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photosynthesis

VOC: Volatile organic compounds

BVOC: Biogenic volatile organic compounds

Organic compound that are emitted by plants or other biogenic sources
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1 INTRODUCTION

As most conifers, pine trees produce and store oleoresin in their resin ducts. Oleoresin is a

defensive secondary metabolite that protects trees mainly against bark beetles and

herbivores. The oleoresin of pine trees consists of different hydrocarbons, such as terpenes

and  resin  acids.  Inside  the  resin  ducts,  the  pressure  of  oleoresin  varies  from 3  to  12  bars

depending on the tree species, individual tree and environmental conditions (Schopmeyer et

al.  1952, Bourdeau and Schopmeyer 1958, Vité 1961, Lorio and Hodges 1968a,c, Helseth

and Brown 1970, Pallardy 2008).

Traditionally oleoresin has been studied because of its defensive features, since it has

an important role in preventing for example insect-induced damage in coniferous forest.

Indeed, the ability of pines to survive for example a bark-beetle attack has been explained

by the chemical composition of oleoresin,  the pressure of oleoresin inside resin ducts,  as

well as the amount of flow and flow rate of oleoresin from wounds (Vité 1961, Trapp and

Croteau 2001, Strom et al. 2002, Perrakis 2008). Certain constituents of oleoresin have

been detected to prevent the attacks of insects (Strom et al. 2002) and the flow of oleoresin

has been stated to indicate the ability of a tree to defend itself (Lorio 1994).

Oleoresin pressure has been linked to the water balance of a tree. Transpiration rate, as

well as the moisture content of air and soil have been discovered to influence the pressure

of oleoresin in a pine (Vité 1961, Lorio and Hodges 1968b,c, Helseth and Brown 1970,

Neher 1993). Since the changes in the tension of water inside water conducting tracheids

affect the diameter of a tree, the diurnal pattern of oleoresin pressure and tree’s diameter

have been recorded to be similar (Neher 1993).

Despite the extensive research on the defensive features of oleoresin and its

connections to the water balance of a tree, the linkages between oleoresin pressure and

other processes in a tree have been neglected. There is, nevertheless, a possible close

connection  between  the  pressure  of  oleoresin  and  the  emissions  of  BVOCs  (biogenic

volatile organic compounds) from a pine trunk, since the constituents of pine oleoresin

contain large amounts of BVOC components, such as monoterpenes. BVOCs have been a

hot topic in climate research lately, because they influence the climate for example by

contributing to the formation of clouds (Janson et al. 2001, Kulmala et al. 2004 a, b,

Tunved et al. 2006, Kulmala et al. 2013). In order to achieve more precise climate models,

it is be necessary to study the sources and mechanisms of monoterpene emissions.
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Estimating the emissions of BVOCs in Finland and Scandinavia necessitates studies

on the oleoresin of Scots pine (Pinus sylvestris), the main tree species in the boreal forests

of Northern Europe. Furthermore, the oleoresin pressure of Scots pine has been studied

only little although the species has been otherwise quite extensively studied (Bridgen and

Hanover 1982). The research on oleoresin pressure has been mainly conducted in the

southern  parts  of  United  States,  where  the  environmental  and  climatic  conditions  differ

considerably from the conditions of boreal forests. In addition, these studies on oleoresin

pressure are relatively old dating from 1960s and 1970s although the subject is still current,

and even more so in the future due to the changing climate.

Hence, in this study the oleoresin pressure of Scots pine is studied in Southern Finland

in a typical pine forest. The diurnal variations in oleoresin pressure are measured and

compared to the diurnal variations in a number of environmental and physiological

variables, particularly the diameter of xylem and monoterpene emissions. The aim of the

study is to examine the effects of water balance and other environmental variables on

oleoresin pressure and evaluate the influence of oleoresin pressure on monoterpene

emissions from a tree trunk.

2 LITERATURE

2.1  Composition of oleoresin in pine trees

Oleoresin of a pine tree is a mixture of terpenes that are long molecules composed of

carbon, hydrogen and oxygen. The length of a terpene molecule defines its volatility

(Croteau and Johnson 1985). In oleoresin, rosin, the non-volatile part of oleoresin that is

composed mainly of diterpenoid resin acids (C20) is dissolved into turpentine. Turpentine is

the volatile part of oleoresin and it is composed mainly of monoterpenes (C10) and

sesquiterpenes (C15)  (Hillis  1962).  Furthermore,  oleoresin  contains  small  amounts  of

triterpenes (C30) and polyterpenes (Croteau and Johnson 1985). The fraction of turpentine

in pine oleoresin is roughly 20―50% and it consists mainly of monoterpenes that create

the typical scent of oleoresin and coniferous forests (Hillis 1962, Croteau and Johnson

1985, Langenheim 2003). Rosin constitutes the rest, roughly 50―75%, of oleoresin.

However, the composition of oleoresin and especially the composition of monoterpenes of

oleoresin may differ significantly between pine species and even individual trees (Bäck et

al. 2012).
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Regarding the defensive features of oleoresin, it is necessary that oleoresin composes

of a volatile and a non-volatile part.  On one hand, volatile terpenes make oleoresin fluid so

that it flows easily along the resin ducts, whereas non-volatile terpenes make oleoresin

viscose enough to prevent for example bark beetles from proceeding into the inner bark of

a tree (Mutton 1962, Trapp and Croteau 2001). On the other hand, the composition of

oleoresin enables it to crystallize on a wound and protect the tree against insects and

fungus spores, for example (Büsgen and Münch 1921).

Oleoresin composes a considerable fraction of the mass of a pine. In a Scots pine, the

fraction of monoterpenes in dry wood is approximately 0.6% (Strömwall and Petersson

2000).  Thus,  the  stem  of  a  mature  Scots  pine,  with  a  breast  height  diameter  of  20cm,

contains at least 2500g oleoresin. However, as oleoresin can be produced actively,

according to Helander (1919) and Kalela (1946) it is possible to collect 700-3000g of

oleoresin from one Scots pine during one summer (from May to September). The amounts

of fluid oleoresin vary throughout the year. Kalela (1946) refers to Russian studies,

according to which the yield of oleoresin is biggest during July (30% of total yield) and

August (35% of total yield), and smallest in May (5%) and September (10%). In the

wintertime, from October to April, the yield of Scots pine’s oleoresin has not been studied

most probably because oleoresin is unreachable and very viscous in low temperatures.

2.2 Resin ducts in pine trees

The oleoresin of pines is produced and stored within resin ducts that are distributed

throughout the trunk, roots and needles of a tree. Resin ducts are narrow channels formed

in between cells and they are surrounded by one or a few layers of thin-walled epithelial

cells that produce oleoresin in their plastids (Panshin and DeZeevu 1970, Croteau and

Johnson 1985). In the trunk of a pine, there are both horizontal resin ducts that are located

in between tracheids (Figure 1) and vertical resin ducts that are located within rays (Figure

2). There are resin ducts in the heartwood too, but the oleoresin inside them is crystallized,

so they no longer function (Büsgen and Münch 1938). Furthermore, secondary, so called

traumatic resin ducts can develop both horizontally and vertically as a result of wounding,

pressing or bending of tissue (Büsgen and Münch 1938, Panshin and De Zeevu 1970,

Kärkkäinen 1985, Fahn 1988).
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Figure 1: Vertical resin ducts in a Scots pine at SMEAR II, right: from the height of 10.4 m and
left: from breast height. A: resin duct B: epithelial cells C: tracheids

Figure 2: Horizontal resin duct within a ray of a Scots pine from the height of 10.4 m at SMEAR II.
A: resin duct B: epithelial cells C: tracheids

Vertical and horizontal ducts are physically similar, but vertical resin ducts are wider in

diameter  than  the  ducts  within  rays,  whereas  the  density  of  horizontal  resin  ducts  is

approximately three times higher than the density of vertical ducts (Panshin and DeZeevu

1970, Kärkkäinen 1985). Nevertheless, the diameters and densities of resin ducts also vary

depending on the species, age and growth rate of a tree (Stark 1965, Panshin and DeZeevu

1970). For example, the diameters of vertical resin ducts vary from 135 to 150µm in
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Eastern white pine and from 175 to 225µm in Sugar pine (Panshin and DeZeevu 1970).

The diameters of horizontal  resin ducts are slightly less than 80µm in Eastern white pine

and 100µm in Jack pine (Panshin and DeZeevu 1970).  According to Stark’s review

(1965), the average density of horizontal resin ducts in Scots pine is approximately 60―70,

in Slash pine from 50―85, in Ponderosa pine  from 35―50, and in Lodgepole pine from

35―50 ducts/ cm2. Bridgen and Hanover (1982) state that the cross-cut area of resin ducts

in Scandinavian Scots pine is relatively small compared to the other variants of Scots pine.

The formation of the resin ducts is influenced by resource allocation of a tree and

environmental conditions, such as temperature. Reid and Watson (1965) discovered that

the formation of resin ducts increases during a warm summer and reduces during a rainy

summer. However, the correlations between resin duct production and the growth rate

measures  of  a  tree  are  mixed  (Kane  and  Kolb  2010).  Similarly  the  timing  of  resin  duct

formation appears to be unsteady and very different between locations and species. For

example, according to Reid and Watson (1992) the formation of resin ducts in Loblolly

pine (Pinus taeda) peaks in July, whereas Panshin and DeZeevu (1970) as well as Blanche

et al. (1992) state that the horizontal resin ducts of Loblolly pine form mainly during late

spring and early summer. These studies were conducted in Alberta, Canada and

Mississippi, United States, so the difference in climate and environmental conditions

probably explain the differences in results.

2.3 The function of oleoresin in pine trees

The main function of oleoresin in a pine tree is to protect the tree against pests, most often

bark beetles and defoliating insects, as well as against fungal infections and even mammal

herbivores. When it comes to conifers, the ability of a tree to defend itself is closely linked

to the properties of oleoresin, especially the role of terpenes being essential (Hodges et al.

1979, Langenheim 1994). Oleoresin is a comprehensive defense, because in addition to the

trunk of the tree, there are resin ducts in needles and new buds, too. According to Eller et

al. (2013), oleoresin is frequently exposed on expanding needles, terminal buds and pollen

cones even when they are undamaged. The variables usually connected to the defensive

features of oleoresin are: the amount and rate of oleoresin flow, the pressure of oleoresin

inside resin ducts, the rate of oleoresin’s crystallization, the viscosity of oleoresin, the

percent  resin  duct  area  of  annual  ring  and  the  chemical  composition  of  oleoresin  (Vité



11

1961, Vité and Wood 1961, Wood 1962, Barret and Bengtson 1964, Bridgen and Hanover

1982, Dunn and Lorio 1993, Strom et al. 2002, Kane and Kolb 2010).

The susceptibility of a pine tree to an insect attack depends closely on the ingredients

of oleoresin and their proportions (Trapp and Croteau 2001, Strom et al 2002, Duhl et al.

2013). For example, according to Bridgen and Hanover (1982), pine species with low resin

acid concentration are more susceptible to an infestation of bark beetles. In addition,

certain monoterpenes of oleoresin, especially limonene, 3-carene and β-pinene, are

irritating and poisonous to insects, especially in large quantities (Smith 1965, Phillips and

Croteau 1999, Seybold et al. 2006). The components of oleoresin are also antifungal,

which is important especially when it comes to the bark-beetle-vectored blue-stain fungi

(Langenheim 1994, Hofstetter 2005, Fäldt et al. 2005) Blue-stain fungi inhibits the water

transport of a tree and thus facilitates the invasion of bark beetles.

The composition of resin is partly determined by environmental factors. Hodges and

Lorio (1975) observed that the lack of water decreases the proportion of resin acids in

oleoresin, but increases the amount of monoterpenoid ingredients. This causes the trees

suffering from drought to be more susceptible to pests. However, according to Turtola et

al. (2003), a severe drought increases significantly the total concentrations of both

monoterpenes and resin acids of Scots pine. In addition, certain substances may affect the

ingredients of oleoresin in different ways. For example, strong exposure to sulfur oxide

(SO2) decreases the proportion of resin acids, whereas it has no effect on monoterpenes

(Kainulainen et al. 1995).

The  composition  of  oleoresin  also  affects  its  viscosity,  and  therefore  it  partly  defines

the rate of oleoresin flow and the resistance capacity of oleoresin (Schopmeyer et al 1952,

Barret and Bengtson 1964).  The composition of oleoresin, and consequently viscosity, are

highly heritable features, but viscosity is also strongly affected by the environmental

factors, such as temperature and the water balance of a tree (Mergen et al. 1955, Stark

1965, McReynolds 1971).  In White pines the dynamic viscosity of oleoresin varies from

9.2 to 160.6 poises (Pinus strobus)  and  from  7.9  to  65.9  poises  (Pinus monticola)

according to Hanover (1975). The average kinematic viscosity of Slash pine’s (Pinus

elliottii) oleoresin is according to Barret and Bengtson (1964) 141 stokes, and according to

McReynolds (1971) approximately 200 stokes. As a reference, water has a dynamic

viscosity of 0.0089 poises (at 25°C) and kinematic viscosity of 0.001 stokes (at 20°C). As

the viscosity of oleoresin is dependent on environmental variables, it is also dependent on
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the season. For example, according to McReynolds (1971), the viscosity of oleoresin in a

Slash pine decreases from March to September.

