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Foreword

This publication is a translation of a literature review written in Swedish:

Miljoeffekter av v'agdagvatten. Litteraturoversikt, VTI rapport 391, 1994. The
review was produced by Lennart Folkeson (project manager) of the VTI at the

request of the Swedish National Road Administration, which also funded the work

(Effects of pollutants in water and soil; Project No. 75340 0, 80023). The report

has been translated into English by Tony Palm, Professional English AB.

Many thanks are also due to the Information Centre of the VTI for help with

locating and obtaining literature.

Linkbping, June 1996
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Environmental effects of highway runoff

A literature review

by Lennart Folkeson

Swedish National Road and Transport Research Institute (VTI)

S-581 95 Linkoping

Sweden

Summary
This literature review deals with the transport and ecological effects of highway-

runoff pollutants with special reference to rural environments.

Pollutants in highway runoff mainly originate from vehicle exhaust emissions,

vehicle fuel and lubrication system losses, vehicle/tyre wear, litter and spillages,

pavement wear, ice control, maintenance and operations and atmospheric deposi-
tion.

Highway runoff typically contains a multitude of different pollutants. The most
frequently studied variables include total suspended solids, biological oxygen

demand, chemical oxygen demand, P, N, Cd, Cr, Cu, Fe, Ni, Pb, Zn, HC and

coliform bacteria. These variables represent the most important groups of high-

way-runoff pollutants, which are suspended particles, oxygen-consuming pol-

lutants, nutrients, heavy metals, organic pollutants, petroleum products and

microorganisms. Where chemical deicing or anti-icing agents are used, Na and Cl
can be added to the list.

The highway-runoff uxes of pollutants, varying considerably in time and

space, are in uenced by factors such as type of traf c, traf c volume,

precipitation regime, road drainage, road surface characteristics, maintenance and
operations and (for urban highways) catchment characteristics.

Highway runoff water is transported via gutters, ditches or retention/detention

ponds to the groundwater or the receiving watercourse. Other transport routes

comprise in ltration, overland ow, spray and snow-melt water.

In the vicinity of the road, the mobility and toxicity of the pollutants in the soil

are in uenced by soil characteristics such as texture, structure, acid-base

properties, redox potential, hydrology and organic matter, as well as by chemical

characteristics such as Fe, Mn and Al hydroxides, and interactions between

different pollutants. The pollutants typically decrease in concentration with

increasing soil depth, but solubility and mobility differ greatly between pollutants.

Due to strong complexation with organic ligands, Pb is to a great extent retained

in the uppermost soil horizons.

The direct in uence of highway runoff on the soil and the terrestrial vegetation

is usually limited to an area within a few metres of the roadway. Air-borne pol-

lutants, especially in the fine fractions, are distributed over much larger distances.

In the close vicinity of the road, soil and vegetation often show considerably
elevated heavy-metal concentrations, rapidly decreasing with increasing distance.

The soil close to the roadway differs from natural soil not only in pollution load

but also in texture, structure, hydrology, humus type, etc, and also in its elevated

pH. These features, together with a harsh microclimate and disturbed soil biologi

cal activity, create unfavourable conditions for plant growth close to the roadway.
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Disturbances in various growth processes have been documented in plants grown

in soil collected within 0.5 1 m of a roadway. Little further information has been

encountered concerning growth disturbance attributable to highway runoff. The

Na ions from de-icing and anti-icing agents may lead to disturbance in the water
and nutrient uptake in plants.

The information on highway-runoff effects on animals is scarce and
contradictory. The accumulation of heavy metals, especially Pb, in roadside
populations of stationary evertebrates is well documented, however.

In the receiving bodies of water, the toxicity of runoff-generated pollutants is

in uenced by factors such as dilution and speciation. Heavy metals are largely ad-
sorbed to particles. Sedimentation constitutes the dominating process reducing the

pollutant concentrations in the water. Considerable amounts of pollutants,

especially heavy metals, can accumulate in the sediment. Uptake in plankton and
rooted plants is another transport route.

Runoff particles cause increased turbidity altering the light characteristics,

which will disturb photosynthesis. Increased turbidity may also lead to the
obstruction of fish gills by particles. The import of nutrients, especially N and P,

with the runoff often leads to increased biomass. The decomposition of this

additional organic material will cause increased oxygen consumption, and more or

less prolonged oxygen de ciency may arise in the sediments. Abundant

sedimentation of particles and debris, as well as obstruction of sediment pores,

may cause disturbance of the benthic fauna.

The elevated pollutant levels in water, plants, animals and sediments of

highway-runoff in uenced receiving waters are well documented. Reduced

species diversity and instable species composition of vegetation and fauna have

also been shown. Laboratory experiments using different plants, animals and

bacteria have often given contradictory results. The sensitivity varies considerably

among different plant and animal groups, among different development stages,

etc, and with season. The effects are in uenced by precipitation regime, runoff

chemistry, pollutant speciation, hydrology of the receiving water and other local

conditions. The nutrient contribution often has a growth-stimulating effect which,

however, can turn into a growth inhibition if the heavy-metal load becomes too

great. Biological effects in runoff-in uenced receiving waters can generally be
viewed as highly dependent on the labile equilibrium between nutrients and toxic

substances. This sensitive equilibrium may easily turn into a situation where bio-

logical growth is either stimulated or inhibited.

Loading of salt originating from ice control may contribute additional stress to

runoff in uenced receiving waters. Disturbance has been reported for algae, bac

teria and benthic animals. The chloride ion can in uence the solubility of heavy

metals in the sediments. Extreme salt loads on a receiving lake can give rise to

density stratification of the body of water, which may prevent the vernal and

autumnal circulations.
Where large amounts of traf c-generated pollutants have accumulated in snow,

the snow-melt can bring about a considerable load of pollutants on the receiving

water. According to Norwegian studies, this load need not necessarily contribute

any great acute toxicity to the biota of the lake. Generally, however, conclusions
from short-time tests cannot uncritically be transferred to long-term conditions.
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Extensive or lengthy supply of NaCl for ice control may give rise to an

elevated Cl concentration of the groundwater. Groundwater contamination with
heavy metals from normal highway runoff is hitherto uncommon.

The review refers to literature on various methods and facilities for the

treatment of highway runoff. Different types of treatment of runoff water and of
soil masses from ditch clearing are discussed from an ecological point of view.
The change over time in the conception of highway runoff as an environmental

problem is briefly discussed.

The following issues merit further research:
(i) What are the most important factors regulating the mobility of different pol-

lutants in roadside soil?

(ii) What is the quantitative importance of highway runoff to the diffuse distri-

bution of pollutants in ecosystems?

The following questions are worthy of special attention in road maintenance:
(i) What criteria should be set up for the treatment of highway-runoff water?

(ii) How should road verges and road ditches be designed and maintained in

order to preserve their capacity to retain or detoxify accumulated
pollutants?

(iii) What criteria should be set up for the need of treatment of soil masses
resulting from ditch clearing?

(iv) What are the most important long-term environmental effects of chemical

ice control?
(v) What ecological effects could arise as a result of the combination of

chemical ice control and studded-tyre usage?

(vi) What quantities of highway pollutants can be transported down through the

pavement?

(vii) Under what circumstances does highway runoff pose a risk of large-scale

contamination of the groundwater?

The literature review comprises 156 references.
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1 Introduction

Runoff is a concept which is mainly associated with urban environments. Runoff

can be given a broad de nition and comprises runoff from paved surfaces in

general. In urban areas, most runoff originates from streets, squares and buildings,

while through roads generate only a small contribution in terms of volume. There

is little difference in the chemical compOsition of highway runoff from urban and

rural areas.

Runoff has so far mainly been regarded from the technical aspect. Extensive

knowledge has been acquired in questions concerning runoff from road surfaces,

capacity of systems for handling runoff, design of wet detention ponds etc.

However, attention has only recently been directed towards ecological effects of
runoff and its pollutants. Swedish knowledge is very limited in this respect.

This literature review deals with the transport and ecological effects of highway

runoff pollution in general, but with the emphasis on conditions in rural

environments.

The review is mainly based on an international literature search of the Roadline

and IRRD data bases. A large amount of the information has been fetched from

surveys etc.: time has not permitted a thorough check of such secondary
information. Part of the literature used has been published by highway authorities

(or their counterparts), especially in the USA (Federal Highway Administration)
and probably not been scientifically refereed.

The literature search has been conducted in co-operation with the Swedish

Geotechnical Institute, SGI. The SGI has published a separate report on

concentrations and uxes of runoff pollutants (Bjelkas & Lindmark 1993).
Names of chemical compounds are given in a list on page 57. Special terms are

explained in a glossary (page 58)
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2 Pollution sources

2.1 Introduction

Pollution in highway runoff mainly originates from

Traf c

Operation and Maintenance

Pavement

Long-distance air pollution

2.2 Exhausts

Vehicle emissions are the dominating source of many substances in highway

runoff. Apart from carbon dioxide and carbon monoxide, which are of no interest

in the context of runoff, the most important substances are nitrogen oxides (NO

and N02), heavy metals (among others Pb) and a very large number of more or

less uncombusted hydrocarbons (HC). For information on the composition of

exhaust emissions, see reviews such as Folkeson (1976), Pettersson (1983a;

1983b) and Moller (1990).

