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Impact of De icing Salt on Roadside Vegetation A Literature Review

by Goran Blomqvist

Swedish National Road and Transport Institute (VTI)

SE-581 95 Linkoping, Sweden

Summary

The environmental impact ofwinter road maintenance on

vegetation has been studied for almost three decades in

Sweden. During the mid 19903 damage to vegetation was

observed along heavily trafficed roads in southern

Sweden to an extent that had not been seen earlier. This

highlighted the need for more explicit studies of the

relationship between winter maintenance and vegetation

damage.

In Sweden NaCl is spread mechanically on roads

either as dry salt, moistured salt or in solution, depending

on the state of the road. The purpose of using salt as a

de-icing agent is to form a brine layer on top ofthe road

surface that will prevent water from freezing into ice and

bonding to the pavement. NaCl has been used as a de-

icing medium in Sweden since the mid 19603.

A certain amount of the salt applied on the road will

be lost almost instantly in the form of initial loss to the

surroundings. The initial loss depends on the state of the

road, the salt application method, the salt application

width and the intensity of tra ic. Since NaCl is readily

soluble in water, traf c plays an important role in forcing

the salt offthe road surface. A certain amount ofthe salt

solution will run off the road surface as run-off and be

collected in drainage systems and ditches or just run o

at the side of the road. Other parts ofthe salt solution will

either splash off the road as a result of the motion of the

tyres on the road surface or be lifted by the tyre tread and

form spray that can be caught by wind and carried far

away from the road.

In the immediate Vicinity ofthe road, the variation of

the amount of salt deposited is greater than further away

because of the uneven distribution of ploughed material

and splash. The amount of salt deposited beside the road

decreases exponentially to the distance from the road and

the greatest amount is found within 10 m of the road.

Even though deposition of salt occurs agreater distances

from the road, the concentration of salt in soils can be

difficult to distinguish from natural levels. Damage to

vegetation, however, can still occur at several 100 mfrom

the road.

The de icing salt reaches the trees either by being

deposited on their above ground parts or by being

VTI RAPPORT 427A

transported to the roots of trees dissolved in water.

Vegetation can be damaged regardless of the pathway.

Sodium is usually rst stored in twigs, while Cl is directly

transported to the tips of the leaves. The concentration

of C1 in damaged tissue is usually better correlated to the

degree of damage than is the concentration ofNa.

The mechanisms of damage are usually divided into

two main groups, osmotic stress and speci c ion toxicity.

The osmotic stress leads to inhibition of water uptake due

to decreased osmotic potential ofthe root groundwater

interface. The speci c ion toxicity occurs when the ions

have entered the interior of the vegetation and there

in uence its functions.

There are many factors that in uence saline damage

to trees. One is the layer of epicuticular wax on the leaves

(needles). Since it acts as a barrier and hence shelters the

leaves, the thickness and chemical composition of the

wax layer is of importance. Another factor is the

deposition of dust on the needles. Particles deposited

close to the stomata may absorb water vapour coming out

from the stomata and hence act as a drying agent. It has

also been shown that it is possible for particles to block

the stomata and thereby inhibit the closure ofthe stomata.

The stomata may possibly be a pathway into the interior

of the leaves. Solutions are not considered capable of

entering the stomata, but calculations have shown that the

thin water lms onneedles could possibly extend into the

stomata and form a liquidjunction with the lms inside.

Meteorological factors such as wind, humidity and

temperature are examples of external factors that play

important roles, in combination with the exposure of salt,

in regulating the total effects of damage to vegetation.

The Na ions act in processes that alter the soil

structure and lead to reduced soil permeability, thus

impairing growing conditions. This, however, assumes

high concentrations.

It is the total combination of different stress factors

in relation to the ability of the single tree to resist stress

that will determine whether, and to what extent, the tree

will be damaged. Insects and fungi can both act as

contributing factors in the process of killing trees. Their

contribution may be the direct cause of the death of the



tree, even if it was some other stress (e.g. exposure to

de-icing salt) that was the predisposing or triggering

factor for the damage.

The visual symptoms of salt damaged coniferous trees

are:

- Damage from deposition of salt to the parts ofthe tree

above ground: brown needles on the lower part ofthe

tree, on the side facing the road.

- Damage from uptake by roots: brown needles scat-

tered in the crown or shown as spiral patterns.

The visual symptoms of salt damaged deciduous trees

are:

- Damage from deposition of salt to the parts of the tree

above ground: dead buds and branches on the lower

part of the tree, on the side facing the road.

0 Damage from uptake by roots: brown leafmargins in

the entire crown.

10

Some researchers are of the opinion that the

symptoms are the same regardless of by what pathway

the salt has reached the trees. The symptoms may also

differ between different species.

Analysis ofthe literature leads to conclusions that can

be formulated as research needs for the future. These are:

- The relative importance of salt spray to soil salt at

different exposure levels in inducing damage to

vegetation.

- The effects of different de-icing methods and possible

remedies regarding the dispersion of de-icing salt to

the surroundings.

- The relation between long-term accumulation ofNa

and C1 in vegetation and the short-term exposure to

saline spray.

- The importance of de-icing salt exposure in

combination with other stress factors in uencing

roadside vegetation.
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1 Introduction

1.1 Background

The environental impact of winter road maintenance on

vegetation has been studied for almost three decades in

Sweden (Segerros 1972; Ruhling 1974, Backman et a1.

1979). However, during the mid 1990s, damage was

observed to vegetation along heavily trafficed roads in

southern Sweden to an extent that had not been seen

earlier (Backman & Folkeson 1995). This highlighted the

need formore explicit studies ofthe relationship between

winter maintenance and vegetation damage.

1.2 Objectives

The objective of this report is to present the current state

of scienti c knowledge as regards the effects of de icing

salt on vegetation. Using a systems approach, the

different mechanisms of salt transport from roads to

vegetation and the pathways of salt entering plants will

be described. Finally, the impact on vegetation as well as

inter-species di erences in tolerance will be discussed.

VTI RAPPORT 427A

1.3 Delimitation

The study has been limited to de-icing salt in the form of

sodium chloride (NaCl) and to vegetation in rural

environments. However, in order to gain knowledge from

non-road related research too, results from, e.g., aerial

deposition of sea-salt and cooling tower outlets on

vegetation have been integrated analogically in relevant

chapters.

1.4 Methods

Literature searches have been made at the VTI in

Linkoping: database Roadline and IRRD, both updated

to July 1998, the Swedish University of Agricultural

Sciences (SLU) in Uppsala: Database GEOBASE 1980 -

89 and 1/90 8/96, and at the Elsevier Science Tables of

Contents service (ESToC) via Internet.

11



2 Salt

Sodium chloride has been used by man for at least five

thousand years. Archaeologists have found evidence for

the use of salt dating from approximately 3,000 BC

(KemI 1994). The toxic effect of salt to vegetation was

also known in ancient times when salt sometimes was

used to destroy the growing conditions of the fields of

enemies. This is described in several places in the Old

Testament (Brod 1993).

2.1 Physical and chemical properties of

sodium chloride

Sodium chloride (NaCl) exists as ionic crystals at room

temperature. These consist ofwhich equal amounts ofNa

and Cl ions and, hence, are electrically neutral. The NaCl

crystals will, however, dissolve in water and the ions can

then move freely in the solution (Segal 1989).

The C1 ion is highly mobile and thus easily

transported through soil. The transport ofthe Na ion, on

the other hand, is often held back due to its ability to take

part in cation-exchange processes. These processes

release calcium (Ca) and magnesium (Mg), which

increases the hardness at the edges of a contaminant

plume (Cates et al. 1996).

2.2 Different sources of saline input in the

environment

2.2.1 Sea salt deposition by air

Storms in coastal areas with saline or brackish water can

result in a high deposition of sea salt several hundreds of

metres from the shore (Pyykko 1977), a distance which

with lower depositions can be extended to several

kilometres (Gustafsson & Franzen 1996), and still result

in measurable levels several hundreds ofkilometres from

the shoreline (Franzen 1990).

It has been suggested that there is an important link

between the rise in the number ofwesterly gales on the

Swedish west coast over the last two decades and the

increasing amount of damage observed in coniferous

forests in southern Sweden (Franzen 1991, Gustafsson

1997). Similar effects have also been observed in coastal

areas of, e.g., Finland (Pyykko 1977) and Denmark

(Pedersen 1993).

2.2.2 Cooling tower outlets

Evaporative cooling towers are one way by which heat

is dissipated into the atmosphere from nuclear or fossil

12

fuel power plants. When brackish water is used as a

coolant in the tower, the drift may contain salt dissolved

in small droplets of water (McCune et a1. 1977).

2.2.3 Saltwater intrusion and relict saline

groundwater

Near the seashore in coastal areas, groundwater aquifers

may be contaminated by saltwater intrusionThere is also

an increased risk of nding saline ground water in those

parts of the landscape that were previously covered by

saline water.

Approximately 20 % of all drilled wells along the

Swedish coasts and those within a 200 km wide zone in

central Sweden (from Stockholm to Gothenburg), are

affected by saline ground water (Olofsson 1994).

2.2.4 Factories and waste deposits

Some factories and incinerators as well as municipal

waste deposits can be sources of NaCl to the

environment.

2.2.5 Salinization of soils due to irrigation

In extremely dry climates with high evaporation rates,

minerals tend to be drawn upward in the soil profile.

Irrigation in arid areas can also result in such an

accumulation of salts in the upper soil level that it

becomes toxic to plants.

2.2.6 The use of salt as a de-icing agent

There exists a wide range of de-icing agents including

sodium chloride (NaCl), calcium chloride (CaClz),

magnesium chloride (MgClz), industrial urea, alcohols

such as methanol, glycols such as ethylene glycol,

ammonia compounds, phosphates, calcium-magnesium

acetate (CMA), etc. For winter maintenance, however,

almost exclusive use is made ofthe first two and for this

reason they are referred to as conventional de-icing

agents (OECD 1989).

In Sweden NaCl is spread mechanically on roads

either as dry salt, moistured salt or in solution, depending

on the state ofthe road. In order to compare the methods

the amount used is recalculated to dry salt equivalent

(see Table 1) (Ericsson 1995).
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Table 1 Equivalent amount of dry salt, depending on
spreading method (After Ericsson 1995).

Method: Amount used: Dry salt equivalent:

Dry salt 10 g/m2 10 g/m2

Moistured salt 10 g/m2 8.5 g/m2

Mix 10 g/m2 7.5 g/m2

Solution 10 g/m2 23 g/m2

The purpose of using salt as a de-icing agent is to form

a brine layer on top ofthe road surface that will prevent

water from freezing into ice and bonding to the pavement.

The vehicular traffic then breaks through the ice surface,

reduces the snow/ice to ploughable slush and moves it

to the sides ofroad (Salt Institute 1995).

NaCl has been used as a de-icing agent in Sweden

since the mid 1960s (Backman 1980).The amount ofde-

icing salt used varied 1987/88 1991/92 between 5 and

8 kg per m de iced road and 1992/93 - 1996/97 between

9 and 14 kg per m de-iced road (Olofsson 1997).

Oberg et a1. (1991) suggest that de-icing salt should

be used on National roads down to -12° C and on

Regional roads down to -8° C.

In Denmark, the use of de-icing salt started in the

middle of the 19605 and the first reports of damage to

vegetation were published in the early 1970s (Randrup

& Pedersen 1996).

