food 

in optimal steady state solutions with zero interest rate. With seasonal pasture rotation system, 

lengthening the forest rotation period decreases the break-even price of supplementary feeding. In 

other words, supplementary feeding is given only at lower price levels when seasonal pasture rotation 

is used. However, without pasture rotation, the break-even price increases as the forest rotation length 

increases indicating that with long rotations, supplementary feeding is given more easily even at a 

higher price level. Lengthening the forest rotation over 200 years does not seem to significantly affect 

the break-even prices any longer in either pasture rotation system.  

 

 

Figure 11. The break-even prices for supplementary feeding in a system with zero interest rate. Below 

the line it is optimal to use supplementary feeding, and over it is not.  

 

The optimal development of the levels of supplementary feeding with respect to each system are 

shown in figure 12. With the price level fixed to 0.5 €/kg of supplementary feed, supplementary 

feeding becomes optimal with lower interest rate levels in a high forest management system than in 

systems with lower forest management impact when pasture rotation is used. In addition, the level of 

supplementary feeding is lower in forests with less disturbances from forestry. However, 

supplementary feeding reduces the effect of forest rotation length on the reindeer number and the 

annual net revenues. The introduction of high levels of supplementary feeding lowers the optimal 
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lichen biomass radically when the forest rotation length is 100 years.  As the level of supplementary 

feeding in a system with forest rotation length of 300 years does not react strongly to interest rates, 

the amount of lichen as well as the annual net revenues and reindeer numbers are quite stabile across 

different interest rates.  

 

 

 

Figure 12.  The development of the quantity of supplementary feeding, reindeer number, lichen 

biomass, and annual net revenues in a system of a) high forest management scenario and b) lower 

forest management scenario with pasture rotation implemented. 
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4 Discussion 
 

The results of this thesis show that rotation forestry and forest management practices influence the 

optimally conducted reindeer husbandry and therefore support the earlier findings in reindeer 

literature (Kivinen et al., 2010). In contrast to findings by Moxnes et al. (2001) with the two state-

variable reindeer husbandry model, moderate interest rates (1–5%) significantly influence the optimal 

solutions of reindeer husbandry in this thesis. The effect of interest rate on annual net revenues and 

reindeer number were noticeable, and the level of ground lichen was influenced strongly 

independently of the forest rotation length. This conclusion is in line with the one reported by 

Pekkarinen et al. (2015). 

 

The results show that the forest rotation length strongly affects the annual net revenues of reindeer 

husbandry. The reduction of nearly 50% on annual net revenues of reindeer husbandry when forest 

rotation length is decreased from 300 to 100 years is significantly greater than the earlier estimates 

which suggested the reductions of 5–25% in forestry when adjustments beneficial for reindeer 

husbandry are modelled (Bosted et al., 2003; Horstkotte et al., 2005; Korosuo et al., 2013). The 

monetary value of the change in revenues may be much larger in forestry than in reindeer husbandry, 

where the change was around 5 000 €/1000 ha annually when applying a 0% interest rate. However, 

the reduction of nearly 50% on annual net revenues is likely to be severe for reindeer husbandry as 

already nowadays the reindeer husbandry operates under the level of the herders’ profitability desires.  

 

Lengthening the forest rotation period has quite different results for economically optimal lichen 

biomass on pastures depending on the pasture rotation system used. When pasture rotation is in use, 

the more abundant lichen resources due to long rotation length increase the total food reserves thus 

increasing the optimal reindeer number while keeping the lichen level intact. Without pasture rotation, 

the abundant arboreal lichen resources make a higher reindeer number optimal too. However, with 

abundant arboreal resources, food from ground lichen pastures is not as restricting anymore in a 

pasture system without rotation, and it is optimal to increase the reindeer number even if the ground 

lichen biomass decreases due to it. In that case reindeer can utilize other cratered resources besides 

lichen and arboreal lichen. The results suggest, that when pasture rotation is not used, lengthening the 

forest rotation period may cause a significant decrease of winter lichen pastures while the annual net 

revenues improve, and reindeer numbers increase. However, the lichen biomasses in all optimal 
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solutions stay higher than the current average lichen biomass levels in Finnish reindeer herding 

districts (Kumpula et al., 2019). 

 

The decrease of lichen biomass as the forest rotation lengthens is an outcome of the model’s arboreal 

lichen input and energy intake assumptions, which describe well the reindeer’s natural food intake 

behaviour. With high arboreal lichen availability, the reindeer can get enough energy from that, and 

the ground lichen is not a restricting winter-time food source anymore. Therefore, the herders can 

increase their herd size although the reindeer eat and trample the ground lichen pastures during 

summer. However, this result concerning the system without pasture rotation is counter intuitive 

because arboreal lichen is traditionally considered only as an emergency back-up feed. In reality, it 

seems that the herders do not optimize their reindeer number this way: the reindeer number is quite 

fixed with natural variation due to varying winter conditions and the survivability and physical 

conditions caused by it. If the reindeer number stays fixed but the rotation period is lengthened, then 

the level of lichen biomass would improve in the system without pasture rotation too. 

 

Occasionally, the reduction of reindeer numbers has been suggested as the way to secure lichen 

pastures. However, my solutions show that the longer forest rotation lengths combined with pasture 

rotation allow larger number of reindeer and annual net revenues without significantly affecting the 

lichen biomass. This highlights the importance of pasture rotation in reindeer husbandry. This result 

supports the conclusion presented in Kumpula et al. (2020) about the need to implement pasture 

rotation to secure a win-win situation for herders and nature conservationists. None of the solutions 

presented in this thesis implicate that the optimal level of lichen biomass would grow, if herders can 

optimize their annual net revenues. On the other hand, all the optimal steady state lichen biomasses 

remain higher than the current average lichen biomass levels in Finnish reindeer herding districts 

(Kumpula et al., 2019). That difference implicates that the current real lichen biomass level may be 

caused by previous cumulative changes not modelled in this study, such as a decrease of total pasture 

area caused by growing area of other land use methods. As areas are removed from pasture use, the 

population density of reindeer increases in other pasture areas leading to greater consumption and 

wastage of ground lichen in them, eventually causing the lichen biomass to decrease. Therefore, 

maybe some restrictions on reindeer numbers are needed, if the level of lichen biomass is opted to 

increase from its current state in the short-term, but also a change to less intensive forestry or restoring 

pasture areas may lead to an increase in the lichen biomass.  