Emission factors for regulated emissions from different categories of vehicles

have been published by the Swedish Environmental Protection Agency and the
VTI (Egeback 1987; Hammarstrdm 1992), among others. To calculate how

various factors affect emissions, models have been developed, e.g. VETO

(Hammarstrom & Karlsson 1987).

The quantity of pollution in highway runoff is affected to a certain extent by the

driving pattern. Emissions are considerably less from freely owing traf c than
from traffic whose ow is restricted by queues, for example (Egeback 1987;
Hernandez, Hontoria & Roquero 1992).

2.3 Uncombusted fuels, lubricating oils, etc.

Uncombusted fuels mainly contribute hydrocarbons and Pb to runoff. Lubricating

oils, hydraulic oils, greases etc. may contribute hydrocarbons and various heavy

metals (Pettersson 1983a; 1983b).

2.4 Corrosion products

Corrosion and wear of materials in vehicles, safety fences, road signs, etc.

contribute considerable quantities of pollutants, mainly heavy metals, to highway
runoff; see also Bjelkas & Lindmark (1993).

2.5 Vehicle loads

Spillages from vehicle loads contribute a large number of solid or liquid

substances to runoff. These substances need not in themselves be toxic or directly
hazardous to the environment but will, however, create pollution when released

into the environment (via runoff). These quantities are dif cult to estimate.
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2.6 Environmentally hazardous materials

Considerable quantities of hazardous materials are also transported on the roads

(Sveriges officiella statistik, 1991). On the few occasions when accidents occur,

there is a risk of extensive release of chemicals (see also Major hazard aspects
1991). The substances may be of widely varying types. The main part of the
transported volume consists of petroleum products. Besides toxicity, the water

solubility of the compound (or miscibility with water) is decisive for the
environmental damage that can occur.

2.7 Tyres

Car tyres contain mainly rubber polymers and other organic substances. Tyres also

contain a large amount of carbon black and many heavy metals, mostly Zn. A

considerable part of the content of Zn in highway runoff is considered to originate
from tyres; Zn is added in vulcanization (see also Bjelkas & Lindmark 1993).

Materials containing Zn generally contain certain quantities of Cd as a

contaminant. Tyre wear gives rise to particles which initially are relatively large

but which successively change to smaller fractions. In addition to Fe and Al, stud

material produces small quantities of tungsten and titanium, etc. (Bourcier, Hindin

& Cook 1980).

2.8 De-icing agents

The Swedish use of road salt for de-icing contributes large quantities of Na and C1

to highway runoff (Oberg, Gustafson & Axelson 1991). In other countries, other

chemical de-icing agents are also used. Many metals are present as contaminants

in the salt (Bjelkas & Lindmark 1993). Potassium ferrocyanide is added as an anti-

caking agent. On gravel roads, CaClz is used to a certain extent for dust binding
during summer.

2.9 Pavement

The use ofstudded tyres leads to extensive road wear, 450,000 tonnes annually in

the case of Sweden according to the latest published study (Carlsson, Nordstrém

& Perby 1992). Thanks to the use of new types of studs and more wear-resistant

pavement materials, pavement wear is diminishing. The abraded material has

primarily the same composition as the wearing course. Asphalt, which is the most

common type of pavement, consists to about 95 % of aggregate and about 5 % of

bitumen (see Folkeson 1992). This bitumen is a considerable source of organic

pollution (see also Lindgren 1990; Bjelkas & Lindmark 1993 and Baekken 1993).

In addition to wear caused exclusively by abrasion, there is a certain leaching of
various chemicals through degradation and weathering of the pavement material,

not least in the passage of water through cracks. In those cases where road

material contains waste products such as blast furnace slags, steel slags, y ashes

and bottom ashes, leaching of heavy metals may occur (see also Hobeda 1992 and

Bjelkas & Lindmark 1993).
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Road markings may give rise to runoff pollution with organic compounds
(Pala, Coronel & Lopez 1992).

2.10 Wet and dry deposition

The deposition of air-borne pollutants of local or distant origin also contributes to

runoff pollution. The relative importance of this source increases when the volume

of traffic decreases. Unlike most substances in runoff, N and P have their primary

origins in atmospheric deposition (Lange 1990).

2.11 Humans and animals

In urban areas, the bacteria in runoff are largely of human origin. A large

proportion of the phosphorus in urban runoff originates from dogs (Malmquist

1983).
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3 Runoff pollutants

3.1 Introduction

The uxes of pollutants in runoff vary greatly with time and space and are
governed by a variety of parameters, of which the most important are traffic
volume, traf c type, maintenance and operation measures, precipitation regime,

drainage conditions, road surface characteristics and, in urban environments, the

composition of the catchment. Models have been developed for the dependence of

the pollution load on various parameters (Malmquist 1986; Revitt, Hamilton &

Warren 1990).

Traf c volume is one of the most important parameters for the chemical

composition of highway runoff. However, increased traf c volume is not re ected

by a linear increase in the concentration or ux of pollutants in runoff, since road
and traf c generated pollutants are also dispersed in other ways than via runoff
(Dupuis et al. 1985b; Lange 1990; Ward 1990; Ellis & Revitt 1991).

A characteristic of runoff is the wide variety of pollutants, ranging from

dissolved heavy metals to unidenti ed organic substances, all in a complex mix.

The variables in runoff that have been studied most are TSS, BOD, COD, P, N,

Cd, Cr, Cu, Fe, Ni, Pb, Zn, HC (hydrocarbons) and coliform bacteria. These

variables represent the most important categories of pollutants in runoff, i.e.

suspended particles, oxygen-depleting substances, nutrients, heavy metals, organic
pollutants/petroleum products and microorganisms. In addition, Na and Cl may

occur as a result of chemical de-icing (Hamilton & Harrison 1991; Hvitved-
Jacobsen & Yousef 1991).

For runoff in general, chemical composition varies greatly with pollution load
within the area with a paved surface (Malmqvist 1983). The pollution load on

runoff is often considerably higher in city centres and industrial areas than in

residential areas (Gupta, Agnew & Kobriger 1981; Homer & Mar 1985). For

instance, the runoff basin of Lake Vaxjosjo consists largely of the Vaxjo urban

area where the runoff contributes approximately half the lake's Cu and Zn load
(Berndtsson et a1. 1988).

In urban areas, highway runoff was previously seldom distinguished from

urban runoff in general. Furthermore, in regard to its ecological effects, runoff as a

whole has often been equated with water that has passed through municipal

purification plants. Only recently has it been realised that from the treatment

aspect, urban highway runoff should be regarded on the basis of its special

chemical properties. For example, several studies have shown that even where

highways only occupy 5 8% of an urban drainage area, they may account for a

considerable prOportion of the pollutant uxes to urban watercourses, for example

50 % in the case of suspended particles and 16 and 35 75 % in the cases of

hydrocarbons and metals, respectively (Ellis & Revitt 1991).

From the chemical point of view, there is no basic difference between highway

runoff in a rural environment and that in an urban environment (or runoff in

general); the concentrations are often of the same order of size (Ellis & Revitt
1991).To the extent there is any difference between urban and rural environments,

N tends to have higher concentrations in urban than in rural environments,
whereas the opposite is true of P (Hamilton & Harrison 1991). Urban highway

runoff tends to have a higher proportion of less degradable material than urban

runoff in general (Ellis & Revitt 1991). Both in urban and rural areas, traffic is
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found to be the dominating source of the concentrations of Pb, Zn and COD in

runoff. For Cu, N and P, other sources are often more important (SNV 1983).

Runoff volume and pollutant concentration vary greatly with the intensity of

precipitation. In Nordic conditions, volumes and pollution concentrations are

probably more levelled out over time in comparison with the USA, for example,

where precipitation to a large extent falls on concentrated occasions, as in storm

events. This naturally affects the methods used for handling the runoff. A

condition often studied is the heavy pollution load that occurs just at the beginning

of a storm event (Gupta, Agnew & Kobriger 1981; Bickmore & Dutton 1984b;

Morrison, Revitt & Ellis 1989; Beckwith, Ellis & Revitt 1990). Firstly, such

downpours give rise to large volumes of runoff water (which in themselves may

lead to pollutant dilution, however). Secondly, during a very short period of time,

this massive water flowbrings about the removal of considerable quantities of

pollutants which may have accumulated on the road surface and in its immediate

vicinity during a shorter or longer period. This rst ush may often have a

pronounced shock effect on the biota in those waters receiving the runoff. Here it

should also be added that the rst rain after a long dry period may be particularly

heavily laden with air pollutants which are momentarily washed out of the air. The

major signi cance for runoff chemistry which has been attributed to weather

conditions prior to storm events has, however, been disputed (Ellis, Harrop &

Revitt 1986).

The pollutant concentrations in runoff varyto a certain extent also with the

season. The concentrations of COD and Pb may often be twice as high during the
winter as during the summer (Dagvattenhantering 1983).

Not until recent decades has attention been paid to the in uence of continuous

normally owing traffic on the chemical properties of runoff. Earlier, interest was

primarily oriented towards the effects of accidents with environmentally

hazardous materials, etc.

