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INVITED REVIEW

Forest management and root systems in changing climatic conditions
Leena Finér a, Mizue Ohashi b, Yasuhiro Hirano c and Tapani Repo a

aNatural Resources Institute Finland, Joensuu, Finland; bSchool of Human Science and Environment, University of Hyogo, Himeji, Japan; 
cGraduate School of Environmental Studies, Nagoya University, Nagoya, Japan

ABSTRACT
Climate change increases air and soil temperatures and the frequency of extreme weather events 
such as high temperatures, droughts, and flooding. These changes negatively impact forest ecosys-
tems and the provision of ecosystem services such as timber supply and carbon sequestration. Fine 
roots and associated mycorrhizae play an essential role in the functioning of forest ecosystems 
because they absorb water and nutrients from the soil and owing to their short lifespan, significant 
amounts of carbon and nutrients are transferred through them into the soil. Here, we reviewed the 
existing literature on the responses of tree fine roots and root systems to increasing soil temperature 
and changes in soil water availability and waterlogging. We also discussed how the negative 
responses of fine roots to environmental changes can be mitigated in forest management operations 
by selecting tree species and provenances, growing mixed tree species stands, carrying out contin-
uous-cover forestry, and avoiding rutting and soil compaction when using forest vehicles. Our main 
focus is on the root systems of boreal and temperate forests. Knowledge of root responses to 
changing environmental conditions and different management practices, which could be used to 
mitigate negative effects, is still very limited and requires more research and development before 
they can be introduced in practice.
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Introduction

Forest ecosystems provide many important services, includ-
ing carbon (C) sequestration and the supply of timber and 
fuelwood. Forests contribute significantly to global C (Pan 
et al. 2011) and hydrological cycles (Creed and van 
Noordwijk 2018). Forests fix C from the atmosphere and 
store significant amounts of C in biomass and soil. The roots 
and crowns of trees and understory vegetation capture large 
amounts of water that is released by evapotranspiration from 
the canopies. Globally, ~30% of all forests are managed 
primarily for the production of wood and non-wood forest 
products (FAO 2020). In Europe, the share is 53%, and in 
Asia, large forest areas are also designated for soil and water 
protection, and in America, for multiple uses (FAO 2020). In 
forests managed primarily for wood production, cuttings, 
regeneration, drainage, and fertilization operations are reg-
ularly performed to improve forest growth and yield. The 
functioning of root systems is significantly affected by forest 
management operations and changes in environmental fac-
tors such as soil temperature, moisture, and aeration. The 
challenges caused by climate change can be considered in 
forest management operations to mitigate negative effects.

This article aimed to review the existing literature on the 
responses of fine roots and root systems to changing environ-
mental conditions to form a knowledge basis for the manage-
ment of forests to maintain or improve the functioning of roots 
and whole trees in future climates. Roots play an essential role in 
the functioning of forest ecosystems and the global C cycle 
(McCormack et al. 2015; Adamczyk et al. 2019). Root systems 
consist of stumps, coarse roots, transport fine roots, and absorp-
tive fine roots, including mycorrhizae (McCormack et al. 2015). 

Stumps, coarse roots, and transport fine roots are needed to 
stabilize trees with soil reinforcement (Schwarz et al. 2010) and 
to conduct water, nutrients, and photosynthates between the 
above- and below-ground parts of trees. Absorptive fine roots, 
which are composed of lower-order roots defined as first- 
or second-order roots in the branch-order-based classification 
and are located in the most distal parts of the root system, are 
responsible for water and nutrient uptake from the soil 
(McCormack et al. 2015). Due to the short lifespan of fine 
roots, particularly absorptive fine roots, significant amounts of 
C and nutrients are transferred to the soil. Globally, the produc-
tion and turnover of fine roots, including both absorptive and 
transport fine roots, represent 22% of terrestrial net primary 
production (McCormack et al. 2015). Lower-order absorptive 
roots are generally more sensitive to stress than higher-order 
roots, that is, transport fine roots (Doi et al. 2020; Repo et al.  
2020). Absorptive fine-root function is linked to various mea-
surable root traits (e.g. Freschet et al. 2021, 2021; Wang et al.  
2021). For example, root diameter and specific root length are 
closely related to root lifespan and respiration, which contribute 
significantly to C cycle in forests (Weemstra et al. 2020). Fine- 
root biomass, production, and mortality are traits that can be 
used to evaluate forest responses to climate change.