Oleoresin also defends a tree actively by sealing wounds. When a tree gets wounded

and a resin duct is therefore exposed, the epithelial cells lining the resin duct draw water

inside them and swell (Busgen and Münch 1938, Hillis 1962). The increased pressure

inside the resin duct that results from the swelling of epithelial cells pushes oleoresin more

effectively out of the duct and to the surface of the wound (Busgen and Münch 1938, Hillis

1962). Reaching the surface of the wound, oleoresin is exposed to air which causes the

volatile turpentines to evaporate and the non-volatile rosins to crystallize sealing the

wound (Busgen and Münch 1938). Oleoresin also contains free radicals that are reactive

under UV –light and relate to the crystallization reaction, too (Lagercrantz and Yhland

1962). The crystallization of oleoresin prevents for example fungus spores from infecting

the tree, and pest insects from proceeding through the wound.  The rate of crystallization is

therefore also an important variable when it comes to the ability of a pine to defend itself.

Crystallization rate is, according to Zavarin and Cobb (1970), dependent on the diterpenoid

composition of oleoresin. Nevertheless, Hanover (1974) reports no clear connection

between the rate of crystallization and the fractions of monoterpenes or resin acids in

oleoresin.

The amount and rate of oleoresin flow is regarded as the best single indicator for the

defense abilities of a pine (Lorio 1994). A strong positive correlation has been detected

between the flow rate of oleoresin and the amount of insects that die during an attack

(Dunn and Lorio 1993). In addition, Strom (2002) noticed that the Loblolly pines surviving

the attack of Dendroctonus frontalis produced 1.65 times more oleoresin than the reference

trees. Similarly, Boone et al. (2011) observed that the Lodgepole pines (Pinus contorta)

that exude much resin and monoterpenes usually escape attack of Dendroctonus

ponderosae during  the  endemic  phase  of  beetle  population.  Also  a  high  pressure  of

oleoresin improves the ability of a tree to defend itself. Vité and Wood (1961) and Wood

(1962) discovered that even though bark beetles attacked as much the Ponderosa pines

(Pinus ponderosa)  with  high  oleoresin  pressure  as  the  pines  with  low resin  pressure,  the

ones with high pressure survived attacks better.
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2.4 The pressure of oleoresin in pine trees

Oleoresin  in  the  resin  ducts  of  a  pine  is  in  a  pressure  of  3―12 bars, depending on the

individual tree, the time of year and day (Schopmeyer et al. 1952, Bourdeau ja

Schopmeyer 1958, Vité 1961, Lorio and Hodges 1968a,c, Helseth and Brown 1970,

Pallardy 2008). The pressure of oleoresin within the resin ducts is essential to the defense

of a pine, because the pressure pushes oleoresin towards surface if tree gets wounded and

the resin duct is exposed. The pressure of oleoresin can also pitch out a possible invader,

for example a bark beetle.

Oleoresin pressure has been observed to vary considerably during the day and to have a

distinct diurnal pattern. Most studies state that the pressure of oleoresin is highest between

the midnight and sunrise, approximately from 3 to 7 a.m., and lowest in the afternoon,

approximately from 1 to 4 p.m. (Schopmeyer et al. 1952, Bourdeau and Schopmeyer 1958,

Vité 1961, Lorio and Hodges 1968a,c, Helseth and Brown 1970). Moreover, there is a

seasonal pattern in oleoresin pressure. According to Vité (1961) the pressure of oleoresin

in California, where the climate is mainly Mediterranian, is highest in the winter, when it is

rainy, and decreases towards the dry summer. The seasonal pattern of oleoresin pressure is

presumably quite strongly determined by the climate and the environmental conditions.

The pressure of oleoresin varies little between trees of the same species in similar

conditions (Vité 1961). This is an interesting contradiction to the fact that the flow of

oleoresin as well as the viscosity of oleoresin may be very different between different

individuals of the same species (Perrakis 2004). On the other hand, the flow and viscosity

of oleoresin are more connected to the individual properties of a tree and less connected to

the environmental variables than the pressure of oleoresin. Nevertheless, there is variation

between the mean pressure of oleoresin of different variants of same species and

individuals of the same species in different environments. According to Bridgen and

Hanover (1982) the average pressure of Scandinavian Scots pine, 3.8atm., is considerably

smaller than the pressure of the Scots pines from other provenances, 5―6atm.
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2.5 The water transport of a pine tree

Water inside the water conducting tracheids of conifers is constantly under tension created,

according to cohesion-tension theory, by the difference between the water potentials of

xylem and air. The changes in this tension, mainly caused by changes in transpiration or

soil water potential, generate small but detectable changes in the diameter of xylem

(Herzog et al. 1994, Irvine and Grace 1997, Perämäki et al. 2001). As the tension of a

water column increases, adhesion between the tracheid walls and water molecules

strengthens and the tension of water pulls the walls of tracheids inwards (Irvine and Grace

1997, Perämäki et al. 2005). As the tracheids decrease in diameter, the entire diameter of a

xylem decreases like the diameter of a rubber band that is stretched. Consequently, when

transpiration decreases or the water balance of soil improves, the diameter of xylem

increases like the diameter of a rubber band that is released (Perämäki et al. 2001).

The theory of the relation between diameter changes of xylem and the tension of xylem

water is supported by experiments about the water potential of needles and sap flow (Irvine

and Grace 1997, Perämäki et al. 2001). According to Irvine and Grace (1997),

measurements of the water potential of needles give very similar results on the water

potential of a tree as diameter measurements. Furthermore Herzog et al. (1994) observed

that the diameter changes of stem indicate very similar pattern in the diurnal water

potential variations of tree as the sap flow measurements, and that both of the variables are

similarly sensitive to the changes of environmental conditions.

2.6 The connection between water balance and oleoresin pressure in a
tree stem

There is a historical consensus on the connection between the water balance of a tree and

its oleoresin pressure. This connection was first detected after observing that pest

outbreaks coincide with deficient rainfall and extreme droughts (Blackman 1924,

Craighead 1925, according to Vité 1961) and noticing that oleoresin and its pressure is

important in preventing trees from dying from insect invasion (Callaham 1955, according

to Vité 1961). Oleoresin pressure was used in estimating the yield of oleoresin from a

Slash pine in a few studies that also touched the water balance of a tree (Schopmeyer et al

1952, Bordeau and Schopmeyer 1958). One of the first studies to examine widely the

connection between the pressure of oleoresin, the water balance of a tree and the attacks of
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bark beetles was conducted by Vité (1961). He discovered that the pressure of Ponderosa

pine oleoresin is highest between midnight and dawn (8—12atm) and lowest between 2

and 4 p.m. (4—8atm). According to Vité (1961) the deficiency of water or rapid

transpiration decrease the turgid pressure inside the epithelial cells lining resin ducts,

which decreases the pressure inside resin ducts and decreases the amount of oleoresin

produced. Hence, the diurnal variations in the pressure of oleoresin follow inversely the

changes in transpiration.

Slightly different reasoning is presented in the studies of Bourdeau and Schopmeyer

(1958) and Helseth and Brown (1970) although the results are similar to the results of Vité

(1961). Bourdeau and Schopmeyer (1958) observed the oleoresin pressure of Slash pine to

be highest at 5 a.m. (12.3atm), when the temperature was low and humidity high and

lowest  at  2:30  p.m  (8.8atm)  when  temperature  was  high,  humidity  low  and  sun  shone

directly. Similarly, according to Helseth and Brown (1970) the maximum pressure of

oleoresin in a Slash pine is reached just before dawn (12atm) and the minimum pressure in

the afternoon (6atm). Both Bourdeau and Schopmeyer (1958) and Helseth and Brown

(1970) propose that the conditions that build up a water deficiency cause a shrinkage in

tracheids, which decreases the pressure exerted on the oleoresin. Neher (1993) also

connected the oleoresin pressure of Monterey pine (Pinus radiata)  to  the  small  diurnal

diameter changes of xylem, since the diameter of xylem varies according to the water

status of a tree.

2.7 Environmental factors affecting oleoresin pressure

The tension of water inside tracheids is determined by a number of environmental factors

that consequently affect the pressure of oleoresin. The tension of water can be expressed

by  a  function  that  is  a  simplification  from  Tyree  (1988).  It  combines  the  tension  of  soil

water and transpiration:

P(x) = P(soil) + E/k (1)
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In the Function 1,  P(x) is  the tension of water inside xylem, P(soil)  is  the tension of soil

water, E is the transpiration and k is parameter that states the capacity of a tree to conduct

water. The conductivity of water can be held constant on a short time scale. Provided that

the flow of water inside xylem and transpiration are regarded equal, the function can be

expressed differently:

P(x) = P(soil) + VPD*g/k (2)

In  the  Function  2,  VPD  is  vapour  pressure  deficit  of  atmosphere  and  g  is  the

conductivity of the stomatal pores of needles, i.e. stomatal conductance. The factors

affecting the tension of water, expressed on Functions 1 and 2, are influenced by other

environmental variables. The value of VPD depends on temperature and the humidity of

air. Thus, VPD has large diurnal variations. Transpiration is influenced by temperature,

VPD and stomatal conductivity. Soil water tension is determined by the past weather and

the type of soil. Stomatal conductance is affected by e.g. light, VPD, temperature and the

water status inside a needle. Finally, the capacity of a tree to conduct water depends on the

individual characteristics of the tree.

According to Function 2, relative decrease of water vapour in air, i.e. an increase in

VPD increases the tension of the xylem water and thus presumably decreases oleoresin

pressure. Vité (1961) observed that VPD and humidity clearly affect oleoresin pressure.

The overall oleoresin pressure increased on average by one bar and the variations of

oleoresin pressure were dampened when a sprinkler system kept the humidity high around

the test trees. Rain and decrease in VPD was noticed to increase the oleoresin pressure by

Lorio and Hodges (1968 c), too (figure 3). Especially during drought an increase in VPD

has been observed to lower the pressure of oleoresin in a Loblolly pine, but in case there is

sufficiently water in soil, the effect of VPD on the oleoresin pressure is smaller (Lorio and

Hodges 1968 c). Likewise, according to Helseth and Brown (1970), the pressure of

oleoresin has a positive correlation with the humidity.
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Figure 3: Oleoresin pressure of Loblolly pine and VPD in Louisiana, USA. Above: situation with
relatively good soil moisture, low VPD and occurrence of rain. Below: situation with low soil

moisture and prolonged high VPD (Lorio and Hodges 1968 c)

Another variable that in the Functions 1 and 2 considerably influences the tension of

xylem water is the tension of water in the soil. The tension of soil water represents the

force that the roots of plants need to absorb water from the soil. An increase in soil water

tension and especially drought decreases the pressure of oleoresin (Vité 1961, Lorio and

Hodges 1968b,c, Helseth and Brown 1970, Neher 1993). According to Vité (1961), the

diurnal variations in the pressure of oleoresin are more extensive on a dry habitat than on a

moist  habitat.  Yet,  in  the  study  of  Lorio  and  Hodges  (1968  b)  the  oleoresin  pressure  of

Loblolly pines that grew on a dry mound was less affected by a period of drought than the

oleoresin pressure of pines that grew on a moist site. The fine roots of the pines that grew

on a dry site were healthier and stronger than the roots on a moist  site and consequently

had better abilities to provide water even during a period of growth (Lorio and Hodges

1968 c).
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When the tension of soil water decreases under the wilting point, plants can no longer

absorb enough water from the soil  to maintain the turgor pressure of shoots.  The wilting

point is, depending on the individual tree, between -1500 and -2000 kPa in boreal forests.

Another variable that affects the ability of roots to absorb water is the temperature of the

soil. The critical temperature, under which the functions of cells slow down and water

absorption gets limited, depends much on the species and the site. When it comes to Scots

pine, the functions of roots start to decline when the temperature is less than 3 ̊C (Waring

and Schlesinger 1985).

The temperature affects many functions of a tree since it determines the rate of

chemical reactions and is closely connected to other environmental variables, such as VPD.

High temperature increases VPD and induces transpiration, and should therefore decrease

the oleoresin pressure. This idea is supported by the fact that the diurnal pattern of

oleoresin pressure presented in the literature is contradictory to the pattern of temperature.

However, high temperatures cause needles to close their stomatal pores and diminish

stomatal conductance which decreases transpiration and increases the pressure of

oleoresin. Temperature, along with PAR (photosynthetically active radiation), also affects

photosynthesis which produces the raw material for oleoresin and may therefore affect the

rate of oleoresin production.

