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1 Introduction 

1.1 EFFORTE project objectives 

EFFORTE is a research and innovation project providing the European forestry sector with new knowledge 

and knowhow that will significantly improve the possibilities of forest enterprises to assemble and adopt 

novel technologies and procedures.  

The project aims at enhancing the efficiency of silviculture and harvesting operations; increasing wood 

mobilization and annual forest growth; increasing forest operations’ output while minimizing 

environmental impacts; and reducing fuel consumption in the forest harvesting process by at least 15%.  

 

The project is based on three key elements of technology and knowhow:  

 Basic understanding of fundamentals of soil mechanics and terrain trafficability is a crucial starting 

point to avoid soil disturbances, accelerate machine mobility and assess persistence of soil 

compaction and rutting. The key findings and recommendations of trafficability related to EFFORTE 

can immediately be adapted in all European countries.  

 Due to decreasing Cost-competitiveness of manual work and maturity of technology it is now 

perfect time to realize the potential of mechanization in silvicultural operations. EFFORTE pursues 

for higher productivity and efficiency in silvicultural operations such as tree planting and young 

stand cleaning operations.  

 ‘Big Data’ (geospatial as well as data from forestry processes and common information e.g. weather 

data) provides a huge opportunity to increase the efficiency of forest operations. In addition it adds 

new possibilities to connect knowledge of basic conditions (e.g. trafficabillity), efficient silviculture 

and harvesting actions with demand and expectations from forest industries and the society. 

Accurate spatial information makes it possible for forestry to move from classic stand-wise 

management to precision forestry, i.e. micro stand level, grid cell level or tree-by-tree 

management. EFFORTE aims at achieving substantial influence to the implementation and 

improved use of Big Data within Forestry and through this increase Cost-efficiency and boost new 

business opportunities to small and medium size enterprises (SME) in the bioeconomy.  

 

EFFORTE researchers will develop and pilot precision forestry applications that, according to the industrial 

project partners, show the greatest potential for getting implemented immediately after the project.  

 

1.2 WP1 “Methodologies to predict trafficability of forest soils” objectives 

Forest work is heavily disturbed by high seasonal variation. Machine utilization is especially low during 

periods of snow melting and when wet conditions almost completely make logging and road transport 

impossible. Superimposed are impacts of climate change that most likely will add to the complexity and 

increase the seasonal variation and increase the risks of damages to soil and water. In this context 

EFFORTE’s WP1 aims to establish a basis and to develop methodologies to predict trafficability of given 

forest stands or permanent extraction trails prior to forest operations in the most common sensitive 

situations. In this purpose, the soil compaction risk of forest operations is evaluated by considering soil type 

and conditions, machinery properties, forest stand and climate.  
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WP1 includes following objectives: 

 O1.1 Develop models that predicts bearing capacity of forest soils prior to forest operation 

 O1.2 Develop models to predict soil deformation in operational forest contexts 

 O1.3 Provide forest practitioners with sustainable recommendations on terrain trafficability and 

propose knowledge-based preventive measures for efficient risk mitigation while planning forest 

operations 

 

1.3 Deliverable D1.3: Recommendations on terrain trafficability and knowledge-based 

preventing measures for efficient risk mitigation while planning forest operations 

This report focuses on lessons learnt from research voiced out in a comprehensive and simple manner for 

physical risk mitigation on forest soils during logging operations. The results of the previous tasks of 

Efforte’s WP1 are synthetized and converted into recommendations. The main target groups are 

practitioners, particularly forest managers and logging companies to help them improving forest planning, 

e.g. seasonal timing of harvesting sites, and supervision of logging operations. This will have positive 

outcomes on the profitability of logging operations and their perception among the society. 

Other stakeholders are also interested in these results: forest machine manufacturers seeking to build less 

impacting machines, public authorities which may support the acquisition of certain types of equipment, 

stakeholders in forest certification schemes which may adopt some of the results. 

The recommendations presented in this report complement those already existing on national territories. 

Efforte’s results may also provide evidence to illustrate recommendations, thus facilitating their 

implementation by the practitioners. 