Water uptake by forest vegetation reduces soil moisture, 
groundwater recharge, and runoff to watercourses in most 
forested regions (Creed and van Noordwijk 2018). The func-
tioning of forest ecosystems is affected by varying and chan-
ging climatic conditions, that is changes in atmospheric CO2 
concentration, air and soil temperatures, and the amount of 
precipitation (IPCC 2022). The increase in mean annual air 
temperature will continue in the boreal and temperate forest 
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regions, whereas the changes in the amount of precipitation 
are likely to vary both spatially and temporally (IPCC 2022). 
The mean annual precipitation is projected to increase in the 
boreal region and mostly in winter (IPCC 2022). 
Precipitation in winter, whether as rain or snow, strongly 
affects soil temperature and moisture and thereby also to 
root systems (Repo et al. 2014). Snow cover isolates soil and 
may prevent soil from freezing. It protects roots from freez-
ing injury, frost heaving damages and the impaired water 
uptake of roots in cold soil in spring and early summer when 
evapotranspiration demand is high. In general, increases in 
the mean air temperature, atmospheric CO2 concentration, 
and water availability have positive impacts on forest pro-
duction in high-latitude forests (IPCC 2022). In many tem-
perate forests, precipitation will decrease, and together with 
increasing temperature, will lead to long dry periods and 
reduced forest growth (IPCC 2022).

In addition to the gradual long-term changes in air tem-
perature and the amount of precipitation, extreme weather 
events have become more frequent, long-lasting, and inten-
sive in all regions (IPCC 2022). These extreme weather 
events cause stresses to the forests, which are first projected 
to the rhizosphere and through the roots to the functioning 
of aboveground organs and the entire forest ecosystem. 
Forests may either tolerate and recover from the impacts of 
these harmful conditions or, at worst, experience forest die- 
off (IPCC 2022).

In this article, we first briefly review what is known about 
fine-root responses to increasing soil temperature, changes 
in soil water availability, and waterlogging. We then present 
how negative responses can be mitigated through different 
management operations. We highlight that for the growth of 
trees and the functioning of forest ecosystems, consideration 
of the interactions between roots, mycorrhizas, and the 
above-ground parts is also essential. Our main focus is on 
root systems in temperate and boreal forests.

Fine-root responses to changing climate

Increasing air and soil temperatures

An increase in the mean annual air temperature, and conse-
quently, an increase in soil temperature, affects various fine- 
root traits. Tree fine-root biomass, growth, water and nutrient 
uptake, and root respiration increase, whereas C allocation to 
roots decreases when there are no limitations on other growth 
factors (Pregitzer et al. 2000; Wang et al. 2021). Furthermore, 
fine-root turnover and mortality increase, and fine-root life-
span decreases, but this is not always clear (Leppälammi- 
Kujansuu et al. 2014; Wang et al. 2021). The effects of warming 
on fine roots are dependent on the season, temperature range, 
and duration and magnitude of the temperature change 
(Wang et al. 2021). Biomass, growth, and mortality responses 
may also be delayed, or may gradually reverse from positive to 
negative (Repo et al. 2014; Wang et al. 2021).