2.8 VOC emissions of pines

VOC  emissions  are  emissions  of  volatile  organic  compounds.  A  part  of  them  are  a

consequence of human action, but at global scale and especially in a sparsely habituated

area, such as Finland, the proportion of biogenic VOC emissions (BVOCs) is considerably

bigger (Simpson 1999, Lindfors and Laurila 2000). According to Lindfors and Laurila

(2000), the yearly average of biogenic VOC emissions (BVOCs) is 319 kilotons whereas

the anthropogenic VOC emissions are estimated to be 193 kilotons per year in Finland. In

Finland the biggest source for BVOCs is the coniferous forests, 80—90% of the yearly

emissions. In boreal areas, monoterpenes that are important ingredients of oleoresin are

most abundant BVOCs composing approximately 45% of yearly VOC emissions (Lindfors

and Laurila 2000). Globally, the most abundant BVOC is isoprene that is mainly emitted

by deciduous trees (Rinnet et al. 2009). Other components of biogenic VOC emissions are

for example other terpenes, such as very reactive sesquiterpenes, as well as short-chained
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alcohols, ketones and carbonyls, such as acetaldehyde, formaldehyde and acetone (Janson

et al. 1999, Rinne et al. 2009). All in all, BVOCs are a heterogeneous group of compounds.

As well as the composition of resin, the composition of terpenoid emissions of pines varies

largely between species and even individual trees (Rinne et al. 2009, Bäck et al. 2012).

When comparing the amounts of VOC emissions from different sources it needs to be

noticed that forest ecosystems produce terpenes and other BVOCs mainly in the summer,

during the growing season (Lindfors and Laurila 2000, Bäck et al. 2012). There are also

vast variations in the monoterpene emissions during the growing season depending on the

phenological  state  of  trees  (Ghirardo  et  al.  2010,  Aalto  et  al.  2014).  According  to

Tarvainen et al. (2005) and Hakola et al. (2006), the total emissions from the canopies of

Scots pines are highest in the early summer when their growth is fastest and then again in

the end of the summer and in the autumn when the needles are full-grown.

The emissions of monoterpenes from pines are dependent both on the pool dynamics

and de novo synthesis (Ghirardo et al. 2010). The evaporation of monoterpenes from a

pool, for example a resin duct, is mainly determined by temperature. Thus, temperature is

regarded the single most influential environmental factor that affects the BVOC emissions

(Tingey et al. 1980, Street et al. 1997, Rinne et al. 2000, Núñes et al. 2002, Hakola et al.

2006). Temperature affects emissions positively, but there are different perceptions about

the shape of the effect.  According to Tingey et al. (1980) the relation between the VOC

emission rate and temperature is log-linear, but on the other hand Street et al. (1997) and

Schade et al. (1999) observed that the rate of VOC emissions from a Ponderosa pine

increased exponentially when temperature rose. They also suggest that in very dry and hot

conditions, relative humidity being under 40%, the temperature sensitivity of VOC

emissions starts to decrease. However, Núñes et al. (2002) did not find a similar decrease

in the temperature sensitivity of VOC emissions from a Stone pine (Pinus pinaea) even on

a hot and dry day.

Likewise, the results on the light dependence of VOC emissions of pines are diverse.

Staudt  et  al.  (1997)  noticed  that  VOC  emissions  were  high  in  the  daytime  but  almost

nonexistent in the night, and that during an artificial darkening the emissions decreased a

tenfold. In addition, according to Ghirardo et al. (2010), the proportion of light-dependent

de novo synthesis of monoterpene emissions is approximately 34% of the total

monoterpene emissions from a Scots pine. They also state that adding light into a model

estimating monoterpene emissions improves its ability to describe the variations between

day and night. However, Tarvainen et al. (2005) stated that even though the emissions
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decrease during darkening, a model that uses only temperature as a parameter predicts

VOC emissions better than a model with light involved. Furthermore, Tingey et al. (1980)

and Núñez et al. (2002) state that light intensity does not impact VOC emissions

considerably on a short time scale.

Regardless of the characteristics of emission mechanism, when the terpenoid emissions

produced by conifers mix in atmosphere they may react with the oxidants of canopies and

constitute aerosols (O’Dowd et al. 2002, Claey et al. 2004, Tunved et al. 2006). These

aerosols contribute to the second, so called stabilization part of the growth process of cloud

nuclei but they have not been observed to participate directly to the formation of the nuclei

(Janson et al. 2001, Kulmala et al. 2004 a, b, Tunved et al. 2006, Kulmala et al. 2013). The

aerosols that originate from oleoresin have therefore a dual impact on atmosphere. They

absorb  and  reflect  radiation  themselves  and  at  the  same  time  they  are  a  part  of  the

formation of clouds that have a considerable influence on the atmosphere (Kulmala et al.

2004 a). Both of these impacts are cooling, so the net effect of the aerosols is cooling

(Kulmala et al. 2004 a). Furthermore, VOC emissions have an important role in controlling

the concentrations of carbon monoxide and methane in atmosphere (Guenther et al. 1995).

The cooling effect of VOC emissions is predicted to be even more important in the future,

since the terpenoid emissions of conifers increase as a result of increasing temperature and

carbon dioxide concentration in the atmosphere (Kulmala et al. 2004 a). It would be

essential to add the processes through which the VOC emissions affect the atmosphere into

the global atmosphere models to achieve greater precision (Kulmala 2004 a, b).
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3 THE PURPOSE OF THE STUDY

3.1 Background

In addition to the possible connection between the pressure of oleoresin and BVOC

emissions from a tree trunk, and the fact that the studies on oleoresin pressure are relatively

old and conducted mainly in southern United States, one major motivation for this study is

the  unexpected  results  of  the  preliminary  study.  In  the  preliminary  study,  the  pressure  of

oleoresin in a Scots pine (Pinus sylvestris) was measured for four days in August 2012.

The diurnal pattern of oleoresin pressure variations was contrary to the patterns observed

in earlier studies (Schopmeyer et al. 1952, Bourdeau ja Schopmeyer 1958, Vité 1961,

Lorio and Hodges 1968a,c, Helseth and Brown 1970). The maximum pressure was reached

in the afternoon and the minimum before sunrise. This difference provoked a suspicion that

the effect of water tension on oleoresin pressure would be weaker in the moist conditions

of a boreal forest. The results of the preliminary study also indicated that temperature

influences oleoresin pressure strongly, but the reason for this effect remained unclear.

Thus,  the  goals  of  this  study  are  to  clarify  the  pattern  of  the  diurnal  variation  in

oleoresin pressure of a Scots pine in a boreal environment, to examine the relation between

oleoresin pressure and the diurnal changes of xylem diameter,  i.e.  the water balance of a

tree, and to discover whether oleoresin pressure impacts BVOC emissions measured from

the  trunk  of  a  tree.  Monoterpene  emissions  were  chosen  to  represent  BVOC  emissions,

since they are most abundant. In addition, the intention is to define the environmental

variables that explain the variations in oleoresin pressure the best. The hypotheses

presented in the next chapter are formed to answer the arisen questions on the functions

and relations of the oleoresin pressure of Scots pine. The hypotheses are partly based on

the results of the previous study.
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3.2 Hypotheses

1. The environmental variable that explains the changes in the oleoresin pressure of Scots

pine is temperature. Hence, the pressure of oleoresin changes diurnally so that the

maximum pressure is reached in the afternoon and the minimum in between midnight

and sunrise.

2. The oleoresin pressure of Scots pine correlates negatively with the diameter change of

the xylem that is to say, positively with the water sufficiency of the Scots pine.

3. Oleoresin pressure affects positively the monoterpene emissions from the trunk of

Scots pine
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4 MATERIALS AND METHODS

4.1 The study site

The measurements were conducted at the Helsinki University SMEAR II field

measurement station (Station for Measuring Forest Ecosystem–Atmosphere Relations) in

Hyytiälä, Southern Finland (61°51’N, 24°17′E, 181 meters above sea level). The station is

located in an even-aged, approximately 50 years-old Scots pine stand of medium fertility

that was established from seed in 1962. The site is described in detail in Vesala et al.

(2000).

4.2 The measurements of oleoresin pressure

Diurnal variations of oleoresin pressure were measured from May to August in 2013. The

measurements were commenced already in April, but the first pressures of oleoresin were

not observed before early May. The system for measuring oleoresin pressure was a

modification of Vité (1961) and consisted of a brass tube that was fastened into a hole

drilled into a tree trunk, and a pressure gauge (Swagelok 316SS and WIKA 111.16.40.16)

attached to the end of the brass tube (Figure 4). Inside a brass tube and pressure gauge,

there was fluid glycerin to transmit the changes of the oleoresin pressure and to prevent

oleoresin from crystallizing inside pressure gauge. The brass tube was about 10cm long

and 3.17mm in diameter whereas the drilled hole was 3mm in diameter and approximately

4cm deep.

Figure 4: The parts of oleoresin pressure measuring system (left) and the brass tube and pressure
gauge attached to Tree 1 at SMEAR II (right)
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Figure 5: A scheme of the installation of a pressure gauge. The black parts represent the tube
and the pressure gauge and the grey parts represent silicone. Left: view from sideways; right: view

from the top

Before drilling the 4cm deep hole into a tree trunk and fastening the brass tube,

approximately 1x1cm part of outer bark was removed. Then, a cone-shaped starting hole

was drilled in order to help directing the longer hole and adding silicone around the

junction of brass tube. The hole was not directed straight to the heart of the tree, but drilled

slightly tangentially, so that it punctured as many active resin ducts as possible (Figure 5).

After drilling a hole, a brass tube filled with glycerin was pushed into depth of

approximately 3.5cm with a help of a small hammer.  The junction point of the brass tube

and the cone-shaped start hole was covered with silicone to attach the brass tube better to

the tree and prevent oleoresin flow past the brass tube (Figure 5). Finally, a pressure gauge,

also filled with glycerin, was attached to the free end of the brass tube. The installation

succeeded if the pressure gauge indicated pressure of oleoresin in half an hour. Pressure

readings were nonetheless reliable only after about 24 hours (Vité 1961, Perrakis 2004).

The changes in pressure were recorded at 30-minute intervals using a time lapse feature of

a digital camera (Nikon COOLPIX AW120) installed in front of the pressure gauge. The

photos of the pressure gauges were transformed into data manually by reading the pressure

from the photos (Figure 6).
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Figure 6: Photos of pressure meters taken by the camera in May, July and August in different times
of day at SMEAR II

The main measurement tree was Tree 1, a two-topped tree that is also a part of

diameter variation measurements, as well as trunk and shoot cuvette measurements. The

breast-height diameter of the tree is 29cm. There was almost continuously one gauge

attached at the breast height of Tree 1, near the diameter variation measurement system.

The exact locations of pressure gauges and brass tubes had to be changed on average every

three weeks because of resin crystallization inside the brass tube and the hole. However,

the installations were always located close to each other so that the results could be

compared since, according to Perrakis (2004), the measurements on the different sides of

tree may differ. There were oleoresin pressure measuring systems installed into other

locations and trees for shorter times too. For example in the top bole of Tree 1 there was a

pressure gauge attached in May, Tree 2 was measured in June and July, and Tree 3 was

measured a few days in the end of July. The measurements were nevertheless concentrated

mainly on Tree 1, since in this study the diurnal variations and the nature of the

phenomenon were more important that the variations between trees and the parts of trunk.

4.3 Tree discs for resin duct samples

To illustrate resin ducts and their locations in xylem, microscopic samples were taken from

two cross-section discs of a tree trunk. The disks were cut from two heights, 1.3m (breast

height) and 10.4m, from a tree that was felled for other measurements. Around the 15 th

ring, counted from the core, four approximately 1x1x2 cm pieces were separated from the

disks and microscopic samples were taken from the pieces with a sledge microtome

(Reichert-Jung Optiche Werke AG, Vienna, Austria).  Both cross-sectional and tangential
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microscopic samples of xylem were taken. Each cross-sectional and tangential sample was

stained in a Safranin T -solution. Microscopic samples were observed with Olympus CX

31 microscope, and photos taken with an Olympus ALTRA 20 colour camera attached to it

(Olympus Optical Co., Tokyo, Japan) (Figures 1 and 2).

4.4 Other measurements

In addition to the pressure measurements, data collected from other measurements in

SMEAR II were used for analysis. The systems of measuring the diurnal variations in the

xylem of a tree are linear variable placement transducers (LVDT, Model AX/5-05/5;

Solartron,  Bognor  Regis,  West  Sussex,  U.K.).   The  structure  and  use  of  this  measuring

system is thoroughly explained for example by Perämäki et  al.  (2001) and Sevanto et  al.

(2002). The data of diurnal variations in diameter used in this study are from the system

located on the top section (height of approximately 14 meters) of Tree 1.