2.3 Transport mechanisms and pathways from

roads

The de-icing salt follows different pathways from the

road, each of which is coupled to separate mechanisms

regulated by a set of factors. The mechanisms are run-

off, splash, ploughing, spray and dry crystals (Figure l).

Stensland (1975, as referred to in Kelsey & Hootman

1992) divides salt distribution from roads into three

modes:

Aerial dispersion of small droplets by spray and as

splash from traffic,

Drysalt residue entrained by traffic and dispersed by

wind,

Ploughing, which pushes salt-laden snow to the

roadside.

In addition to these modes the greater part of the

distributed amount ofde-icing salt leaves the road surface

as run-oil .

Background deposition

52292152251
c~'<-:-:~:-

Splash and
ploughing

 

Run-off

 

   
  
  

Figure I A conceptual model oftransport mechanisms and pathwaysfrom roads.
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2.3.1 Initial loss of de-icing salt and reduction
with time

A certain amount of the salt applied on the road will be

lost almost instantly as initial loss to the surroundings.

The initial loss depends on the state ofthe road, the salt

application method, the salt application width and the

intensity oftraf c (Ericsson 1995).

Large amounts of water on the road surface decrease

the initial loss of salt but increase the rate of reduction

with time, whereas small amounts of water on the road

surface lead to large initial losses and a lower rate of

reduction with time (Ericsson 1995).

2.3.2 Run-off

NaCl is readily soluble in water and the brine that is

formed on the road surface is forced to the side of the

roads as an effect of gravitation and traf c.

Salt may in ltrate some frozen, heavy textured soils

at the same rates as if the soil were not frozen. The

proportion ofsalt used on roads reaching the groundwater

has in different investigations been estimated at 20%, 25

50%, and 10 35%. The actual amount is a function of

site-speci c features as:

- soil permeability,

- vegetation cover,

- gradients,

- roadside drainage techniques (Jones et al. 1986).

The increase in the salt concentration in an aquifer

depends on other factors than simply the tonnage ofroad

salt used; these include aquifer size, recharge discharge

relationships, sediment type and stratification (Soveri et

a1. 1991).

2.3.3 Splash and spray

Splash is usually defined as the water thrown forwards

and sidewards from the tyre road interface. It consists of

relatively large droplets that are not caught to any large

extent by the air streams around the vehicle to any large

extent (Sandberg 1980). Also the sheets of slush thrown

sidewards by traffic should be regarded as belonging to

the splash mechanism. Such mechanical transport in the

immediate vicinity of the road can result in an uneven

distribution of salt in the roadside environment (McBean

& Al-Nassri 1987).

Spray, however, is thrown outwards by centrifugal

action tangential from the tyre tread and a great

proportion breaks down into small droplets with low

sinking speed on hitting other parts of the vehicle. The

spray is easily caught by the air streams and may be

persistent in the air wake behind the vehicle for a long

time (Sandberg 1980).

A truck wheel driving at a speed of 90 km/h on a wet

road surface can lift as much as 400 litres of water per

14

minute, 90 % of which falls back on the road surface,

whereas the rest becomes spray (May 1996, personal

communication).

Wirje & Offrell (1996) present results from two

different kinds of investigation into the vertical

distribution of Cl within a few metres of a road. One is

based on collecting splash water in small plastic cups

from 0.66 2.78 m height and the other on using concrete

pucks as collectors ofthe splash water at 0 4.6 m height.

Both investigations show Cl concentrations decrease as

the height of the collector position increases. Eliasson

(1996), however, showed a higher result at 1.5 m than at

0.4 and 4 m height within a distance of 0 5 m ofthe road,

using pollen filters as collectors. Leonardi & Fluckiger

(1987, as referred to in OECD 1989) state that the

vertical gradient of salt spray concentration more or less

exponentially decreases.

The gentle slopes of berms next to roads act to force

air up to a greater extent than it would otherwise be

carried (Kelsey & Hootman 1992).

Measurements of splash and spray have been made

primarily for the purpose of studying their impact on

visibility from a tra ic-safety point ofview. Measurement

techniques used for visibility purposes are for example:

photographic and optical visibility measurements,

collecting splash and spray in different kind of buckets,

collecting splash and spray using water-absorbing paper

and collecting splash and spray on woollen threads

(Sandberg 1977).

2.3.4 Dry crystals

When dry salt is used as the de-icing agent, the salt

crystals have a tendency to bounce off the road, while the

use ofpre-wetted salt or salt in solution will make the salt

stick to the road longer. After drying, however, dry

residues ofsalt may be caught by heavy wind and forced

off the road as dry salt crystals.

2.4 Factors regulating transport mechanisms

The transport mechanisms described above are regulated

by a number of factors described below.

2.4.1 Traffic characteristics

It has been suggested that the amount of particles that

whirl up behind cars is proportional to the air resistance

of the vehicle, hence a large truck whirls up 10 20 times

the amount a private cars does at the same speed

(Hedalen et al. 1995).

The damage to vegetation beyond the range of direct

traf c splash (8 40 m from the roadway) diminished as

tra ic speed and volume decreased (Lumis et al. 1973).

McBean & Al-Nassri (1987) showed a positive

relationship between posted speed limit and maximum

distance travelled by 99.8 % of the migrated salt.
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In an investigation on the west coast of Sweden,

traffic intensity was not shown to be significantly

correlated to the total amount of air-borne salt (i.e. from

both sides of the road), unless the wind was parallel to

the road (Eliasson 1996).

2.4.2 Road surface characteristics

Road surface characteristics, such as structure in micro

and larger scales and hydrological properties, regulate the

amount of water remaining on the road in surface

fractures and puddles, or penetrating the road

construction through the paved surface. These are factors

of importance to the mechanisms of splash, spray, and

run-off. A surface with many large pores can hold a larger

amount of liquid than a smooth surface and will also dry

in a different way (Ericsson 1995).

The characteristics of the superstructure of the road

affect the temperature of the road surface, and thereby

also its tendency to become slippery. When highly

insulating materials are used the risk for low temperatures

on the road surface increases (Oberg et al. 1991).

2.4.3 Maintenance and operation

The amount of salt to be used in a single de-icing

operation is dependent on such factors as: the character

of the slipperiness, traffic intensity and whether the

operation is intended to prevent slipperiness or to deal

with slipperiness that has already arisen (Oberg et al.

1991)

The timing of the de-icing operation is of great

importance as regards to the amount ofsalt requried. Also

the method used has to be chosen in relation to the state

of the road (e. g. wetness and temperature) (Ericsson

1995)

The amount of salt requried could be decreased by 30

percent if pre-wetted salt were used instead of dry salt

in crystal form. In order to avoid slipperiness due to rime

and when the salt is used as a preventive method, the use

ofNaCl in solution (20 25 % by weight) is recommended

(Oberg et al. 1991).

2.4.4 Meteorological factors

In addition to the state of the road (wetness), wind speed

and direction also signi cantly in uence the mechanism

by which the de-icing salt leaves the road (Lumis et a1.

1973; Hofstra et a1. 1979; Eliasson 1996).

The downwind side of the road generally receives

more salt spray than does the other side. This is

particularly evident at distances greater than 60 feet

(Sucoff 1975).

Studying deposition ofsea salt, Gustafsson & Franzen

(1996) found that the wind speed in uenced the

deposition distances: the higher the wind speed, the

steeper the gradient of deposition om the shore towards

VTl RAPPORT 427A

the inland.

Dragsted (1980) found great differences in lateral salt

distribution patterns when dividing the winter season into

two periods (i.e. October 13 to December 20 and

December 21 to February 26). During the former period

the salt was transported further away than it was during

the latter one. The reason suggested was that the road

surface was wetter during the rst period, leading to more

spray generation, and that the many snowfalls during the

second period led to increased ploughing, which in turn

deposited the snow masses within only a few metres of

the road.

2.4.5 Vegetation

Forest trees act as a barrier - especially where a forest

stand forms an edge to salty spray from the road. The

vegetation lters the air from pollution. Hautala et al.

(1995a) showed that the Cl concentration in snow at 10

m from the road was significantly higher at the spruce

forest site, as compared to the open eld, while at 30 m

it was signi cantly lower at the forest site.

The edge effect in a 60-year-old pine stand was very

pronounced for sea salt measured as the deposition ofNa

and C1. The deposition ofNa was 3 .1 times greater at the

forest edge than it was in the interior of the forest

(Hasselrot & Grennfelt 1987).

Vegetation made up oftall trees with small and hairy

leaves is expected to trap pollutants more ef ciently than

other types of vegetation, hence, pollution traps could be

designed to contain the pollution near roads to protect

adjacent farmland (Grace & Russel 1979).

Clear-cutting ofroadside tree stands might in uence

not only the deposition rate of salty spray, but also the

transport of salt by groundwater, since the water balance

ofthe groundwater system is affected (Backman 1997).

2.4.6 Topography

The spray mechanism has greater importance in at

landscapes exposed to wind and below bridges that are

de-iced with salt than in other situations (Sucoff 1975,

Evers 1981, Persson & Royseland 1981).

The distance from the road to the furthest salt-a ected

aspen tree (Populus tremuloides) was significantly

correlated with the slope of the ground, the C1 migration

was enhanced by the increasing downward slope (Piatt

& Krause 1974).

Button (1964, referred to in Ranwell et a1. 1973)

showed that trees within 10 feet (3.1 m) of the road but

on a slope above it were not damaged by salt while those

on the opposite, lower-lying side of the road showed

damage attributed to salt.

Eppard et a1. (1992) showed that trees on downhill,

very steep slopes were more affected by salt than trees

in any other slope class. They also showed that the mean

15



zone of in uence (the distance from the edge ofthe road

pavement to the furthest salt-affected tree) for all uphill

slopes was less than that for all downhill slopes.

2.4.7 Hydrogeology

The greatest damage to forest vegetation appears to occur

at places where the soil has a high capillarity, the

groundwater level is not farbelow the root zone and there

is a hydraulic gradient from the road towards the

vegetation (Pedersen & Fostad 1994). Clear damage to

both Norway spruce (Picea abies) and bilberry

(Vaccim um myrtz'llus) plants was seen at a site with silty

material underlain by a distinct clay layer (Pedersen &

Fostad 1996). In all places with extensive damage on the

trees there seems to have been bad drainage conditions

(Pedersen & Fostad 1996).

Behm & Kessler (1971, as referred to in Brod 1993)

found damage to spruce trees 200 m from a road outside

Berlin in a wet habitat with clayey soil.

Persson & Royseland (1981) showed that the

infiltration properties of the soil may in uence the area

protected.

Evers (1981) states that a zone within 400 m of the

road is susceptible to salt transported by the spring ood,

however the extent depends very much on the geomor-

phology of the area surrounding the road. The most

vulnerable positions are soils with high groundwater

table, valleys and sinks, and loamy and clayey soils.

Eppard et al. (1992) showed that the mean zone of

in uence (the distance from the edge of the road

pavement to the furthest salt-affected tree) associated

with deep gravelly stony glacials was less than for those

associated with stony cobbly volcanic soils (> 10 inches

deep). Both soil groups, however, showed a lesser degree

of salt damage than trees associated with rockoutcrop,

talus, stony, colluvium, or volcanic rubble.

2.4.8 Road drainage patterns

Inspections of areas where run-off water is discharged

from culverts on the downslope side ofthe road showed

that the vegetation in those places did not show toxicity

symptoms. The reason for this was thought to be that the

negative in uence of salt was compensated for by the

positive in uence of the large amounts ofrun off water

(Piatt & Krause 1974).