This report includes two main sections: 

1. Joint recommendations for all participant countries, i.e. Finland, France, Sweden and United 

Kingdom based on deepening soil knowledge functioning, machine characteristics and interaction 

machine-soil 

2. Country-specific recommendations 

Efforte’s recommendations are based on scientific results described in:  

 D1.1. – Database and models regarding soil type specific bearing capacity and hydraulic transfer 

properties 

 D1.2. – Database and models for soil type specific trafficability models based on soil moisture 

content, appropriate pressure metrics and long term evolution along usual forest management 

 

 
 
 

  



 

 

 

 

5 

 

2 Joint recommendations 

 

The prerequisite is to raise awareness of the practitioners that timber resource has to be considered as a 

combination of tree and soil resource. Thus, some soil characteristics functioning have to be known as well 

as the main machine characteristics. 

Experience also shows that it is important to support users during the appropriation phase. A simple 

transfer of knowledge is not always sufficient because the subject, soil-machine interactions, is complex 

and requires a lot of knowledge that practitioners are not familiar with using in their daily work, e.g. 

mechanical characteristics of the soil. 

 

2.1 Soil compaction and rutting 

In-forest vehicle traffic unavoidably exerts vertical and horizontal stress components as well as shear forces 

to the soil. When the loading induced by the vehicle exceeds the bearing capacity of the soil, the soil begins 

to compact and deform. Exceeding the bearing capacity of soil leads to rutting and deformation, where soil 

particles are displaced in both vertical and horizontal directions. Usually soil deformation occurring during 

timber harvesting includes both elements of compaction and rutting. The bottom of ruts are most probably 

compacted and displacement of soil particles in the lateral direction creates bulges at the edges of the ruts  

Both rutting and compaction are harmful to future forest growth. The main outcome is soil compaction, 

which is defined as a decrease in porosity, i.e. reduced pore volume and pore continuity. It affects mainly 

the macropores, responsible for water infiltration and soil aeration.  

The negative impacts of soil compaction are: 

- Lower water infiltration and thus, lower hydraulic conductivity, which contributes to increased 

waterlogging on flat terrain and longer periods of high water content (figure 1), 

- Reduced aeration leading to increased bulk density (figure 2) and thus, lower gas exchanges, very 

damaging to root and microorganism activity; the soil is therefore more dense, i.e. compact, and 

the penetration resistance increases as a result. 

Rutting, instead, provides sinks for small puddles that may completely prevent the activity of roots and 

aerobic micro-organism. 

  

Figure 1. Increased waterlogging where the machines have circulated (picture on the right) and water 
stagnation in the ruts (picture on the left) due to reduced water infiltration capacities. 
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Figure 2. Increased bulk density after 4 runs of an 18-tonne tracked harvester on a fresh silty soil: +25% for 
depth 0-5 cm and +16% for depth 10-15 cm, despite very low visual impact (mean rut depth = 2.54 cm). 
Wheeling test performed in France within Efforte. 

2.2 How long does it take for compacted soil to regenerate naturally? 

Time needed for a compacted forest soil to regenerate towards undisturbed levels varies from several 

years to several decades. It depends on the combination of: 

- soil type: fine textured soils are more prone to structural changes following wetting/drying cycles. 

Yet, even for these soils, regeneration may take at least 10 to 20 years. Rich soils are more prone to 

structural changes thanks to high biological activity, especially earthworms activity; 

- initial impact: the more intense the impact of heavy traffic the longer the time required to 

regenerate soil structure; 

- depth of compacted layer: the deeper the soil layers are compacted, the longer is the delay to 

restore initial soil properties; if the soil is damaged bellow 25cm, it could be considered as 

definitely compacted (at least for several decades or centuries);  

- climate: since physical processes are linked to climate, a higher frequency of drying and wetting 

periods and/or a higher frequency of freezing will help soil structure regeneration; 

- studied soil properties: for example, bulk density may evolve faster than macroporosity depending 

on the action of soil biodiversity and soil constituents. 

Soil damages after heavy forest traffic last, in general, more than 10 years, especially for soil functions 

related to tree growth and health (water and gas transfer, bulk density…). However, in Efforte, we have 

observed on silty soil in France, that trafficability can improve after compaction in 10 years for soils with pH 

in water above 4.5 and if the extraction tracks are only slightly impacted (rut depth 5 cm). Therefore, we 

recommend to have the least impacts when driving on permanent extraction tracks. 

It is also important to mention that subsoil compaction (depth > 25 cm) is of high importance as it has 

negative impacts on the root development, the saturated hydraulic conductivity and the water storage 

capacity of subsoil. Moreover, subsoil compaction has been reported to be persistent by many authors. 