In all forest biomes, the majority of roots are located 
in the surface soil horizons (Jackson et al. 1996; Schenk 
and Jackson 2002) (Figure 1). Here, they are exposed to 
greater daily and seasonal temperature fluctuations than 
those in deeper soil horizons (Pregitzer et al. 2000). 
Warming increases soil temperatures, and the effects are 
more positive for roots growing in deeper (>20 cm) soil 
horizons than for those growing near the surface. High 
temperatures in surface soil horizons may even become 
detrimental and shift fine-root biomass allocation deeper 
into the soil (Wang et al. 2021). Higher root production 
at deeper soil depths in the future may also be 
a consequence of the increased CO2 concentration in 
the atmosphere, which increases C availability for root 
growth and resource demand from the soil, and conse-
quently decreases resource availability in the surface soil 
horizons owing to high root competition (Iversen 2010; 
Germon et al. 2020). In the permafrost forest, soil surface 
will thaw deeper in the future climate, which will increase 

Figure 1. A fallen Norway spruce in boreal forest. The root system was mostly located within 30-50 cm from the soil surface. Photo: L. Finér.

2 L. FINÉR ET AL.



the biomass and depth distribution of fine roots 
(Noguchi et al. 2016). Generally, tree fine-root response 
studies cover only the upper part of the full rooting 
depth (Finér et al. 2011), therefore we need to further 
focus on fine-root responses to increasing temperatures 
in deeper soil layers (Germon et al. 2020; Wang et al.  
2021).

In high-latitude and high-altitude forests, the soil sur-
face can freeze during winter, especially if there is no 
insulating snow cover (Helama et al. 2011). This can 
increase fine-root mortality (Groffman et al. 2001; Repo 
et al. 2014; Domisch et al. 2017). The fine roots of the 
boreal tree species develop freezing tolerance, but their 
tolerance is lower than that of the needles (Ryyppö et al.  
1998; Wu et al. 2023). For example, in one study, fine roots 
of Scots pine (Pinus sylvestris L) seedlings developed 
a freezing tolerance of −5°C, while needles could tolerate 
−20°C or lower temperatures (Ryyppö et al. 1998). In the 
future, soil may remain unfrozen at sites that are exposed 
to soil freezing in the current climate, thus decreasing the 
susceptibility to root mortality. Changes in snow cover 
may confuse this concept, because decreased snow cover 
may lead to more soil freezing in areas where temperatures 
below zero may still exist in winter. The positive effect of 
warming on fine-root biomass has been found to increase 
with latitude under conditions where root growth is lim-
ited by low soil temperatures (Wang et al. 2021).

Roots have periodicity in growth and mortality, which is 
closely related to soil temperature variation, although there are 
also other factors, such as above-ground phenology, that 
determine the seasonality of root growth (Lyr and Hoffmann  
1967; Pregitzer et al. 2000). Fine roots of boreal and temperate 
conifer (Picea abies, Pinus sylvestris, P cembra) and deciduous 
tree species (Alnus viridis, A. glutinosa, Betula pendula) are 
observed to start growing in spring when the mean daily soil 
temperature reaches 6–8°C (Vapaavuori et al. 1992; Alvarez- 
Uria and Körner 2007), and conditions are optimal at 17–20°C 
(e.g. Domisch et al. 2001). In the current climate, temperatures 
seldom reach such high levels in boreal forest soils (Kubin and 
Kemppainen 1994). It is probable that in the future, root 
growth will start earlier in spring and continue longer in 
autumn, resulting in higher overall fine-root biomass produc-
tion in boreal forests. The positive response of fine-root bio-
mass to experimental warming has decreased with increasing 
mean annual temperature (Wang et al. 2021). This suggests 
that fine-root responses to warming are stronger in boreal 
than in more southern environments.

In general, native tree species are adapted to the prevailing 
climatic conditions and are in temperate and boreal regions 
exposed to large seasonal and between-year air temperature 
variations. However, the survival of species in significantly 
warmer climates depends on their phenotypic plasticity and 
genetic capacity to adapt to new conditions (Savolainen et al.  
2007). Climate change is already shifting vegetation zones 
towards the poles and upwards in the mountains (Gottfried 
et al. 2012; Lenoir and Svenning 2015). However, the role of fine 
roots in the adaptation process remains poorly understood.