Concentrations of various pollutants in highway runoff have been documented

in a number of overviews. Special reference is made to Malmquist (1982),
Pettersson (1983a; 1983b), Dagvattenhantering (1983), Ellis & Revitt (1992),

Bjelkas & Lindmark (1993) and Beekken (1993).

3.2 Heavy metals
The heavy metals that have attracted most attention in the context of runoff are

Cd, Cr, Cu, Fe, Ni, Pb and Zn. Only a small fraction of the quantity of metals

normally occurs in dissolved form; the main part is in suspended form, i.e.
adsorbed to particles. The dissolved forms are often the most toxic. For

concentrations and their variation with various factors such as traffic volume,

time, type of catchment area, etc., reference is made to overviews and original

works (Malmquist 1982; 1983; Pettersson 1983a; 1983b; Hvitved-Jacobsen &

Yousef 1991; Bjelkas & Lindmark 1993).

3.3 Hydrocarbons

Hydrocarbons consist of a very large number of compounds, estimated at between

1,000 and 10,000. Little is known about the composition of these and even less

18 VTI rapport 391A



about their effects on humans and the natural environment (Moller 1990). PAH

(polyaromatic hydrocarbons) in runoff are largely adsorbed to particles (Horkeby

8L Malmquist 1977). German measurements on runoff from motorways have
shown that only 14 % of PAH occurred in dissolved form (Stotz 1987).

In Great Britain, where herbicides belonging to the triazin group are used for
the control of vegetation on road verges, anxiety has been expressed about high

concentrations of these water-soluble pollutants in surface water and groundwater

(Ellis & Revitt 1991).

3.4 Nutrients

Of the nitrogen in runoff, approximately 20 % is ammonium nitrogen, 40 %

nitrate plus nitrite nitrogen and 40 % organic nitrogen. Usually, 5 50 % of the

phosphorus in runoff consists of phosphate phosphorus, i.e. in dissolved form,

while the remainder is in particulate form (Dagvattenhantering 1983).

3.5 Salt

The concentrations of Cl, Na and Ca in highway runoff are highly dependent on
road salting and thereby on the season. See also B'ackman (1980) and Bjelkas &
Lindmark (1993).

3.6 Bacteria

The bacteria concentration in runoff from motorways is normally less than 1,000

organisms/ml. In urban runoff, however, it is often one order of magnitude higher.

Where the ratio between the number of fecal coliform bacteria (FC) and fecal

streptococci (FC) exceeds 4, the source is considered to be human, while a ratio

less than 0.7 indicates animal origin. The ratio is usually less than 0.7 in normal
runoff. The bacteria concentrations are often higher in summer than in winter

(Ellis & Revitt 1991; Hvitved-Jacobsen & Yousef 1991; Hvitved-Jacobsen,

Johansen & Yousef 1992).

3.7 Snow

During thawing, snow that has accumulated in the vicinity of a road may

temporarily give rise to large uxes of particle bound heavy metals and PAH
(Lygren, Gjessing & Berglind 1984; Johansen, Jorgensen & Hansen 1985).
Copper, Zn and Cd are among the substances that may occur in very high

concentrations at the start of thawing. A study by Chalmers Institute of

Technology has shown that the concentrations of bioavailable heavy metals were

higher in meltwater than in runoff from the same catchment. The ow of Cd was
also found to decrease when the ow of Cl decreased during ongoing snow

melting (Morrison et a1. 1986). It should be mentioned in this context that

pollution in connection with the deposition of snow from snow clearance is being

studied at the University of Lulea.
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4 Dispersion of pollutants away from the road
The pollutants originating from roads and traffic are dispersed Via air or runoff.

Airborne transport takes place in gas or aerosol form and may involve widely

varying distances. Depending on size, weight and other aerodynamic properties,

some of the heavier particles are deposited directly on the road surface, while

other fractions are deposited in the environment close to the road or are

transported over long distances. The type of transport is pollutant specific, varying
among heavy metals and between hydrocarbons, for example.

Lead in the form of fine particles is transported over great distances (Folkeson

1976). There are various estimates of the proportion of exhaust lead which is

transported a great distance from the road. A British budget study states, for

example, that 6 % is deposited within 50 m of the road, 86 % is transported further

away by air and 8 % enters the drainwater (Hewitt & Rashed 1990). These authors

quote other works which state still higher proportions transported over long

distances. Similarly, a budget study by Revitt, Hamilton & Warren (1990) is based

on literature stating that only 9 % of the lead from the roads is deposited within

100 m, while other heavy metals are deposited. to 100 % within 10 m. Naturally, it

is the ner particles which are the most accessible for long distance transport
(Folkeson 1976).

Various types of air pollutants generated by traf c may thus have completely

different patterns of dispersal. According to the budget study cited above,

only 1-5 % of the low-molecular PAH compounds but about 30 % of the high

molecular compounds are deposited in the ecosystem close to the road (Hewitt &

Rashed 1990). Particle-borne air transport is one of the most important forms of

transport of organic pollutants from the road, especially those with low molecular

weight (Gjessing et al. 1984b).

A certain part of the pollutants which are deposited on the road surface itself
may be resuspended and subsequently transported by air over shorter or longer

distances. Many studies have beendevoted to the effect of street sweeping on the

concentration of pollutants in runoff. In many cases, the effect seems to be limited,

however (Gupta, Agnew & Kobriger 1981; Ellis & Revitt 1982; Bender &

Terstriep 1984; Kobriger & Geinopolos 1984; Sartor & Gaboury 1984; Maestri,

Dorman & Hartigan 1988). Remobilisation to the water phase may also take place.

Often, it is the smallest particles which are remobilised in this way. Since heavy

metals are associated largely with the ne particle fractions, mobilisation may be
considerable (Revitt, Hamilton & Warren 1990).

Splashes constitute another important mode of transport (Bellinger, Jones &
Tinker 1982). The spray which is formed is largely deposited within about 10 m of '

the road.

In runoff, substances are transported in dissolved form (ions) or as suspended

particles.
The structure of the road surface is important for the drainage rate and the

chemistry of the runoff. A worn pavement surface is considered to give higher

pollution concentrations than a less worn surface (Bickmore & Dutton 1984b;

Bjelkéis & Lindmark 1993).
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5 Further transport of pollutants
Runoff may pass through a number of alternative or successive stages on its way
to the recipient:

5.1 Infiltration

During in ltration, the runoff passes through the soil to the groundwater.

In ltration may take place directly into the soil in the verge or after the runoff
water has been transported along the gutter, detention basin, etc.

5.2 Overland ow

In earlier times, arti cial ooding with nutritious river water was often an

effective means of increasing production in meadows and wetlands. The method,

which has recently been tested in order to reduce leakage of nitrogen from
agricultural land (Jansson et a1. 1991), has also been modi ed for use in the

treatment of highway runoff, especially in other countries. In this so-called

overland ow, runoff is led over a grassed surface either along the verge or some

distance away. Experience of overland ow in the highway context is so far

limited (Maestri, Dorman & Hartigan 1988). A modi ed type of overland ow has

been tested on peatlands. Peat has a particularly high capacity to trap nutrients and

heavy metals (Malmer 1974). However, this ef cient accumulation has led to the

questioning of the suitability of the method with regard to the risk of heavy-metal

transport in the wetland-based food webs.

5.3 Transport via ditches

Road ditches dewater both the road and the surrounding soil. The chemical and

biological properties of the ditch water are highly dependent on the size and nature

of the dewatered area. Ditches may be regarded as the only simple dewatering

system where, at the same time, effective purification can take place.

5.4 Transport via gutters, etc.

Gutters and similar installations serve the purpose of rapidly transporting road

runoff to a place other than the verge or the nearest ditch. During the short time

this transport is in progress, the water is hardly affected by biological processes.

Even with slower transport, the biological activity should be less in gutters than in

more natural environments where the water is in contact with sediment and

vegetation.

5.5 Collection in detention basins, etc.

Detention basins and retention basins (ponds) of different types primarily serve the

purpose of delaying the water and preventing excessive volumes from

momentarily entering the recipient. Another important function of such basins is
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the retention of ' pollutants through sedimentation, vegetation uptake,

microbiological degradation, etc. The pond or basin may be designed so that either

a more or less permanent surface of water is obtained (so called retention ponds or

basins) or so that the Water remains only for a limited time (usually hours or days,

but sometimes longer), gradually percolating through a permeable bottom down to
the groundwater (detention or in ltration ponds or basins).

Only in recent years (during the 19808) has interest been shown in the ability of

retention/detention ponds (basins) to purify highway runoff; earlier, the detention

(compensation) capacity of such basins has mainly been considered from the

technical aspect as a question of volume (Toet, Hvitved-Jacobsen & Yousef

1990).

5.6 Direct diversion to the recipient

Direct diversion of runoff to the recipient occurs, for example, from bridges or

where roads run alongside lakes or watercourses.
In regard to the practical selection of suitable methods of treatment of runoff,

Lange (1990), for example, has proposed a list of questions for consideration.
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6 Pollution of soil close to the road

The transport and effects of the pollutants that reach the soil in one way or another

are governed by factors controlling the mobility of the pollutants. The most
important soil factors are:

0 Acid-base status

Redox potential

Water conditions

Texture

Structure

Concentration of organic material

Concentrations of hydrous oxides of Fe, Mn and Al

Concentration ratios between different pollutants.