For more information and scientific references, see Deliverable 1.2 Database and models for soil type 

specific trafficability models based on soil moisture content, appropriate pressure metrics and long term 

evolution along usual forest management. 
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2.3 What are the key elements of soil strength? 

Strength of inorganic soil is most conveniently expressed with Penetration Resistance (PR). PR efficiently 

describes bearing capacity of clayey, silty and moraine soils but cannot be utilized as a predictor of bearing 

capacity of sandy soils. 

The soil strength (PR) is controlled by moisture content (VWC), bulk density and clay content. As an 

example, one of the models created in EFFORTE (for Finnish soils) is depicted in figure 3. 

 

Figure 3. The mean penetration resistance (PR) of the soil (measured with penetrologger Eijkelkamp, i.e. a 
constant velocity cone penetration test) for the first 20 below the ground level as a function of volumetric 
water content (VWC) and clay content. (Bulk density constant 0.9 gcm-3). Extract from deliverable D1.1. 

 
From bearing capacity point of view, it is very important to detect on which type of soil forest operations 

are carried out. Very sandy and/or very stony soils have high bearing capacity also in wet conditions. 

Bearing capacity of fine-grained soils (clay content higher than 10 % and proportion of fine particles (<0.06 

mm) higher than 30%) is highly dependent on the degree of wetness in the soil. Many soils can be 

categorized into mid-grained soils (clay content 5-10%; content of fine particles less than 30%) that are to 

some extent affected by soil wetness. 

Volumetric water content (VWC) of roughly 40 percent seems to be some kind of breakeven point in 

assessing bearing capacity of the soil. The exact number is of course dependent on soil type, on the 

machine specification (total mass and ground pressure) and number of passes.  Moisture contents greater 

that 40% (VWC) are typically present during winter, early spring and in summer after heavy rains seasons.  

In summer time, drying of wet soils after heavy rain typically takes 2-3 days. 

In addition to wetness, soil bearing capacity is affected by the thickness of the organic layer and content 

of the organic matter in the inorganic layer. Rutting and displacement of organic top soils during forest 

operations is not crucial since the organic soil recovers faster than the changes in inorganic soil. 

For more information and scientific references, see D1.1. – Database and models regarding soil type specific 

bearing capacity and hydraulic transfer properties 
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2.4 What are the key features of the logging machines to consider when trying to reduce soil 

impacts? 

The stress induced by a ground-based vehicle on the soil depends on its mass and on how it is applied to 

the ground. For haulage machine such as forwarder, the fully loaded vehicle mass has to be taken into 

account. The mass of forwarders in Europe, fully loaded, ranges between 5 and 40 tonnes, the most 

common are in the range 25 to 35 tonnes. 

Key features for the interaction vehicle–soil are: 

- the wheel load (in kg or tonnes per wheel) is the determining factor for which stresses reach deep 

soil layers. It has to be as low as possible and they are 3 means to reduce it: (i) reduce vehicle mass 

(but this is not the actual trend observed over the last 50 years), (ii) increase the number of wheels 

(almost all the forwarders are nowadays 8-wheel machines, 6-wheel skidders are developing) and 

(iii) balance weight distribution between the front and rear wheels. 

Schønning (2012) suggested the 50-50 rule for farmers: "At water contents around field capacity, 

traffic on agricultural soil should not exert vertical stresses in excess of 50 kPa at depths >50 cm." If 

we agree on this rule for forest soils, wheel loads should not exceed ca. 3 to 3.5 tonnes. This has to 

be confirmed by further investigations as there are many roots, stones and deep humus layer in 

forest soils, and thus the wheel load limit could be higher. For information, loaded 14 tonnes 

capacity forwarders have a wheel load on the rear wheels about 5 tonnes/wheel, as it is about 3 to 

3.5 tonnes per wheel for a 10 tonne capacity forwarder.  

 

- the nominal ground pressure (or ground contact pressure) of the machines (kg.cm-2) is the wheel 

load (kg / wheel) divided by the contact area, which is an important factor in rut formation. The size 

and the shape of the contact area depends on tire deflection, linked with tire width, wheel 

diameter, tire inflation pressure, wheel load and soil plasticity. 