Drought and waterlogging

Future climate conditions will expose tree roots to drought 
and waterlogging more frequently in many regions. Fine- 
root growth decreases in dry and in waterlogged soils, 

where limited water or oxygen availability may increase 
root mortality (Glenz et al. 2006; Brunner et al. 2015; Repo 
et al. 2016, 2020). In waterlogged soils, not only the lack of 
oxygen but also the accumulation of toxic metabolites 
(aldehydes, organic acids, ethanol) and high CO2 and 
methane concentrations are detrimental to roots (Glenz 
et al. 2006; Domisch et al. 2020). Different tree species 
vary in their tolerance to water availability stress, depend-
ing on season, developmental stage, and the possibility to 
acclimate anatomically, morphologically, or metabolically 
to dry or anoxic conditions (Glenz et al. 2006; Niinemets 
and Valladares 2006). The most common response of trees 
to these stresses is to reduce fine-root biomass and shoot- 
to-root biomass ratio (Brunner et al. 2015; Repo et al.  
2016, 2020). The morphological and chemical traits of 
fine roots are only slightly affected, indicating that tree 
roots have strategies to coordinate the metabolic and 
structural demands required to acclimate and maintain 
physiological and morphological functions under drought 
conditions (Brunner et al. 2015).

Trees may adjust water and oxygen availability in the soil 
by altering their rooting depth. In areas where the soil is 
frequently dry on the surface horizon, trees grow roots dee-
per into more moist soil horizons, whereas, in areas where 
the water table is close to the soil surface, root growth is 
concentrated in the oxygenated upper soil horizons (Glenz 
et al. 2006; Fan et al. 2017; Fujita et al. 2021). However, the 
ability to grow roots at different soil depths to access water is 
species-specific (Nardini et al. 2016). Liu and Biondi (2021) 
showed that aspen allocates its water uptake fine roots to 
surface soil horizons, whereas conifers at the same sites grow 
their roots in deeper soil horizons to access water. This 
makes aspen more vulnerable to drought damage than 
conifers.

In the boreal zone, precipitation is projected to increase 
especially during the dormant period, which may increase 
snowfall, thaw-freeze events, and the risk of waterlogging in 
soil. Heavy and long-lasting rainfall increases the frequency 
of flooding in many forested regions. Flooding can cause soil 
hypoxia. The sensitivity of fine roots to hypoxia varies 
depending on the degree (depth of the water table) and 
timing of the waterlogging and its duration (Glenz et al.  
2006; Sikström and Hökkä 2016; Roitto et al. 2019; Repo 
et al. 2020). The most harmful situation is long-lasting water-
logging during the growing season, when also high soil 
temperatures decrease the solubility of oxygen in water at 
the same time when oxygen demand of roots is high (Glenz 
et al. 2006; Repo et al. 2016, 2020). Adult trees tolerate 
hypoxia better than seedlings, and angiosperms, which have 
aerenchyma tissues (e.g. Salix sp.), are more tolerant than 
gymnosperms; however, these differences have not been fully 
tested in the field (Glenz et al. 2006). The tolerance of species 
to multiple stresses is not common; species that are tolerant 
to drought are often not tolerant to waterlogging, and vice 
versa (Niinemets and Valladares 2006). The drought toler-
ance of trees also varies with age; seedlings are less tolerant to 
drought than saplings and adult trees (Niinemets and 
Valladares 2006).

Managing forests for roots in future climate

Forest management activities have the potential to affect the 
temperature and moisture conditions in forests and mitigate 
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the negative effects of climate change on forests and root 
systems. This can be attained by selecting management sys-
tems between even-aged or continuous cover forests, 
between mixed and single-species forests, reducing tree 
stand density by thinning operations and increasing soil 
drainage in waterlogged conditions (see, e.g., Pretzch 2005; 
Keenan 2015). Current forestry is highly mechanized, and 
the avoidance of the negative effects of vehicles on fine roots, 
and overall, on forests, will be dependent on the skills and 
planning tools of managers. In forest management, it is 
challenging to consider long rotation periods of forest stands. 
During long rotation periods, climate will change, and for-
ests will be exposed to the consequences of numerous 
extreme weather events. It is difficult to select the best man-
agement chains for the uncertain future. Adaptive forest 
management actions can be aimed at reducing tree and 
rhizosphere vulnerability to extreme weather events or at 
increasing the resilience and capacity of forests to respond 
to progressive climate change and regime shift of tree species 
(Keenan 2015). In the following sections, we discuss some 
forest management options that we believe can be used to 
improve the adaptation of trees and forest ecosystems to the 
future climate through functioning of the rhizosphere.