Button & Peaslee (1966, referred to in Ranwell et a1.

1973) found that the concentrations ofNa and C1 in sugar

maple tissue (Acer saccarum) increase with increasing

exposure to drainage water containing roadside salt.

2.5 Deposition range and rate

The deposition of de-icing salt next to roads is assessed

in a variety of ways such as collecting the deposition in

containers of different kinds (Karlqvist 1974, Sucoif
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1975, Kelsey & Hootman 1992, Pedersen & Fostad

1996, Blomqvist & Johansson 1998), measuring the

accumulation in the snow-layer by snow sampling

(Simini & Leone 1986a, McBean & Al-Nassri 1987,

Hautala et al. 1995a, Eliasson 1996), measuring the

accumulation in the soil by soil sampling at different

depths (e. g. Hofstra et al. 1979, Dragsted 1980, Persson

& Royseland 1981, Jones et a1. 1986, Backman &

Folkeson 1995, Pedersen & Fostad 1996, Backman

1997), and analysing salt concentration in vegetation

(e.g. Hofstra & Hall 1971, Backman & Folkeson 1995,

Pedersen & Fostad 1996).

Most of the investigations show that the deposition

is greatest within some ten metres of the road edge

(Persson & Royseland 1981, Hedalen et al. 1995,

Eliasson 1996). Other authors report deposition and

damage to trees at distances of several hundred metres

from roads (Hofstra & Hall 1971, Kelsey & Hootman

1992). Blomqvist & Johansson (1998) found the

deposition of Na at 2 4 m distance from the road to be

one thousand times that at 100 m distance.

Similarly the majority of particles from wear of the

road pavement have been shown to have been deposited

within 10 12 m of the road in open terrain, while some

particles have beentraced several hundred metres from

the road (Hedalen et al. 1995).

McBean & Al-Nassri (1987) found that 90 % of the

migrated salt falls within 13 m of the road and Sucoff

(1975) estimated that 2 3 % of the salt applied to the

road was deposited further than 30 feet from the road.

Karlqvist (1974), using pots at distances 1 50 m from

the road and analysing the content at one weekly intervals

found that the spreading of salt from the road could be

traced up to 15 m from the roadway.

By analysing soil samples (0 120 cm) taken at 1, 2

and 3 m distance from the paved surface and comparing

these results with the amount of salt applied on the road,

Dragsted (1980) found that 20 % ofthe applied salt could

be found within 3 m of the road.

Even if there were no significant increases in salt

concentrations in the soil at distances greater than 30 m

from the edge of the pavement, Cl and Na analysis ofthe

needles revealed elevated levels of these ions also

beyond this distance (Hofstra et a1. 1979). In spite of this,

Pedersen & Fostad (1994) found it to be generally more

reliable to map the distribution pattern of salt spreading

by soil sampling than by vegetation sampling due to

genetic variation, loss of affected needles and uncertainty

about the distribution of roots.

By placing plastic pots at 2, 4, 6, 8, 10, 12, 14 and

16 m distance from the road, Pedersen & Fostad (1994)

showed that 25 % ofthe salt on the road was transported

through the air and deposited within 7 m of border of the

road.
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Only l 1.5 % ofthe total amount of salt is calculated

to be spread from the road as spray (U. S. Department of

Commerce (1976) in Ahnberg & Knecht (1996)).

About 10 25 % ofthe applied salt is spread through

the air and most ofthe air-borne salt is deposited within

8 m ofthe roadway (Astebol et a1. 1996).

Evers (1981) divided roadsides into two zones. In the

first zone, up to 100 m from the road, the vegetation was

found to be exposed to aerial drift whereas in the second

zone, 100 400 m from the road, the vegetation was

exposed to salt transported by the spring ood.

Dragsted (1980) recommends that soil sampling be

carried out at approximately 1.8 m distance from the

paved surface and at depths of 30 60 cm in the months

from May June, since this is supposed to give the same

value as an averaged salt content, when calculation ofNa

and Cl is made from the electric conductivity of the

samples.

2.5.1 Models of salt transport

Several authors have constructed models of the

deposition of salt. Some ofthem describe the dispersion

and migration patterns of salt from roads while others

describe salt transport from oceans. The latter may be

important because they not only provide background

values in coastal locations, they also provide an analogue

understanding of the transport processes of de-icing salts

from roads. A collection ofmodel equations is presented

inAppendix 1.

Leonardi & Fluckiger (1987, as referred to in OECD

1989) stated that de-icing salt is deposited exponentially

from the road border and that over 90 % is deposited

within the first 15 metres.

The relation between the distance from the road and

deposition has also been described by the power function

of Dep = a - Disr (Eliasson 1996). The same relation
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between deposition and distance has been suggested by

Gustafsson & Franze n (1996) when studying deposition

of sea salt. However, they used the downwind distance

(i.e. the distance between source and goal, in the wind

direction) instead of the true distance.

2.6 Concentration of salt in roadside soils

Langille (1976) found that salting during one winter

season significantly increased the Na concentrations up

to a distance of 12.2 m from the highway, while the Cl

concentrations were increased up to a distance of 61 m.

Jones et a1. (1986), however, found that salt spray does

not signi cantly increase salt concentrations in soils at

lateral distances greater than 2 m and Dragsted (1980)

similarly found that the average content of salt in soil at

distances in excess of 3 m, is so low that it will hardly

have any harmful effect on roadside trees.

Dragsted (1980) also found that the salt concentration

in the roadside soil was approximately halved at 1 m

intervals within a 3 m distance of the paved surface (i.e.

Na: 40.2, 19.9 and 9.9 meq/kg, and Cl: 19.8, 9.2 and 3.2

meq/kg at l, 2 and 3 m distance, respectively). The

depths ofthe samples (0 120 cm) were averaged over the

year.

The concentration of salt in roadside soil not only

increases over time (years) it also has an annual

variation with higher values during spring than during

autumn (Backman 1997).

Monthly sampling of soil from the root zone (down

to 40 cm) showed relatively small changes in the salt

concentration during the growth season (June

September). The fact that the levels were higher in

September than in June was interpreted as no wash-out

having taken place (Pedersen & Fostad 1994).

Due to its higher mobility in soil, Cl is washed out

more readily than Na (Persson & Royseland 1981).
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3 Vegetation

Over recent decades several state-of-the-art reports and

literature reviews dealing with de-icing salt and

vegetation have been published (Ruhling 1974, Suco

1975, Jones et a1. 1986, Dobson 1991, Brod 1993,

Pedersen & Gjems 1996, Randrup & Pedersen 1996).

However, as early as the beginning of the 19th century,

damage to leaves at coastal sites was being linked with

the transport of salt by the wind (Salisbury 1805, Beck

1819, both referred to in Simini & Leone 1986b).

Until recently, visible damage to vegetation along

roads outside urban areas in Norway was considered as

insigni cant. In 1991 damage to Norway spruce was

observed along some major roads (Astebol et al. 1996,

Pedersen & Fostad 1996). In 1995 a stabilisation in the

extent of damage was registered at several places, which

was interpreted as an effect ofhigh precipitation (Astebol

et al. 1996).

During the mid 19903 damage to vegetation was

observed along heavily trafficed roads in southern

Sweden to an extent that had not been seen earlier

(Backman & Folkeson 1995).

  

3.1 Pathways to vegetation

De-icing salt reaches vegetation via several pathways

(Figure 2). Some ofthe splash and spray deposits directly

on the parts ofthe tree above ground (1), a large part of

this forms throughfall (2) and lands on top of the soil

beneath the tree crown. A large part of the air-borne de-

icing salt lands directly on the soil or ground vegetation

(3) and, depending on the hydrogeological properties of

the soil, either runs off at the soil surface (4) or percolates

through the soil to form groundwater (6). A large part of

the de-icing salt applied on the road surface forms run-

offand as such leaves the road for ditches and/or drainage

systems. Groundwater-transported de-icing salt may

reach shallow soil-layers further downstream at discharge

areas (7).

Damage to vegetation can occur both when the salt

is deposited on the parts of the tree above ground and

when roots come into contact with either percolating soil

water or groundwater. These features are discussed

below.

 

Figure 2 Pathways ofde-icing salt to vegetation: (I) deposition on the above groundparts of trees, (2) throughfall, (3)

deposition on soil and ground vegetation, (4) and (5) run-o f (6) ground water transport, (7) discharge area.
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3.1.1 Background deposition and natural concen-
trations of Na and CI

In Sweden the background levels (deposition) of Cl and

Na depend on both the season and the geographical

location (Kindbom et al. 1995). The highest levels are

found on the west coast with annual rates of 2.5 3.0 g/

m2 (Eriksson 1960 as referred to in Franzen 1990). An

uncontaminated snow sample from a background site

was found to have a natural salt content of 1.3 mg/L

(McBean & Al-Nassri 1987).

Natural concentrations ofNa range from 0.2 mg/L in

precipitation to more than 100 000 mg/L in the

groundwater of very deep bedrock formations. In

groundwater not associated with saline soils, Na levels

normally range between 6 and 130 mg/L (Jones et al.

1986). The annual average Na concentration in

precipitation from 33 stations in Sweden ranged between

0.09 and 1.2 mg/L with the median value of 0.28 mg/L

(Kindbom et al. 1995).

C1 is naturally present in groundwater, the

concentration is usually less than 10 mg/L (Jones et al.

1986)

3.1.2 Deposition on foliage

Deposition is defined as dry deposition when the

substance (gases and aerosol particles) is deposited by

its own weight or filtrated by the vegetation, and as wet

deposition when the substance is washed out by

precipitation (rainfall, snowfall or hail/sleet) (Grennfelt

et al. 1989; Schnoor 1996).

Aerosols are usually defined as an assembly of

liquid or solid particles suspended in a gaseous medium

for a period long enough to enable observation or

measurement. The sizes ofaerosol particles are generally

in the range of 0.001 100 mm (Willeke & Baron 1993).

Aerosols begin their life cycle after nucleation and

formation of a submicron hygroscopic particle which

hydrates and grows very quickly due to condensation of

water around the particle (Schnoor 1996).

The deposition of particles on forests has been

underestimated until now (Erisman et al. 1997). The

deposition velocity of aerosol particles in a Norway

spruce canopy was approximately seven times that of a

grass sward in a wind tunnel experiment (Shaw et al.

1994). In an experiment including simulation of a

Norway spruce canopy, the rate ofdeposition of 0.3 1.2

mm particles was found to vary between 10 4 and 10 3 m/

5, depending on wind friction velocity (Belot et al. 1994).

Dry deposition velocity (Vd) of C1 in particle form (mass

median diameter = 1 4 pm) is found to be within a typical

range of 1 5 cm/s, with the typical median value of2 cm/

s (Davidson & Wu 1990 as referred to in Schnoor 1996).

A coniferous tree has a greater surface area exposed

to e.g. raindrops than has a broad-leaved tree (e. g.
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maple). A drop can wet the entire surface of a needle

before falling off while it will wet only the upper leaf

surface before rolling o (Hoffman et al. 1995).

One should also bear in mind the fact that the

evergreen coniferous trees do not shed their needles

during the winter season when the salting occurs while

the deciduous trees do shed there leaves and hence, only

the stem, branches, buds and in the spring also shoots

are exposed to the salt deposition.

In a simulated rain there was substantially less

interception and initial retention by Red spruce (Picea

rubens) and Maple (Acer rubrum) of anions than of

cations or insoluble particles, the difference suggestedly

being explained by the plant surfaces being negatively

charged (Hoffman et al. 1995).