The larger the tire (width and diameter), the lower is the ground contact pressure. However, the 

development of larger tire will be limited due to traffic regulations which limits the width of 

vehicles. Current inflation pressure in forestry are high to preserve the tires (over 4 bars) and allow 

a high-speed movement of the machines.  Since the very low pressure (less than 1 bar) that would 

be necessary to significantly reduce the ground contact pressure is not possible in a foreseeable 

future, the main driver is the limitation of the wheel load. 

 

Flotation tracks mounted on wheeled machines or tracked vehicle allow to enlarge the contact area and 

have a positive impact in reducing the ground contact pressure. Measurements of pressure under wheeled 

machines with tracks highlight that those tracks are more interesting to enlarge the width of the tyres than 

to increase the length of contact area between bogie tyres on fine-grained soils. 

Likewise, a slash mat protects the soil by distributing the load of the machine over a greater area, when 

such slash is available (systematic in most softwood logging operations but dependant on the type of 

intervention in hardwood forests). 

 

For more information and scientific references, see Deliverable 1.2 Database and models for soil type 

specific trafficability models based on soil moisture content, appropriate pressure metrics and long term 

evolution along usual forest management. 
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2.5 What other factors are involved in rutting with typical 8-wheeled forest machine? 

In EFFORTE project we have created simple empirical models that has been validated in Finland, Scotland 

and France for 8-wheel forwarders having typical tyre sizes, tyre pressures and loads.  

 

Rut depths can be predicted with moisture content and the cumulative mass driven over measurement 

point.  

 

Ruth depths (figure 4) can be expressed as:  

 for fine grained soils: RutDepth= -35.3 + 3.86*ln(CM)+ 0.0000917*VWC3 – 5.76*BD+ 1.11* Ht 

 for coarse-grained soils: RutDepth= e0.028 + 0.0000084*CM + 0.079*VWC  

Where, CM= cumulative mass driven over measurement point (kg), VWC=Volumetric water content (%), 

BD= Soil bulk density (gcm-3), Ht= Thickness of the humus layer (cm) and rut depth in cm. 

 

 

Figure 4. Models predicting rutting. BD= 1.0 g cm-3, humuslayer 5 cm. For a typical 8 wheeled forwarder, 
30t (tonnes) represents the mass of the loaded machine, thus 1 pass. Cumulative mass of 60t corresponds 
to 2 passes, 90t to 3 and 120t to 4. 

 

Extract from deliverable D1.2 

For more information and scientific references, see Deliverable 1.2 Database and models for soil type 

specific trafficability models based on soil moisture content, appropriate pressure metrics and long term 

evolution along usual forest management. 
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2.6 Efforte’s joint recommendations 

 

Efforte’s recommendations for terrain trafficability can be summarized in the following 6 

recommendations: 

 Recommendation n°1: transfer knowledge and support practitioners for the 

implementation of the recommendations 

 

 Recommendation n°2: determine the type of soil of the different logging sites and their 

potential trafficability (see table 1 and table 2). If needed, soil samples should be taken to 

determine the grain size distribution. 

 

 Recommendation n°3: plan and control the traffic of the ground-based machines to limit 

the surface exposed to traffic-exerted stress. Adapt also the circulation plan, so as to reduce 

the cumulative mass driven over each extraction tracks while avoiding traffic outside of them, i.e. 

for forest managers reduce the length of the trails and for logging companies, optimize the loading 

of different products to limit traffic.  

 

The next step is then, to take care of the trails on which machine will circulate. 

 Recommendation n°4: evaluate wetness and/or soil strength of the soil before the 

logging operations starts (see table 1 and table 2). 

 

 Recommendation n°5: care about impacts when driving on permanent extraction tracks. 

The smaller the disturbance, the better the soil drainage restoration will be. 

 

 Recommendation n°6: prefer vehicle with the lowest wheel loads and the lowest ground 

contact pressures. Meanwhile, manufacturers should be encouraged to work on both key 

features. 
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Table 1. EFFORTE’s trafficability classifications according to soil type and wetness: very soft (0-1), soft  (2), 
moderate strong (3) and strong (4). The classification is better suited for boreal forests. There is a specific 
table for France (see table 2, section 4). 