Selection of tree species

Native plant species are, in general, adapted to local condi-
tions, where they are exposed to large seasonal and annual 
variations (Savolainen et al. 2007; Leimu et al. 2008; Hereford  
2009). The observed shift of vegetation zones northward and 
upward in the mountains indicates that species move to 
climatic conditions they are adapted to, or they genetically 
adapt to the changing climatic conditions, e.g. by changing 
their growth periodicity and drought or cold tolerance (e.g. 
Alberto et al. 2013; Aitken and Bemmels 2015). Changes in 
climatic conditions are mostly gradual, but still too rapid, 
and plant species should be able to migrate 1000 m or more 
per year to track changing environmental conditions 
(Malcolm et al. 2002). Past migration rates were much 
lower than that, ~100 m per year. The migration rates of 
tree species are lower than those of herbaceous plants 
because of their low reproductive capacity and high maturity 
age. It is not only gradual changes in mean annual air tem-
peratures or precipitation but also changes in the occurrence 
of extreme weather events that affect species resilience and 
survival in future climates. Tree die-offs due to increased 
temperature and/or water stress have been documented glob-
ally in different forest ecosystems (Allen et al. 2010, 2015).

Forest managers should consider climate change when 
selecting tree species for breeding, afforestation, or thinning 
operations. The local provenances of tree species spreading 
over large areas with large population sizes, good reproduc-
tive capacity, and phenotypic plasticity are expected to have 
good tolerance to changing climatic conditions (Leimu et al.  
2008; Alberto et al. 2013; Leites and Benito Garzón 2023). 
Therefore, they may be proper choices for use in near-future 
forests. However, this conclusion, which is based on studies 
without a focus on roots or their associations with mycor-
rhizas, may be too generalized when their adaptations are 
considered and need to be further studied. Adaptation may 
also be improved by selecting tree species with high genetic 
diversity, including genotypes from more southern locations, 
which are adapted to near-future climatic conditions, and by 

selecting tree species from local genotypes that tolerate 
extreme weather conditions, such as high and low tempera-
tures or drought (Aitken and Bemmels 2015; Leites and 
Benito Garzón 2023).

Populations of tree species that grow along wide climatic 
gradients adjust their root systems to various environmental 
conditions (Zadworny et al. 2016; Tenkanen et al. 2021). 
However, it is important to remember that so far transfers are 
in general recommended only across short latitudinal distances 
to avoid abiotic and biotic risks (Aitken and Bemmels 2015). 
Especially, trees growing close to their northern margins are 
adapted to local harsh conditions, but their genetic adaptation 
capacity may be limited (Aitken et al. 2008; Alberto et al. 2013) 
When selecting species and provenance for forest plantations, 
adaptation at the seedling stage is critical because adult trees 
tolerate stress better than seedlings (Aitken and Bemmels 2015). 
The establishment and growth of tree seedlings are affected by 
the colonization of fine roots by specific arbuscular or ectomy-
corrhizal fungi (Jones et al. 2003; Wu et al. 2019; Seiwa et al.  
2020), and the opportunity for appropriate symbiosis between 
fine roots and mycorrhizae could determine the survival of 
seedlings in the new environment. More systematic and site- 
specific research including also focus on root system responses 
is needed to assist foresters to migrate tree species plantations 
towards the future climate. In North America, an interesting 
framework called Desired Regeneration through Assisted 
Migration (DREAM) was recently established to provide 
a scientific basis for successful migration of tree species for 
forestry (Royo et al. 2023). The DREAM framework could 
also offer a good opportunity to study below-ground responses 
to assist tree species migration.