38 

 

 

The results of this thesis indicate a relatively small effect of soil scarification and harvest residues on 

reindeer husbandry. However, the model may underestimate the disturbance of soil scarification and 

harvesting residues on ground lichen since there is a lack of scientific estimations of the ecological 

effects. In addition, reindeer are found to avoid areas with disturbed soil and harvesting residues 

(Helle, 1990; Huusko, 2008; Kivinen et al., 2010). When reindeer avoid some areas, their function as 

a pasture is lost even though they would carry ground lichen biomass. This behavioural aspect may 

increase the negative effects of harvesting residues and soil scarification on the annual revenues of 

reindeer husbandry. Therefore, the results concerning the effect of soil scarification and harvesting 

residues could be made more accurate when more ecological and behavioural aspects are included in 

the model. 

 

The forest rotation length also affects the level of supplementary feeding. When pasture rotation is 

implemented, with short forest rotation lengths, the herders rely more easily on supplementary 

feeding than with longer rotation lengths. Without pasture rotation, the readiness to give 

supplementary feeding is the opposite: the longer the forest rotation length is, at the higher price of 

supplementary feed it is optimal to start giving it. This is a result of the counter-intuitive model logic, 

where it is optimal to deprive the ground lichen biomass and feed the growing herd of reindeer with 

abundant arboreal lichen and supplementary feed as the forest rotation period lengthens and pasture 

rotation is not implemented. The presence of harvesting residues and soil scarification rise the break-

even price of supplementary feeding thus implementing that regular harvests and soil scarification 

will nudge the herders to use more supplementary feeding and therefore the costs of supplementary 

feeding will increase. 

 

The length of the rotation period and the management level also affect the effect of interest rate on 

the optimal level of supplementary feeding. The supplementary feeding becomes a part of the optimal 

solution at the moderate interest rate of 3%, when forest rotation length is 100 years and soil 

scarification and harvesting residues are imposed. With an interest of 4% or higher, the level of lichen 

biomass deteriorates, and the herders rely nearly purely on supplementary feeding over the winter. 

With lower intensity forest management (i.e., no soil disturbances and rotation length of 300 years) 

the supplementary feeding becomes optimal at the level of 5% interest rate. Even then, the ground 

and arboreal lichen are the main source of food for reindeer. Long forest rotation lengths and minute 

management practices can therefore buffer the effects of changing interest rates on the level of 

supplementary feeding and ground lichen biomass.  
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The overall results of this thesis show that longer forest rotation lengths are beneficial for reindeer 

husbandry. The better suitability of long rotations for reindeer husbandry suggests that continuous 

cover forestry might offer a more suitable alternative than rotation forestry. In earlier studies 

concerning the coexistence of reindeer husbandry and forestry, continuous cover forestry has also 

been introduced as a solution (Kivinen et al., 2010). As Tahvonen and Rämö (2016) and Parkatti and 

Tahvonen (2021) suggest that longer forest rotation lengths and continuous cover forestry are optimal 

also for forestry in northern Lapland, mutually beneficial forest management practices seem possible.  

However, the model used in this thesis holds an assumption of dichotomous forest structure and single 

clear-cut action. To have a more realistic model, a more detailed description of the changes in forest 

characteristics important for lichen ecology and forest management practices should be added. 

Jonsson Ĉabrajić (2010) estimated the lichen growth to be at its best when the forest canopy cover is 

40% which correlates with a basal area of 15 m2. Currently, there seem to be no studies linking the 

forest development and associated development of canopy cover in pine forest of Northernmost 

Lapland. The canopy cover can be thought to first increase but then decrease as the forest matures 

and grows old. This view can be seen behind the dichotomy structure (Kumpula et al., 2014) presented 

in the current model. However, the certain canopy cover can be reached with a variety of different 

stand structures and basal areas: a dense seedling stand has a large canopy cover even when the basal 

area is low while sparse large trees can create a relatively small canopy cover with a large basal area.  

 

The continuous cover forestry also brings regular harvests to forests. If the harvests are to be 

implemented in the model, the canopy cover development will likely have a greater role in the 

development of the growth potential of lichen as the forest structure is altered periodically to ensure 

the best growth potential for trees. Regular harvests also cause regular harvesting residues and 

disturbances to forests. The results of this thesis show quite a low disturbance of harvesting residues 

on the economics of reindeer husbandry. However, more research on the ecological effects of 

harvesting residues on ground lichen should be conducted and then implemented to the ecological-

economic model to be able to model more precise effects of harvesting residues and soil scarification, 

especially when they are imposed regularly. 

 

Left out of this thesis are the positive effects of forest management on reindeer husbandry. Managing 

dense seedling stands opens the area for reindeer movement as well as for the work of the herders. 

While new forest roads permanently remove forest ground areas suitable for lichens, they also ease 

up the movement of reindeer herders to the forest. However, like the behavioural effects of forestry 
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on reindeer, these positive effects of forestry are currently lacking quantitative results. Therefore, 

modelling them in this economic-ecological optimization model is complicated, and thus out of the 

scope of this master’s thesis. 