Soil type/Wetness Very dry Dry Average Rather 
wet 

Almost 
saturated 

Fully 
saturated 

VWC, % (organic soils 
in parenthesis) 

 
<20 (65) 

 
25 (70) 

 
30 (75) 

 
40 (80) 

 
45 (85) 

 
50 (90) 

Organic soil 
 
 

2 1 1 0 0 0 

Fine grained mineral 
soil with thick 
organic layer 

4 3 2 1 1 1 

Fine grained mineral 
soil with thin organic 
layer 

4 3 3 2 1 0 

Sandy soil 
 
 

4 4 3 3 1 0 

Mid-grained soil (* 4 4 3 2 2 1 
 

Coarse grained/ 
moraine soil 
 

4 4 4 4  
N/A 

 
N/A 

(*Moraine soil that has greater amount of fine particles than typical coarse grained (sandy silt/silty sand) 
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3 Recommendations for Finland 

Finnish forests are dominated by coniferous forests, Scots pine and Norway spruce being the most common 

tree species. Pines are typically growing on less fertile sandy and coarse-grained moraine soils and on hill 

tops while Spruce is typically growing on more fertile, on slopes and on low lands. Deciduous forests, 

mostly birches, indicate that soil has even higher fertility than spruce forests and higher probability for clay.  

Roughly 30 percent of forests in Finland are growing on peatlands (i.e. peat layer is greater than 30 cm). 

These forests have very poor bearing capacity all over the year. Peatlands do not properly freeze during the 

winter but thick snow cover and freezing of the trafficked rut increases bearing capacity of the soils 

significantly. High respiration and low precipitation during late summer lowers the ground water table level 

in peatlands. Drying of peat increases the strength of the soil. Unfortunately, these favourable conditions 

last only from two weeks to two months and may even be absent during rainy summers. 

Inorganic soils possess organic layer, generally called humus layer, on top of the inorganic soil, varying 

typically from 2-20 cm, the mean being roughly 5 cm.  Thickness of the humus layer is correlated with 

fertility of the soils and also with mean grain size. Roughly 20 percent of inorganic soils can be graded as 

clayey or silty soils, the reminders being mostly mid-grained or coarse-grained moraine soil. The fine-

grained soils are strongly concentrated on coastal regions in South, South-West and West.  Topography of 

Finland is dominated by undulating hilly terrain with valley to top height differences of 100 m or less. In 

coastal areas landscapes are made up mostly of plains below 20 m. 

Winters in Finland are rather harsh meaning that forest operations in forests growing on inorganic soils 

enjoy the luxury of frozen soil and snow cover. The days of frozen soil varies from two months in south 

coastal regions to six months in Lapland. Unfortunately, global warming tends to shorten these periods in 

the future.  In summer time, from June to August, soils are typically rather dry. During spring, from April to 

May, and in Autumn, from September to November, soils are typically very wet. However, in there are huge 

annual and regional differences in soil wetness.  

Finnish forests are rather thoroughly monitored with remote sensing technologies enabling good 

possibilities to construct accurate predictions of wetness and trafficability. The general recommendations 

given presented in earlier chapter are valid in Finland. However, undulating hilly terrain and high variation 

of rainy precipitation, makes Finland ideal for benefitting off wetness maps based on topography and 

weather. In the future, more focus should be directed at good predictions of soil properties which enable 

improved assessment of trafficability at the moment of forest operations. 
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4 Recommendations for France 

 

French forests are predominantly composed of deciduous trees (two thirds of forest) although coniferous 

trees can also be found in mountainous areas and poor soils. The resource of oak and beech of high quality 

is located in the plains of the north-east and in the centre of France. Those forests grow, mostly on silty soil 

and as the climate is wet and mild (oceanic climate in the western part and continental in the eastern), soil 

disturbances have to be limited to preserve soil fertility.  

Compared to boreal forests, temperate broadleaves forest has almost no organic topsoil cover. Moreover, 

almost all forests seem to have rather high clay or silt contents. It means that soils strength is very low 

when soil water content is high. In the wettest conditions, forest trafficking should be avoided and during 

moderately wet conditions forest operations should be carried out with extra care. Due to rather small 

variation in soil types in temperate forests, the French PROSOL’s trafficability classification can be utilised 

(see table 2) instead of the general classification for trafficability (table 1). 