Controlling tree stand density

In forest management, the reduction of tree stand density 
varies from operations where all trees are removed at clear- 
cutting to operations where stand density is reduced by 
thinning to decrease competition and increase the availabil-
ity of light and soil resources for the seedlings/remaining 
trees. In addition to these two methods, forest managers use 
various other management systems that affect tree stand 
density to different degrees, such as seed trees, shelterwood, 
and gap and strip cutting methods. In thinned stands, trees 
have space to develop more extensive root systems over time, 
which may improve their tolerance to stressful conditions. 
Clear-cutting changes soil temperature, moisture, and che-
mical environment, which affect the species composition of 
mycorrhizal fungal communities associated with fine roots 
(Kranabetter and Kroeger 2001; Jones et al. 2003). This 
compositional change can induce an increase, decrease, or 
no change in seedling growth (Jones et al. 2003), therefore 
more research is needed to apply these findings in practice.

In dense stands, fine roots take up significant amounts of 
water from the soil and decrease soil moisture levels (e.g. 
Verstraeten et al. 2005), which may amplify the negative 
impacts of dry conditions. The reduction in stem density caused 
by heavy thinning may decrease drought stress (Sohn et al.  
2016). However, under hot and dry conditions, clear-cuts 
should be avoided because water evapotranspiration of forest 
canopy has a cooling effect of several degrees (Hesslerová et al.  
2013), which, together with the shading effect of the crowns, 
creates a forest microclimate with lower and less extreme 
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temperature conditions than those outside the crown cover (De 
Frenne et al. 2013, 2021; Zellweger et al. 2020).

Clear-cutting makes temperature conditions more 
extreme, especially the high summer temperatures that will 
increase, and probably more so in the future climate 
(Zellweger et al. 2020; De Frenne et al. 2021). Depending 
on site conditions, high temperatures and low precipitation 
may have negative effects on seedling growth. In the boreal 
zone, where temperatures currently limit the growth of seed-
lings, soil scarification is performed to create microsites 
above the soil surface that provide better temperature con-
ditions for seedling growth than undisturbed microsites 
(Kubin and Kemppainen 1994). The temperature increase 
at these microsites may correspond to a 100 km shift to the 
south of the site. In the future, there may be a risk that the 
temperature and moisture conditions will become too 
extreme for growth and survival of roots in the surface soil 
horizons of clear-cuts, causing problems in establishing for-
est plantations even in the boreal regions with permafrost.

There are sites where thinning and clear-cutting can 
increase soil moisture and raise the water table to levels at 
which the roots begin to suffer from hypoxia. This is the case 
for peatlands and wet mineral soils that cover large areas of 
boreal regions. Millions of hectares of peatlands were drained 
in the twentieth century, mostly in Fennoscandia, Russia, and 
the Baltic countries, to increase forest growth (Päivänen and 
Hånell 2012). To maintain good drainage in these forests, the 
ditches need to be cleaned at 20–40 year intervals and clear-cut 
to maintain proper soil oxygen content for the growth of fine 
roots (Figure 2). The frequency of ditch cleaning can be 
reduced by avoiding clear-cutting and maintaining continu-
ous tree cover, which can keep soil water table low enough for 
good aeration in soil by crown evapotranspiration and inter-
ception (Sikström and Hökkä 2016; Leppä et al. 2020).

In the future, continuous cover forest management sys-
tems can maintain microclimates that are more stable and 
favorable for fine-root growth than management systems 
that include clear cuttings during the regeneration phase of 
the forest (Figure 3). However, continuous cover manage-
ment systems reduce the possibility of selecting tree species, 

utilizing the potential of tree breeding, and favoring mixed 
tree species stands, since regeneration usually relies on the 
seed production of the species already existing in the stands. 
In many cases, early successional light-demanding species do 
not regenerate under closed canopies. This may lead to 
stands composed of late-successional species, which are gen-
erally less adapted to water stress and higher temperatures 
than are early-successional species (Niinemets and 
Valladares 2006; Kolström et al. 2011). To reduce the risk 
of continuous cover forestry, both early and late successional 
species should be retained in the forest during management 
operations, if feasible.