 

5 Conclusion 
 

In this thesis, the effects of forest management practices on the economics of reindeer husbandry 

were studied using a state-of-the-art interdisciplinary economic-ecological optimization model. The 

results indicate that short forest rotation lengths and disturbance practices drive reindeer husbandry 

towards supplementary feeding and low ground lichen biomasses. Long forest rotation lengths buffer 

the effects of soil scarification, harvesting residues, and interest rate on the economics of reindeer 

husbandry, if pasture rotation is implied. Long forest rotation lengths and old growth forests also 

lower the need for supplementary feeding in case of high interest rates and management disturbances 

when compared to more intensive forest management. When pasture rotation is not implemented, the 

abundant arboreal lichen reserves of old-growth forests seem to nudge the feeding to rely mainly on 

them, other cratered food resources, and supplementary feeding while letting the ground lichen 

biomass decrease.  

 

When designing the expansion of forestry to the economic-economical model by Pekkarinen et al. 

(2015), the lack of suitable ecological studies was encountered numerous times. The effects of forest 

management practices on ground lichen are studied quite a lot. However, the results are in forms 

which are difficult to transfer into this ecological-economic model. To create an ecologically realistic 

bio-economic analysis, the most profound and exact ecological models should be used. If the results 

of ecological studies are formatted unsuitable, then the bioeconomic models are forced to use simple 

ecological assumptions. To avoid these unrealistic simplifications, an interdisciplinary mindset, 

approach, and co-design should already be used from the early phases of research design. The studies 

should be designed so that they can be used in interdisciplinary research. Especially with as 

multidimensional subjects as reindeer husbandry, interdisciplinary studies are needed. 

 

This thesis was done with the best available knowledge, and it provided clear indications of the effects 

of forest management on reindeer husbandry. However, in order to break the conflict between 

reindeer husbandry and forestry, more information is needed on the interaction of these two land use 

methods. To be able to make the description of the forests more complex, more up-to-date studies on 
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the development of forest characteristics and forest management practices, and their effects on both 

arboreal and ground lichen should be conducted. In addition to local ecological effects accounted for 

in this thesis, the cumulative effects of the landscape level changes should be studied and integrated 

into the economic-ecological optimization model. The role of arboreal lichen as a feed in the model 

by Pekkarinen et al. (2015) should be inspected carefully, as now it had, counter-intuitively, a 

significant role in solutions without pasture rotation and with long forest rotation lengths. Also, the 

behavioural changes of reindeers and the changes in the effectiveness of reindeer herding practices 

due to forestry should be quantified to implement them in the model.  

 

As the reindeer husbandry act is binding the Finnish government and the rights of indigenous people 

are currently a point of discussion, the debate between forestry and reindeer husbandry should be 

solved urgently. The results of this thesis state that shortening the forest rotation periods, conducting 

soil scarification, and leaving of harvesting residues impair the economics of reindeer husbandry. 

However, the results also show, that without pasture rotation, the lengthened forest rotation and the 

increased reindeer number will lead to decreased ground lichen biomass. Therefore, there is a need 

for policy measures which encourage both forestry and reindeer herders to manage natural resources 

sustainably and secure the premises for reindeer husbandry. 
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Appendix 1: Dynamic model codes 
 

The dynamic model expanded from Pekkarinen et al. (2015). The original code is included as a 

supplementary material in the original publications (Tahvonen et al., 2014; Pekkarinen et al., 2015) 

and is also freely available in the Economic-Ecological-Optimization research group’s site 

(https://www2.helsinki.fi/en/researchgroups/economic-ecological-optimization-group/codes). The 

expansions done in this thesis are indicated with bolded text. The code is also available from the 

author of this thesis in txt-files.   

 

#AMPL dat file for optimal harvesting of an age-structured, two sex herbivore-

plant system under rotation forestry, soil scarification, and harvesting 

residues. 

#Dynamic model. 

#For Knitro 12.3 

 

param maxt:= 100;  #time horizon 

param r:=0.05;  #interest rate 

param p:=10;  #producer price of meat 

param fn:=12;  #number of female age classes 

param mn:=8;  #number of male age classes 

param K:=1000000;     #scaling parameter      

param A:=1000;  #the area of winter lichen pastures 

param gamma:=0.48;  #the fraction of carcass weight on autumn 

weight 

param u:=0.48;  #the fraction of female calves 

param alpha:=1;  #concavity parameter in the objective function 

(1=optimize, 0.8=optimize subject to stable 

revenues)    

param sigmam:=1.1;   #parameter in the male mortality function  

param CL:=1.14;  #unit cost per ha  

param Cx:=39.54;  #unit cost per adult animal 

param Cs:=16.7;  #unit cost per harvested animal 

param U:=0.00;   #monetary parameter to make the calculation 

easier. However, U not zero effects the results 

of transitional phase  

param z0:=800;  #initial lichen biomass 

param CV:=0.5;  #price of supplementary food 

param supplementaryfeeding:=1; #dummy for allowing the use of supplementary 

feeding (1=feeding is allowed, 0=feeding is not 

allowed) 

param ö:=2.5;  #scaling parameter for revenues(ö=1 if no 

pasture rotation, ö=2.5 when pasture rotation 

is used) 

param Dres:=0;  #dummy for harvesting residuals (1=residuals 

are left, 0=residuals are collected away) 

param resArea:=0.7;  #share of total area covered with residues 

param Dscar:=0;  #dummy for soil scarification(1=soil 

scarification happens, 0=it do not happen) 

param RP:=100;  #forest rotation length 

param wfs:= 

       0 46 

       1 63 

       2 70 

       3 76 

https://www2.helsinki.fi/en/researchgroups/economic-ecological-optimization-group/codes
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       4 78 