Moreover, the data on temperature from the height of 4.2 meters and relative humidity

from 18 meters were used. These data were collected from the measurements of SMEAR II

–stations measuring mast. The data on the emissions of needles, photosynthesis,

transpiration, radiation and VPD were collected by cuvettes installed in the canopy of Tree

1. A throughout description of the cuvettes, flux calculations and the measuring system is

given in the articles of Hari et al. (1999) and Vesala et al. (2000). Stem cuvettes were

employed to measure the VOC emissions of stem. The procedure is described in

manuscript in preparation by Vanhatalo et al.

4.5 Data analysis

For calculations, five periods of time from different phases of the summer and the growing

season were chosen. The choice was based mainly on the quality of available data, since

for example the data right after changing the pressure gauge and two or three days before

changing the gauge were omitted. Just before changing a gauge, the readings were already

very constant and did not describe variations in oleoresin pressure, whereas just after

changing gauge the readings soared for a few hours before adjusting. The periods chosen

for analysis are 10.5. – 15.5., 27.5. – 31.5., 23.6. – 28.6., 15.7. – 18.7. and 26.8. – 30.8. The

visible downward trend of the oleoresin pressure in the third period (23.6 – 28.6) was
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corrected by fitting a linear function to the variation of resin pressure and calculating the

difference between the measured resin pressure and the pressure that was predicted by the

function. The correction was calculated because the trend is most probably a consequence

of crystallization of oleoresin instead of a natural phenomenon, so left uncorrected the

trend would have biased the analysis.

To research the behavior of the pressure of oleoresin without the impact of

temperature, the measured oleoresin pressures were temperature corrected. At first, a linear

function was fitted between the temperature and the oleoresin pressure, and the oleoresin

pressure predicted by the temperature was calculated by the linear function. By subtracting

this predicted oleoresin pressure from the measured oleoresin pressure, an estimate of

oleoresin pressure without the influence of temperature was attained.

An R program (version 2.13.0, The R Foundation for Statistical Computing) code was

employed for correlation and regression analyses in which both the measured and

temperature corrected oleoresin pressure were used along with different environmental and

physiological variables. Microsoft Excel (version 14.0.7116.5000, Microsoft Corporation,

USA) was employed to visualize the diurnal variations in the variables.

The relation between oleoresin pressure and monoterpene emissions was examined by

EFRA (explanatory framework for regression model) -approach that is a simplified path

analysis. EFRA -approach enlightens the connection between a dependent variable and an

explanatory variable as well as the interplay of different explanatory variables by

hierarchically adding explanatory variables into a linear regression analysis (Penttilä et al.

2006, Lehtonen 2013). The connection between the main explanatory variable and the

dependent variable is studied under the effect of other variables by recording the

coefficient of the main explanatory variable. In a case the influence of the main

explanatory variable disappears when a new variable is introduced, the influence of the

new variable has been a part of the influence of the main explanatory variable, but is

actually more significant. A new variable may influence only the main independent

variable or the dependent variable, individually both of them or it can be a means through

which the main independent variable influences the dependent variable.

Thus, to study the relation between oleoresin pressure and monoterpene emissions

under the influence of different environmental variables, several linear regression models

were constructed to explain the monoterpene emissions during different periods (Figure 7).

In the first models, only the measured oleoresin pressure was used as a parameter. The

change in the oleoresin pressure’s coefficient was observed as new parameters, for



28

example temperature, VPD and radiation were added one at a time, and finally all together.

From the change in the coefficient of oleoresin pressure the true influence of oleoresin

pressure on the monoterpene emissions and the effects of the other variables could be

evaluated.

Figure 7: A scheme of the interactions studied in EFRA analysis, the highlighted interaction
between oleoresin pressure and monoterpene emissions being the main interest
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5 RESULTS

5.1 The characteristics of the periods

The measurements of oleoresin pressure covered all summer from early May, when the

pressure of oleoresin was first detected, to the end of August. Thus, during the periods

chosen for calculations the physiological state of the pines varied from the phase of early

growth  of  buds  and  diameter  to  the  state  when the  growth  of  needles  and  diameter  ends

(Table 1).

Table 1: The physiological and climatic characteristics of each period used for the calculations
and the monthly mean climatic characteristics

10.5. – 15.5. 27.5. – 31.5. 23.6. – 28.6. 15.7. – 18.7. 26.8. – 30.8.

Physiological
state of tree

Growth of
buds and
diameter just
begun

Growth of
buds and
diameter
continue,
needle
growth
beginning

Bud growth
ended,
growth of
needles and
diameter
continue

Growth of
needles and
diameter
continue

Growth of
needles and
diameter
ended, root
growth
continues

Average
temperature in
2013

11.9°C 17.2°C 19.4°C 12.9°C 13.7°C

Mean monthly
temperature
(1981-2010)

8.9°C 8.9°C 13.3°C 16°C 13.8°C

Average daily
min / max
temperatures
in 2013

6.1°C

17.4°C

12.1°C

22.7°C

14.7°C

24.5°C

8.5°C

16.7°C

8.3°C

19.5°C

Mean daily
min / max
temperatures
(1981-2010)

2.8°C

14.9°C

2.8°C

14.9°C

7.6°C

18.9°C

10.8°C

21.6 °C

8.8°C

13.1°C

Average daily
precipitation in
2013

0mm 0.37mm 1.97mm 2.30mm 0mm

Mean daily
precipitation
(1981-2010)

1.45mm 1.45mm 2.4mm 3.0mm 2.7mm

(Smart-SMEAR: on-line data exploration and visualization tool for SMEAR stations)



30

During the summer, there were differences in the normal mean monthly temperatures

and measured mean temperatures of the periods. The periods of late spring and early

summer were warmer than in average regarding both the mean monthly temperatures and

the daily minimum and maximum temperatures.  In the end of May, temperature was over

8 degrees higher and in the end of June over 6 degrees higher than normally. The fourth

period in July, on the contrary, was colder than normal. Thus, the period that represents the

normally warmest month of year was only a little warmer than the period representing

spring. The temperatures of the period in August are quite similar to mean monthly

temperatures over the last 30 years.

All  in  all,  the  precipitation  was  received  less  than  usually  during  all  the  periods.

During the first and last periods no rainfall was detected. However, no signs of drought

were detected either, so enough precipitation was received between the periods.

5.2 The diurnal variation of oleoresin pressure

According to the oleoresin pressure measurements, the diurnal pattern of oleoresin pressure

in the stem of Tree 1 is apparent. The pressure is highest after mid-day, from 1 to 3 p.m.

and  lowest  before  sunrise,  from  3  to  6  a.m.  (Figures  8  and  9).  The  pattern  is  similar

regardless of the day or the pressure gauge during all the four measuring months during the

summer of 2013.

In  addition  to  the  diurnal  trend,  there  is  a  visible  downward  trend  in  the  pressure  of

oleoresin during a measurement period of one pressure gauge. In the beginning of a new

measuring period, when a new brass tube and pressure gauge are installed, the overall level

of oleoresin pressure is high and the changes in oleoresin pressure are substantial. Towards

the end of the measurement period, the overall  level of oleoresin pressures drops and the

differences between night and day pressures diminish. At the very end of the measurement

periods, just before the change of a pressure gauge, the changes in oleoresin pressure

almost disappear. Despite this trend, the diurnal pattern of oleoresin pressure is apparent

over all the measurement periods.
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Figure 9: The diurnal variation of oleoresin pressure of Tree 1 on two heights at SMEAR II

6.5.―16.5.2013

In addition, the diurnal rhythm of oleoresin pressure is similar regardless the measuring

height and the measured pine. During June and July there was a pressure meter installed

into Tree 2 (Figure 8).  In Tree 2, the diurnal rhythm of oleoresin pressure is similar to that

of the Tree 1 although the overall level of oleoresin pressure is slightly lower. The pressure

readings from other pressure gauges than the gauge of Tree 1 were recorded manually

looking at the pressure gauges. Thus, there are fewer observations on the oleoresin

pressure of Tree2, and none during nights. In May, a pressure gauge was installed into the
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upper bole of Tree 1. According to five days of measurements, the pressure of oleoresin

changes diurnally similarly as in the lower bole (Figure 9). The overall level of oleoresin

pressure in the upper bole is, however, about two bars lower than in the lower bole.

5.3 Oleoresin pressure and environmental variables

Both measured oleoresin pressure and temperature corrected oleoresin pressure were

plotted against the essential environmental variables. Temperature was chosen as an

important variable, because in the preliminary study of summer 2012 it was detected to

have a strong correlation with the pressure of oleoresin. Vapour pressure deficit (VPD) that

indicates the relative lack of water in the air was chosen based on the earlier studies in

which it has been detected to influence the variations of the oleoresin pressure. PAR was

chosen since it partly indicates the possibility of photosynthesis and contributes to other

physiological processes in trees, too.

 As expected, ambient temperature measured under the canopy from the height of 4.2

meters is the environmental variable that has the closest correlation with oleoresin

pressure. Over the calculation periods, the average correlation between temperature and

measured resin pressure is very high: 0.88 (Table 2). Naturally, there appears to be no

consistent correlation between temperature corrected oleoresin pressure and ambient

temperature.

The correlations between the measured pressure of oleoresin and vapour pressure

deficit (VPD) are slightly weaker than the correlations between oleoresin pressure and

temperature (Table 2). Between radiation (PAR) and measured oleoresin pressure the

correlations vary considerably and the correlations are stronger in the early summer than in

the late summer (Table 2). Similarly, the correlations between temperature corrected

oleoresin pressure and VPD, as well as the correlation between temperature corrected

oleoresin pressure and PAR are stronger in the early summer than in the late summer,

being on average approximately zero. Consequently, there is not an environmental variable

that correlates steadily with the changes in temperature corrected oleoresin pressure.
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Table 2: The correlations between measured OEP and environmental variables

Temperature corrected oleoresin pressure
Temperature 0.16 0.00 -0.03 -0.29 0.06 -0.02
VPD 0.19 0.12 0.31 -0.34 -0.10 0.04
PAR 0.29 0.24 0.44 -0.27 -0.41 0.06

As the close correlation between measured oleoresin pressure and temperature

indicates, measured oleoresin pressure follows closely the change in temperature (Figure

10). The changes in temperature reflect quickly to oleoresin pressure, and for example on

the afternoon of 25.6, the drop in temperature is well noticeable in oleoresin pressure too.

However, during the warmest days oleoresin pressure is not always highest, and there are

certain times when the changes in oleoresin pressure cannot be directly explained by the

changes in temperature. For example, between the late night of 24.6 and the early morning

of 25.6 there is a sudden rise in temperature that does not appear to affect oleoresin

pressure. Moreover, during the afternoon of 28.6 the little variations in oleoresin pressure

are not explained by temperature, but vary similarly with temperature corrected oleoresin

pressure instead. In addition, during most days the phase of diurnally highest oleoresin

pressure, especially temperature corrected oleoresin pressure, occurs slightly earlier than

the maximum temperature of a day.

As the correlation table, plotting the relation between temperature and measured

oleoresin pressure reveals that the correlation changes only little between the periods

(Figure 11). The correlations are clearest during the first and the third period that are the

longest periods. In the plots of the second and third periods there are, however, groups of

points that significantly differ from the main group. The relation between temperature and

oleoresin pressure is generally more exponential than linear, but due to the relatively small

scale of temperature the type of the relation cannot be clearly identified.

Correlations
Measured oleoresin pressure
10.5. - 15.5. 27.5. - 31.5. 23.6. - 28.6. 15.7. - 18.7. 26.8. - 30.8. Average

Temperature 0.90 0.77 0.90 0.91 0.90 0.88
VPD 0.82 0.77 0.83 0.63 0.75 0.76
PAR 0.70 0.63 0.64 0.22 0.35 0.51
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The average coefficient of determination (R2) of a linear regression model that

explains changes in measured oleoresin pressure only temperature as a parameter is 0.77,

whereas the coefficient of determination of a model that has two more environmental

parameters (VPD, PAR) is 0.81. Temperature is a significant parameter during every

period in both models. The average coefficient of determination for a linear regression

model explaining temperature corrected oleoresin is 0.19 when it includes only

environmental variables (temperature, VPD and PAR). Hence, the environmental variables

are nevertheless unable to explain the changes in temperature corrected oleoresin pressure

5.4 Oleoresin pressure and water balance variables

The diurnal pattern of measured oleoresin pressure differs considerably from the diurnal

pattern of xylem’s diameter, so the correlation between measured oleoresin pressure and

the diameter of xylem is in average rather negative: -0.52 (Table 3). When the effect of

temperature is reduced from the changes in oleoresin pressure, the average correlation

between oleoresin pressure and changes in the diameter of xylem is positive: 0.22 (Table

3). There are however vast variations between the different periods, since the correlations

vary from -0.09 to 0.46.