Mixed tree species vs single tree species stands

Natural and semi-natural forests are generally composed of 
different tree species, whereas plantation forests are typically 
composed of a single tree species. In Europe, approximately 
67% of forests are composed of two or more tree species, and 
the remaining 33% contain only one tree species, mainly 
conifers (Forest Europe 2020) (Figure 4). Mixed forest stands 
are regarded as more tolerant to drought than single-species 
stands, although species identity, site, and stand factors cause 
variation in this relationship (Grossiord et al. 2014; Sousa‐ 
Silva et al. 2018; Grossiord 2019; Pardos et al. 2021). The 
mechanisms related to roots explaining the better perfor-
mance of mixed forests are the partitioning of water 
resources owing to the occupancy of roots of different tree 
species in different soil horizons, facilitation between species 
owing to the uplifting of water by deep-rooted species to the 
species in which roots grow in the surface soil horizons, and 
the presence of highly water-stress-tolerant species in mix-
tures (Grossiord 2019). On the other hand, the enhanced 
growth observed in mixed stands may increase root water 
uptake and evapotranspiration, especially in stands with high 
basal areas, thereby increasing susceptibility to drought stress 
(Grossiord 2019). Tree species mixtures are commonly 
thought to increase drought tolerance, especially in drought- 
prone environments, e.g. by partitioning roots and thereby 
their water uptake in different soil layers, by actively 

Figure 2. Old drainage area in central Finland. Ditches have been recently cleaned. There is a sedimentation pond constructed to trap suspended solids and reduce 
their outflow to watercourses. Photo: L. Finér.
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redistributing water in soil by roots and by increasing 
a change to contain deep-rooted and anisohydric species 
(Grossiord 2019; Pardos et al. 2021). In addition to altered 
soil water and temperature conditions, nutrient availability 
should also be considered in mixtures of different tree spe-
cies. In conifer forests, significant hardwood content 
enhances the availability of soil inorganic nitrogen, by facil-
itating leaf litter decomposition and soil nitrogen minerali-
zation (Masuda et al. 2022).

In the future, continuous-cover forests with a mixed spe-
cies composition are likely to be more resistant to low water 
availability and other environmental stresses than single- 
species stands (Pardos et al. 2021). In European forests, 
mixtures of conifer-broadleaved species could be favored 
because they are more resistant to drought than mixtures 
of deciduous species (Pardos et al. 2021). When selecting tree 
species for mixed forest stands, the natural resistance of tree 
species to drought and their ability to take water from dif-
ferent soil horizons must be considered (Liu and Biondi  
2021). More research and developmental work in terms of 
root systems are required to establish and manage proper 

mixed tree species stands for wood production or other 
ecosystem services because of species differences in light 
demand and growth rhythms as well as their susceptibility 
to biotic damage, such as browsing by cervids at a young age 
(Huuskonen et al. 2021). We also need to know more about 
the fine-root responses in tree species mixtures.

Use of vehicles in forest operations

Modern forest management operations are highly mechan-
ized. Powerful ground-based heavy vehicles are used to 
harvest forests, transport timber, and prepare soil for 
planting. Heavy vehicles can cause long-term rutting and 
soil compaction in their tracks, covering part of the opera-
tion site (Figure 5). Forest soils in tropical and temperate 
zones are more susceptible to negative effects than soils in 
dry and cold areas (Nazari et al. 2023). In the future, 
higher precipitation and shorter periods of frozen soil 
will increase the risk of soil compaction at northern lati-
tudes. The review by Cambi et al. (2015) and meta-analyses 
by Mariotti et al. (2020), Nazari et al. (2021, 2023), and 

Figure 3. Boreal forest stand, where continuous cover forestry is carried out. Trees are of different species (Picea abies (L.) Karst., Betula pendula Roth. and Pinus 
sylvestris L.), sizes and ages, and at harvesting operations only a part of the trees are removed. Photo: L. Finér.