Space does not permit examining each of these factors. However, a number of

important features may be mentioned. The acid-base status of the soil, often

measured as pH, is one of the most important soil factors controlling the binding

of pollutants, in particular heavy metals. The solubility of most heavy metals

increases with increasing acidity within the pH range which is relevant for

Swedish soils. Often, solubility increases dramatically with increasing acidity in

the range from 4.8 down to 4.0, which nowadays is not uncommon in acidi ed

Swedish forest soils. Soils close to roads often have elevated pH as a result of the
deposition of alkaline substances from traf c, etc. (Folkeson 1979). For some

heavy metals, such as Pb, the pH dependence is largely overshadowed by

conditions associated with the soil organic matter; see also Folkeson (1976; 1982),

Tyler et a1. (1987) and Folkeson, Nyholm & Tyler (1990).

Redox potential is an expression for the oxygen conditions in the soil. In

conditions where low redox potential prevails, for example in ooded soils, the

solubility of heavy metals is often high as a result of reduced stability of the metal

complexes. Similarly, metal mobility increases with frequent uctuations of the

redox potential. The redox potential is especially important for metals whose

various oxidation states have different solubilities, for example Fe, Mn and Cr; see

also Folkeson (1982).

Water conditions may affect the transport of pollutants in the soil in many

ways, not only directly through the water ux per se. For instance, the activity of

the soil micro-organisms is greatly dependent on soil water content. The same is

true of the behaviour of the soil aggregates.

Soil texture has a great in uence on the mobility of the pollutants. In general,

coarse grained soils permit rapid in ltration. The clay content is especially
important, not only through its importance for the soil-water conditions, but also

because metals are adsorbed to the clay colloids to a very large extent.

Here, the term structure refers to the extent to which the soil particles are bound

to aggregates and to the way in which these aggregates are physically built up.

Aggregate formation is in general more common in moraine soils rich in ne soil

than in coarse-grained types of soil. Aggregate formation is assisted by the

biological activity in the soil, which increases with pH and nutrient availability.

Hydrous oxides of Fe, Mn and Al have a great ability to adsorb heavy metals

(Harrison, Laxen & Wilson 1981). The binding of heavy metals to the hydrous
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oxides is indirectly in uenced by the redox potential since the stability of the

hydrous oxides decreases at low redox potential; see also Folkeson (1982).

Concentration ratios between different pollutants largely affect the solubility
and thereby the toxicity of the individual pollutants. Typical examples include the

interaction between different heavy metals; both synergistic and antagonistic

interactions occur. Interactions are often pH dependent; see also Folkeson (1982).

Also interactions between heavy metals and various organic pollutants are of great

importance.

In addition to the fact that pollutants are deposited on the soil surface from

above, many soil factors contribute to the pollutants typically being concentrated
to the uppermost soil layer. The concentrations therefore frequently decrease with

increased soil depth. In the horizontal aspect, the typical pattern is a logarithmic

decrease from the road. In most cases, the pollutant load reaches relatively low
levels within about 10 20 m of the road; the background level is usually reached

within about 200 m. For the concentration distribution with soil depth and

distance from roads, see overviews such as Folkeson (1976), Scanlon (1991) and

Bjelkas & Lindmark (1993). A typical feature of heavy metals in soil is that only a

small part of the total concentration occurs in soluble form (Harrison, Laxen &

Wilson 1981).

The pollution load on the soil often shows a clear relationship with traf c

volume (Folkeson 1976; Ward 1990).

24 VTI rapport 391A



7 Effects on soil and micro-organisms in the
immediate vicinity of the road

Because of its arti cial character, the verge soil differs greatly from the adjacent

natural soil in regard to soil texture, structure, hydrology, chemistry, humus form,

etc. Also more or less intact soil outside the verge itself is normally characterized

by different chemical properties compared with the original soil in the

surroundings. Typically, pH is higher and there are higher concentrations of base

cations and heavy metals. Frequently, there is a nutrient imbalance in such soil.

For example, phosphorus concentrations may be low and phosphorus turnover

disturbed (Folkeson 1979; Majdi & Persson 1989; Pedersen 1990). In other cases,

pH as well as N, P and C may show increased values (Post & Beeby 1993).

The use of studded tyres leads to abraded pavement material being deposited

along the road in the form of very ne-grained material. Close to heavily used

roads, centimetre thick layers may be deposited every year (Pedersen 1990). This

addition of almost clay-like material alters the soil structure, which affects the

binding conditions for the heavy metals, both those already present and those

which are to be deposited. Making up some 5 % of the abraded pavement material,

the bituminous substances originating from the asphalt may also in uence the
binding of heavy metals and other pollutants (Folkeson 1992).

Winter road salting (with NaCl) may lead to changes in the soil. Where salting

is used, the salt concentration in the soil usually varies with the season. Having

accumulated in piled snow during the winter, large amounts of salt may be

momentarily released upon thawing in the spring. Towards the autumn, however,

the Na and Cl concentrations often reach a more or less normal level (Albert &

Frijhwirt 1987). Road salting may lead to such high Na concentrations in the soil

that the soil colloids are dispersed and the aggregates broken up (Dyer & Mader

1986; Amrhein, Strong & Mosher 1992). The degenerated soil structure may lead
to the soil being compressed (Rijhling 1974; Florgéird & Palm 1980; Ruark et a1.

1983; Dyer & Mader 1986). Such compression may lead to considerable

disturbance of the water transport through the soil close to the road. Similarly, the

water may become less available for root uptake, resulting in drought stress in the

vegetation.

Another effect of salting is an increase in the mobility of heavy metals in the

soil. Sodium in high concentrations disperses the naturally occurring organic

material, so that smaller and more mobile organic compounds are formed.

Complex formation with these compounds increases the mobility of the heavy

metals (Amrhein, Strong & Mosher 1992). The C1 ion is highly mobile in the soil

and is easily leached out. Unlike the Na ion, the Cl ion seldom has any signi cant

effect on the soil. However, the C1 ion may increase the solubility of the heavy

metals through the formation of highly mobile Cl complexes; see also Bjelkas &

Lindmark ( 1993).

Like Cl, sulphate percolates to a large extent through the soil to the

groundwater.
No literature has been found concerning possible environmental effects of the

CaClz used in summer for dust binding on gravel roads.
Also changes in the microbiological activity in the soil close to the road may

reduce the porosity of the soil and thereby the water mobility in the soil (Westin

1977). However, little is known about micro-organisms in Soil close to the road. A
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British study has shoWn that the microbial biomass in verges with elevated loads

of heavy metals was greater at 0.5 m than at 10 m from the road. This was

attributed to the fact that the micro-organisms were favoured by the high pH and

high concentrations of Organic pollutants in the verge soil. A contributory cause

may be a combination of heavy metal tolerance among these micro-organisms and

reduced heavy-metal availability owing to high pH and high concentrations of
carbonate and phosphate (Post & Beeby 1993).

The general reduction of the lead load (Naturmiljon i siffror 1990), resulting

largely from successively reducing the lead content of petrol, has also been

confirmed through lower lead concentrations in natural environments along roads
(Albert & Frijhwirt 1987; Ho 1990; Ellis & Revitt 1991). However, the decreasing

deposition does not mean an immediate reduction of the accumulated quantity of

Pb in the vicinity of the road since Pb is bound rmly in the uppermost soil layers
which are normally rich in organic material (Folkeson 1976; Bergkvist 1987;
Amrhein, Strong & Mosher 1992).

An overview by Krauth & Stolz (1987) states that in Germany no studies have

been made of soil contamination in the vicinity of motorways. Furthermore, little

other information has been found on soil pollution due to highway runoff.
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8 Effects on terrestrial vegetation close to the
road

Within a few decimetres of the edge of the road pavement, there is often no

vegetation owing to the generally unfavourable conditions, with dry microclimate,
limited groundwater access, high temperatures and high wind speeds. In addition,

there are high pollutant concentrations and, where studded tyres are in use,
considerable deposits of abraded pavement material (Backman, Knutsson &

Riihling 1979; Kobriger & Geinopolos 1984; Wiener 1987; Pedersen 1990). The

most common type of vegetation on verges is grass. Grass species are generally

tolerant towards unfavourable environmental conditions.
Much literature has been published concerning the in uence of traffic

pollutants in general on physiological processes in vegetation close to roads. The

results are in many cases con icting, but usually demonstrate a more or less clear

effect from the road, often negative (Folkeson 1976; Wong, Cheung & Wong
1984). In many cases, the lack of unambiguous results can be explained by the
growth conditions of the roadside environment varying irregularly and diverging

from natural conditions in many respects (Pedersen 1990). More or less elevated

concentrations of heavy metals in vegetation close to the road are a well

documented situation. The metal concentrations vary greatly between species
(Folkeson 1976; Pedersen 1990). With the exception of the verge itself, the

composition of the vegetation close to the road seems to be little in uenced by the

road or traffic (Riihling 1992). However, it is well known that air pollutants from

traffic are absorbed by vegetation near the road and may cause severe damage,

especially to trees (Ekstrand 1991). The ability of forest-edge trees to intercept

aerosols is, however, not specific to stands near roads, but is characteristic of trees

at forest edges in general as well as bushes and hedges (Folkeson 1976; Hasselrot
& Grennfelt 1987; Pedersen 1990). The fact that new road alignments create new

edges in previously intact forest stands inevitably affects the large-scale deposition

pattern of air pollutants over a given area of land.