The molar ratio of Na to C1 in salt solution sprayed

on the foliage of Eastern white pine (Pinus strobus) was

very close to unity, suggesting that these ions move into

the foliage with equal facility (Hall et al. 1972).

The deposition of particles (diameter 0.5 mm) was

shown to be larger on needles with structured waxes of

Norway spruce and Scots pine (Pinus sylvestris) than on

the unstructured waxes of e. g. the adaxial surface of

Silver fir (Abies alba) and the needles of a plastic tree.

The reason was thought to be the 10 times higher

deposition velocity on structured waxes caused by the

micro-roughness ofthese needle (Burkhardt et al. 1995).

Burkhardt & Eiden (1990) found that the particle ux

was greater to pine needles than to spruce needles due

to the rougher surface of the epicuticular wax of pine

needles.

Sea-salt aerosols react with acidifying substances in

the atmosphere to cause Cl depletion and form HCl (g)

that deposits as dry deposition on the vegetation instead

of as bulk deposition. This may lead to a higher

deposition on the vegetation for C1 than for Na. Since C1

depletion is a surface process, smaller aerosols are

relatively more depleted than larger aerosols (Harkel

1997)

3.1.3 Uptake by roots

Uptake of salt by the roots is considered by Pedersen &

Fostad (1996) to be the main cause of the extensive salt

damage to Norway spruce in Norway. They also claim

that Norway spruce is one ofthe most salt sensitive tree

species.

The amount of uptake of Cl is directly proportional

to the amount of Cl available in the soil (Burghardt 1962

as referred to in Brod 1993).

Dragsted (1980) found a relationship between both

Na and Cl concentrations in soil deeper than 120 cm be-

low the surface and the damage to Wych elm (Ulmus gla-

bra), and explained it by the deep root system of this

species. For other trees (e. g. Horse chestnut (Aesculus
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hippocastanum) and Linden (Tilia) there was no signi -

cant relationship between Cl concentration in the soil (0

120 cm) and the vigour ofthe trees. However, all trees

showed signi cant correlation between C1 concentration

in soil and Cl concentration in the leaves.

Hedvard (1972, as referred to in Ruhling 1974) points

to the fact that the transport of nutrients to different

branches is mainly supplied by the roots in the soil be-

low each branch. However, several trees (e.g. Scots pine

and Norway spruce) have a stemwood structure that is

twisted. This might cause a spiral pattern in the foliage

if only a sector of the root system is a ected by salt con-

taminated soil. Such spiral patterns have been described

by e.g. Scharpf& Srago (1978).

When (Radiata pine) was suddenly exposed to salt,

rapid uptake occurred leading to subsequent death, but

when the salt was applied slowly, absorption and reten-

tion of harmful ions appeard to be better controlled and

plants were able to escape visible injury (Sands & Clarke

1977, as referred to in Dobson 1991).

West (1978, as referred to in Dobson 1991) found that

when salt was applied to one half of the root system of

an apple tree, the other half compensated the decrease in

water uptake by the salt treated halfby a similar increase

in the non-stressed half. The overall water uptake was

therefore unchanged.

3.1.4 Importance of pathway

The pathways by which the NaCl reaches the plants have

been discussed extensively in the literature. There seems

to be no consensus as to whether it is foliar deposition

or uptake by the roots that plays the more important role

in affecting vegetation.

Thompson and Rutter (1986) found that salt solutions

added to the soil had greater e ects than the same sol-

ution sprayed on to the plants (shrubs), whereas others

(Dragsted 1979; Hofstra et al. 1979, Hautala &

Karenlampi 1995) state that aerial uptake of salty spray

has been observed to be more important for the accumu-

lation of salts in plants than uptake via the root system.

Dobson (1991) says that leaves tend to be somewhat less

damaged by soil-applied than foliar-applied salt.

Constantini & Rich (1973) showed that three-year-old

seedlings ofEastern white pine, Scots pine, White spruce

(Picea glauca) and Fraser fir (Abies fraseri) that had

received salt water as foliar spray were more damaged

than those that had been subjected to soil treatments.

Bedunah & Trlica (1981) found that foliar spray with

solutions of NaCl had no significant e ect on CO2 ex-

change rates or xylem water potential ofPonderosa pine

(Pinus ponderosa), while lowering the water potential in

the root medium by NaCl caused a decrease in net

photosyntesis, dark respiration, and xylem water poten-

tial.
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Sauer (1967, as referred to in Ruhling 1974) suggests

that spray is more important than root uptake when it

comes to damage, since plant parts that are sheltered by

a snow cover usually show less damage than exposed

parts. Also Lumis et al. (1973) found that plants covered

with snow or grown in sheltered locations were not dam-

aged within the range of 8 40 m from the road. However,

a snow cover will also shelter the plant from e.g. sun-

shine, wind and low temperatures and it is likely that a

combination of salt exposure and such meteorological

factors regulate the extent ofthe damage to the plant.

White-pine needles could be completely killed up to

60 m from the highway and damaged up to 150 m. The

degree of damage was dependent on the distance from

the road and the degree of exposure to wind (Hofstra et

a1. 1979). '

Pedersen & Fostad (1996) suggest the di erences in

tolerance between species to be small when discussing

salt damage due to direct deposition on the vegetation

from splash generated by traffic.

3.1.5 Na and Cl concentrations in plants

Comprehensive reviews of Na and Cl concentrations

found in literature have been madeby e.g. Dobson (1991)

and Brod (1993).

The Na concentration in needles shows a rather

smooth decrease with increasing distance from the road,

while the Cl concentration shows greater variations

(Pedersen & Fostad 1996).

In general the Na concentration in plants ranges be-

tween 0.01 % and 3.5 % and the Cl concentration ranges

between 0.1 % and 2 % (Amberger 1988, as referred to

in Brod 1993). However, conifers may have lower val-

ues (Na: 0.006 % 0.011 %, Cl: 0.06 %) and vegetables

may have higher ones (Bowen 1979 as referred to in Brod

1993)

The Na concentration in needles varies in general be-

tween 0.01 % and 0.1 % and the concentration of Cl be-

tween 0.1 and 0.2 % (Brod 1993).

Knowledge of the seasonal variation of Na and C1

in plant parts is of great importance when relating

values of concentration to degree of damage. Several

authors have presented seasonal variation ofNa and C1

in trees from roadside sites (e.g. Hall et a1. 1972, Hofstra

et al. 1979, Hautala et a1. 1992, Pedersen & Fostad

1996). Simini and Leone (1986a) showed that Eastern

white pine trees had signi cantly higher Cl levels in nee-

dles facing the road during the spring, but not during the

summer and early autumn. Hautala & Karenlampi (1995)

also showed the phenomenon ofhighest Na and Cl lev-

els during springtime, in their case in Scots pine. The

levels had decreased during the summer. However, in

autumn the concentration of salt in the first year needles
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was still higher than background values in a region with

heavy road salt usage.

Lumis et al. (1976) found that even though Na and Cl

concentrations decreased during springtime, damage

symptoms increased. Bedunah & Trlica (1979) point out

that it seems probable that levels of Na and C1 in foli-

age of Ponderosa pine were lower at the time of analy-

sis, due to leaching, and should not be taken as the con-

centration that was present when damage occurred. This

has earlier been suggested by Hall et al. (1972), when

they found in a field sample that the Na and C1 levels of

the brown necrotic tissue ofEastern white pine were less

than those of green tissue. This in turn contrasted with

a greenhouse experiment where the necrotic parts ofthe

salt solution sprayed trees contained nearly twice as

much Na and Cl as the green parts. Hall et al. (1972)

suggested that this difference was an effect ofthe leach-

ing of the ions from the necrotic tissue by rain.

3.1.6 Accumulation in the plant

Dobson (1991) reports that Na appears to accumulate in

the woody tissue ofshoots, while the more mobile Cl ions

accumulate at the end of the transpiration stream, in the

margins and tips of leaves.

Boyce (1954 as referred to in Pyykko 1977) has

shown that, regardless ofwhere Cl enters plants, most of

it is translocated to the tips of twigs and leaves.

Chloride accumulates immediately in the leaves but

Na is first stored in the stems and is accumulated in the

leaves only when the concentration becomes too high

elsewhere (Mekdaschi et al. 1998 as referred to in

Hautala et al. 1992). Sodium shows little tendency to be

transported to the leaves compared to Cl (Pedersen &

Fostad 1996). Levels ofNa were consistently higher than

C1 in both NaCl treated and non-treated tissue ofAustrian

pine (Pinus nigra) and Eastern white pine (Barrick et al.

1979)

The salt concentration ofneedles is dependent on the

age of the needles. Pedersen & Fostad (1994) found sub-

stantially larger concentrations of Na in older needles

than in the youngest needles. Chloride, however, did not

vary substantially between the generations. Similar re-

sults were obtained by Backman & Folkeson (1995).

Pedersen & Fostad (1994) claim that the salt concen-

tration of needles is dependent on the age of the needles,

at least when the salinity is an effect of root uptake.

Reduction in the use of road salt in a part of Finland

to one tenth from one year to another clearly reduced the

accumulation ofNa and C1 in pine needles along the road

(Hautala & Karenlampi 1995).

Kydar (1981) showed that both accumulation and

reduction of C1 in the leaves vary between species. For

birch and maple, for instance, both accumulation and re-
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duction after reducing Cl content in the substrate was

rapid. Another pattern was seen in the leaves of lime

where the accumulation was slow and continued to in-

crease constantly, even after reducing the Cl concen-

tration in the substrate. Subsequently, the plants died.

The shedding of leaves in deciduous trees brings no

remission for the plant, since the Cl that has entered the

plant will to a large extent retreat to the parenchyma of

the twigs and branches and then be found in the next

year 5 leaves (Zeller 1981, as referred to in OECD 1989).

Fluckiger et al. (1979) suggested that a slight salinity in

the soil, from winter salting, might have an inhibiting

effect on leaf abscission.

3.2 Effects on vegetation

Trees can be exposed to a variety of stresses, exposure

of de-icing salt is only one out ofmany factors affecting

trees in a roadside environment. When studying tree dam-

age it is important to know that a stress factor might have

been predisposing the tree to damage, triggered the dam-

age or being contributing to the damage (Aronsson et al.

1995)

3.2.1 Role of Na and CI in plant metabolism

AlthoughNa is generally considered to be nonessential

to plant growth, there are certain plant species to which

it is essential (Brownell 1965 as referred to in Moore &

Welch 1977). However Blaser (1976, as referred to in

Simini & Leone 1986b) states that Cl rather than Na is

the toxic ion, since Na generally is harmless to most

plants. Sodium also appears to be required as a micro-

nutrient for instance in plants which follow the C4 path-

way of carbohydrate production (Jennings, 1976).

Toxic effects ofCl on plants occur before those ofNa

and are worse (Levitt 1972, as referred to in Randrup &

Pedersen 1996). Chloride is used by plants in the regu-

lation of stomatal opening and closure (Taiz & Zeiger

1991). In high concentrations, however, Cl is toxic to

plant cells, and interferes with the metabolism. Being

highly mobile in soil, the Cl ion is readily taken up by

roots but, on the other hand, it is also readily leached from

the soil (Bradshaw et al. 1995).

3.2.2 Mechanisms of damage

The mechanisms of salt toxicity are far from completely

understood but two primary processes are thought to be

involved, osmotic stress and speci c ion toxicity

(Dobson 1991, Dragsted 1996).

The osmotic stress is similar to water stress and pro-

duces almost identical physiological responses.