       5 80 

       6 82 

       7 82 

       8 82 

       9 82 

       10 80 

       11 80 

       12 80;  #female autumn weights 

param wms:= 

       0 50 

       1 74 

       2 91 

       3 108 

       4 115 

       5 120 

       6 122 

       7 122 

       8 120;  #male autumn weights 

param f:=                       

      0 0 

      1 0 

      2 0.6 

      3 0.85 

      4 0.9 

      5 0.92 

      6 0.92 

      7 0.92 

      8 0.93 

      9 0.93 

      10 0.85 

      11 0.75 

      12 0.6;  #baseline number of calves per female 

param fm:=                       

      0 0 

      1 1 

      2 7  

      3 15  

      4 20  

      5 22 

      6 20 

      7 18 

      8 15;  #the harem size in different age classes        

param xf0:=  

 1   35.3105 

 2   35.297 

 3   35.2847 

 4   35.272  

 5   35.2578 

 6   35.2431 

 7   35.2286 

 8   35.2152 

 9   35.203 

10    0.00100079 

11    0.000468487 

12    0.000217124;  #initial number of females 

param xm0:=  

1    4.41133 

2    4.40959 

3    4.40784 
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4    4.40614 

5    4.40438 

6    1.96386e-05 

7    7.85864e-06 

8    3.45813e-06;  #initial number of males 

param pxf0:= 

 1   35.3105 

 2   35.297 

 3   35.2847 

 4   35.272  

 5   35.2578 

 6   35.2431 

 7   35.2286 

 8   35.2152 

 9   35.203 

10    0.00100079 

11    0.000468487 

12    0.000217124; #initial number of females at the end of period t-1 

param pxm0:= 

1    4.41133 

2    4.40959 

3    4.40784 

4    4.40614 

5    4.40438 

6    1.96386e-05 

7    7.85864e-06 

8    3.45813e-06; #initial number of males at the end of period t-1 

param wc:= 

      1 4.7 

      2 4.7 

      3 5 

      4 5.4 

      5 6 

      6 6.2 

      7 6.2 

      8 6.2 

      9 6.2 

     10 6 

     11 5.8 

     12 5.6;   #baseline weight of calves 

param TOSF:= 50;  #length of open and seedling stand phase  

param qMF:=5;  #mean availability of arboreal lichen in mature 

forest, kg/ha 

param qOF:=7;  #mean availability of arboreal lichen in the 

beginning of old-growth forest, kg/ha 

param dwi:=181;  #number of the winter days when reindeer are in 

lichen pastures  

param dsp:=31;  #number of the spring days when reindeer are in 

lichen pastures (0=with pasture rotation, 

31=without pasture rotation)  

param dsu:=92;  #number of the summer days when reindeer are in 

lichen pastures (0=with pasture rotation, 

92=without pasture rotation)  

param dau:=61;  #number of the autumn days when reindeer are in 

lichen pastures (0=with pasture rotation, 

61=without pasture rotation)  

param wwi:=1.5;  #total consumption of lichen in winter relative 

to that consumed for energy 

param wsp:=5.25;  #total consumption of lichen in spring relative  

to that consumed for energy 
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param wsu:=9.5;  #total consumption of lichen in summer relative 

to that consumed for energy 

param wau:=5.25;  #total consumption of lichen in autumn relative 

to that consumed for energy 

param tausp:=0.8;  #the use of lichen for energy in spring 

relative to the use in winter with same biomass 

param tausu:=0.3;  #the use of lichen for energy in summer 

relative to the use in winter with same biomass 

param tauau:=0.6;  #the use of lichen for energy in autumn 

relative to the use in winter with same biomass 

 

 

 

 

#AMPL mod file for optimal harvesting of an age-structured, two sex herbivore-

plant system under rotation forestry, soil scarification, and harvesting 

residues. 

#Dynamic model. 

#For Knitro 12.3 

 

#PARAMETERS 

param maxt > 0;          #time horizon 

param r;                 #interest rate 

param p;                 #producer price of meat 

param fn;                #number of female age classes 

param mn;                #number of male age classes 

param wfs{s in 0..fn};   #female autumn weights 

param wms{s in 0..mn};   #male autumn weights 

param K;                 #scaling parameter 

param gamma;                 #the fraction of carcass weight on autumn 

weight 

param xf0 {s in 1..fn};  #initial number of females                  

param xm0 {s in 1..mn};  #initial number of males          

param pxf0 {s in 1..fn}; #initial number of females at the end of period 

t-1                                

param pxm0 {s in 1..mn}; #initial number of males at the end of period 

t-1 

param z0;                #initial lichen biomass 

param f{s in 0..fn};     #baseline number of calves per female 

param wc{s in 0..fn};  #baseline weight of calves 

param u;                 #the fraction of female calves 

param alpha;  #concavity parameter in the objective function 

(1=optimize, 0.8=optimize subject to stable 

revenues)   

param sigmam;        #parameter in the male mortality function 

param fm{s in 0..mn};    #the harem size in different age classes 

param U;  #auxliary parameter in the objective function 

for producing initial trial solutions 

param CL;   #unit cost per ha 

param Cx;   #unit cost per adult animal 

param Cs;   #unit cost per harvested animal 

param CV;   #price of supplementary food 

param EDf {s in 0..fn}:=0.683*(wfs[s]^0.75); #daily energy requirement 

for females from spring 

to autumn 

param EDm {s in 0..mn}:=0.683*(wms[s]^0.75);   #daily energy requirement 

for males from spring to 

autumn   

param IV:=0.57;  #energy intake rate for supplementary food 

param supplementaryfeeding; #dummy for allowing the use of supplementary 
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feeding (0=feeding is allowed, 0=feeding is not 

allowed) 

param ö;  #scaling parameter for revenues(ö=1 if no 

pasture rotation, ö=2.5 when pasture rotation 

is used) 

param Dres;  #dummy for harvesting residuals (1=residuals 

are left, 0=residuals are collected away) 

param resArea;  #share of total area covered with residues 

param Dscar;  #dummy for soil scarification (1=soil 

scarification happens, 0=it do not happen) 

param A;   #the area of winter lichen pastures 

param YCL:=CL*ö*(A+3350)/K; #land management costs 

   