 
Table 2. French PROSOL’s trafficability classifications according to soil type and wetness: green = trafficable, 
yellow = soft soil, precautions required for vehicle traffic, orange = very sensitive soil to compaction, no 
ground based traffic possible 

Texture Moisture between 0 and 50cm depth 

Dry soil Fresh soil Humid soil Water table  

Stony soils (> 50%)     

Very sandy soil 
(sand > 70%) 

    

Clay dominant     

Silt dominant and 
silty sand 

    

 
 

The fact that soils are never frozen makes soil wetness and soil strength predictions highly relevant in 

French conditions. Within Efforte, we tested the relevance of combining easy to handle and quick 

evaluation methods for practitioners: 

 The screwdriver penetration tests according to Agroscope’s protocol:  the operator evaluates the 

force (3 levels) necessary to push a screwdriver n°4 (width 4 mm), length 10 cm entirely in the 

topsoil. 

 The tactile moisture estimation of the upper soil according to the French handbook for soil 

protection PROSOL. The soil is classified into dry, fresh or humid soil. 

 

Best predictions can achieved when soil is classified with both aforementioned methods (see table 3). 
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Table 3. Combination screwdriver penetration score (column), soil moisture score (rows) and trafficability 
on fine grained soils for conventional wheeled logging machines: green = trafficable, orange = trafficable 
under certain conditions, red not trafficable 

 Screwdriver penetration score of the topsoil (0-10 cm) 

Score 1:  
soft soil 

Score 2: 
intermediate 

Score 3:  
hard soil 

 Moisture score 
of the topsoil (0-
20 cm) 

1.5: dry    

3.5: fresh    

5.5: wet    

(should not be 
possible) 

 

The screwdriver penetration test and the soil moisture estimation are both easy to implement for a 

practitioner. As a combined method, their application improves the relevance of the diagnosis of the load-

bearing capacity of the soil, and thus the diagnosis of the instant trafficability in fine grained soils. For sites, 

where there is high probability for a water table to be present below 50 cm, additional investigation has to 

be made, as described in Prosol (drilling a hole with an auger to check the water table depth, no traffic for 

water table depth at < 50 cm). This diagnosis method can now be implemented on several logging sites to 

be validated content-wise and regarding its practical implementation. For more information, see 

Deliverable D4.1 Report on validation of methods for predicting soil strength and bearing capacity. 

The national handbook PROSOL (Pischedda & al, “Pour une exploitation respectueuse des sols et de la 

forêt”, 2009) and practical recommendations included in PRATICSOLS (Pischedda, Helou & al, “Guide sur la 

praticabilité des parcelles forestières”, 2017) were published to help forest managers to preserve their soil 

from mechanical disturbances. All Efforte’s recommendations (n°1 to n°5) related to forest management 

have been listed in PROSOL and PRATICSOLS. Since then, the establishment of a permanent corridor 

network in order to preserve soil from compaction has become common in French public forests. Forest 

machineries (harvesters, skidders and forwarders) must drive on these permanent extraction trails. 

However, in many private forests, there is still room to adopt the EFFORTE and PROSOL’s recommendations 

to improve soil preservation by planning the circulation of the vehicles. A major element of improvement is 

the optimization of traffic plans in order to reduce the cumulative mass driven over a permanent extraction 

trail which is directly linked to rutting in wet soils.  

The challenge for forest managers is to maintain the long term trafficability of the permanent extraction 

trails. Indeed, the time span between forest operations is more frequent than in boreal forests. Typically, 

forests are thinned every 6-12 years. This calls for good planning of forest operations, since soils along the 

logging trails do not have much time to recover from the last operation. 

On permanent extraction trails, soil bulk density is higher than on the rest of the stand because frequent 

traffic occurs. Higher bulk density values have two effects. First, it makes the soil stronger compared to low 

bulk density soils when the soil is dry. Second, increase in bulk density decreases water permeability. It 

means that water flows very slowly through the soil downwards. It also slows down the drying of the soil 

after rainfall. Within EFFORTE, an empirical model has been developed which predicts the number of days 
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to wait before it becomes trafficable. This model is based on saturated soil characteristics for silty soils, on 

standard climatic variables (i.e. rainfall and evapotranspiration of reference) and a critical moisture content 

defined as the threshold value of the soil water content. This model will help make simulations which will 

lead to further recommendations for drying periods (For more information, see D1.1. – Database and 

models regarding soil type specific bearing capacity and hydraulic transfer properties). Testing and adapting 

the model to other type of soils has to be carried out in future studies. 