The combined effects of osmotic stress and specific

ion toxicity have been presented by Hasagewa et a1.

(1986, as referred to by Dobson 1991):
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reduced turgor,

inhibition of enzyme activity and photosynthesis,

induction of ion de ciency,

increase in the use ofmetabolic energy for non-

growth processes involved in maintenance of

toleration.

Bradshaw et al. (1995) describe in their textbookhow salt

sprayed on to leaves not only is toxic to trees, it may also

create a high osmotic potential across the cell wall with

subsequent cell dehydration and leaf scorch.

3.2.3 Visible symptoms

Several authors have described the characteristics ofthe

effects of de-icing salts on vegetation. Astebel et al.

(1996) describes the symptoms as shown in Table 2.

Table 2 is divided between symptoms depending on

deposition on the vegetation and uptake by roots.

Randrup & Pedersen (199 6) however state that the

symptom in general is the same, regardless of the

pathway.

In a laboratory study of the effects of salty spray on

seedlings from 13 pine species, the characteristic

symptom of damage was browning of the needles,

beginning from the tips and progressing towards the base.

However, there were signi cant differences between the

species as early as two weeks after the first salt

application (Townsend & Kwolek 1987).

Damage to deciduous trees and shrubs is not evident

until the buds begin to open in the spring (Hofstra et a1.

1979)

A general inspection ofvegetation damage in southern

Sweden during spring 1994 showed damage to

vegetation in the form of sparse foliage, bare or dead

branches, twigs or shoots, lack of budding and (in pine

trees) red-brown needles from the previous year

(Backman & Folkeson 1995).

Symptoms of salt damage are generally observed in

the lower part ofthe tree canopy (Backman & Folkeson

1995). Damage was observed up to 2.5 m height in pine

(Hautala & Karenlampi 1995).

Road authorities tend, inmany cases, to remove trees

in uenced by needle chlorosis and necrosis and leaf

scorch for aesthetical reasons. Both these effects can be

assessed in monetary terms as a cost for landowners and

road authorities. A model for assessing the cost of

damage to roadside vegetation by de-icing salt, based on

the economic principles of cost-benefit analysis, has

been presented by Vitaliano (1992).

Many authors report about the diminished growth of

plants exposed to salt (e.g. Hall et al. 1972; Aslanboga

et al. 1979; Dragsted 1979, Meyer & Hoster 1980; Sirnini

& Leone 1986a).

The identification of salt damaged vegetation is

obstructed by the presence ofother symptoms resembling

those of salt damage, e.g. drought and frost-drying

phenomena (Dobson 1991, Hartmann et a1. 1989).

3.2.4 Visible symptoms in relation to

concentration of salt

Leaf Cl concentration is a better indicator of the salt

status of the plant, relative to damage rating, than is the

leaf Na concentration (Leiser et al. 1980 and Scharpf &

Srago 1974, both referred to in Kliejunas et al. 1989).

Dragsted (1980) showed that the concentration of C1

in the leaf samples was highly correlated with the

concentration of C1 in the soil, but that there was no

correlation between the concentration of C1 in the leaf

samples and the observed damage to the tree. Dobson

(1991) however, reports that the concentration of C1 in

leaf and shoot samples is almost always correlated with

the degree of damage whereas this is seldom so for Na.

Table 2 Indication ofa e-icing salt damage on vegetation (After: Astebal et al. 1996).

Type of vegetation Deposition on the vegetation Uptake by roots

Coniferous
the tree facing the road.

Deciduous

road.
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Dead buds and branches on the

lower part of the tree facing the

Brown needles on the lower part of Brown needles scattered in the

crown or shown as spiral patterns.

Annual shoots still green. Damage

increases or decreases during the

summer.

Brown leaf margins in the entire

crown. Symptoms increase during

the summer.
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Damage to different species occurs at different Cl

loads (Pedersen & Fostad 1996).

In spruce the threshold value where the tree becomes

damaged is between 2.5 (in older trees) and 3 .5 (in young

trees) mg Cl per gram dry substance (Evers 1981,

Hartmann et al. 1989). The threshold for damage to

spruce trees outside Berlin was at 0.4 0.6 % Cl (Behm

& Kessler 1971, referred to in Brod 1993). Backman &

Folkeson (1995) found concentrations of 1.7% Na and

2.0 % C1 in the brown needles of a dying pine. The slash

pine (Pinus elliottz z') tolerates C1 in a range of 0.06 % to

0.99 % (Kurz & Wagener 1957 as referred to in Pyykko

1977)

Needles from over 2000 damaged pine trees from 53

sample areas in Los Alamos, New Mexico were collected

and analysed for NaCl and compared to control trees

from ten sites. All of the samples from the diseased trees

contained at least 10 times as much NaCl as the control

samples, and the average affected sample had 9120 ppm

of NaCl 50 times greater than the 185 ppm average

concentration found in the control samples. (Menlove

1973)

Levels of Cl above 200 ppm in soil are likely to cause

damage to trees (Holmes 1961, as referred to in Ranwell

et al. 1973). Dragsted (1980) found that Wych elm was

damaged when the salt concentration in the soil at 120

cm depth was greater than 10 meq/kg but that it was not

damaged when the concentration was below 6 meq/kg.

Sampling from plants does not always show the true

salt stress at a certain location. Pedersen & Fostad (1994)

showed that the variation of plant available salt in the soil

was larger than that of the corresponding needle analy-

sis. Sampling the needles will result inhigh variance due

to genetic variation, loss of needles before the sampling

and uncertainty about the distribution of the roots

(Pedersen & Fostad 1994).

Dragsted (1979) showed that the ratio Cl : (Na+Ca)

is useful as a diagnostic tool for predicting salt stress

in some cases even more useful than the CI content itself.

When the ratio is greater than approximately 0.1 in Nor-

way Spruce and 0.1 0.2 in Sitka Spruce and Birch, the

salt starts to strain the trees.

Low Ca : Na ratios can increase membrane

permeabilities leading to an increase in passive Cl and Na

transport (Greenway & Munns 1980 as referred to in

Dobson 1991). Also a low K : Na ratio can lead to an

increase of Na and Cl uptake (Leonardi & Fluckiger

1986, as referred to in Dobson 1991). Ratios of K : Na

and Cl : (K + Na) can have signi cance when describ-

ing the overall toxicity (Bogemans et a1. 1989).

3.2.5 Roots

Increased salt concentration in the soil and groundwater

leads to a lowered osmotic potential between the root and
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the salt solution. When the concentration of salt gets high

enough, the ability of the roots to take up water dimin-

ishes. In the worst case, the osmotic potential might even

reverse so that water is drawn out from the roots instead.

This dehydration of the roots will cause their death

(Dragsted 1996).

The root structure can be damaged by de-icing salt,

C1 in high concentrations is toxic by itself and the

mycorrhizal symbiosis can be disturbed (Randrup &

Pedersen 1996).

Pedersen & Fostad (1996) did not find damage on

Scots pine to be related to root uptake of salt.

3.2.6 Needles

Both needles and leaves can receive large amounts ofNa

and Cl transported from the roots in the process of tran-

spiration, but the symptom of damage is in general the

same as with Na and Cl deposited directly on the leaf or

needle (Randrup & Pedersen 1996).

The terminal parts ofsalt-injured conifer needles will

turn red-brown and then become darker brown and very

brittle. The latter causes wind breakage ofthe dead parts

of the needle (Skelly et al. ).

The symptoms are more pronounced in previous-year

needles than in current-year needles (Hautala et al. 1992).

When saline aerosols were applied to the needles of

Eastern white pine and Canadian bemlock (Buoa

Canadensz s) for six hours, damage occurred first and was

more severe on the older needles (i.e. those of the pre-

vious year, but when Cl was added to the soil, damage

occurred first and was more severe on the young elon-

gating needles (McCune et al. 1977).

Salt damaged spruce needles on the younger shoots

become dark copper coloured in the spring and will fall

off in early summer. Damage often only occurs on the

side ofthe tree facing the road (Hartmann et al. 1989).

McCune et al. (1977) found, when studying effects of

saline aerosols on Canadian hemlock and Eastern white

pine, that pine needles that were in some way sheltered

by adjacent foliage were less severely damaged than non-

sheltered needles. This relationship did not apply in hem-

lock. Also needles that have been sheltered by a snow

cover have shown less damage than more exposed nee-

dles (e.g. Lumis et al. 1973).

Pyykko (1977) found on sea-salt damaged Scots pine

that when all the needles ofthe previous year were dam-

aged, also all ofthe older needles on the same shoot were

damaged.

The increment in the weight of needles of Norway

Spruce is more in uenced by salt than is the increment

in tree height (Dragsted 1979).

Pedersen & Fostad (1994) explained the di erences

in Na and Cl concentration between current-year and pre-

vious-year needles of Norway spruce as a result of dif-
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ferent transport mechanisms, Na suggestedly being de-

posited on the foliage and Cl being taken up by roots.

Wyttenbach & Tobler (1988) found the strongest vari-

ation of Cl concentration in needles of Norway spruce

during the growing season and the weakest during the

dormant season. The variation is greater in the younger

needles.

3.2.7 Leaves

Saline conditions can produce succulence (thicker

leaves) and for a whole range of plants, not only mari-

time species, maximum succulence is brought about by

C1. Above a certain concentration (depending on the plant

concerned, but usually around 50 mmol L'l), NaCl will

suppress leaf expansion. The reduction in leaf area is

associated with a drop in the number of epidermal cells

per leaf (Jennings 1976).

An investigation of aspen trees by Piatt & Krause

(1974) showed highly significant correlation of Cl con-

centration in leaf tissues with percent leaf necrosis. The

concentration ofNa in leaf tissues was however not cor-

related with leaf damage.

Foliar symptoms were correlated with Cl concen-

trations in leaves or sap but there was no correlation with

Na levels. However, the average Na ion level in leaves

of all trees with severe symptoms was generally higher

than in trees without symptoms (Holmes & Baker 1966,

referred to in Ranwell et al. 1973).

3.2.8 Shoots and buds

In Eastern white pine the shoots facing the road were sig-

nificantly shorter than those on the opposite sides ofthe

trees (Simini & Leone 1986a).

On salt-damaged spruce trees the buds are often dead.

If the damage is only slight the tree will shoot new buds

(Hartmann et al. 1989). Flower buds are more sensitive

to salt-spray injury than are leaf buds (Hofstra et al.

1979). Pyykko (1977) found that buds of sea-salt dam-

aged Scots pine failed to open ifall the needles of the pre-

vious year were affected, although the buds themselves

were undamaged. If less than 70% ofthese needles were

damaged, however, the buds opened normally and the de-

veloping shoots were ofnormal length.

Shortle et al. (1972 as referred to in Jones and Je rey

1992) observed a 3 0 70 per cent reduction in shoot

growth in roadside sugar maples and although symptoms

ofsalt damage were greatest in the crown part facing the

road, differences in the two halves of the crown were not

signi cant.

Buschbom (1968, as referred to in Sucoff & Hong

1976) showed that Cl applied to bark of 2-year old wood

migrated to the tip of the l-year-old branch. He also

found that Cl penetrated more easily through buds than

bark.
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3.2.9 Stem

Growth rings are excellent indicators for recognising

environmental in uences on growing trees, since cambial

activity and xylem production are reduced and cell size,

arrangement of cells and the proportion of different tis-

sue types are altered by environmental stresses (Hoster

1979). The annual growth has been shown to be dimin-

ished by salt application (Aslanboga et al. 1979). By

comparing annual rings from two plane trees (Platanus

x acerifolia) ofthe same age (30 years) but with differ-

ent degrees of damage, the rings of the highly damaged

tree were thinner than those ofthe slightly damaged tree.