Disturbed root growth has been shown in a Swedish study; the number of root

tips and fine roots in Norway spruce (Picea abies) was considerably lower in the

Vicinity of highway E18 than further away. The concentrations of Pb and Cd in

- dead ne roots were increased near the road (Majdi & Persson 1989).

Extensive vegetation experiments with soil polluted by traf c have been carried

out by Pedersen (1990). Different species have been cultivated in greenhouses in

soil collected 0.5 1 m from the edge of the pavement of highway E18 (ADT

68,000) outside Oslo. The soil had a high pH and high Ca, Mg and Na

concentrations, especially at the surface. The uptake of heavy metals varied widely

between species; the Pb concentration in leaves was highly correlated with the Pb

concentration in the soil. Cultivation in the polluted soil, especially from the
surface layer, resulted in (iron de ciency) chlorosis, growth reduction (almost a

halving of growth) and premature growth termination. The frequently elevated pH
in soil close to the road may impede nutrient uptake by roots. Inhibited formation

of nodules in alder (Alnus) trees indicated disturbance of the sensitive symbiosis

between bacteria and alder roots.
A particular problem for the vegetation near the road consists of salt from road

salting. Disturbances of the water transport in the soil solution impede the water

uptake by roots. In addition, there is the physiological effect of impeded water
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uptake by roots due to the increased salt concentration in the soil solution. Water
uptake is driven by the difference in water potential between the root cells and soil

solution. The normally higher salt concentration in the root cells than in the soil is

an important component here. The difference in water potential cannot be

maintained if the salt concentration in the soil liquid is too high. This may lead to

drought stress, of which brown needles on trees near roads are a well known sign

(Riihling 1974; Gupta, Agnew & Kobriger 1981). A further effect is that high Na

concentrations in the soil may reduce the store of nutrients in the soil as a result of

ion exchange, Na being substituted for K, Ca and Mg on the soil colloids. Sodium

ions also restrict root uptake of N, K and Ca, among other nutrients, resulting in

nutrient deficiency (Dyer & Mader 1986).

To a certain extent, the roots exclude Na ions in root uptake. Nutrients are

taken up selectively, Na and other non-essential substances being excluded to a

greater or lesser extent or even pumped out (Marschner 1986). Nonetheless, the

roots absorb a considerable quantity of Na, especially where the soil is rich in salt.

Sodium accumulates in the roots and the lower parts of the shoot, while relatively

little is transported further up the shoot. High concentrations of both Na and C1 are

not uncommon in leaves/needles of trees affected by road salt (Eppard et a1. 1992).

Unlike many other metals, Na is absorbed relatively easily via the foliage directly.

This is very important in regard to salt spray from roads; salt damage to the foliage

of trees is often more frequent on the side facing the road.

Also chloride ions are excluded to a certain extent in root uptake, but once

taken up, Cl is easily transported into the various parts of the shoot. In salt-

in uenced environments, the Cl concentration in leaves is therefore often high. In

shedding its leaves, the tree loses a large amount of Cl. Eliminating Cl during

annual leaf shedding is possibly one of the explanations for many deciduous tree

species being more tolerant of road salt than conifers which retain their needles for

several years. Contrary to deciduous trees, the needles of evergreen coniferous

trees may be exposed to salt spray during winter and spring. Especially salt-

tolerant trees include elm, aspen, oak and blackthorn (Ulmus, Populus, Quercus

and Prunus) (R hling 1974; Florgard & Palm 1980; Moback 1984). Grass species

are also stated to be generally salt tolerant.
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9 Effects on terrestrial fauna close to the road

The in uence of traf c volume and distance from the road on the accumulation of

Pb and other heavy metals is well documented for many groups of terrestrial

animals, such as earthworms, insects, spiders, small rodents and birds; see

Muskett & Jones (1980) and overviews by Hedgren (1974), Folkeson (1976) and

Scanlon (1991), among others. According to Scanlon (1991), traf c volumes

exceeding ADT 25,000 create such large quantities of Pb, Cd, Ni and Zn that the

higher fauna may be affected. The same author states that it is only within 50 m of

a road that effects on animals occur. When assessing the risk of heavy-metal

accumulation in animal organs, it is important to consider the mobility of the
animal and the size of its home range. Earthworms, being stationary animals

consuming soil, are especially exposed to heavy-metal accumulation (Folkeson

1976; Scanlon 1987). It should be noted that Pb remains in high concentrations in

soil along roads, even though Pb deposition has been decreasing for many years.

To the extent predators feed on animals which, because of their stationary lives,

have high concentrations of heavy metals, there may be a risk of heavy metals
becoming concentrated in the food chains (Scanlon 1987). One example may be

birds feeding on earthworms or small rodents in areas with heavily used roads,
while seed-eating birds may be considered less exposed to this risk. However, no

literature has been found that can confirm such a stepwise increase in food chains.
Despite the documented heavy-metal load on terrestrial fauna close to the road,

the in uence on diversity seems to be little studied. In a study on the

macroevertebrate fauna close to a road in London, the heavy-metal load was not

related to species diversity or number of individuals (Muskett & Jones 1980). On

the contrary, some animal groups (woodlice, springtails, etc.) seemed to increase

in the number of individuals towards the road. A Russian study has found
disturbance of the beetle populations in environments close to roads (Butovskii

1992). Studies of beetles and spiders in a meadow near a road showed

disturbances among some but not all species, while species diversity was reduced
(Maurer 1974). The effects in the two latter studies should, however, be attributed

to airborne traffic pollutants rather than to highway runoff. Otherwise, knowledge
of the effects of highway runoff on animal populations is evidently very limited.

In monotonous agricultural landscapes, roads and verges may attract animals

which thereby become exposed to pollution (and to road accidents). Similarly,

forest edges towards roads often attract mobile animals (Hedgren 1974; Scanlon

1991). In addition, road salting may increase the salt'concentration in watercourses

close to the road and this will attract elk and other wildlife, increasing the risk of

road accidents (Scanlon 1991; Miller & Litvaitis 1992).

Information on the effects of highway runoff on animals in wetlands appears to

be limited (Kobriger et al. 1983).
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10 Processes in surface waters

10.1 Introduction

The effects on the water environment are very dependent on which type of runoff

is involved, how far and how long the water was transported earlier, and what

processes have in uenced the water in earlier phases of its transport.

When evaluating the effects of highway runoff on recipients, it is necessary to

pay attention to the proportion of the catchment area that consists of the road and

its immediate environment. It is when this proportion and its relative contribution

to pollution become large that the effects on the recipient should be given special

attention. In many ways, the effects differ between running water and lake water.

Although roads in built-up areas occupy only a small proportion of the drainage

area, they may account for a considerable part of the supply of substances to the

recipient. A British study, for example, showed that even if only 5 8 % of the

surface in the urban drainage areas consists of major roads, the contribution of the

runoff to the recipient reaches 16 % for HC, 50 % for suspended particles and
35 75 % for metals (Ellis, Revitt & Shutes 1992).

In drainage areas which include agricultural land, soil particles from the elds
may constitute the dominating source of suspended material in the highway runoff

(Beckwith, Ellis & Revitt 1990). Large scale animal husbandry near the road may

increase the deposition of nitrogen (Bellinger, Jones & Tinker 1982).

In general, the pollutants in the water are affected by the following

mechanisms:

0 Dilution

Chemical conversion

Sedimentation

Microbial decomposition

Uptake by plants and animals

Further transport

10.2 Dilution

The dilution conditions in the waters which receive the drainage water are very

signi cant for the toxicity of the pollutants. Dilution greatly reduces the toxicity,

but conversely drying up of detention basins and ditches, for example, may lead to

increased toxicity. In basins or ponds which are continuously wet, there are much

better biological conditions for the decomposition of pollutants compared to pools
which dry out completely between precipitation occasions.

Runoff recipients often consist of streams or rivers. In these cases, the

additional pollutant contribution from each individual rainfall event is of

importance to the ecological conditions in the recipient. For larger recipients,

where the runoff is of little quantitative significance for the recipient's water

turnover, it is the total annual loading that is of the greatest importance.

10.3 Chemical conversion

The chemical conditions in the highway runoff and the recipient change

continuously with input, sedimentation, removal and biological conversion of the

30 VTI rapport 391A



pollutants. A factor which considerably affects chemical conversion is

temperature. One question which is relevant in the Nordic climate is the in uence

of frost periods on the chemical (and biological) conditions in, for example,

percolation basins and in surface waters affected by runoff. Studies on this subject
are in progress at the University of Lulea.

The speciation of heavy metals is of decisive importance regarding their

toxicity (Yousef et a1. 1985; Morrison, Revitt & Ellis 1987; Berggren 1992). A

typical feature of heavy metals in water is their adsorption to particles. The

adsorption is especially pronounced for Pb, Co, Cr, Fe and V. However, Cu, Zn

and especially Cd are metals which to a great extent are present in the dissolved

phase, i.e. in the form of ions or dissolved organic material (Morrison et al. 1984;

Yousef et a1. 1985; 1990; Dannecker, Au & Stechmann 1990; Morrison, Revitt &

Ellis 1990; Ellis & Revitt 1991). According to a Norwegian study of heavy metals

in highway runoff, only a few per cent occurred in the dissolved fraction,

vanadium constituting an exception with 20 % in dissolved form (Bzekken 1993).
Speciation is controlled by the pH of the water, among other factors. In many

cases, runoff has an elevated pH compared with the recipient, which may affect

the solubility conditions of the heavy metals (Dupuis et al. 1985b; Morrison et a1.
1986). Binding to particles is one of the mechanisms which are of great

significance for the transport of metals and other pollutants in highway runoff.