Regarding vehicle characteristics for classical forwarders, no significant difference has been noticed 

between 10 tonnes and 14 tonnes load capacity forwarders regarding rutting. The latter is nowadays the 

standard machine in France. However, one major lesson of EFFORTE, is that high wheel load has a higher 

impact on subsoil compaction and thus a 10 tonnes forwarder with a wheel load about 3 to 3,5 tonnes per 

wheel has a lower impact on the subsoil than a 14 tonnes forwarder with 5 tonnes per wheel. Further 

investigations should also be conducted to evaluate impact of skidders on the soil, as they have high wheel 

loads on the rear wheels.  
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5 Recommendations for Scotland 

Scotland is ideal for tree growth, thanks to its mild winters, plentiful rainfall, fertile soil and hill-sheltered 

topography. The forest area is dominated by planted non-native conifers such as Sitka spruce, Lodgpole 

pine, Norway spruce and Douglass fir. Due to extensive forestation activities forests growing stock has 

tripled during the last hundred years. Two thirds of forests are owned by private sector and one third is 

state owned. 

Winters are rather mild. Snow cover may stay from couple of weeks to two months in mountainous regions 

but due to relatively mild temperatures, forest soil does not freeze properly. It means that forest soils are 

literately saturated during winter time. Small snow cover and low temperatures to some extend prevent 

soil damages when forest soil is trafficked 1-2 times. Heavy traffic on fine grained soils inevitably leads to 

serious rutting and soil compaction during winter time since soil is very wet. Soil is usually more saturated 

on lowlands than hillsides. 

During summer time, from April to early October forest soil may stay dry and these dry seasons are the 

most beneficial for tree logging operations. Heavy rains wet soils and typically it takes 2-3 days after soil 

moisture come back to the same level as it was before the rain. 

Pine forest has typically less trafficability problems since they typically grow on less fertile moraine and 

sandy soils. The share of pine forest in Scotland is less than 20 percent and they are most common in East 

and North part of Scotland. Pine forest can usually be harvested all year around. If possible, tree logging 

operations during the wettest seasons in winter time should be directed at pine forests. 

Spruce forests are typically situated on fertile hillsides. Hillsides and top of the hills have typically better 

bearing capacity than neighboring lowlands since the mean grain size of the mineral soil is usually bigger 

and thickness of the organic layer above the mineral layer is usually thinner. In the wettest lowlands the 

risk of peat formation is also evident.  This is dependent of market demands and may not be possible due 

to the growing timber sector in Scotland. 

Planted forests have typically been ploughed or mechanically mounded which means that the proportion of 

organic content in the mineral soil layer is relatively high and bulk density is relatively low. 

Our test in Aberdeenshire show high correlation between bulk density of soil (the first 10 cm down from 

the top of the mineral soil) and thickness of the humus layer. It means that sample with low bulk density (= 

and high organic content) are taken from a spot where the mechanical plough has touched the ground and 

vice versa; samples with high bulk density can be found from those spots where plough has not touched 

the ground. 

According to our tests, trafficability of soils in Scotland can be estimated with the general classification and 

rutting can be predicted with the models presented in Chapter 2. The behavior of the model for four 

different circumstances is illustrated in figure 5. 
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Figure 5. Rut depth estimates for four different circumstances of fine-grained spruce forests after 
cumulative mass of 120 tons trafficked with a 8-wheeled fully loaded forwarder (equivalent to 4 fully 
loaded passes). The options are: 1) Thickness of humus layer is 5 cm and soil is not ploughed (= mineral soil 
level has low organic content/ high bulk density); 2) Thickness of humus layer is 5 cm and soil is ploughed (= 
mineral soil level has high organic content/ low bulk density). 3) Thickness of humus layer is 10 cm and soil 
is not ploughed (= mineral soil level has low organic content/ high bulk density); 4) Thickness of humus 
layer is 10 cm and soil is ploughed (= mineral soil level has high organic content/ low bulk density). 
 
 
Wetness of the soil at general level can be estimated with the help of figure 6. Rains will instantly increase 

the wetness of the soil significantly and it typically takes 2-3 days after the soil returns back to the level 

prevailing prior to rain. 

 

Figure 6. Rough estimate of soil wetness level based on the experiences with Finnish and German data. 
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After a three-year study, Scotland partners have found that trafficability of soils in Scotland can be 

estimated within a general classification and rutting can be predicted using models built in this process. 

The volumetric water content (VWC) of the soil is the factor which most influences the trafficability of any 

soil. Scotland has high rainfall which is not uniform across the country adding diversification in how forest 

harvesting is managed. Knowing physical attributes of VWC allows for better planning through 

understanding of each location. 