 # PARAMETERS FOR THE PASTURE ROTATION TYPES # 

param dwi; #number of the winter days when reindeer are in lichen 

pastures   

param dsp; #number of the spring days when reindeer are in lichen 

pastures (0=with pasture rotation, 31=without pasture 

rotation) 

param dsu; #number of the summer days when reindeer are in lichen 

pastures (0=with pasture rotation, 92=without pasture 

rotation)  

param dau; #number of the autumn days when reindeer are in lichen 

pastures (0=with pasture rotation, 61=without pasture 

rotation)  

param wwi; #total consumption of lichen in winter relative to that 

consumed for energy 

param wsp; #total consumption of lichen in spring relative to that 

consumed for energy 

param wsu; #total consumption of lichen in summer relative to that 

consumed for energy 

param wau; #total consumption of lichen in autumn relative to that 

consumed for energy 

param tausp; #the use of lichen for energy in spring relative to the 

use in winter with same biomass 

param tausu; #the use of lichen for energy in summer relative to the 

use in winter with same biomass 

param tauau; #the use of lichen for energy in autumn relative to the 

use in winter with same biomass 

 

 # PARAMETERS FOR FOREST ROTATION LENGTH AND DEVELOPMENT PHASES #  

param RP;  #forest rotation length 

param TOSF; #length of open and seedling stand phase 

param TYF:= if RP>=50 && RP<=89 then RP-TOSF else if RP>89 then 40;  

#length of young forest growth phase 

param TMF:= if RP>=90 && RP<=110 then RP-TOSF-TYF else if RP>110 then 20;  

#length of mature forest phase 

param TOF:= if RP>110 then RP-TMF-TOSF-TYF;    

  #length of old-growth, harvesting ready forest phase 

 

 # PARAMETERS FOR LICHEN AND ARBOREAL LICHEN # 

param ka:=(0.6*(TOSF+TYF)+TMF+TOF)/(RP);  #median growth rate of lichen 

param AQ:= if TMF>0 then (TMF+TOF)/(RP)*1000; #the land area (ha) of 

arboreal lichen pastures  

param qMF;  #availability (kg/ha) of arboreal lichens in mature forest 

param qOF; #availability (kg/ha) of arboreal lichens in old-growth 

forest 

param y:= if TOF<=40 then TOF else 40; #value for arithmetic sum 

param g:= if TOF>40 then TOF-40;  #value for arithmetic sum 

param q:=if TMF>0 then (qMF*TMF+qOF*TOF+(y/2*(2*0.2+(y-1)*0.2))+8*g)/(TMF+TOF); 
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#mean availability (kg/ha) of arboreal lichens in the normal forest 

param IQpure:=q*0.03*10.8/17.6; # Intake rate of pure arboreal 

lichen diet in winter period wII 

 

  # VARIABLES # 

#Harvested females  

 var hf {s in 0..fn, t in 0..maxt}>=0; 

 

#Harvested males 

 var hm {s in 0..mn, t in 0..maxt}>=0; 

 

#Number of females per age class 

 var xf {s in 0..fn, t in -1..maxt}>= 0; 

 

#Number of males per age class 

 var xm {s in 0..mn, t in -1..maxt}>=0; 

 

#Total number of females 

 var Xf {t in 0..maxt}=sum{s in 1..fn}xf[s,t]; 

 

#Total number of males 

 var Xm {t in 0..maxt}=sum{s in 1..mn}xm[s,t]; 

 

#Total number of individuals 

 var X {t in 0..maxt}=sum{s in 1..fn}xf[s,t]+sum{s in 1..mn}xm[s,t]; 

 

#Lichen biomass ha^-1 

 var z {t in 0..maxt}>=0; 

 

#Length of the winter period b, eq.(1) see also var SQ[t], restriction28 and 

restriction29 

 var db{t in 0..maxt}>=0; 

 

#Supplementary feeding per day in winter period a (kg/day) 

 var va {t in 0..maxt}>=0;  

 

#Supplementary feeding per day in winter period b (kg/day) 

 var vb {t in 0..maxt}>=0; 

 

# ENERGY INTAKE IN LATE WINTER WITH ARBOREAL LICHENS (b), energy intake model # 

#Intake rate of pure cratered food diet in winter period b 

 var IZpureb {t in 0..maxt}=(0.055+0.00005*z[t])*2.4/3; 

 

#The share of foraging time of natural food used for cratered food in winter 

period b 

 var TZb{t in 0..maxt}=((IZpureb[t])^5)/(((IZpureb[t])^5)+

 ((IQpure)^5)); 

 

#Intake rate of natural food in winter period wII 

 var IZQb {t in 0..maxt}=TZb[t]*IZpureb[t]*(TZb[t])^-0.2+ 

 (1-TZb[t])*IQpure*(1-TZb[t])^-0.2; 

 

#The maximum share of foraging time used for supplementary food in winter period 

wII 

 var TVbmax{t in 0..maxt}=0.3*(0.2+0.9/(1+exp((IZQb[t]-0.1)/0.05))); 

 

#The share of foraging time used for supplementary food in winter period wII 

 var TVb{t in 0..maxt}=0.1*vb[t]*17.6/  

 (sum{s in 1..fn}xf[s,t]*EDf[s]+sum{s in 1..mn}xm[s,t]*EDm[s]); 
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#Total average intake rate in winter period wII 

 var Ib{t in 0..maxt}=IZQb[t]*(1-TVb[t])+IV*TVb[t]; 

 

#Total daily foraging time in winter period b 

 var Fb {t in 0..maxt}=1.8508+8.1492/ 

((1+exp((Ib[t]-0.0953)/0.0013))^0.0066); 

 

#Total energy intake relative to energy requirement in winter period wII 

 var ETb{t in 0..maxt}=Ib[t]*Fb[t]; 

 

#Energy intake from lichen relative to energy requirement in winter period wII 

var ELb {t in 0..maxt}=(0.3621*(1-exp(-0.0048985*z[t]))+

 0.5603*(1-exp(-0.0015299*z[t]))) *Fb[t]*IZpureb[t]*(TZb[t]^-0.2)*(1-

TVb[t])*TZb[t]; 