This binding normally reduces the toxicity of the potentially toxic substances
(Gjessing et al. 1984a; Yousef et a1. 1985).

The hardness of the water is also an important factor regulating the toxicity of

heavy metals in the recipient. Increased hardness reduces toxicity (Dupuis et al.

1985b; Driscoll, Shelley & Strecker 1990).

10.4 Sedimentation

Sedimentation is by far the dominating process by which the pollutants decrease in

concentration in the waterbody of the recipient. Considerable quantities of

pollutants are thereby removed from the free water volume. One of the main aims

in treating runoff is to reduce the quantities of particles which can assist the

transport of pollution. Although sedimentation of the coarser particles takes place

rapidly, a large part of the pollutants remains in soluble or suspended form for a

time (Hamilton & Harrison 1991). Heavy metals and many other pollutants tend to

be bound to fine particles to a greater extent than to coarse particles, which greatly

affects their transport pattern.

Often, the ne particles increase the turbidity of the water, an effect that

persists for some time. Large ushes following storms give rise to substantial

sediment resuspension.

Lakes and watercourses which constitute recipients for runoff from heavily
used roads are often characterised by the sediments accumulating large quantities

of toxic substances, for example heavy metals and PAH (Gjessing et al. 1984a;

1984b; Muschack 1989; Hvitved-Jacobsen & Yousef 1991; Hvitved-Jacobsen,

Johansen & Yousef 1992; Yousef et a1. 1992). An American study of a pond
showed, for example, that 95 99 % of the quantities of Cu, Pb, Cd, Zn, Ni, Cr and
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Fe occurred in the sediment (Hamilton & Harrison 1991). In addition, as much as

99 % of the input of phosphorus may be trapped in the sediment in a detention

basin. On the contrary, as much as 85 90 % of the incoming nitrogen may be

eliminated due to denitrification, etc. (Hvitved-Jacobsen et al. 1984). Another

study states that the sediment is an effective sink for Pb but not for Cd, and that Zn

is relatively leachable (Ellis & Revitt 1982). In the case of metal concentrations in

sediment, a German report has stated the following relationship between
concentrations: Fe>Zn>Pb>Cu>Cr>Cd (Stotz 1990). To a large extent, PAH is

also adsorbed to suspended organic material. In detention basins for urban runoff

in London, 65 95 % of the input of PAH (six compounds) was fixed in the
sediments (Ellis, Revitt & Gavens 1985).

In certain cases, the heavy-metal load in the sediments is related to the traffic

volume (Dupuis et al. 1985b), although other factors may be equally or more

important (Mudre & Ney 1986).

Grassed swales with shallow slopes often have a high capacity to fix pollutants,

especially soluble forms of Zn, Cd, Ni, Pb and Cr, while Cu and Fe are fixed less

effectively. Nitrogen and phosphorus are fixed to a lesser extent than metals

(Yousef, Wanielista & Harper 1985; Krauth & Stolz 1987; Yousef et al. 1987;

Hamilton & Harrison 1991). However, it should be observed that the degree of
fixation shows large local variations depending on the design of the swale, pond,

etc. and on bottom conditions, type of vegetation, water quantities, etc.

10.5 Microbial decomposition

Under favourable conditions, microbial activity leads to a considerable

decomposition of many organic pollutants in the aquatic environment.

Temperature, pH, oxygen concentration and the quantity and chemical properties

of the organic material are among the most important control factors. The

microbial decomposition processes in surface waters receiving runoff often differ

from those in recipients of water from municipal purification plants(Hamilton &

Harrison 1991).

10.6 Uptake by plants and animals

Considerable purification of the water in the recipient is achieved through the

uptake of substances by plants, both plankton and macrophytes. Through the

incorporation and translocation of nutrients and pollutants in their biomass, long-
lived plants keep these substances circulating within the ecosystem for a

considerable period of time. However, provided the biomass is not removed, for

example bymowing, uptake by vegetation constitutes only a delay in the transport

of the pollutants to the sediment or out from the ecosystem.

Phosphorus is usually a nutrient which is readily taken up by the aquatic

vegetation. Toxic substances in high concentrations may, however, disturb the

uptake of nutrients and reduce the vitality of the plants.
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10.7 Further transport
Finally, a certain quantity of the introduced substances is discharged from the

recipient ecosystem (pond, lake). An ef cient recipient may, however, handle

considerable quantities of pollutants so that the discharged quantity is minimal

(Gjessing et al. 1984a; 1984b; Muschack 1989; Hvitved-Jacobsen & Yousef 1991,

Hvitved-Jacobsen, Johansen & Yousef 1992).
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11 Effects on lakes and watercourses

11.1 Introduction

Sedimentation is a fundamental process for the transport and retention of

pollutants in aquatic environments. In many cases, the sedimentation of road

pavement particles may be so extensive that disturbance to the benthic fauna may

occur. The disturbance is caused by the clogging of pores in the sediment by the

settling particles, which leads to diminished aeration of the sediment (Bjerknes

1991).

In the sediment, the heavy-metal concentrations are often highest in the

uppermost layers. Factors which control sedimentation have been studied by

Yousef et a1. (1990) and others. A lowering of pH increases the solubility of the
metals, although only to a moderate extent.

Chloride may increase the solubility of some metals, such as Cd, in the

sediment, but factors such as redox potential, pH and concentration of suspended

material are of greater importance (Hamilton & Harrison 1991). However, there

does not seem to be any exhaustive documentation on the effects of chloride on
limnetic biota (Hamilton & Harrison 1991).

Runoff often increases the turbidity of the recipient, which changes the light

conditions and thereby affects photosynthesis and the general life conditions for

plants and animals in the limnetic ecosystem (Bickmore & Dutton 1984a; Effects

of highway runoff, Vol. IV, 1985).
The oxygen concentration is of decisive importance for all waters. It is

in uenced by the balance between oxygen producing processes (build-up of

organic material through photosynthesis) and oxygen depleting processes

(respiration and decomposition of organic material). The decomposition of organic

pollutants (primary pollutants) consumes oxygen. The nutrients introduced,

mainly P and N, give rise to increased production of plankton and higher plants.

Following the death of these plants (and animals), more oxygen is consumed
during the decomposition of their organic material which may thus be called

secondary organic pollutants. The oxygen depletion caused by these secondary

organic pollutants is often considerably greater than that resulting from the

primary pollutants.
Reduced oxygen concentration is one of the most typical disturbances in

recipients affected by runoff. The increase in BOD5 (biological oxygen demand, 5

days), which is attributed to the input of rapidly sedimenting organic material, is

often of a momentary, transitory nature (Hamilton & Harrison 1991). As a delayed
effect, an increased oxygen demand may also occur in the sediment (Hamilton &

Harrison 1991).

Another feature typical of runoff is that it is often accompanied by large

quantities of nutrients which stimulate the growth of algae and higher vegetation.
However, it is difficult to distinguish between the various causes of increased

oxygen depletion in the sediment (Yousef et a1. 1984; Hamilton & Harrison 1991).
Other studied effects of runoff in the aquatic environment include changed

species composition, growth disturbances and lethal injuries. The underlying

physiological mechanisms obviously have been studied only to a limited extent in
connection with runoff, and often it has been necessary to rely on experience from

general toxicological studies and experiments.
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A general mechanism for heavy-metal toxicity is the inactivation of certain

enzyme systems essential to life. In studies at Chalmers Institute of Technology,

the bacteria in polluted river sediments were found to have low enzymatic activity
(such as dehydrogenase activity). In runoff, both hydrocarbons and heavy metals

are important contributors to sediment toxicity (Wei 1991; Wei & Morrison 1992;

Wei & Mulliss 1992).

11.2 Vegetation and fauna

The concentrations of heavy metals in different biota in aquatic environments

often re ect the concentrations in the water or sediment (McHardy & George

1985). However, the strength of the relationship varies widely between different
species and also between different metals.

Norwegian studies on Highway E18 (ADT 19,400) and Highway E6 showed

that pollutants in runoff and melting snow from roads had very little, if any, acute

toxic effect on salmon, protozoa, algae, bacteria and fungi (Gjessing et al. 1984a;

Lygren, Gjessing & Berglind 1984). In some cases, the polluted runoff was found

to have a stimulating effect on certain heterotrophic organisms. Large quantities of
organic pollutants, for example PAH, were deposited near the road and

accumulated in the snow cover, but evidently the toxicity was reduced greatly

through binding to organic material in soil and water. PAH which is adsorbed to
the organic material in the soil is rapidly decomposed. When evaluating such

results it should, however, be remembered that short-term tests do not offer much

information on long-term effects of the pollutants which accumulate successively

near roads.