Table 3: The correlations between measured oleoresin pressure and the variables concerning the
water balance of a tree

Correlations
Measured oleoresin pressure
10.5. - 15.5. 27.5. - 31.5. 23.6. - 28.6. 15.7. - 18.7. 26.8. - 30.8. Average

diameter of xylem -0.76 -0.33 -0.63 -0.39 -0.49 -0.52
transpiration 0.76 0.76 0.72 0.47 0.62 0.67
photosynthesis 0.61 0.54 0.58 0.10 0.18 0.40

Temperature corrected oleoresin pressure

diameter of xylem -0.09 0.46 0.11 0.43 0.20 0.22

transpiration 0.26 0.26 0.48 -0.32 -0.27 0.08

photosynthesis 0.30 0.39 0.36 -0.32 -0.57 0.03
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The correlation between transpiration and measured oleoresin pressure is quite strong

and stable throughout the summer except for the fourth period when the correlation is

weaker (Table 3). Nevertheless, there is a hint of a trend of closer correlation in the early

summer and weaker correlation in the late summer. The measurements on the transpiration

are slightly biased, though, due to abnormal light conditions of the measured branch. The

platform under the measured branch reflected light so that it started photosynthesis earlier

in the morning than other branches further away from the platform.

Between temperature corrected oleoresin pressure and transpiration, there is a clear

pattern of positive correlation in early summer and negative correlation in late summer

(Table 3). No distinct similarity between the correlation readings of measured oleoresin

pressure and the diameter of xylem, and measured oleoresin pressure and transpiration can

be detected, even though the diameter of xylem and transpiration are physiologically

connected variables. The patterns of correlations between measured as well as temperature

corrected oleoresin pressure and photosynthesis are rather similar to the correlations of

measured and temperature corrected oleoresin pressure with PAR (Tables 2 and 3). The

correlation is stronger in the early summer and weaker in the late summer and when it

comes to temperature corrected oleoresin pressure, the average is near zero.

As the negative correlation between measured oleoresin pressure and the diameter of

xylem indicates, the diurnal pattern of diameter change is contradictory to the pattern of

oleoresin pressure (Figure 12). For example, in the evening of 30.5., the diameter of xylem

increases suddenly and oleoresin pressure decreases at the same time. Similarly, on 31.5. in

the late afternoon, diameter of xylem increases suddenly and oleoresin pressure decreases

considerably at the same time.  Nevertheless, temperature corrected oleoresin pressure

follows  the  general  trend  in  the  diameter  of  xylem  on  most  days,  for  example  on  29.5.

There are also peaks in measured oleoresin pressure that are similar to peaks in

temperature corrected oleoresin pressure for example on 31.5. in the mid-day. They might

be explained by peaks in the diameter of xylem.
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Figure 12: Measured and temperature corrected oleoresin pressures and the diameter of a Scots
pine at SMEAR II 27.5.―1.6.2013

As the results in Table 3 indicate, correlations between measured oleoresin pressure

and diameter variations vary between the periods. For example, during the fifth period the

correlation cannot be clearly detected when the variables are plotted against each other

(Figure 13). In addition, there appears to be different trends in the relations between the

diameter of xylem and measured oleoresin pressure during the periods. This phenomenon

emerges for example during the second and the third period. All in all, the relation appears

to be mostly linear. When it comes to the correlations between temperature corrected

oleoresin pressure and the diameter of xylem, there is even more variation between the

different periods (Figure 14). The periods during which the correlations between measured

oleoresin pressure and the diameter of xylem are not highly negative (for example the

second period) the correlation between temperature corrected oleoresin pressure and

diameter is stronger.



38

Figure 13: The correlations between measured oleoresin pressure and the diameter of xylem

Figure 14: The correlations between temperature corrected oleoresin pressure and the diameter of
xylem
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A linear regression model explaining the changes in measured oleoresin pressure with

both environmental and physiological parameters (temperature, VPD, PAR,

photosynthesis, transpiration and the diameter of xylem) has the average coefficient of

determination (R2) of 0.88, whereas a model with only physiological variables has the

average coefficient of determination of 0.58.  The coefficient of determination of a

regression model that explains the variation of temperature corrected oleoresin pressure

with several physiological variables is 0.37. Both physiological and environmental

parameters combined, the coefficient of determination is 0.49. When modeling temperature

corrected oleoresin pressure with only physiological, the diameter variations of xylem are a

significant parameter during every period. They are a significant parameter during all but

one period in the regression model with all the variables too. Another parameter that is

significant in the regression model with physiological variable is transpiration. It is not,

however, significant when environmental parameters are added into the model.

5.5 Oleoresin pressure and monoterpene emissions

Both the pressure of oleoresin and the emissions of VOCs, represented by monoterpenes,

are closely correlated with temperature. The correlation between monoterpene emissions

and temperature is strong and varies very little over the periods (Table 4). The correlation

between measured oleoresin pressure and monoterpene emissions varies between the

different periods, but the average correlation over the periods is as strong as the correlation

between monoterpene emissions and temperature (Table 4). However, between

temperature corrected oleoresin pressure and monoterpene emissions there is not any

steady correlation or trend and the average correlation is nearly zero over the calculation

periods.

Table 4: The correlations between oleoresin pressures, temperature and monoterpene emissions

Correlations
monoterpene emissions
10.5. - 15.5. 27.5. - 31.5. 23.6. - 28.6. 15.7. - 18.7. 26.8. - 30.8. Average

measured OEP 0.72 0.47 0.68 0.72 0.84 0.69
corrected OEP 0.34 -0.20 0.16 -0.18 0.30 0.08
temperature 0.67 0.71 0.67 0.69 0.77 0.70
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The correlations between all the three variables: monoterpene emissions, temperature

and oleoresin pressure being so close, the diurnal patterns of the three variables are similar,

too (Figure 15). Although monoterpene emissions vary considerably from hour to hour the

overall pattern appears to follow either the changes in temperature or measured oleoresin

pressure. The diurnal peaks of maximum emissions lag a little behind the peaks of

maximum temperature and maximum oleoresin pressure which indicates a cause–

consequence relation.

In addition to the vast diurnal variation of monoterpene emissions, the scales of

emissions vary considerably between the different periods. For example, during the second

period there are peaks up to 40ng m-2 s-1 whereas during the fourth period emissions stay

under 7ng m-2 s-1 (Figure 16). There is, however, a detectable correlation during each

period between measured oleoresin pressure and monoterpene emissions. The shape of

their relation varies between the periods, but it is mostly more linear than exponential.

Nevertheless, the scale of each period is relatively small, so the behaviour of extreme

values and the large shape of the relation cannot be observed. Generally the highest

emissions occur at the same time as highest pressures of oleoresin. When plotting

monoterpene emissions against temperature corrected oleoresin pressure the relation of the

two  variables  is  not  as  visible  (Figure  17)  even  though  the  Table  4  suggest  a  slight

correlation during the first and the fifth period, for example.
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Figure 16: The correlations between measured oleoresin pressure and monoterpene emissions

Figure 17: The correlations between temperature corrected oleoresin pressure and the monoterpene
emissions
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Although the correlations of both measured and temperature corrected oleoresin

pressure with monoterpene emissions are close, the average coefficient of determination

(R2) explaining monoterpene emissions with temperature and oleoresin pressure is 0.53.

The difference between the coefficients of determination of the regression models

explaining monoterpene emissions either with temperature or oleoresin pressure is small

(0.01), the coefficient of temperature-based model being slightly bigger.

Since temperature appears to be such a ruling feature in both the variations of

monoterpene emissions and the pressure of oleoresin, relations between the three variables

and  in  addition  PAR  and  VPD  were  studied  using  the  EFRA  approach  (Figure  7).  The

effect of oleoresin pressure on monoterpene emissions was determined first in absence and

then in presence of the environmental variables on at a time (Table 5). The coefficient of

oleoresin pressure varies considerably between the different periods, because monoterpene

emissions are very different during different phases of growing period, as explained earlier.

In addition, the effect of temperature on monoterpene emissions was determined first in the

absence and then in the presence of oleoresin pressure.

The general pattern over the periods is that adding temperature into the regression

model explaining monoterpene emissions reduces the coefficient of oleoresin pressure

(Table 5, Figure 18). Thus, temperature creates a part of the oleoresin pressure’s effect on

monoterpene emission. Almost similar pattern is achieved when oleoresin pressure is

added into a regression model explaining monoterpene emissions with temperature (Table

5). In all but the second period, the coefficient of temperature, i.e. the effect of

temperature, reduces by more than half when oleoresin pressure is introduced to the model.

Thus, a part of the impact of temperature on monoterpene emissions is created by oleoresin

pressure.

Similarly, adding VPD generally reduces the coefficient of oleoresin pressure except

for the fourth period, when adding the VPD increases slightly the coefficient of oleoresin

pressure (Figure 18). Adding PAR, on the other hand, tends to increase the coefficient of

oleoresin pressure which means that PAR inhibits the effect of oleoresin pressure (Figure

18). During the second period however, PAR slightly reduces the effect of oleoresin

pressure. All the environmental variables at the same time cause the coefficient of

oleoresin pressure diminish in all but the first period.
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Table 5: The coefficients of EFRA -analysis. Variables -columns presents the variables that were
used in a regression model at a time, coefficient columns present the coefficients of each variable
in each model they were used. The bold values are the values of OEP’s coefficients when OEP is
the only variable of the model. The italicized values are the values of temperature’s coefficients
when temperature is the only variable of the model.

Variables: Coefficients of the variables:
OEP Temperature VPD PAR

10.5.―
15.5.

OEP 4.19
Temperature 0.47
OEP+temperature 4.10 0.09
OEP+VPD 3.74 0.12
OEP+PAR 4.95 0.00
OEP+temperature
+VPD+PAR

5.04 -0.21 0.34 0.00

27.5.―
31.5.

OEP 19.18
Temperature 2.70
OEP+temperature -6.96 3.18
OEP+VPD -2.53 1.22
OEP+PAR 15.74 0.00
OEP+temperature
+VPD+PAR

-5.97 3.47 -0.27 0.00

23.6.―
28.6.

OEP 9.78
Temperature 1.12
OEP+temperature 5.46 0.56
OEP+VPD 8.51 0.11
OEP+PAR 11.41 0.00
OEP+temperature
+VPD+PAR

4.76 0.56 0.29 0.00

15.7.―
18.7.

OEP 3.86
Temperature 0.41
OEP+temperature 2.80 0.13
OEP+VPD 4.20 -0.04
OEP+PAR 3.98 0.00
OEP+temperature
+VPD+PAR

2.47 0.44 -0.29 0.00

26.8.―
30.8.

OEP 24.51
Temperature 1.19
OEP+temperature 21.36 0.19
OEP+VPD 22.24 0.13
OEP+PAR 25.99 0.00
OEP+temperature
+VPD+PAR

4.32 0.53 1.19 -0.01
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Figure 18: The coefficients of oleoresin pressure in EFRA -analysis
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6 DISCUSSION

6.1 The pressure of oleoresin

6.1.1 The diurnal pattern of oleoresin pressure

The diurnal pattern of measured oleoresin pressure is clear and undeniable, since it is

similar between different trees, measurement locations and pressure gauges throughout the

whole summer. Naturally, there are adaptations to current conditions such as temperature

and humidity that cause the pressures differ slightly from the pattern every now and then.

In general, oleoresin pressure reaches highest values in afternoon and lowest between

midnight and sunrise.

During the measuring period of one pressure gauge, the overall trend of oleoresin

pressure is descending. At first, the measured pressure of oleoresin increases rapidly after

installation of a pressure gauge but decreases notably during the first days of measuring.

Towards the end of measuring period the pressure of oleoresin stabilizes. The downward

trend in the recording of a pressure gauge is most likely created by slow crystallization of

oleoresin inside the brass tube and the pressure gauge. The conclusion that crystallization

gradually prevents the movements of oleoresin and thus diminishes observed changes in

oleoresin pressure was also introduced by Vité (1961). On the other hand, it cannot be

excluded that the trend reflects exhaustion of local oleoresin storages or the progress of a

defense reaction that puncturing the tree causes. In that case, during the first days of

measurements, measuring oleoresin pressure by wounding the tree would not give

information on the natural oleoresin pressure of a pine, but the oleoresin pressure during a

defense reaction.

The  wounding  of  the  study  tree  might  also  have  another  kind  of  impact  on  results.

According to Fahn and Zamski (1970), wounding and stress induces the oleoresin yield,

which may cause the overall oleoresin pressure of a pine to increase. Tree 1, the main tree

of measurement, is and has been quite intensively measured by other equipment too. There

is thus a possibility that it has abnormally high oleoresin production and pressure

compared to other pines of the stand. This idea is supported by the measurements of

oleoresin pressure on other trees. The average oleoresin pressure of Tree 1 is

approximately 5 bars, but the average oleoresin pressure of the measurements on other

trees is approximately 3 bars. This value is close to the mean oleoresin pressure of a

Scandinavian variant of Scots pine measured by Bridgen and Hanover (1982): 3.8atm
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(~3.8 bars). In the other study trees than Tree 1, even the pressures of oleoresin right after

the installation of a pressure gauge did not rise as high as the oleoresin pressure of Tree 1.