 

 # LENGTHS OF WINTER PERIODS # 

#Suffisiency of arboreal lichens (for days per winter) 

 var SQ {t in 0..maxt}=AQ/(X[t]*0.03*Fb[t]); 

 

#Number of winter days without arboreal lichens, eq(2) 

 var da {t in 0..maxt}=181-db[t]; 

 

 # ENERGY INTAKE IN EARLY WINTER(wI), energy intake model # 

#Intake rate of cratered food in winter period wI 

 var IZa {t in 0..maxt}=(0.055+0.00005*z[t])*

 ((3.3*121+2.4*(60-db[t]))/(121+(60-db[t])))/3; 

 

#The maximum share of foraging time used for supplementary food in winter period 

wI 

 var TVamax{t in 0..maxt}=0.3*(0.2+0.9/(1+exp((IZa[t]-0.1)/0.05))); 

 

#The share of foraging time used for supplementary food in winter period wI 

 var TVa{t in 0..maxt}=0.1*va[t]*17.6/  

 (sum{s in 1..fn}xf[s,t]*EDf[s]+sum{s in 1..mn}xm[s,t]*EDm[s]); 

 

#Total average intake rate in winter period a 

 var Ia{t in 0..maxt}=IZa[t]*(1-TVa[t])+IV*TVa[t]; 

 

#Total daily eating time in winter period a 

 var Fa {t in 0..maxt}=1.8508+8.1492/  

 ((1+exp((Ia[t]-0.0953)/0.0013))^0.0066); 

 

#Total energy intake relative to energy requirement in winter period a 

 var ETa{t in 0..maxt}=Ia[t]*Fa[t]; 

 

#Energy intake from lichen relative to energy requirement in winter period wI 

 var ELa {t in 0..maxt}=(0.3621*(1-exp(-0.0048985*z[t]))+

 0.5603*(1-exp(-0.0015299*z[t])))*Fa[t]*IZa[t]*(1-TVa[t]); 

  

# AVERAGE ENERGY INTAKE IN WINTER AND THE ITS CONSEQUENCES, population model # 

#Average total energy intake in winter 

 var ET {t in 0..maxt}=(da[t]*ETa[t]+db[t]*ETb[t])/181; 

 

#Average energy intake from lichen in winter 

 var ELwi {t in 0..maxt}=(da[t]*ELa[t]+db[t]*ELb[t])/181; 

 

#The overwinter weight decrease, eq.(5) 

 var wd{t in 0..maxt}=0.5*exp(-exp((ET[t]-0.72)/0.22)); 

 

#mortality adult females, eq.(T6) 
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 var mf{t in 0..maxt}=(1+exp(((0.36-wd[t])/0.011)))^-0.25; 

 

#mortality, males, first winter females, eq.(T6) 

 var mm{t in 0..maxt}=(1+exp(((0.36-sigmam*wd[t])/0.011)))^-0.25;  

 

#The decrease in the number of calves, eq.(T5) 

 var fwd{t in 0..maxt}=1.2272-1.2272*  

 (1+exp((0.2715-wd[t])/0.0239))^-0.1488; 

 

#The dependence of calf weight on female weight decrease, see eq.(T8) 

 var wcwd{t in 0..maxt}=1.0275*(1+exp((wd[t]-0.3146)/0.0876))^-1;  

 

#The harmonic mean mating variable, see restriction8, restriction9 and 

restriction10 

 var beta{t in -1..maxt}>=0; 

 

#Auxliary variable for eq.(T1) 

 var fwdbeta{t in 0..maxt}=beta[t-1]*fwd[t]; 

 

#Number of calves born, eq.(T1) 

var X0 {t in 0..maxt}=sum{s in 2..fn} f[s]*(1-

mf[t])*xf[s,t]*fwdbeta[t]; 

 

#The weight of female calves, eq.(T8) 

 var wcf{s in 1..fn, t in 0..maxt}=wc[s]*wcwd[t]; 

 

#The weight of male calves, eq.(T8) 

 var wcm{s in 1..fn, t in 0..maxt}=1.08*wc[s]*wcwd[t]; 

 

#Average weight of female calves 

var w0f{t in 0..maxt}=(sum{s in 2..fn} f[s]*(1-

mf[t])*xf[s,t]*fwdbeta[t]*wcf[s,t])/(X0[t]); 

 

#Average weight of male calves 

var w0m{t in 0..maxt}=(sum{s in 2..fn} f[s]*(1-

mf[t])*xf[s,t]*fwdbeta[t]*wcm[s,t])/(X0[t]); 

 

# REVENUES AND COSTS, economic model # 

#Annual meat gross revenues, eq.(36) 

 var R {t in 0..maxt}=(gamma*8*p*w0f[t]*hf[0,t]+

 gamma*8*p*w0m[t]*hm[0,t]+gamma*(p*sum{s in 1..fn}wfs[s]*hf[s,t]+

 p*sum{s in 1..mn}wms[s]*hm[s,t]))/K; 

 

#Annual harvesting cost 

 var YCs {t in 0..maxt}=Cs*((sum{s in 0..fn}hf[s,t])+ 

 (sum{s in 0..mn}hm[s,t]))/K; 

 

#Annual management cost 

 var YCx {t in 0..maxt}=Cx*X[t]/K; 

 

#Annual feeding cost 

 var YCVa {t in 0..maxt}=CV*va[t]*da[t]/K; 

 var YCVb {t in 0..maxt}=CV*vb[t]*db[t]/K; 

 var YCV {t in 0..maxt}=YCVa[t]+YCVb[t]; 

 

#Annual total costs, eq.(37) 

 var YC {t in 0..maxt}=YCs[t]+YCx[t]+YCL+YCV[t]; 

 

#Annual net revenues (scaled) 

 var Y {t in 0..maxt}=R[t]-YC[t]; 
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#Annual net revenues in euros per A 

 var Y2 {t in 0..maxt}=Y[t]*K; 