The same pattern was also shown in a pair of lime trees

(Tilia x vulgaris) (Meyer & Hoster 1980).

The sodium concentration in wood is negatively cor-

related with distance from the road. The sodium concen-

tration in sapwood increases with decreasing roadside

distance. However, there is no correlation between Na

concentration ofxylem rings in trees and de-icing salt ap-

plications ofthe corresponding years (Breckle & Schure

1985)

Gibbs & Palmer (1994) found a highly significant

negative correlation between stem diameter and the per-

centage of the crown showing post- ushing dieb ack of

London plane (Platanus x hispanica), which was inter-

preted as smaller trees being more seriously damaged

than larger ones. Buschena & Sucoff (1980) found a

negative linear relationship between salt damage symp-

toms and height growth, but the linearity was weak.

However, no correlation between the NaCl concentration

and the tree s diameter was found in an investigation of

more than 2000 damaged pine trees in Los Alamos, New

Mexico (Menlove 1973).

The diameter at breast height ofAspen trees showed

a signi cant negative correlation with the distance from

road of affected trees. It was interpreted as the result of

greater sensitivity of smaller trees to C1 or that larger trees

draw a greater portion of their water from regions of

lower Cl concentration (Piatt & Krause 1974).

3.2.10 Other plants

The number of maritime species on roadsides has in-

creased due to the use of de-icing salt, which has been

reported from both North America and northern Europe

(Scott & Davison 1982).

The majority of research on salt affected soils has

concerned non-woody crops. Non-woody plants, how-

ever, often react in a different way than do trees, which

must be kept in mind if extrapolating data from her-

baceous species to woody species (Dobson 1991).

Salt has been a limiting factor in the establishment of

cover grasses on many Northern US-interstate highway

medians (Wester & Cohen 1968 as referred to in Moore
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& Welch 1977). Established grasses, however, are not

damaged as readily as trees by excessive concentrations

of de-icing salts (Wester & Cohen 1968 and Westing

1968 both referred to in Moore & Welch 1977; Priebe

1990). Some grasses have even been shown to be stimu-

lated by moderately high salt treatments (Priebe 1990).

Holmes (1961, referred to in Ranwell et al. 1973)

noted that his salt treatments around Sugar maple trees

while not visibly harming trees after 6 years, killed grass

around the trees after the rst full year oftreatment.

Leaves of Bilberry plants (Vaccim um myrtz llus) ap-

pear to accumulate Cl (Pedersen & Fostad 1994). Bil-

berry plants were severely damaged at the same site

where several trees ofNorway spruce were damaged by

root uptake of salt and attacked and killed by bark

beetles (Pedersen & Fostad 1996).

In the first half of August, roadside fields with ag-

ricultural crops were investigated in search for salt dam-

age symptoms. There were no visible damage found that

could be related to de-icing salt, however (Persson &

Royseland 1981).

In an investigation of the harvest size ofonion, bean,

carrot and Swedish turnip, there was no evidence for

lower harvest or higher content of salts close to the road

than further away (Persson & Royseland 1981). One

should bear in mind that the agricultural fields are

ploughed, which evens out the vertical salt concentration

gradient.

Accumulation of salt in non-crop species, however,

was shown to have a lethal effect on plants (Hayward et

al. 1946 and Monk & Peterson 1962 both referred to in

Ranwell et a1. 1973).

3.3 Factors regulating saline damage to veg-

etation

The impact of salinity on vegetation depends both on the

kind of stress the plant is exposed to and the ability of

the plant to resist this stress.

The total stress on vegetation along roads is not only

an effect of the salt related damaging mechanisms de-

scribed above (i.e. osmotic stress and speci cion tox-

icity), it will alsobe a combination of many kinds of

road-related stress, as well as other kinds ofenvironmen-

tal stress that are not related to either the road or the traf

fic.

The degree ofdamage to vegetation from salt depends

on four characteristics: i) the amount of salt, ii) the type

of soil, iii) total precipitation and iv) plant species (Priebe

1990)

Plants use three strategies for coping with salinity

stress. These are avoidance, tolerance and resistance.

Avoidance means that plants avoid effects from a certain

stress so that no changes take place within the plant. If

the stress does lead to some change within the plant but
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the plant still can tolerate this, the concept is called tol-

erance. The ability to resist a stress can be an eifect of

either avoidance or tolerance or a combination ofthose;

the general term for this is resistance (Dragsted 1996).

One must remember, however, that no species is im-

mune to salt damage. Even the most tolerant plants die

if they are exposed to salt in sufficiently high concen-

trations (Dobson 1991).

3.3.1 Differences between species

The tolerance to salt is largely governed by genetic fac-

tors; hence, some groups of plants will be more tolerant

than others (Dobson 1991). Many ofthe species that are

salt tolerant are natural to coastal habitats, however their

practical use in environments affected by de-icing salt

might be quite complicated due to difference in growing

and environmental conditions (Glader et a1. 1984). An ex-

planation of di erent tolerances to salt is the depth ofthe

root system ofthe different tree species. The deeper the

root system reaches, the higher the tolerance to road salt

will be (Meyer & Hoster 1980, Evers 1981).

It appears that woody plants may have a tendency to

accumulate higher concentrations of Na and C1 in their

tissues, and that they at the same time are more sensitive

to those ions than herbaceous species (Dobson 1991).

Pedersen & Fostad (1994) found the greatest damage to

spruce, even if also deciduous trees, herbs and heather

were somewhat damaged. Pine, however, did not show

any damage due to root uptake, but was to some extent

damaged by deposition of salt. Behm & Kessler (1971,

referred to in Brod 1993) compared spruce and pine spe-

cies at highways around Berlin and found that spruce

species were more susceptible to salt damage than pine

species and suggested the Cl ion was the main cause of

the damage.

In a laboratory experiment with plants, where saltwas

applied to the soil in the same concentrations as were

found in the field measurements, extensive damage oc-

curred to maple, distinct damage occurred to weeping

birch and spruce, and no damage was seen on pine

(Pedersen & Fostad 1994).

Fruit trees such as apple trees are relatively sensitive

to salt damage (Hofstra & Lumis 1975, as referred to in

Hofstra et a1. 1979).

Most pine species with low internal Na and C1

levels tolerate salt spray better than others (Townsend &

Kwolek 1987). However, halophytes, plants adapted to

saline environments, typically have a very high internal

solute concentration; by this means they reduce cell

water potential enough to extract water from salt water

(Taiz & Zeiger 1991).

Meyer & Hoster (1980) showed that the susceptibility

of leaves to salt damage differed between species of

deciduous trees in Hannover. Their investigation
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compared the concentration of C1 in leaves with

estimations ofthe percentage oflost and damaged leaves.

Sugar maple subjected to experimental salting

accumulated C1 in the leaves at concentrations 3 to 6

times those of control samples whereas White oak

(Quercus alba) did not show any accumulation at all

(Holmes 1961, referred to in Ranwell et al. 1973).

Butijn s (1954, referred to in Ranwell et al. 1973)

observed that English oak (Quercus robur) was among

the most Cl tolerant tree species. Holmes (1961, referred

to in Ranwell et al. 1973) suggested that oaks have a

mechanism for selective absorption ofcertain ions rather

than a tolerance of high ion concentration.

In a pot experiment, maple was the most damaged

species among the silt-grown plants while weeping birch

was the most damaged species in the peat-grown group

(Pedersen & Fostad 1994).

Birch is rather tolerant to salt uptake by the roots but

more sensible to direct deposition onto the tree by splash

(Pedersen & Fostad 1996).

3.3.2 Epicuticular wax

The layer of epicuticular wax modi es the effects of salt

on leaves and needles; on one hand it will act as a barrier

and hence shelter the needle from contact with the salt

but on the other hand, it will in uence the deposition rate

by its micro roughness.

The waxy cuticle covering the leaf surface is a very

elfective barrier to water movement; only about 5% of

the water lost from leaves escapes through the cuticle

while the rest escapes as water vapour through the

stomata (Taiz & Zeiger 1991).

Barrick et a1. 1979 draw the conclusion that the

penetration of both Na and Cl occurred uniformly

throughout the needle tissue ofAustrian pine and Eastern

white pine.

Dusted leaves may also allow greater penetration of

road salt (Fluckiger et al. 1982, as referred to in Farmer

1993)

The retention of salts on the surface of needles

probably depends upon the roughness ofthe surface and

the chemical composition of the epicuticular waxes

(Dobson 1991).

Salt deposited on the needles may also act as glue for

other wind-home particles (Franzen 1990).

Damage to Blue spruce (Picea pungens) growing

within 8 40 m of the road appeared to be related to the

amount of needle cuticular wax; as the amount of wax

increased injury decreased (Lumis et a1. 1973). The long

chains of the alkanes in the epicuticular wax layer of

Japanese black pine (Pinus thunbergz z ) were shown to be

at least partially responsible for the limited salt absorption

in the needles. The more salt-sensitive eastern white pine,

however, had shorter chains of alkanes than the salt-
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tolerant Japanese black pine (Simini & Leone 1986c).

Sauter et a1. (1987) found that some substances of

motor vehicle emissions are responsible for highly

accelerated structural degradation of epistomatal waxes

on spruce needles. During the process the wax layer

transforms toward a at non-structured layer ofwax and

this can lead to the occlusion of stomata chambers.

3.3.3 Stomata

The stomata consist of a pair of guard cells in the

epidermis surrounding a pore, which permit gas exchange

(i.e. transpiration of water vapour anduptake of C02)

between the atmosphere and the interior ofthe leaf. The

regulation (opening and closing) is individual for each

stoma. Potassium is used in the guard cells during the

open moment and in order to maintain the varying amount

of C1 and/or an organic anion is transported into and out

of the guard cells (Taiz & Zeiger 1991).

Leonardi & Fluckiger (1986, as referred to in Dobson

1991) found that Cl was accumulated in large quantities

in the vacuoles ofstomatal guard cells. This accumulation

was accompanied by an increase of Ca and Mg in guard

and epidermal cells, which in turn was thought to have

led to stomatal closure.

In some plants, Na can take over many of the

functions of K (Montasir et al. 1966, as referred to in

Randrup & Pedersen 1996), while in others this

replacement is not at all possible (Marschner 1986, as

referred to in Randrup & Pedersen 1996). Persson &

Royseland (1981) stated that the substitution of Na for

K was an explanation of why they found a positive effect

of small amounts of applied salt on the growth of beans.

Also Lehr (1955 as referred to in Persson & Royseland

1981) showed that Na to some extent can replace K in

plants.

Infiltration of solutions through stomata is virtually

impossible (Shonherr & Bukovac 1972, as referred to in

Barrick et a1. 1979). Hence, the wax occlusion of stomata

is likely to be of little consequence in limiting stomatal

penetrations of salt solution, unless the guard cells

themselves are involved in the uptake of polar

compounds (Barrick et al. 1979). In a study of thin water

films on coniferous needles, Burkhardt & Eiden (1994)

found it likely that, as the thickness of the thinwater lms

was less than 100 nm, they could extend into the stomata,

thus forming a liquid junction with the lms inside the

substomatal cavities. This could be a possible pathway

for the ions into the needle.