Better use of new technologies and data collection is a priority. The project has demonstrated innovative 

tools to predict forwarder routes which will allow the most efficient timber extraction while causing the 

least ground damage. We need greater data accuracy in mapping systems from satellite and LiDar, as 

shown from Sweden and Finland, in order to make use of these tools and achieve more proactive 

management. 
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6 Recommendations for Sweden 

Swedish forests are very similar to Finnish forests, see chapter 3. The forests are dominated by coniferous 

forests, Scots pine and Norway spruce being the most common tree species. Approximately 15 % of the 

standing tree volume is broad-leaved trees, mostly birches. About half of Sweden consists of productive 

forest land. The forest landscape shows great variation in topography, soil type, soil moisture and climate. 

Because of the topography and high level of humidity there are lots of lakes, wetlands and streams crossing 

the landscapes which makes the forestry a bit of a challenge. Active forestry and the ever-increasing need 

for raw material from the forest mean challenges to minimize the impact on nature, land and water. Off-

road driving in wet areas and near water is identified as the single greatest risk from an environmental and 

nature conservation perspective. Soil and clay form sludge and sediment in streams, which can cause 

extensive damage to plant and animal life and, in the long run, deteriorate water quality. Mercury and 

other heavy metals and nutrients are bound to soil and humus, which means that driving damage in and 

near water caused by forestry contributes to the spread of mercury and other environmental toxins in 

nature and to eutrophication of lakes and the sea. Poor bearing capacity in operation also leads to higher 

costs due to lower production and higher fuel consumption as well as goodwill losses of landowners and 

the general public. 

Recommendations, adopted methods and new technique. 

An increased focus on land and water considerations has contributed to the development of adopted 

methods for forestry (logging and off-road transport). The methods differ based on the conditions in the 

field but have the foundation in common, which can be summarized in the following points: 

• Avoid driving near lakes, streams and wetlands. Leave buffer zones along water, preferably tree-bearing 

riparian forests 

• Plan and create a road system on fore hand for harvesting which as far as possible avoids driving on land 

with poorer load bearing capacity 

• Use slash and harvest residues to strengthen the strip roads, especially if large volumes are to pass 

• For compulsory crossings over wet ground and over watercourses - build bridge or rolling bridge 

It is also important to disseminate knowledge about the consequences of damage to soil and water as well 

as good and gentle methods in everyone, from landowners to harvesting teams, industry and the general 

public. 

Planning is the key to success. By utilizing laser scanning and creating models of terrain and soil moisture, 

efficient planning of forest activities is possible. Through good planning both before the action and during 

the work, you can create good road systems where sensitive areas are avoided, find smart roads so that 

transport distances are minimized and plan and build crossings on time. Good evidence also provides the 

opportunity to make cost calculations and analyses of different solutions and budget for bridges and 

crossings. 
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Figure 7. Depth to Water maps and Digital elevation models from LIDAR facilitates the planning of a cutting 

operation. Blue lines: main extraction roads, red lines: borders to harvesting site, yellow line: truckroad. 

Technical tools are required. In the long term, technological developments will contribute to machines with 

low ground pressure, bridge structures and various soil protections. However, good planning and smart 

designs that emerge in the daily work in the forest are the best option right now and these are spread 

through meetings, courses and excursions inside and outside the forest industry.  

 

7 Conclusions 

 
The common recommendations on terrain trafficability and knowledge-based preventing measures for 

efficient risk mitigation while planning forest operations, can also be applied to many other European 

countries with similar soil conditions and using the same operating logging systems. They will help 

improving soil preservation and so maintaining productivity of healthy forests, essential for European’s 

bioeconomy. ‘Managing natural resources sustainably is more important than ever in the current context of 

increasing environmental pressures and biodiversity loss’ (EU’s Updated Bioeconomy Strategy, 2018). 

 

Efforte’s investigations were conducted with exclusive focus on physical soil property changes. However, it 

is also important to take into account the chemical aspects regarding nutrient loss as utilization of full trees 

(stems including branches and tree tops) for bioenergy purposes increases. An integrative European 

approach of both physical and nutrient protection for joint recommendations would help to reduce the 

risks of nutrient depletion and of physical/mechanical disturbances caused by harvesting operations. 

 