 

 # PASTURE ROTATION, lichen model# 

 # LICHEN CONSUMPTION IN WINTER # 

#Lichen consumption per female per winter day 

 var lfwi{s in 1..fn, t in 0..maxt}=wwi*EDf[s-1]*ELwi[t]/10.8; 

 

#Lichen consumption per male per winter day 

 var lmwi{s in 1..mn, t in 0..maxt}=wwi*EDm[s-1]*ELwi[t]/10.8; 

 

#Total lichen consumption per winter per hectare, eq.(31) 

 var lwi{t in 0..maxt}=dwi*(sum{s in 1..fn}lfwi[s,t]*xf[s,t]+ 

 sum{s in 1..mn}lmwi[s,t]*xm[s,t])/A; 

 

 # LICHEN CONSUMPTION IN SPRING # 

#Lichen biomass in the beging of the spring period, eq.(19) 

 var zsp {t in 0..maxt}=z[t]-lwi[t]; 

 

#Energy intake from lichen in spring relative to energy requirement, eq.(28) 

 var ELsp {t in 0..maxt}=tausp*(1.3242-4.0292/ 

 (1+exp(-1*(zsp[t]+1000)/-495.3806))^0.522); 

 

#Lichen consumption per female per spring day, eq.(24) 

 var lfsp{s in 1..fn, t in 0..maxt}=wsp*EDf[s]*ELsp[t]/10.8; 

 

#Lichen consumption per male per spring day, eq.(24) 

 var lmsp{s in 1..mn, t in 0..maxt}=wsp*EDm[s]*ELsp[t]/10.8; 

 

#Total lichen consumption per spring per hectare, eq.(32) 

 var lsp{t in 0..maxt}=dsp*(lfsp[1,t]*(1-mm[t])*xf[1,t]+

 sum{s in 2..fn}lfsp[s,t]*(1-mf[t])*xf[s,t]+  

 sum{s in 1..mn}lmsp[s,t]*(1-mm[t])*xm[s,t])/A; 

 

 # LICHEN CONSUMPTION IN SUMMER # 

#Lichen biomass in the beging of the summer period, eq.(20) 

 var zsu {t in 0..maxt}=zsp[t]-lsp[t]-Dres*(0.5*resArea/RP)*zsp[t]-

 Dscar*((1-0.625)*zsp[t])/RP; 

 

#Energy intake from lichen in summer relative to energy requirement, eq.(28) 

 var ELsu {t in 0..maxt}=tausu*(1.3242-4.0292/ 

 (1+exp(-1*(zsu[t]+1000)/-495.3806))^0.522); 

 

#Lichen consumption per female per summer day, eq.(24) 

 var lfsu{s in 1..fn, t in 0..maxt}=wsu*EDf[s]*ELsu[t]/10.8; 

 

#Lichen consumption per male per summer day, eq.(24) 

 var lmsu{s in 1..mn, t in 0..maxt}=wsu*EDm[s]*ELsu[t]/10.8; 

 

#Total lichen consumption per summer per hectare, eq.(33) 

 var lsu{t in 0..maxt}=dsu*(lfsu[1,t]*(1-mm[t])*xf[1,t]+

 sum{s in 2..fn}lfsu[s,t]*(1-mf[t])*xf[s,t]+  

 sum{s in 1..mn}lmsu[s,t]*(1-mm[t])*xm[s,t])/A; 

 

 # GROWTH OF LICHEN IN SUMMER # 

#Lichen growth, eq.(23) 

 var G {t in 0..maxt}=ka*zsu[t]*(-0.7008+(1+zsu[t]/100.5832)^-0.0853);  

 

 #LICHEN CONSUMPTION IN AUTUMN # 
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#Lichen biomass in the beging of the autumn period, eq.(21) 

 var zau {t in 0..maxt}=zsu[t]-lsu[t]+G[t]; 

 

#Energy intake from lichen in autumn relative to energy requirement, eq.(28) 

 var ELau {t in 0..maxt}=tauau*(1.3242-4.0292/ 

 (1+exp(-1*(zau[t]+1000)/-495.3806))^0.522); 

 

#Lichen consumption per female per autumn day, eq.(24) 

 var lfau{s in 0..fn, t in 0..maxt}=wau*EDf[s]*ELau[t]/10.8; 

 

#Lichen consumption per male per autumn day, eq.(24) 

 var lmau{s in 0..mn, t in 0..maxt}=wau*EDm[s]*ELau[t]/10.8; 

 

#Total lichen consumption per autumn per hectare, eq.(34) 

 var lau{t in 0..maxt}=dau*(lfau[0,t]*X0[t]*u*0.98+

 lmau[0,t]*X0[t]*(1-u)*0.98+lfau[1,t]*(1-mm[t])*xf[1,t]+

 sum{s in 2..fn}lfau[s,t]*(1-mf[t])*xf[s,t]+  

 sum{s in 1..mn}lmau[s,t]*(1-mm[t])*xm[s,t])/A; 

 

# VARIABLES FOR DISPLAYING THE RESULTS # 

var LichenBiomass {t in 0..maxt}=z[t]; 

var NumberOfReindeer {t in 0..maxt}=X[t]; 

var SlaugtheredReindeer {t in 0..maxt}=sum{s in 0..fn}hf[s,t]+sum{s in 

0..mn}hm[s,t]; 

var SlaugtheredCalves {t in 0..maxt}=hf[0,t]+hm[0,t]; 

var NetRevenues {t in 0..maxt}=Y2[t]; 

var CalvesPer100Females {t in 0..maxt}=100*X0[t]/Xf[t]; 

var AverageBirthWeight {t in 0..maxt}=(xf[0,t]*w0f[t]+xm[0,t]*w0m[t])/X0[t]; 

var SupplemFoodPerReindeer {t in 0..maxt}=(vb[t]*db[t]+va[t]*da[t])/X[t]; 

 

# RESTRICTIONS # 

 

# Objective funtion, eq.(35) 

maximize objective:¨ 

sum{t in 0..maxt} ((1/(1+r))^t*(Y[t]+U)^alpha); #use U=6 to obtain an 

initial trial solution 

if: 0<alpha<1. 