Similar results, also appearing contradictory at rst sight, have been reported

from tests with runoff from motorways in the USA (Dupuis et al. 1985a; 1985b).

Where the traffic volume was very great (ADT 185,000) and as much as 13 days

had passed since the last storm event, diluted runoff (with high Pb and Zn

concentrations) led to heavy inhibition of algal growth. However, algal growth

was stimulated by the runoff from heavily used motorways where sampling had

taken place only a few days after the last storm event and the heavy-metal

concentrations were very low. The same stimulating effect was obtained with

runoff from motorways with a smaller traffic volume (ADT 66,000, in an urban

environment) and in a rural environment (ADT 23,000), except where sampling

occurred after a long time without rain; a temporary inhibition was then obtained
first, followed by stimulation.

The experiments show that the extra input of nutrients (or organic material) due

to runoff is of great importance and often stimulates algal growth. However, if the

heavy-metal concentrations become too high, toxicity occurs.

In other experimental work with runoff from American motorways, a pattern of

reduced algal biomass (Selenastrum capricornutum, a green alga) was obtained

with a reduced degree of dilution of runoff from a road with ADT 100,000. The

concentrations of P and N were kept constant. In parallel experiments with runoff
from less heavily used roads, no toxic effects on algal growth were obtained

(Portele et al. 1982).

In short-term tests with runoff from a road with little traffic (ADT 7,400), five

different groups of animals were examined, of which only gammarids showed

toxic effects (Dupuis et al. 1985a).
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Norwegian studies on lakes show that the accumulation of toxic substances in

the shore zone near the runoff outlet (Highway E18 near Oslo, ADT 30,000) may

lead to disturbances in the species composition of the benthic fauna, among other

effects. Mussels showed high (more than doubled) concentrations of Cd and Zn,

but notof Cu, Hg, Ni, Pb and PAH. In perch, liver samples showed increased

concentrations only of Pb; muscle samples showed elevated (up to vefold)

concentrations of PAH compared with perch from a reference lake (Baekken

1992). The polluted lake had very high PAH concentrations in the sediment

(Gjessing et al. 1984b). Heavy-metal concentrations in sh vary greatly between

different organs and are often age dependent (Ney & Van Hassel 1983). High

concentrations of Pb and Cd in different organs of crayfish from pools of stagnant

water along a main road have beenreported from Louisiana (Madigosky, Alvarez-

Hernandez & Glass 1991).

The instability of the species composition is a general response in recipients
affected by runoff. Phytoplankton populations may be killed off as a result of

heavy momentary runoff loads, but on the other hand, a rapid recolonisation may

take place (Dagvattenhantering 1983). Similarly, runoff has been shown in a

number of studies to lead to reduced diversity of the aquatic fauna. In certain

cases, the fauna may become so depleted that just a few highly pollution-tolerant
species remain (Ellis & Revitt 1991).

In general, biological effects on recipients affected by runoff may be said to be

highly dependent on the sensitive balance between nutrients and toxic substances.

This balance may, for example, be decisive for growth stimulation or inhibition

from runoff to occur, which the studies mentioned above clearly exemplify. The

balance naturally varies widely throughout the year, between different
precipitation occasions and recipient sizes, etc.

Season is an important factor in assessing biological effects in the recipient.

The water quality during the summer period is especially critical for the young of

aquatic animals.

Direct introduction of runoff from bridges may lead to heavy pollution of soil

and sediment beneath the bridges (Yousef et al. 1984b). An American study of

lake sediment beneath a bridge showed, for example, that sediments beneath

runoff outlets from the bridge had more than twice as high concentrations of Cd,

Cr, Cu, Fe, Pb, Ni and Zn compared with sediments beneath bridge sections
without outlets (Yousef et al. 1984a). Phytoplankton (Hydrilla and Spirogyra) as

well as Crustaceans and Tubifex worms also showed increased heavy-metal

concentrations beneath such runoff outlets (Hamilton & Harrison 1991). Similar

information on increased heavy-metal concentrations in sediments (and biota)
beneath a bridge has been cited by Ney & Van Hassel (1983).

In addition to the Norwegian studies on fish, studies summarised by Dupuis et

al. (1985b) may be mentioned. The authors quote works indicating signi cant

correlations between traffic volume and Pb concentration in various species of sh

and benthic insects. The traffic ow was also correlated with the Zn concentration
in the three fish species studied and with the Ni and Cd concentrations in two of

them. Bioassay tests in the USA showed that both undiluted and diluted runoff

with high Cu and Zn concentrations from a motorway (ADT 50,000) were toxic to
rainbow trout, but that the toxicity was eliminated through filtration (Portele et a1.

1982).
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High turbidity may lead to fish gills becoming blocked by particles (Bickmore

& Dutton 1984a; Effects of highway runoff, Vol. IV, 1985). However, Norwegian

experiments with glacier sediment and stone dust showed little acute toxic effect

on trout and Daphnia (Hessen 1992). Increased sedimentation in natural waters

may lead to the destruction of eggs or spawning sites of salmon, for example, but

no studies seem to have been reported (Effects of highway runoff, Vol. IV, 1985).

Even low pollutant concentrations can lead to migrating sh avoiding a stream

affected by runoff (Henrikson 1991). Fish are generally more sensitive to pollution

in acidic water than more neutral water, and sensitivity is also greater at high

temperatures and at low oxygen content (Bickmore & Dutton 1984a).

As already mentioned, the quantity and composition of organic material

constitute a very important control factor for the biological life in limnetic
environments. This may sometimes lead to the toxicity of, for example, heavy

metals being concealed by changes in the composition of the organic material.

Davis & George (1987) showed, for example, that species composition of the

benthic evertebrate fauna in a polluted river was more dependent on the organic

material in the water than on the metal pollutants from runoff. The authors showed

that heavy-metal concentrations in the fauna, but not the species composition,

could be used as an indicator of heavy-metal pollution from runoff. Molluscs are

considered very sensitive to heavy-metal pollution.
Among the disturbances that may be caused by salt in running water are

reduced diversity and biomass in algae and increased occurrence of bacteria.

Another effect is that high Cl concentrations may cause drift among benthic

animals (Dupuis et al. 1985b).

Possible ecological effects of the potassium ferrocyanide which is used as an

anti-caking agent in road salt have hardly been examined (Kobriger & Geinopolos

1984, Dupuis et al. 1985b).

In unfavourable circumstances, accidents with hazardous materials may lead to

extensive damage to the biota in the recipient. For example, destruction of large

parts of the macroevertebrate fauna has been reported as a consequence of an

accident in which a quantity of pesticide (200 litres) reached a stream. The species

diversity was still reduced six months after the accident and recolonisation was

limited to a small group of saprophytic arthropods (Boreham & Birch 1987).

11.3 Eutrophication

Nutrient supply with runoff may accelerate the eutrophication of recipients- In

eutrophication, in itself a complicated process, a key role is played by phosphorus,

often being a limiting nutrient. Nitrogen addition is often of less significance.

Models have been developed for the role of runoff in the eutrophication of

recipients (Hamilton & Harrison 1991). In runoff contexts, eutrophication is

linked mostly with urbanrunoff, while the problem seems to be less pronounced

in rural environments (Dupuis et al. 1985b).

Similarly, road salting in unfavourable cases may give rise to such high salt

concentrations in lakes that density strati cation occurs, which stops the spring

and autumn turnovers that otherwise bring about the total intermixing of the water

mass in the lakes. The failure of the turnovers may accelerate eutrophication

(Gupta, Agnew & Kobriger 1981; Bickmore & Dutton 1984a; Dupuis et al. 1985b;

Hamilton & Harrison 1991).
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12 Effects on groundwater
Where roads run close to drinking-water supplies, special measures must be taken

to protect the quality of the water. Finnish studies have drawn attention to the risk

of groundwater contamination with Cl from road salting, especially regarding

aquifers in eskers and end moraine formations (Kling, Niemi & Pirhonen 1993;

Yli-Kuivila, Kivim'aki & Kinnunen 1993). In Germany, the handling of highway
runoff near water supplies is strictly regulated (Stotz 1990).

Chloride is one of the most investigated substances regarding contamination of

groundwater. Chloride percolates relatively unimpeded through the soil and

reaches the groundwater, but seldom in such large quantities that the limits for

drinking water are exceeded (Gupta et a1. 1981; Lange 1990). In a survey

published in 1980, groundwater pollution due to road traf c was stated. to be

unusual in Sweden, and this View is still considered valid (Backman 1980; Oberg,

Gustafson & Axelson 1991). In Canada and the USA, for example, the problem

has been given greater importance, perhaps as a result of heavier use of road salt

(Backman 1980; Pilon & Howard 1987; Perchanok, Manning & Armstrong 1991).
In southern Ontario, where high groundwater tables are common, many drinking-

water supplies are stated to have increased salt concentrations (Pilon & Howard

1987). In Sweden, there have been cases of contamination of wells near salt stores

(Backman & Knutsson 1974). High salt concentrations in groundwater are

revealed by low iodide concentrations and high I/Cl ratios (Pilon & Howard
1987).

A detailed examination of organic pollutants from motorways in Frankfurt on

Main found very little risk for pollution of groundwater owing to the purification
ability of the soil; undissolved substances are xed in the uppermost soil layers

and organic substances are to a large extent broken down by micro-organisms

either in the uppermost soil layers or during leaching through the soil (Golwer &
Schneider 1983).