Decreased net photosynthesis - likely due to

stomatal closure ofPonderosa pine irrigated with NaCl-

solution is a result of lower water potential and not a

reSult of a direct ion effect caused by Na or Cl (Bedunah

& Trlica 1981). However, net photosynthesis can also be

decreased by long-term NaCl foliar spray treatment
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without a subsequent decrease in soil osmotic potential

(Bedunah & Trlica 1979).

Particles with a diameter of approximately 0.5 mm

were deposited with preference on the stomatal regions

of the needles of Norway spruce, Scots pine and Silver

fir. In these regions the incidence ofmicro-roughness due

to epicuticular waxes is higher than in other parts ofthe

leaf (Burkhardt et al. 1995).

Also on sea-salt damaged Scots pine trees, particles

of various sizes were seen to be retained on the needle

surfaces in the vicinity ofstomata. Similar particles were

not observed on the surfaces ofundamaged needles. The

particles seemed to be mainly salt crystals of marine

origin (Pyykko 1977).

Hygroscopic particles on the leaf surface deposited

close to the stomata will absorb water vapour coming out

ofthe stomata. They might even be regarded as acting as

drying agents, continuously absorbing water from the

stomata and then being regenerated by radiative and wind

energy (Burkhardt et al. 1995).

In the vicinity of a highway, the closure of stomata

was inhibited by particles blocking the stomata. This

caused an increased transpiration, which had an

antagonistic effect on overheating also caused by road

dust deposited on the leaves (Fluckiger et a1. 1978).

3.3.4 Cold hardiness

In experiments on Lilac (Syringa vulgaris) and Flowering

crab (Malus), Sucoff & Hong (1976) showed that NaCl

could decrease the cold hardiness of these species, when

applied in a non-highway environment. In a highway

environment the NaCl even increased the loss of

hardiness. It was, however, not learned whether it was

Na or C1 or both that decreased the hardiness.

Twig tips of Lilac and Flowering crab were less hardy

than twig bases and contained more NaCl (Sucoff &

Hong 1976).

The leakage of potassium from needles of Scots pine

was significantly higher along salted roads in February

but not in May (Hautala et al. 1992). Pukacki & Pukacka

(1987) showed that crystallisation damage, due to

freezing, to spruce needles leads to loss of

semipermeability ofthe cellular membranes and, hence,

drastic e lux ofpotassium ions.

3.3.5 Soil related stress on vegetation

The characteristics of the soil are one of the most

important factors regulating plantgrowth at a site since

it will in uence mineral supply, water bearing capacity

and other related characteristics.

Pedersen & Fostad (1994) found in their laboratory

test that the soil type is an important factor, which has

different effects on different plant species concerning

tolerance to salt stress.
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By altering soil structure, permeability and aeration,

salt loading can change the characteristics of the soil

(Jones et a1. 1986; Priebe 1990; Bradshaw et al. 1995),

and thereby also have secondary effects on vegetation.

In discussing the effects of salt in the soil, we distinguish

between high concentrations of Na (sodicity) and high

concentrations of total salts (salinity) (Taiz & Zeiger

1991). The Na ions in high concentration dispergate the

aggregates between mineral particles in the soil and these

colloides are then ushed away by percolating water and

transported further away with the groundwater ow.

Large amounts of metals and PAH adsorbed on these

colloides can be transported by the groundwater ow.

Usually, soil is classi ed as sodic when the exchangeable

Na percentage (ESP) is higher than 15.

It has been shown that the content of aluminium was

increased close to a road where a large amount of de-

icing salt had been applied. It was thought to be the Na

ions in the groundwater that due to ion exchange

processes had taken over the positions of other metal

cations as aluminium, calcium and potassium. This

phenomenon may also lead to changes in pH (Astebol et

al. 1996).

The reaction of plants to salt stress depends both on

the total amount of salt in the soil and on the

concentration of salt in soil water. With higher moisture

in the soil, the salt concentration in the soil water

decreases, but the total amount of salt in the soil does not

change until precipitation is high enough to cause wash

out of the salt (Pedersen & Fostad 1994).

Large amounts ofNa in the soil can lead to potassium

deficiency in the plant (Prior & Berthouex 1967 and

Westin 1969, both referred to by Randrup & Pedersen

1996)

Large amounts ofC1 in the soil can lead to phosphorus

deficiency in the plant (Levitt 1972, as referred to by

Randrup & Pedersen 1996).

It has been shown that if calcium is applied to the

plant before Na, the negative effects of Na can be

eliminated since calcium may protect the cell membranes

against Na (Pedersen & Gjems 1996). Bogemans et a1.

(1989) showed that even a small amount of calcium in

the salt treatment had some beneficial effects on ion

regulation. Also Brandt (1973) concluded that mixtures

of CaCl2 and NaCl decrease the potential for damage,

particularly to soil s physical properties. However,

Vej direktoratet (198 8) showed that the larger the rate of

CaCl2 in solutions of NaCl and CaCl2 added to the soil,

the larger the damage to Fir (Abies) became. Rich (1973)

stated, on the contrary, that CaCl2 is less toxic than NaCl

to roadside vegetation. With a proportion of 2 % CaCl2

in combination with NaCl, the CaCl2 did not affect the

concentration of Na and C1 in needles (Hautala et al.

1992)
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There were no differences in Ca concentrations

between the salted and the control roads in an

investigation of needles from roadside Scots pine

(Hautala et al. 1992). The salt tolerance of some clones

of willow and poplar was increased by fertilisation by

potassium and lime (Dimitri & Siebert 1979). Na induced

stress symptoms on vegetation have been shown to be

reduced by dispersing Na ions in the soil through the

application of gypsum (Jacobs & Sco eld 1980).

The amount of organic matter in the soil has been

found to have a positive relationship to the tolerance of

vegetation to withstand NaCl (Roberts 1968, as referred

to in Ranwell et al. 1973).

Bernstein et al. (1972, as referred to in Dobson 1991)

found that a delay of some weeks after planting before

adding salt to field plots resulted in increased tolerance

to salt. Townsend (1980, 1984, both referred to in

Dobson 1991) found that the cultivation method (i.e.

plants grown hydroponically or in different soil types)

in uenced the severity of symptoms, but not the relative

tolerance of the tested species.

3.3.6 Meteorological factors

The climate itself is one ofthe most important factors of

stress for forests in Sweden. Factors such as drought,

mild winters, rapid changes in temperature and increased

frequency of storms have been suggested as causes of

forest damage in recent decades. (Matts son et al. 1994).

The Wind is not only a factor ruling some pathways

of the transport of salt; it can also be a cause of damage

by itself, especially to evergreens. The damage produced

by the wind very much resembles that caused by salt.

(Hofstra et al. 1979).

Hofstra & Hall (1971) found that foliar damage and

foliar levels of Na and Cl higher than background levels

occurred to trees up to 120 mfrom a highway, particucu-

larly on the downwind side of the highway, on the

windward side of the tree, and on trees in exposed

positions.

The collision between leaves, due to wind movement,

may increase the permeability ofthe plant cuticle, which

in combination with polluted air may lead to

synergistic effects (Grace & Russel 1979).

For a given level of Na or C1 in leaf tissue ofEastern

white pine and Eastern white cedar, more damage

occurred on the windward side than on the sheltered side

of the tree (Hofstra & Hall 1971). Tall trees and plants

beneath the snow suffer less salt-spray damage because

the spray does not reach their branches or leaves (Sucoif

1975)

Simini & Leone (1982) found greater Cl uptake in

situations with higher humidity.

Dew condensed on plants acts as a solvent for

potentially harmful gaseous and particulate trace
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substances previously deposited on the plant

(Bimblecombe & Todd 1977 and Wisniewski 1982, both

referred to in Burkhardt & Eiden 1990).

The temperature seems to play a role in the

occurrence of damage to needles. During the winters of

1969/70 and 1970/71, no damage was apparent to trees

along highways until the onset of milder weather in

March when damage quickly became visible. Similarly,

in the laboratory, Eastern white pine trees sprayed with

salt solution displayed no foliar browning as long as they

were kept at 15° C. Foliar browning became obvious two

days after trees had been placed in a greenhouse at 150

C (Hall et al. 1972).

During the mild winter of 1992/93, more salt was

accumulated to needles of Scots pine than during the

colder winter of 1993/94. However, the visible damage

was more severe after the latter colder winter

(Hautala & Karenlampi 1995).

Sucoff (1975) showed that twigs with high Na and Cl

levels are less resistant to lower winter temperatures.

The deposition of road dust on leaves might lead to

an increase of temperature in the leaves (Farmer 1993).

The length of the photoperiod was negatively

correlated to the uptake of C1 in white pine, Mountain

laurel (Laurus), Dogwood (Camus) andNorway spruce.

It was suggested that the reason for this was decreased

epicuticular wax production during short days (Simini &

Leone 1982).

The side of the tree crown receiving the most solar

radiation also showed more expressive biochemical

response to dust pollution (Kangur 1988, as referred to

in Mandre & Tuulmets 1997).

3.3.7 Time of salt application

The time of season when salt application takes place is

very important in relation to the effects on plants. Many

investigations ofplant tolerance to salt take place during

summer, while the majority of the de-icing operations

take place during the dormant period ofplants (Headley

& Bassuk 1991). Results from experiments carried out

during active growth may not re ect those obtained from

plants exposed to salt during dormancy (Dobson 1991).

A late application of salt when buds have started to

break has been considered as an important factor ruling

the extent of damage (Backman & Folkeson 1995).

3.3.8 Pathogens

Insects and fungi both act as contributing factors in the

process of killing trees. Their contribution might be the

direct cause of the death of the tree, even if it was some

other stress (e. g. exposure of de-icing salt) that was the

predisposing or triggering factor for the damage

(Aronsson 1995).

Bark beetles prefer attacking salt damaged trees while
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undamaged trees in the neighbourhood remain unat

tacked (Pedersen & Fostad 1996). Pollution by salt, tran-

sported from the road surface to roadside vegetation, may

constitute a problem of significant importance to the

forest industry. Conifers - especially spruce weakened

by salt damage will often be more susceptible to invasion

of noxious insects and other pathogens. The attacked

trees might act as breeding centres for insects that will

attack non-a ected trees in the neighbourhood and,

hence, lead to even larger areas affected by this

secondary effect (Lindstrom unpubl.)

Potassium or magnesium deficiency may lead to a

weakened wax layer on needles, which facilitates fungal

attack (Mattsson et a1. 1994).

Eppard et al. (1992) found that 17 % of investigated

trees were damaged by insects, while 15 % were

damaged by salt and 55 % not damaged at all.

3.4 Assessing damage to vegetation by visual

damage inventory

The degree of defoliation in coniferous forests is used to

assess the damage of e. g. acidification. When a tree is
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defoliated to more than 60% it is judged to be badly

damaged. The defoliation rate, when a tree is judged as

damaged at all varies between 20 and 25% (Mattsson

1994)

Foliar damage has been measured quantitatively as

the ratio of brown to total leaftissue dry weight (Hofstra

& Hall 1971).

The timing ofvisual damage inventories is important,

since the appearance of visual damage in different

species varies during the season. Gibbs and Palmer

(1994) state that de nite inventories of salt-damaged

London plane trees (Platanus x hispam ca) should not be

made before September of the year in which symptoms

appear. Otherwise many trees might be condemned

prematurely.

There have been several attempts at dividing

symptoms of salt damage into different classes as

presented in Appendix II (Lumis et al. 1973, Scharpf&

Srago 1974 as referred to in Kliejunas et a1. 1989,

Buschena & Sucoff 1980, Hautala et al. 1992, Pedersen

& Fostad 1996).
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4 Discussion and conclusions

The dispersion of de-icing salt from roads can be

described as a combination of several mechanisms (Ch.