Figure 4. Mixed forest stands. Left, temperate forest in Poland (species Picea abies (L.) karst., Pinus sylvestris L., Betula pendula Roth., Quercus robur L.); right, boreal 
forest in Finland (species: Picea abies (L.) Karst., Pinus sylvestris L., Betula pendula Roth./B. pubesecens Ehrh). Photos: L. Finér.

6 L. FINÉR ET AL.



Latterini et al. (2023) comprehensively analyzed the results 
of the existing literature on the impacts of heavy vehicles 
on forest soils and ways to reduce the negative impacts. In 
the following sections, we refer to these from the perspec-
tive of roots.

Soil compaction reduces water and oxygen conductivity and 
infiltration in forest soil, increases waterlogging in flat areas, 
decreases soil air space, cuts roots, increases the penetration 
resistance of soil, and causes erosion of slopes (Cambi et al.  
2015, Nazari et al. 2021), all of which have negative impacts on 
the root and shoot growth of seedlings (Cambi et al. 2015; 
Mariotti et al. 2020; Latterini et al. 2023). These impacts on 
roots are stronger at surface soil horizons than deeper in the 
soil, and they decrease the rooting depth of planted seedlings 
(Mariotti et al. 2020). In most soils, compaction reduces water 
and oxygen availability, decreases root growth, and increases 
plant mortality (Cambi et al. 2015). Soil disturbance by heavy 
vehicles can be positive only in very coarse-textured soils, where 
the decrease in water infiltration and hydraulic conductivity 
may increase water availability to roots, and to some extent, 
also in soils with thick organic layers, where the mixing of 
organic horizons with mineral soil may improve water and 
nutrient availability (Cambi et al. 2015). Recovery from soil 
compaction may take years or even decades, depending on the 
soil texture, organic matter content, and environmental condi-
tions (Cambi et al. 2015; Latterini et al. 2023). Recovery is faster 
in the surface soil horizons than in the deeper soil, which also 
affects the root depth distribution.

In the future, compaction and rutting damages will increase, 
especially in areas where soils are wet and do not freeze in winter 
and in areas with soils that have low bulk densities. For example, 
in organic and fine-textured mineral soils. Several approaches 
have been proposed to avoid or reduce soil compaction and 
rutting and, consequently, soil and root damage (Cambi et al.  
2015; Nazari et al. 2021, 2023; Latterini et al. 2023). These 
include the use of lighter vehicles and bogie tracks instead of 
tires (Figure 5), decreasing traffic passages in time and space, 
application of logging residues on logging tracks, timing of 
operations to dry seasons or times when soils are frozen, and 
planning vehicle tracks to locations with good bearing capacity. 
Driver education is also essential for reducing damage.

Knowledge of the susceptibility of operation sites to 
rutting and soil compaction forms the basis for planning 
measures to avoid negative impacts. Maps are used as 
decision support tools to indicate spatial and temporal 
variations in the bearing capacity of soils at the operation 
site; this is operational in Nordic countries to help plan 
transportation roads to locations where they cause less 
damage and timing the operations to periods of dry or 
frozen soil (Kankare et al. 2019; Salmivaara et al. 2017,  
2020, https://www.metsakeskus.fi/korjuukelpoisuuskartat). 
Maps are useful tools for drivers when performing 
operations.

Conclusions

Global warming, together with the increasing frequency 
of extreme weather events (high and low temperatures, 
drought, and flooding), will challenge the functioning of 
root systems in the future. Based on the current knowl-
edge, forest managers can take actions to mitigate the 
negative effects on fine roots by using local, drought/ 
waterlogging-tolerant tree species and tree genotypes, 
which roots systems can adapt to drought or waterlog-
ging, selecting tree genotypes whose annual cycle is syn-
chronized with the new seasonal variation of climatic 
factors, favoring mixed tree species stands, favoring 
deciduous tree species, carrying out continuous cover 
forestry, avoiding soil compaction and rutting, and devel-
oping decision support tools and training experts for the 
future. Researchers should provide more knowledge on 
the responses of the fine roots and mycorrhizas of tree 
species to changing environmental conditions and work 
together with forest managers to develop forest manage-
ment practices for future forests.
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