However, there are successful measurements only from two other trees, so the testing of

this hypothesis would require longer measurements on more trees. According to Vité

(1961), the pressure of oleoresin between trees of same species differ only little. On the

other hand, Bourdeau and Schopmeyer (1958) state that the level of oleoresin pressure may

be quite different between different trees even if they were same species, but oleoresin

pressure varies nevertheless similarly in all trees.

There is a similar difference between oleoresin pressures to be found when comparing

oleoresin pressure between different parts of the trunk. Oleoresin pressure measured on the

upper pole of Tree 1 is approximately half of the pressure measured on the lower pole of

Tree 1. The diurnal patterns of pressures are nevertheless similar. Also Vité (1961)

recognized a difference between the upper and lower pole, especially if the pressure of

oleoresin is generally high. However, as well as in the question about the different

oleoresin pressures between trees, more measurements are needed is the hypothesis to be

tested.

6.1.2 The diurnal pattern of oleoresin compared to literature

The results of the study differ significantly from the results of the earlier studies and the

diurnal pattern of oleoresin pressure observed in this study is contrary to the pattern

observed earlier. For example, according to Schopmeyer et al. (1952), Bourdeau and

Schopmeyer (1958), Vité (1961), Lorio and Hodges (1968a,b) and Helseth and Brown

(1970), the pressure of oleoresin is high in the nighttime, usually just before sunset,

whereas during the sunniest and warmest time of day the pressure of oleoresin is low.

However, this study shows a clear diurnal pattern in oleoresin pressure, in which highest

pressures are obtained during daytime and lowest pressures in the night and early morning.

In case the difference resulted from the pressure measurements, the difference in the

methods  between this  study  and  the  earlier  studies  ought  to  be  substantial.  However,  the

method  employed  in  this  study  was  similar  the  methods  of  Vité  (1961)  and  Perrakis

(2008). As the measuring system is simple, there appears to be no major error that would

explain the results of the whole summer.  Thus, this difference in results may be due to the

differences in environmental conditions, since the cited studies are mainly conducted in the
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southern USA. The differences between pine species and their adaptations to the

environment and their pests could explain a part of the difference in the results too.

The climate in southern USA varies from temperate to subtropical. The studies on the

pressure of oleoresin are conducted mainly in the humid subtropical climate of south-east

part of USA (states of Florida, Georgia, South Carolina, Mississippi and Louisiana) and in

the Mediterranean and alpine climates of western coast (states of California and Oregon).

In these areas, the environmental characteristics that strongly influence the growth and

physiology of plants are, on one hand, droughts as well as strong radiation, and on the

other hand, long or year-round growing seasons. Especially in California and Oregon

droughts are common in summertime, whereas in southeastern states summer months

receive much precipitation (Table 6). On the contrary, the autumn, winter or spring months

in South-East USA may be relatively dry depending on the location. In boreal forests

adaptations  into  short  growing  season,  dormancy  and  cold  temperatures  of  winter  are

central aspects in the lives of coniferous trees (Table 6). These differences in the climates

of southern USA and Finland may also affect the composition and the physical

characteristics of oleoresin in different pine species.

Table 6: Comparison of the summer climate conditions in Finland and southern USA

Averages
during
summer
(June to
August)

Temperature
The high and
low
temperatures

Temperature
difference
between night
and day

Total
rainfall

Finland 14.8 ⁰C
Min: 9 ⁰C
Max: 20 ⁰C

9.5 ⁰C
225 mm/
summer

South-East
USA

25 ⁰C
Min: 22 ⁰C
Max: 33 ⁰C

11 ⁰C
401 mm/
summer

California
and Oregon

21 ⁰C
Min: 15 ⁰C
Max: 30 ⁰C

5 ⁰C
22 mm/
summer

(Neher 1993, www.ilmatieteenlaitos.fi/vuodenaikojen-tilastot (26.12.2013),
www.theweathernetwork.com/forecasts/statistics/list/us (15.2.2014))

There are also considerable differences in the physical properties of oleoresin between

different trees and species that can influence the pressure of oleoresin and its reactivity to

changes in temperature and humidity. For example, the viscosity of oleoresin has been

detected to vary considerably even between the individuals of same species (Mergen et al.

1955, Stark 1965, McReynolds 1971). Viscosity is, as well as heritable, very temperature
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dependent affecting the ease at which oleoresin flows. Thus, it has a direct impact on the

temperature response of oleoresin flow rate. In case the oleoresin of a studied pine is

highly viscous, it may be difficult to measure oleoresin pressure, since oleoresin will not

flow into a thin tube. Very viscous oleoresin also reflects the changes in pressure slowly.

However, very fluid oleoresin easily flows beside the tube and not into a pressure gauge,

but maybe reflects the changes in pressure better. In case the oleoresin of Finnish Scots

pine  was  considerably  more  viscous  than  the  oleoresin  of  the  pines  studied  in  USA,  the

viscosity could generate a relative delay in the measuring of oleoresin pressure. However,

it is not likely that the relative delay would be half a day long and explain the difference in

the variations of oleoresin pressure between this study and the earlier studies.

 Another feature about oleoresin that may vary considerably between different species

and areas is the flow and flow rate. Certain pine species are specially used for tapping

oleoresin for commercial and industrial purposes. These pines are for example Caribbean

pine,  Maritime pine,  Slash  pine  and  Monterey  pine.  The  two last  species  have  also  been

subjects of oleoresin pressure studies (Schopmeyer et al. 1953, Neher 1993). The ability to

produce oleoresin of these pine species is especially high. In addition, presumably the

crystallization rate of the oleoresin in these pines is quite low. According to Busgen and

Münch (1929), the use of Scots pine in resin tapping has been quite negligible, since the

oleoresin of Scots pine crystallizes fast, although the density of resin ducts, and

presumably  the  total  amount  of  oleoresin,  in  Scots  pine  is  relatively  high   (Stark  1965).

From 1920s to 1940s Scots pines have however been tapped for oleoresin in central Europe

and Finland (Helander 1919, Kalela 1946). In Russia, tapping Scots pines commercially is

still quite common, but the quality and quantity of its oleoresin is considered relatively

poor (FAO 1995, FAO 1998). Thus, it can be concluded that perhaps the oleoresin of Scots

pine is difficult to collect and measure, but this hardship does not explain the reason for the

exceptional diurnal pattern in the variations of oleoresin pressure in Scots pine.

As a third divisional feature, Bridgen and Hanover (1982) have noticed considerable

differences in the oleoresin pressure even between the different variants and provenances

of a species. They state that the average oleoresin pressure of Scandinavian Scots pines is

considerably smaller than the oleoresin pressure of the Scots pines from other provenances.

This difference in the average pressure indicates difference in the adaptations and

physiology of oleoresin that are potentially even larger between different species in

different environments. These differences in adaptations and physiology may create

different results in the diurnal variations of oleoresin pressure.
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Moreover, adaptations to the host specific pest insects may create slightly different

mechanism and responses in defense systems of conifers, which may in turn impact the

oleoresin pressure and flow of pine species in different environments. One of the most

destructive bark beetle in the pine stands of USA is southern pine beetle (Dendroctonus

frontalis), since it is able to kill healthy trees and reproduce very quickly (FAO 2009).

Southern pine beetles bore their nesting channels under the bark of a pine hindering the

transport of sugars and other components in phloem. The damage that these bark beetles

and other species of the same genus have caused during outbreaks has greatly induced the

urge to investigate oleoresin and possibilities to protect forests. The optimal flying

temperature of D. frontalis is 27⁰C,  so  it  mainly  flies  on  daytime  (Moser  &  Thompson,

1986). Another destructive species is mountain pine beetle (Dendroctonus ponderosae) in

western USA (FAO 2009). It is quite similar to southern pine beetle, but it is especially

harmful to Lodgepole pines and develops in Ponderosa pines, Limber pines and Scots

pines, too (FAO 2009).

In Finland, among the most common and destructive insects in pine stands are pith

borers Tomicus piniperda and Tomicus minor.  They  both  eat  phloem  and  create  their

nesting channels under the bark, but their main detriment is consuming the newest shoots

of a pine. Pith borers are destructive from late July until October (Heliövaara &

Mannerkoski, 1987). Polygraphus poligraphus and Ips acuminatus are also quite common

bark beetles in Finnish pine forests. They create their channels under the bark of tree and

consume phloem as Southern pine beetle (Heliövaara & Mannerkoski, 1987). In addition,

the larvae of both hymenopterans Neodiprion sertifer and Diprion pini eat the needles of

pines, Neodiprion sertifer from spring to June, and Diprion pini in the late summer

(Heliövaara & Mannerkoski, 1987). Also these insects are mostly active when it is warm,

i.e. in day time.

The coevolution and adaptation into the most common pests develop the defense

mechanisms of trees. It could be therefore assumed that whether the most common and

destructive pest of pines in the area usually attacked in the spring, or during specific hours

of the day, the defense of pines would be strongest at  the same time, i.e.  at  the time, the

pressure of oleoresin would be highest or the flow rate of oleoresin fastest. Since the

southern pine beetle is able to produce many broods during the year, the population may be

epidemic as long as temperature is suitable, in which case the pines in southern USA

should be defensive constantly. Instead, the pest insects of pines in Finland have relatively

short window of flying and breeding, so the defense of pines may be more specifically
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timed. However, the diurnal high pressure peak of American pines is not at the same time

as the most active period of the southern pine beetle. Thus, it is more likely that the insect

has adapted to the diurnal variations in the defensive response of a pine, or that the

possible adaptations are not strong.

6.2 Oleoresin pressure and environmental variables

6.2.1 Oleoresin pressure and temperature

Although the diurnal variations in oleoresin pressure oleoresin have been stated to be

contradictory to the pattern of temperature (Helseth and Brown 1970), this study indicates

that temperature has a strong positive impact on the pressure of oleoresin. The positive

correlation between the two variables is close: 0.88 in average and oleoresin pressure

appears to follow closely the changes in temperature. Interestingly, the correlation between

oleoresin pressure and temperature is weakest during the second period when the measured

mean temperature is approximately 8 degrees higher than the normal mean temperature.

On the contrary, the correlation is strongest during the fourth period when the measured

mean temperature is smaller the normal mean temperature. However, the correlation of the

fourth period differs rather insignificantly from the correlations of the first, third and fifth

periods,  during which the temperatures are higher than normal or quite similar to normal

mean temperatures. Thus, there is no clear trend in the effect of mean temperature on the

relation between temperature and oleoresin pressure.

Despite the close correlation, the changes in oleoresin pressure are not completely

similar to the changes in temperature. As already stated, the diurnal maximum of oleoresin

pressure is reached earlier than the maximum temperature, and there are changes in

oleoresin pressure that are not explained temperature. The differences between the diurnal

variations of oleoresin pressure and temperature indicate that there are also other variables

affecting oleoresin pressure. The effect of these variables may be smaller or similar to the

effect of temperature. Alternatively, the effects of other variables potentially only emerge

during specific conditions or certain situations, such as abnormally the high temperature

during the second period.

However, temperature explains the changes in oleoresin pressure better than any other

single variable discussed in this study. The reasons why temperature affects oleoresin

pressure so strongly are not clear, but there are possible explanations. Temperature may
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impact the oleoresin pressure directly, i.e. by the means of for example thermal expansion,

changes in viscosity or temperature dependency of the vapour pressure of oleoresin.

Another way of temperature to affect oleoresin is through a physiological process or

reaction, or just by accelerating chemical reactions. The possible impact of a closely

temperature related factor that affects oleoresin cannot be excluded either, since there are

only field measurements that are unable to entirely separate the effects of different

variables and processes.

The  thermal  expansion  of  oleoresin  has  not  been  studied,  but  if  it  were  striking,  the

effect should be detectable in the southern USA too.  The earlier studies do not indicate

that the effect of thermal expansion would be unexpectedly strong even though

temperatures on the study areas (South-east USA, Oregon and California) vary

approximately 5―10  degrees  between  day  and  night.  Yet,  it  is  possible  that  there  is  an

effect of thermal expansion in the American studies, but it is shaded by a stronger factor.

Consequently, this shading factor should be insignificant in the boreal climate. The thermal

expansion coefficient of glycerin that is used as a transmitter between the oleoresin and the

pressure meter is small, 0.00050/⁰C, so its influence on measurements is insignificant. In

case there is vapour in resin ducts, increase in temperature affects the vapour pressure

directly and increases the pressure inside resin ducts. However, no such behaviour has

been detected in the earlier studies either.