2.3). This is a good start in formulating a correct

description ofthe system. Roadside trees with symptoms

of damage have showed raised levels in their

concentrations of sodium and chloride. In laboratory

investigations salt has been applied either to the soil or

to the leaves as spray. This has shown that trees can be

damaged by either of these treatments (Ch 3.1.4).

Therefore, the literature clearly shows that de-icing salt

is able to cause damage to vegetation both when it occurs

in the soil water and when it is deposited on the foliage.

Nobody should therefore be surprised when trees close

to the roads show symptoms of salt damage. Dobson

(1991) suggests that future experiments must investigate

tolerance to salt spray in addition to soil salt. Randrup &

Pedersen (1996) state that research into the damaging

effects on plants should be related to the effectiveness of

protective installations and the chances of revitalizing

existing plants. It must therefore be important to

determine the relative importance of salt spray to soil salt

at different exposure levels since each pathway demands

different remedies.

Investigations concerning the tolerance of different

species to salt often relate the tolerance to the

concentration of salt found in damaged tissue rather than

to the actual exposure (Ch 3.2.4). Hautala et a1. (1992)

conclude that the seasonal uctuation of needle salt

concentration in different needle age classes needs to be

studied. Dobson (1991) suggests that standard

procedures for assessing salt tolerance should be adopted

so as to facilitate the comparison of one report with

another. Randrup & Pedersen (1996) find it is essential

to collect practical experiences of de-icing actions and

their effectiveness in minimizing salt impact on roadside

vegetation in Denmark. Since actual exposure of salt to

the vegetation is of importance, knowledge of how

different de-icing methods affect the dispersion of salt to

the surroundings must be increased and possible

remedies, (e.g. spray supression systems) found.

It is also extremely difficult to determine to what

extent the damage is an effect of salt exposure, and to

what extent it is an effect of the combination of the many

other stress factors that roadside trees are exposed to (Ch

3.3). Randrup & Pedersen (1996) state that what are

urgently needed are controlled experiments directly

related to the conditions prevailing along streets and

roads.

The issue of damaged roadside vegetation can also be

regarded as an aesthetic problem. But, since the road

reserves of major roads in rural areas in Sweden are
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governed by the Swedish National Road Administration,

the problem may be solved by means of road reserve

maintenance. This should also be in line with the policy

oftraf c safety. However, if only the symptoms are taken

care of, the cause of the problem will still remain

untreated. Dobson (1991) states that a prerequisite for

assessing the scale of the problem nationwide is having

the possiblity of diagnosing salt damage accurately.

Another important issue should be the extent to which

vegetation outside road reserves is damaged by de-icing

salt. The literature shows that the greater part of the

damage occurs in the immediate vicinity of roads (up to

some ten metres) and that symptoms can still occur at

distances of up to several hundred metres (Ch 25). The

transport of salt by the mechanism ofspray may very well

result in raised concentrations of salt at distances ofa few

hundred metres (Ch. 2.5), even though the levels then are

too low to significantly increase the level in the soil (Ch

2.6). The questions raised by this are: How do the

mechanisms work in this phenomenon? How common is

it? What are the consequences for the landowners?

The analysis of the literature gives rise to several

questions that should be answered by eld and laboratory

studies in order to find remedies to the problem:

' What is the relative importance of salt spray to soil

salt at different exposure levels in inducing damage

to vegetation?

' How can the factors regulating the transport

mechanisms be changed in order to lower the

exposure of salt to vegetation?

' What is the relationship between the long-term

accumulation of Na and C1 in the vegetation and the

short-term exposure to saline spray; is one single

event of de-icing operation sufficient to cause

damage? Or is it the total amount of salt, exposed to

the plant over a longer time period, that causes the

damage?

' How does the stress from exposure to salt spray

combine with the e ects of other parameters as:

meteorological conditions (e.g. solar radiation,

temperature and winds), geographical situation (e.g.

orientation and geology) and other environmental

stresses.

Hopefully, study ofthese questions will lead to more

knowledge about this issue, especially as regards

conditions in Sweden. This knowledge should form the

basis for formulating recommendations that could meet

the objective of the project, which is to render de-icing

operations in Sweden more ecologically adapted.
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APPENDIX 1,PAGE 1(1)

Models of de icing salt and sea salt transport

a) De-icing salt transport models

A study ofthe salt deposition from roads, using the same

kind of lters as those of Gustafsson and Franzen (1996)

resulted in the model:

f(x)=a blnx (1)

where f (x) is the deposition, X is the distance and a

and b are positive constants (Eliasson 1996).

By using the electric conductivity in snow samples,

Eliasson (1996) established the model:

f(x) = ark (2)

where f (X) is the deposition, X is the distance and a

and b are constants.

McBean & Al-Nassri (1987) described the

relationship between percentage salt per unit area (S) and

the distance from road (D) as:

logS= a b-logD (3)

They used snow sampling with a 1.5 m long Shelby

tube with a cross-sectional diameter of approximately 2.7

cm in profiles up to 37 m from the edge of the road.

b) Sea-salt transport models

By using needles of Scots pine as deposition surfaces in

a profile across southern Sweden, Franze'n (1990)

constructed a model to describe the diy deposition of sea

salt during dry westerly gales:

S = 5252 . (ZO/Uh , D) ~O.62 , 0.165.Uh. 0.037 (4)

where S is the amount of deposited salt (mg/m2), Uh

is the wind velocity on the coast (m/s) and D is the

downwind distance from the coast.
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Another model of the dry deposition of marine

aerosols in a coastal area was developed by Gustafsson

and Franzen ( 1996) using specially designed salt traps

with pollen filters.

D0011
Dep = (0.728 - e 0478 ' V)W (5)

where Dep is the deposition of salt (mg m 2 h'l), D is

the downwind distance from the sea (m) and v is the

mean wind speed on the coast (m/s). It is not clear,

however, how far from the sea the model is valid, but the

investigations by Gustafsson and Franzen (1996) were

made in two pro les, 3 and 10 km long.

Salt input to watersheds in Massachusetts from

combined sea spray and precipitation was determined

from a logarithmic relationship between the distance from

the coast and Na deposition rates at four monitoring sites.

The salt input was described by the model:

Na = exp (2.26 0.022 - Dist) (6)

Where Na is the deposited sodium content in kg ha 1

and Dist is the distance from the coast in km. The

regression gave R2 = 0.92. (Mattson & Godfrey 1994).

A rather complex and highly parameterized model of

Na concentration at distance D and time t is described

by Harkel (1997). The model uses parameters such as:

Distance from the sea, concentration ofNa above the sea

and above the surf zone due to wind velocities at 2 and

10 meters above the shore, dry deposition velocity, height

of the air layer, amount of rainfall during time step and

wash-out ratio.
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Attempts at dividing the extent of damage to roadside trees into different classes

Table 3

Table 4

  

De nition ofsalt injury classes (After: Buschena & Sucojf1980).

Symptom Small Hardwood Large Hardwood Spruce and Pine2 Shrubs

class: Trees Trees Cedar2

Up to 20 % of No obvious Little damage Little damage
0 terminal buds Visible dieback -

dead

20 80 % Up to 10 % 5 10 % of leaves 0 10 % needle 5 10 % dieback
1 terminal buds dieback brown or lost browning

dead throughout crown

Most terminal 11 30 % dieback 11 20 % of 11 50 % needle 11 30 %

2 buds dead; 0 19 leaves brown or browning dieback

% dieback1 lost

20 50 % dieback 31 60% dieback 21 50 % of greater than 50 31 60 %

3 leaves brown or % needle dieback

lost browning

Greater than 50 61 100 % More than 50 % More than 60 %
4 % dieback dieback of leaves brown dieback

or lost

 

1 Dieback percentages refer to summer observation of previous year s twigs.

2 Browning for spruce and pine measured on needles formed the most recent 2 growing seasons.

  

Subjective scale for assessing damage to single trees (After: Pedersen & Fostad 1996).

Degree of damage: Assigned value:

No damage 0

Single needles damaged

Distinct damage/ Entire shoots brown

Comprehensive damage, big branches damaged

Great damage in the entire crown

All needles dead \
D
Q
M
U
J
r

A

Table 5 Sensitivity rating scale for assessing damage to trees and shrubs due to aerial drift of de icing salt (After:

  

Lumis et al 1973).

Characteristics: Sensitivity rating:

No twig dieback or needle browning of conifers and no dieback, tufting 1

or inhibition of owering of deciduous plants
Slight symptoms of the kind in rating 5

Moderate symptoms of the kind in rating 5

Extensive symptoms of the kind in rating 5
Complete branch dieback and needle browning of conifers, and

complete dieback, evidence of previous tufting and lack of owering of

deciduous species.

U
I
A
U
J
N
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Table 6 Scale for assessing the injury class of needles ofScots pine (After: Hautala et al. 1992).

  

Characteristics: Injury class:

Healthy, no visible injuries 0

Slight injury, slight browning and tipburn of needles (O-20%), no loss 1

of needles

Moderate injury, tipburn and browning of needles (20 50%), slight loss 2

of needles

Severe injury, tipburn and browned needles more than 50%, clear loss 3

of needles

 

Table 7 Damage Rating System (After: Scharpf& Srago 1974 as referred to in Kliejunas et al. 1989).

  

Damage rating: Characteristics:

No Damage No tipburn or needle browning

Light Damage Damage to one third or less of the foliage, with onlythe very tips of the

needles showing tipburn.

Moderate Damage One-third to two-thirds of the foliage damaged, and one half or less of the

length of the damaged needles on pines showing tipburn

Severe Damage Two thirds or more of the foliage damaged, and on pines 50 percent or

more of the needle length showing tipburn. Trees completely brown and

apparently dead were included in this category.

Table 8 Classi cation ofNorway spruce (After: Dragstea I979).

  

Class: Characteristics:

1 Healthy trees without signs of damage which might be caused by salt

2 Trees less dense in needles and with many short needles and brown

needles and needle tips

3 Extremely weakened trees with many needleless sprouts and numerous
brown needles
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English and scientific names of species occurring in the text

 

English name: Scientific name

 

Aspen

Austrian pine

Bilberry

Blue spruce

Canadian Hemlock

Dogwood

Eastern white cedar

Eastern white pine

English oak

Fir

Flowering crab

Fraser fir

Horse chestnut

Japanese black pine

Lilac

Lime trees

Linden

London plane

Maple

Mountain laurel

Norway spruce

Plane

Ponderosa pine

Radiata pine

Red spruce

Scots pine

Silver fir

Sitka spruce

Sugar maple

Weeping birch

White oak

White spruce

Wych elm

Populus tremuloides

Pinus nigra

Vaccinium myrtz'llus

Piceapungens

Tsuga canadensz's

Comus

Thuja occidentalz's

Pinus strobus

Quercus robur

AbieS

Malus

Abiesfraserl'

Aesculus hippocastanum

Pinus thunbergz'z

Syringa vulgaris

Tilia X vulgaris

Till'a

Platanus X hispanica

Acer mbmm

Laurus

Picea abies

Platanus X acerz folz a

Pinus pondemsa

Pinus radiate:

Picea rubens

Pinus sylvestris

Abies alba

Picea sitchensz's

Acer saccarum

Betula verrucosa

Quercus alba

Picea glauca

Ulmus glabra
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