 

# RESTRICTIONS FOR THE POPULATION MODEL 

subject to restriction1 {t in 0..maxt}: 

      xf[0,t]=X0[t]*u; 

 

subject to restriction2 {t in 0..maxt-1}: #eq.(3) 

      xf[1,t+1]=0.98*X0[t]*u-hf[0,t];         

 

subject to restriction3 {t in 0..maxt-1}: #eq.(4) 

      xf[2,t+1]=(1-mm[t])*xf[1,t]-hf[1,t];   

 

subject to restriction4 {s in 2..fn-1, t in 0..maxt-1}: #eq.(4) 

      xf[s+1,t+1]=(1-mf[t])*xf[s,t]-hf[s,t];                                       

     

subject to restriction5 {t in 0..maxt}:      

      xm[0,t]=X0[t]*(1-u); 

 

subject to restriction6 {t in 0..maxt-1}: #eq.(3) 

      xm[1,t+1]=0.98*X0[t]*(1-u)-hm[0,t]; 

 

subject to restriction7 {s in 1..mn-1, t in 0..maxt-1}: #eq.(4)      

      xm[s+1,t+1]=(1-mm[t])*xm[s,t]-hm[s,t];            

 



59 

 

 

subject to restriction8:        

        beta[-1]<=(2*sum{s in 1..mn}pxm0[s]*fm[s])/  

 ((sum{s in 1..mn}pxm0[s]*fm[s])+   

 (sum{s in 2..fn}pxf0[s])); 

 

subject to restriction9 {t in 0..maxt}:         

         beta[t]<=(2*sum{s in 1..mn}(1-mm[t])*xm[s,t]*fm[s])/ 

 ((sum{s in 1..mn}(1-mm[t])*xm[s,t]*fm[s])+  

 (sum{s in 2..fn}(1-mf[t])*xf[s,t])); 

 

subject to restriction10 {t in -1..maxt}: 

        beta[t]<=1; 

 

subject to restriction11 {t in 0..maxt}:   

      0.98*X0[t]*u-hf[0,t]>=0; 

 

subject to restriction12 {t in 0..maxt}:  

      (1-mm[t])*xf[1,t]-hf[1,t]>=0; 

 

subject to restriction13 {s in 2..fn, t in 0..maxt}:   

      (1-mf[t])*xf[s,t]-hf[s,t]>=0;    

 

subject to restriction14 {t in 0..maxt}:  

      0.98*X0[t]*(1-u)-hm[0,t]>=0;  

 

subject to restriction15 {s in 1..mn, t in 0..maxt}:   

      (1-mm[t])*xm[s,t]-hm[s,t]>=0; 

 

 

# RESTRICTIONS FOR LICHEN MODEL 

subject to restriction16 {t in 0..maxt-1}: # eq.(22) 

           z[t+1]=zau[t]-lau[t]; 

 

 

# INITIAL LEVEL FOR STATE VARIABLES 

subject to restriction17 {s in 1..fn}: #eq.(43) 

      xf[s,-1] = pxf0[s]; 

 

subject to restriction18{ s in 1..mn}:  #eq.(43) 

      xm[s,-1] = pxm0[s]; 

 

subject to restriction19 {s in 1..fn}:  #eq.(42) 

      xf[s,0] = xf0[s]*0.5; 

 

subject to restriction20{ s in 1..mn}:  #eq.(42) 

      xm[s,0] = xm0[s]*0.5;   

 

subject to restriction21: #eq.(44) 

      z[0]=z0;  

 

# AUXLIARY RESTRICTIONS FOR CONTROLLING THE INITIAL TRIAL SOLUTIONS 

subject to restriction22 {t in 0..maxt}: 

      z[t]>=200; #200 

 

subject to restriction23 {t in 0..maxt}: 

      z[t]<=6000; #6000 

 

subject to restriction24 {s in 1..fn, t in 0..maxt}: 

      xf[s,t]<=80; #500 
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subject to restriction25 {s in 1..mn, t in 0..maxt}: 

      xm[s,t]<=80; 

 

subject to restriction26 {s in 1..fn, t in 0..maxt}: 

      hf[s,t]<=80; 

 

subject to restriction27 {s in 1..mn, t in 0..maxt}: 

     hm[s,t]<=80; 

 

subject to restriction27b {t in 0..maxt}: 

     Y[t]>=0; 

 

# LENGTH OF WINTER PERIOD b 

subject to restriction28 {t in 0..maxt}: 

      db[t]<=60; 

      

subject to restriction29 {t in 0..maxt}: 

      db[t]<=SQ[t]; 

 

# RESTRICTIONS FOR THE SHARE OF FORAGING TIME USED FOR SUPPLEMENTARY 

FEED  

subject to restriction30 {t in 0..maxt}: 

 TVa[t]<=TVamax[t]*supplementaryfeeding; 

 

subject to restriction31 {t in 0..maxt}: 

 TVb[t]<=TVbmax[t]*supplementaryfeeding; 
 

 

 

#AMPL run file for optimal harvesting of an age-structured, two sex herbivore-

plant system under rotation forestry, soil scarification, and harvesting 

residues. 

#Dynamic model. 

#For Knitro 12.3 

 

 

option display_width 2; 

option knitro_options "maxit=6000 opttol=1.0e-6 xtol=1.0e-20 ms_enable=1 

ms_maxsolves=4"; 

solve; 

option display_width 1000; 

 

display maxt,K,r,supplementaryfeeding,z0,alpha,LichenBiomass,

 NumberOfReindeer,NetRevenues,SupplemFoodPerReindeer; 

 