As stated earlier, another feature of oleoresin that is influenced directly by temperature

is the viscosity of oleoresin. Warmth fuses the oleoresin and enhances its ability to move

along resin ducts and thus transmit the changes in pressure into the pressure gauge.

Nonetheless,  very  fluid  oleoresin  tends  to  flow  out  of  duct  beside  the  tube  of  pressure

gauge.  The fact that warmth slightly enhances the yield of oleoresin from a pine (Kalela

1946, FAO 1995) may also be connected to the changes in the viscosity of oleoresin.

However, other than the influence on the success of measurements and the flow of

oleoresin, there appears to be no other clear connection between the pressure and viscosity

of oleoresin.

 A physiological process through which temperature may affect oleoresin pressure is

photosynthesis that produces the raw-material for the constituents of resin. Another process

possibility is the impact of temperature on the balance between sugars and starch inside the

epithelial cells of resin ducts, and third possibility is a temperature determined storage

mechanism. In addition, rise in temperature has the ability to accelerate the chemical

processes, which may affect several different processes related to the pressure of oleoresin.
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The changes in the pressure of oleoresin are due to the swellings and shrinkages of the

epithelial cells according to the theory of Vité (1961). The epithelial cells may swell

because they absorb water as a consequence of changes in the sugar or osmotic status

between the contents and surroundings of the cell. In case temperature significantly affects

the sugar-starch balance of epithelial cells by inducing the breakage of starch, it would

swell the epithelial cells and thus increase the pressure of oleoresin. The starch-sugar

balance is affected by the photosynthesis too, because the pace of photosynthesis affects

the amount of sugars transported into the epithelial cells. However, the transfer time of

sugars in phloem is so long that the effect of photosynthesis reflects to the sugar balance of

the epithelial cells only after hours (Mencuccini and Hölttä 2010).

The possibility of a physical process through which the temperature affects oleoresin

pressure is partially supported by the fact that the average coefficient of determination (R2)

of the linear regression model including only temperature as a variable (0.77) is smaller

than the coefficient of determination of the model that has several environmental and

physiological variables (0.88).  In case the temperature would affect the oleoresin pressure

directly, for example by the means of thermal expansion, the model based on temperature

would have relatively stronger coefficient.

6.2.2 Oleoresin pressure, PAR and VPD

PAR (photosynthetically active radiation) is closely linked to ambient temperature and to

the physiology of plants. It has also been connected to oleoresin pressure by Vité (1961)

and Lorio and Hodges (1968 c), who state that a cloud shading the sun on a sunny day

increases momentarily the pressure of oleoresin. However, the positive correlation between

PAR and measured oleoresin pressure observed in this study reflects no such relation

between PAR and oleoresin pressure, even though separate cloudy moments have not been

especially investigated. The PAR appears important when it comes to modeling oleoresin

pressure though, since it is a significant variable in the models of all but one period.

Nonetheless, the measurements on PAR are not completely reliable, since they have been

measured on a spot where the light reflects abnormally.

The environmental conditions appear to affect the correlations between PAR and

measured oleoresin pressure. The correlations are relatively high and constant during the

first three periods, when temperatures are higher than normal. However, the correlation is

exceptionally low during the fourth period, when temperature is lower than normal. The
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correlation is weak also during the fifth period, when the temperature is  close to normal,

but rainfall is scarce. There is a similar pattern over the summer in the correlations between

PAR and temperature corrected oleoresin pressure. Over the periods, the correlation is, all

in all, on average zero. Since PAR affects the physiology and phenology of a tree, also the

different phases of a growing season explain a part of the variations in the correlation

between oleoresin pressure and PAR. During different phases of growth, for example, the

PAR dependency of the functions of a tree can change.

The third and fourth environmental variables that have been linked to the oleoresin

pressure are vapour pressure deficit (VPD) and relative humidity (RH). According to Lorio

and Hodges (1968c) there is a strong negative correlation between VPD and oleoresin

pressure. Vité (1961) and Helseth and Brown (1970) have also detected that oleoresin

pressure drops as a consequence of a drop in the relative humidity. These studies suggest

that high VPD and low relative humidity that lead into fast rate of transpiration decrease

the pressure of oleoresin. Nevertheless, according to the results the correlation between

VPD and oleoresin pressure is strongly positive, probably since VPD is partly determined

by temperature. VPD also appears to be a significant variable regarding the linear

regression models explaining the changes in oleoresin pressure although according to

Lorio and Hodges (1968c), the effect of VPD is rather insignificant in case there is

sufficiently water in the soil. During most of the summer 2013, no signs of drought were

detected.

The  possible  effect  of  VPD on oleoresin  pressure  may be  observed  on  the  timing  of

maximum temperature and oleoresin pressure. VPD increases as the temperature soars and

reaches its maximum when the temperature is highest. During the warmest hours of a day,

increase in VPD could diminish the effect of temperature on oleoresin pressure quite

similarly  as  it  diminishes  the  effect  of  temperature  and  PAR  on  photosynthesis.  Thus,

oleoresin pressure would start to decrease just before the warmest moments of a day. This

explanation would not of course apply if it rains during the day, or if temperature does not

follow normal pattern for another reason.

The correlation between VPD and measured oleoresin pressure is relatively constant

over the summer except for the fourth period. The colder than normal temperature and

higher  rainfall  affect  the  correlation,  since  they  diminish  the  value  and  thus  the

effectiveness of VPD. Similarly to the correlation between temperature corrected oleoresin

pressure and PAR, the correlation between temperature corrected oleoresin pressure and

VPD is considerably higher during the first three periods than during the two last periods
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being zero on the average. The correlations are probably affected by the varying role of

VPD in the physiology of a tree during different phases of growing season and phenology

of a tree. In addition, the difference in correlations between the periods can be partly due to

the individual differences in the installations of pressure gauges and the selected periods.

The environmental variables are all in all unable to explain the changes in temperature

corrected oleoresin pressure. The average coefficient of determination (R2) of the linear

regression model is 0.19 when it includes only environmental variables (temperature,

VPD and PAR). This trend is also visible in the correlations between environmental

variables and temperature corrected oleoresin pressure. The fact that the environmental

variables cannot explain the changes of temperature corrected oleoresin pressure very well

is a presumable result since the environmental factors discussed behave quite similarly to

temperature.

6.3 Oleoresin pressure, water balance and photosynthesis

The relation between the diurnal variation of the diameter of xylem and the pressure of

oleoresin is, as well as the relation between ambient temperature and oleoresin pressure,

contradictory to the relations stated in the earlier studies. According to Bourdeau and

Schopmeyer (1958), Vité (1961) and Neher (1993), the variations in oleoresin pressure

follow  the  changes  in  the  diameter  of  xylem  since  the  water  conducting  system  and  the

resin duct system situate close to each other in a tree trunk. When water potential in water

conducting tracheids decreases for example because of strong transpiration, the diameter of

xylem and the turgor pressure of epithelial cells lining resin ducts should decrease.

Decreased turgor pressure of epithelial cells enables the pressure of oleoresin to decrease.

However,  the  opposite  results  of  this  study  show no  direct  support  the  theory  on  the

connection between water balance and oleoresin pressure of pines. There is a negative

correlation between measured oleoresin pressure and the diameter of xylem, so the diurnal

pattern of diameter change is contradictory to the pattern of oleoresin pressure. The

connection between oleoresin pressure and the diameter of xylem approaches the

correlation stated in the literature, when the effect of temperature is excluded from

measured oleoresin pressure. The correlation between the diameter of xylem and

temperature corrected oleoresin pressure, in average 0.22, is the closest correlation that

temperature corrected oleoresin pressure has with any of the discussed variables. There is,

however, relatively much variation between the periods, especially the first period in May
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being different from others. The unlikeness of the first period is probably due to the early

phase of growing season and the unevenness of physiological processes that spring evokes.

In addition to correlations, describing temperature corrected oleoresin pressure by

linear regression models reveals connections between the diameter variations of xylem and

temperature corrected oleoresin pressure. The coefficient of determination (R2)  of  a

regression model that explains temperature corrected oleoresin pressure and has as

variables several physiological variables is stronger (0.37) than the coefficient of

determination of the regression model with only environmental variables (0.19). All

variables combined, the coefficient of determination is only slightly bigger, 0.49.

Furthermore, the diameter variations appear significant during every period in the models

with physiological variables, and during all but one period in the model with all the

variables. Another variable that appears significant in the regression models is

transpiration. It is not, however, significant when all the variables are introduced. All in all,

there appears to be a connection between the diurnal variations of diameter and the

variations of oleoresin pressure, but its impact is presumably overshadowed by the strong

effect of temperature in boreal conditions. This impact is most likely the same that was

discussed in the OEP and temperature chapter. The basic mechanism could be similar to

the mechanism introduced in Vité (1961), Bourdeau and Schopmeyer (1958) or Neher

(1993).

Possibly, in boreal Scots pine the effect of water balance is revealed only in certain

conditions, for example during periods of drought. However, if drought or abnormally hot

temperature strongly influenced the oleoresin pressure, the correlation between the

diameter of xylem and oleoresin pressure should differ from normal during dry or hot

periods. The results show no connection between the average temperature or precipitation

of a period and correlations of oleoresin pressure and the diameter of xylem. Even though

mean temperature exceeds considerably the statistical monthly mean temperature during

the second and third period, the correlations of these periods are not strikingly different

from others. In fact, the correlations during the second and fourth periods are close to each

other, although the average temperature of the second period is much warmer than the

normal mean temperature of the month and the average temperature of the fourth periods is

colder than normal.

Conversely, the correlations of the third and fourth periods differ considerably although

the periods receive quite similar amounts of rainfall. In addition, during the rainless last

period the diameter of xylem is small indicating a shortage in water, but the correlation
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between the diameter of xylem and oleoresin pressure is on an average level. Perhaps

during the study summer the extremes in dryness and temperature are not high enough to

provoke strong reactions in the connection of oleoresin pressure and the diameter of xylem.

Nevertheless, it is possible that an undiscussed variable or phenomenon, such as the phase

of growing season or reserves of oleoresin, affects the strength of correlations, too.

Another peculiarity is that the correlations between oleoresin pressure and the diameter

of xylem, and oleoresin pressure and transpiration vary differently between the periods

even though the diameter of xylem and transpiration are physiologically closely connected

variables. The colder than normal temperature of the fourth period can be detected from

the weaker correlation between transpiration and oleoresin pressure, but as mentioned

earlier, the correlation between oleoresin pressure and the diameter of xylem appears

independent from the temperature. In addition, there is stronger correlation between

transpiration and oleoresin pressure during the first three periods compared to the last

periods which is presumably generated by the warmer than normal average temperatures

during the first three periods. Similarly to the relations between the environmental

variables and oleoresin pressure, the relations and temperature dependencies between

transpiration and oleoresin pressure can change during the growing season.

All in all, the problem crystallizes to the relative importance of different impacts on the

pressure of oleoresin pressure, and especially the impacts of temperature and the water

balance on the resin ducts. One possible key to understand these relations is to detect the

behavior of epithelial cells lining the resin ducts and hence changes in the volume of resin

ducts. On one hand, rising temperature may increase the pressure of oleoresin by making

the epithelial cells swell. On the other hand, rising temperature increases transpiration

which  in  its  turn  decreases  the  turgor  pressure  of  epithelial  cells  allowing  resin  ducts  to

swell and the pressure of oleoresin to decrease. The question is therefore, which incentive

affects epithelial cells strongest.  Nonetheless, it is not only temperature that drives these

reactions. PAR affects the rate of photosynthesis which partly determines the variations in

transpiration. Transpiration is also influenced by the amount of water in the soil, the

occurrence of rainfall and the relative humidity of air. For example lack of water probably

impacts oleoresin pressure in the long run. In this case, the long-term trend of oleoresin

pressure might follow that of the diameter of xylem. However, these long-term trends

cannot be detected from this data, since the levels of oleoresin pressure during the different

periods are not comparable.
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 The relations between photosynthesis and oleoresin pressures are quite similar to the

relations  of  oleoresin  pressures  with  PAR,  which  comes  as  no  surprise  since

photosynthesis depends on PAR. In the regression models explaining measured oleoresin

pressure and temperature corrected oleoresin pressure, photosynthesis appears to be an

important variable only rarely. Although photosynthesis affects transpiration, its effect on

oleoresin is, as discussed earlier, probably regressive and it cannot thus be observed from

the diurnal changes in the oleoresin pressure.

6.4 Oleoresin pressure and monoterpene emissions

The variations in monoterpene emissions are closely correlated to temperature and

oleoresin pressure during all the periods. The fact that the correlation between

monoterpene emissions and temperature is very close to the correlation between

monoterpene emissions and oleoresin pressure can indicate that both variables affect the

emissions as strongly or that temperature affects both oleoresin pressure and monoterpene

emissions. However, correlations do not directly reflect the mechanism that really

determines emissions, but the similarity in the variations of variables instead. The lag in

the daily maximum of monoterpene emissions compared to the daily maxima of oleoresin

pressure and temperature indicates that variations in monoterpene emissions are

consequences of changes in the pressure of oleoresin or temperature. The real cause is,

however, difficult to uncover using only field measurement data.

The EFRA -approach offers perception on the problem. Introducing temperature into

the regression model that explains monoterpene emissions with oleoresin pressure

diminishes the coefficient of oleoresin pressure. The decrease in the coefficient of

oleoresin pressure indicates that temperature affects monoterpene emissions. Thus, when

using only oleoresin pressure as a parameter, the impact of temperature constitutes a part

of the coefficient of oleoresin pressure.  However, the coefficient of oleoresin pressure

does not disappear when introducing temperature, which means that even when

temperature is present, a part of the variations of monoterpene emissions are still explained

by measured oleoresin pressure.

This is supported by the EFRA -analysis based on temperature, too. The coefficient of

temperature decreases as oleoresin pressure is introduced during all but the second period,

when the correlation between oleoresin pressure and monoterpene emissions is

exceptionally weak. The fact that adding oleoresin pressure into the model decreases the
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coefficient of temperature indicates that a part of the coefficient of temperature is actually

created by oleoresin pressure. Nevertheless, a part of the impact of temperature remains

even when oleoresin pressure is introduced, so temperature influences monoterpene

emissions individually, too. In addition to EFRA -analysis, simple linear regression models

indicate that both oleoresin pressure and temperature affect the monoterpene emissions.

Coefficients of determination (R2) of both the linear regression model explaining

monoterpene emissions with temperature and with oleoresin pressure are on average very

close to each other: 0.49 and 0.47.

The effect of temperature on monoterpene emissions may take place through oleoresin

pressure, because according to the results, rise in temperature increases the pressure of

oleoresin. Thus, rising temperature could push oleoresin and monoterpenes towards air.

As the correlations between temperature, oleoresin pressure and monoterpene emissions

are strong, this is one potential explanation. Another possibility is that temperature affects

monoterpene emissions directly by inducing the evaporation of monoterpenes from pools,

for example. The effect of temperature induced evaporation of monoterpenes could be

estimated by measuring vapour pressure. Temperature may also impact the connection

between oleoresin pressure and monoterpene emissions. Probably the mechanism in which

temperature affects the relation of oleoresin pressure and monoterpenes is a mixture of

these explanations.

Closely temperature correlated VPD also diminishes the coefficient of oleoresin

pressure when added to the linear regression model explaining the monoterpene emissions.

During all but the fourth period, the impact of VPD on the coefficient of oleoresin pressure

is  smaller  than  the  impact  of  temperature,  so  it  does  not  diminish  the  coefficient  of  the

oleoresin pressure to zero, either. During the fourth period, adding VPD increases the

coefficient of oleoresin pressure, which may be due to the lower than normal temperature

of the period as well as the heavier rainfall compared to the other periods. However, the

difference in the coefficient of oleoresin pressure is small, and during the fourth period the

level of monoterpene emissions is very low, so VPD may in fact have no effect at all. All

in all, it is important to note that the effect of VPD in physiological processes is rather

mixed during the different phases of growing season and it may have diverse effects

through different pathways. Mostly VPD affects transpiration, whereupon it may influence

oleoresin pressure and through oleoresin pressure to emissions of monoterpenes. In

addition, VOC emissions from conifers have been occasionally explained by humidity

(Schade et al. 1999) that can be represented by VPD too.
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Adding PAR into the correlation models increases the coefficient of oleoresin

pressure. Nevertheless, the effect is in all but the first case very small and possibly

insignificant. During the first period in the spring time PAR may appear to have stronger

influence on the emissions since the temperature is low. As VPD, PAR affects physiology

differently  during  different  phenological  phases  of  a  tree  and  the  importance  of  PAR

depends on the other environmental variables too, so the effect of PAR may also be rather

mixed.

During  the  first  period  in  the  spring  time,  the  changes  in  the  coefficient  of  oleoresin

pressure are quite small when adding temperature and other variables. This is probably due

to the relatively low temperature of the season compared to the summertime. In addition,

monoterpene emissions vary much during the spring period and the average level of the

emissions is quite high. Comparing the periods would produce more information on the

relation between monoterpene emissions and oleoresin pressure, since the level of

monoterpene emissions vary much between the periods. However, as the levels of

monoterpene emissions vary much between the different periods and the accurate level of

oleoresin pressure is indefinite, the periods cannot be compared. Being able to detect

whether the monoterpene emissions are high during high pressures of oleoresin over the

whole summer would support the conclusion on the influence of oleoresin pressure on the

monoterpene emissions. The time being it is open to doubt whether the oleoresin pressure

influences the long term trends of the monoterpene emissions or whether it only affects the

hourly or diurnal changes in the emissions.
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7 POTENTIAL SOURCES OF ERROR

7.1 Potential errors in the measurements of oleoresin pressure

The system of measuring was similar to the systems in Vité (1961) and Perrakis (2008)

who have not stated any major inconveniences in the precision and reliability of the system

itself. A fundamental question is, nevertheless, whether drilling a hole and installing tube

and pressure gauge will produce results on the real variations of oleoresin pressure inside

the resin ducts or will it measure the variations of oleoresin pressure during an abnormal

state of defense.  It would be most accurate to measure oleoresin pressure in a non-

destructive way, but such a system has not been created.

However, Perrakis (2008) stated that measuring oleoresin pressure may be challenging,

mainly due to the properties of oleoresin. The technical difficulties were confronted in this

study, too. Problems in installing the system for measuring oleoresin pressure and in

reading the pressure gauges may have influenced the results. At first, succeeding in

installing the brass tube and pressure gauge into tree trunk is rather uncertain. Drilling a

hole produces sawdust that easily blocks the thin brass tube preventing the flow of

oleoresin into a pressure gauge. Blocks can be prevented by drilling a hole large enough,

since sawdust can be cleaned away more effectively from a large hole. Nevertheless,

drilling a large hole leads into leakage of oleoresin beside the brass tube which also

prevents a part of the flow of oleoresin into a pressure gauge. Usually, however, oleoresin

creates pressure into the pressure gauge despite leakage and the leakages are sealed

naturally by oleoresin crystallization in approximately one day.

Another potential error lies in the reading of pressure gauge. The pressure gauges that

were used in this study enable precision of 0.25 bars when reading straight from the meter,

and 0.1 bars when reading from photos. During a rainy day, when the glass of a pressure

gauge is covered with water drops and during dark nights the precision is less. When the

variations of oleoresin pressure are almost negligible, for example during the last days of a

measurement period, it would be interesting to achieve more precise data, but during most

days the precision of one decimal is enough. Of course, if oleoresin pressure was measured

more precisely and more frequently, for example in five minute interval, the small

variations in temperature or the diameter of xylem could be compared to the variations in

oleoresin pressure more closely.
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Moreover, as earlier stated, the measurements during the first day and the last days of a

measurement period of one pressure gauge are usually unusable. Right after installing a

new pressure gauge the pressure of oleoresin increases strongly before evening into the

normal pattern. This strong increase is probably due to the drilling induced strong defense

reaction of a tree and does not, according to Vité (1961) and Perrakis (2008), represent

oleoresin pressure of normal conditions. In turn, during the last days measured oleoresin

pressure is very steady most probably because the drilled hole and brass tube become

partly blocked by the crystallization of oleoresin. Thus, the pressure gauge does not

presumably produce results representing the normal variation of oleoresin pressure inside

the tree during the last days either. However, these days can easily be excluded from the

data, so they only diminish the usable data.

Nevertheless, since brass tubes were changed every third week on average the days

during which the data is unrepresentative become rather numerous. Furthermore, to avoid

the problem with the data of the last days of measuring, brass tubes and pressure gauges

should be actually changed even more often. The solution could be to have constantly two

pressure meters attached to the measured tree, and change them in two week intervals but

both in different weeks. Thus, the data of the first and last days of measurement could be

excluded without losing information. In addition, this system would enable comparing the

results of all the summer and studying the long term trends of oleoresin pressure. However,

the measured tree may suffer from weekly drilling so that the oleoresin pressure dynamics

change. There may also be small differences in the resin duct density of different

installation spots that may affect the oleoresin pressure. In this study, the potential

differences in the resin duct density of different installation plots are not important, since

the different periods of measurement are not directly compared to each other.

Despite the difficulties in measuring oleoresin pressure the results are very uniform

during all the four months of the summer, and the diurnal variations of oleoresin pressure

are clear. The variation of oleoresin pressure was greater during one measuring period than

between night and day or between different trees or locations of pressure gauge. During a

measuring period of one gauge oleoresin pressure varied approximately from 2 to 7 bars

due to the downward trend of pressure. Diurnally, the variation of oleoresin pressure was

approximately 0.5―1 bars. The mean pressures of oleoresin in different trees were 4.8 bars

in Tree 1, 4.4 bars in Tree 2 and 3.2 bars in Tree 3. However, the periods from which these

averages are calculated are not equally long. Between the top and the base of Tree 1, the
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difference between oleoresin pressures was on average 1.4 bars, the oleoresin pressure of

top bole being lower.

In field measurements, distinguishing the effects and significances of different

variables is complicated. Thus, in order to research the interactions for example between

temperature, oleoresin pressure and monoterpene emissions more profoundly, laboratory

experiments should be conducted.  In laboratory conditions, temperature and humidity

could be manipulated and the responses of oleoresin pressure and monoterpene emissions

measured accurately.

7.2 Potential errors in other measurements

As mentioned earlier, the data on PAR and photosynthesis are slightly biased due to new

and shiny deck right under the measurement site. The deck reflects light abnormally so that

there is more light and thus more photosynthesis in early morning than normally. In

addition, the data on the diameter of xylem is taken from the diameter measurement system

on the upper pole of Tree1 instead of the system on the lower bole that is nearer the

oleoresin pressure measurements. The system on the lower bole did not provide data on the

diameter of xylem, but on the diameter of the whole trunk (including cambium) because of

a malfunction.
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8 CONCLUSIONS

The results of the present study show that, as hypothesized, but as a contradiction to earlier

studies, the pressure of oleoresin follows closely the diurnal variations in temperature and

varies oppositely to the diameter of xylem. In addition, it explains a part of monoterpene

emissions according to the results. The evidence indicates that temperature has the

strongest effect on oleoresin pressure, since the correlation between the two variables is

very strong. However the daily maximum of oleoresin pressure occurs generally slightly

earlier than the warmest moment of day, so other variables such as VPD and other water

balance related variables are likely to affect the pressure of oleoresin too. Although

measured oleoresin pressure and the diameter of xylem vary oppositely, the diameter of

xylem is clearly the best variable to explain the changes in temperature corrected oleoresin

pressure. Due to these connections, it can be assumed that the variables of water balance

influence oleoresin pressure, but under the conditions of boreal environment and climate

their effect is shaded by the effect of temperature.

Nonetheless, there are gaps to be filled. One major oddity that needs to be explained is

the fact that oleoresin pressure appears to vary completely differently in Finland than in the

southern parts of United States. This question related both in the connection between

oleoresin pressure and temperature and the connection between oleoresin pressure and the

diameter of xylem. The solution lays potentially in the different climates and

environmental conditions of the two locations. Also observing the actions of epithelial

cells plays a key role in studying the reasons of different patterns of oleoresin pressure,

since the sizes of epithelial cells determine the volume inside a resin duct. The shrinking

and swelling of epithelial cells lining the resin ducts are influenced both by temperature

and the water balance of a tree whereupon it would be essential to know how strong these

influences are.

Given the results of EFRA analysis it  appears that  oleoresin pressure has,  along with

temperature, a significant effect on monoterpene emissions. Temperature potentially

affects emissions of monoterpenes directly, or through oleoresin pressure, but oleoresin

pressure has an independent influence too. The time lags between the maximum pressure

of oleoresin pressure, maximum temperature and the maximum emissions of monoterpenes

indicate a cause-consequence relation. Nevertheless, on this basis it cannot be conducted

what is the precise mechanism behind monoterpene emissions, and how much it depends

on each variable. In order to understand better the mechanism and roles of different
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variables, laboratory manipulations are needed.  In laboratory conditions, relative humidity

and temperature could be controlled and thus the real effect of oleoresin pressure and

possible lags in reactions would be easier to detect. In addition, a comparable set of data

throughout the growing season could enlighten the long term trends concerning oleoresin

pressure and its relations to water balance and monoterpene emissions.

The results are ground-breaking, because oleoresin pressure has not been measured

extensively in boreal environment and from a Scots pine. What is more, the results

achieved are opposite to the results of the earlier studies. Furthermore, oleoresin pressure

and monoterpene emissions from a trunk that have not been connected to each other before

are, in this study, observed to have a rather close connection. Understanding better this

connection would contribute to the precision of climate models especially when it comes to

rural boreal areas with wide Scots pine cover.
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