According to Malmquist (1983), the National Environmental Protection

Agency has stated that some 10 20 years would be expected to elapse before

infiltration of runoff to the groundwater would lead to Zn concentrations

exceeding limits for drinking water. For Cu and Pb, the corresponding periods

would be in the order of 30 230 and 570 3,200 years, respectively. The large

ranges are due to the variation between soil types, etc. The large differences

between metals aremainly due to differences in mobility and sorption tendency.

Different models for vulnerability classi cation have been described in a

survey by Rose n (1991). The limits for salt in drinking water are reported by NVF
(Miljoeffekter 1992).

According to a British study, pollution from roads may in very special cases

(permeable bedrock) be transported very rapidly with the groundwater (Price et al.

1989).
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13 Ecological aspects of the treatment of runoff
Generally, infiltration in soil may be considered an effective method of

purification of highway runoff (Bell & Wanielista 1979). Where the pollution load

is not unacceptably heavy, the runoff should, without preceding treatment, as far
as possible infiltrate through the soil, whereby the largest possible area should be

used (Lange 1990).

In the case of runoff from urban areas with heavy traffic, Stockholm County

Council, for example, states that the general rule should be that runoff must be

processed before being released into the recipients. In the long term, runoff should

be of such a quality that it can be allowed to infiltrate soil or be released to local
recipients without any great risk (Vattenfo'roreningar 1991). Similarly, a German

report states that runoff from major roads should be puri ed before being released

to the recipient (Muschack 1990). Also from France it is reported that runoff from
heavily used motorways are to a large extent processed before release (Gaber,

pers. comm).

Practical instructions for designing various types of treatment plants have been

published in many countries (see for example Bucht et al. 1977; Florge ird & Palm

1980; Protection des eaux 1980; Dagvattenhantering 1983; Burch, Johnson &

Maestri 1985b; Kramme et al. 1985; Maestri, Burch & Johnson 1985; Dorman et

al. 1987; Maestri & Lord 1987; Maestri, Dorman & Hartigan 1988; Yousef et al.

1987; Berggren et al. 1991; Ellis & Revitt 1991; Hvitved-Jacobsen, Johansen &
Yousef 1992; Yousef et al. 1992). Lists of suitable plant species for ponds, etc.,

have been published (Kobriger et al. 1983; Burch et al. 1985a; 1985b; Jansson et

al. 1991). As an example, the bulrush (Typha species) is regarded as generally

tolerant of heavy metals and also Na (Dupuis et al. 1985b). To maintain an

effective purifying function of the vegetation in ditches and ponds, for example,

vegetation should be given specialised management (Maestri, Burch & Johnson

1985). After mowing, the biomass should be taken away. In practice, this implies a

transport of a certain amount of pollutants into another ecosystem.
To maintain satisfactory decomposition conditions, the sediment surface in the

detention basin should be kept aerobic and the basin should not be deeper than

1.5 2 m (Yousef et al. 1986). Similarly, ditches should be given a shallow, broad

pro le to facilitate sedimentation and biological decomposition (Burch, Johnson

& Maestri 1985b). A grassed ditch should be at least 60 80 m long to facilitate
purification. As a rough measure of the ability of grassed ditches to purify runoff,

an American report has stated that 80 % puri cation is obtained in passage

through ditches >60 metres in length, 50 % at a length of 10 20 m and no

purification if the length is <10 m (Horner & Mar 1985).

Detention basins, artificial wetlands and similar vegetated areas should be

partitioned to facilitate the reduction in the quantity of pollutants (Ellis, Revitt &

Shutes 1992).
With time, the accumulated quantity of sediment in the basin or pond will

become so great that the sediment must be removed. The emptying intervals may

often be very long, for example 25 years for a detention basin with clay bottom.
Environmentally sound handling of the sediment masses must be secured.

Leachability of heavy metals is an important factor (Yousef et al. 1992). It has

been said that in France, for example, the sediment is deposited on waste deposits,

etc. (Gaber, pers. comm.) According to Yousef et a1. (1990), the concentrations of
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Cu, Pb and Zn in the sediment from the detention basins for highway runoff
seldom exceed the standards for sewage sludge usage in agriculture; deposition in
municipal waste deposits should also be possible.

Since the method was introduced in Germany, artificial wetlands with planted

vegetation have gained extensive use in the treatment of sewage in other countries

(Ellis & Revitt 1991). The main function of the macrophytes is to provide the

micro organisms in the wetlands withoxygen. In the otherwise anaerobic wetland

environment, aerobic environments are thus formed which give better

decomposition conditions. Among other things, nitri cation is favoured. The

method has come into some use also in the highway-runoff context, although the

documentation is as yet relatively limited.
According to British experiments, artificial wetlands may reduce the quantities

of runoff pollutants by 75 % for suspended particles, up to 55 % for BOD and

55 75 % for metals, while the reduction of nutrients was stated to be more

moderate, 8 30 % (Ellis, Revitt & Shutes 1992). For wet detention ponds, the

following reduction potentials, for example, have been given: 80 90 % for

suspended particles, 60 70 % for P and 40 90 % for heavy metals (Hvitved-

Jacobsen, Johansen & Yousef 1992).

The capacity of the wetland to retain or transform the nitrogen and phosphorus

added with the runoff is a key factor for the purification function of the wetland.

This function is largely controlled by the type of vegetation in the wetland. For
example, phosphorus accumulates in the roots of plants while nitrogen is largely

translocated into the shoots. The solubility of the phosphorus compounds is
largely controlled by the alkalinity of the water, .which is important for

phytoplankton blooms. Nutrient availability varies greatly with season. Upon

decomposition, nutrients, having been incorporated into the biomass during the

vegetation period, are largely released into the sediment or the water. Here,

mowing has an important function. From the technical point of View, plants that

remain green during late autumn and winter have a great advantage in that they

retain nutrients in the biomass even after the actual vegetation period. In general,

nutrient leaching from wetlands is a problem that is highly dependent on the

season. During the winter, biological activity is low, at the same time as the

nitrogen level is high. In addition, water runoff from wetlands (in southern

Sweden) is greatest during the winter. More about wetland ecology can be found

in Svensson & Glimskar (1993), among others.

From the biological point of view, it is important to avoid diverting runoff from
bridges directly to the recipient (Yousef et al. 1984a; 1984b; Dupuis et al. 1985b).
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14 Handling ditch soil
Ditches require maintenance to preserve their function. At certain intervals,

ditches require clearing, which leads to the question of the most appropriate
method for handling ditch soil. The simplest method is to deposit the soil along

the ditch. Since the pollutants that have accumulated in the soil are partly leached

and returned to the ditch, this procedure leads to a certain limitation of the

dispersion of the pollutants to other ecosystems. In certain cases, the ditch soil

may, however, be so polluted that this procedure is not suitable from the
environmental aspect. Usage for soil improvement in parks, noise barriers etc. or

as fill may be considered. The ability of the soil to sorb pollutants must then be

balanced against the fact that this larger scale usage leads to spreading of the

pollutants, an example of the diffuse spreading of pollutants that accompanies
modern living (Anderberg, Bergb'ack & Lohm 1990).

In extreme cases, the ditch soil is so polluted that deposition on a land-fill is

necessary. In general, however, a restrictive attitude should be applied when

loading waste deposits with large volumes of relatively slightly polluted soil

(Wallgren 1992).

In the literature, no information has been found concerning pollutant

concentrations in ditch soils.
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15 Discussion

Historically, a number of trends can be distinguished regarding attitudes to
pollutants in highway runoff.

First, it can be stated that efficient dewatering of the road surface and

pavement, as well as the soil in the immediate vicinity of the road, is a matter of

major concern from the purely technical point of view. Not until recent decades
has an ecological aspect been added to the technical aspects. During the sixties,

interest began to be shown in the occurrence of toxic substances in (urban) runoff

(Gupta, Agnew & Kobriger 1981; Malmquist 1986). Not until the eighties were

investigations made of the ecological effects of highway runoff on aquatic

ecosystems (Horner & Mar 1985). During recent years, ecological aspects have

gained increasing weight in questions concerning treatment of highway runoff, not
least abroad.

Secondly, interest in the composition of runoff was partly awakened by the risk

of biological effects of accidents with hazardous materials. In recent years,
attention has been given to more long term effects of the low-grade but continuous

runoff load normally caused by traffic, in addition to acutely toxic effects of heavy

momentary pollutant release (Stotz 1990). In regard to the function of the

ecosystem in a somewhat longer perspective, the effects of continuous

accumulation of pollutants are probably more significant than the acute affects.

The importance of assessing affects on the basis of a long-term perspective cannot

be emphasized sufficiently. This does not eliminate the need for due attention also

to biological effects in those cases where small recipients have to receive large

quantities of pollutants, whether these originate from traffic or from accidents with

hazardous materials (Muschack 1990).

A third trend concerns the attitude to the pollutant quantity in runoff. When the

occurrence of pollutants in runoff began to be given attention, studies were

focused on concentrations. Not until a later phase was attention directed to the

significance of uxes, i.e. the product of the pollutant concentration and water
volume. Interest was also given to the role of the road or street in relation to the

other components of the drainage area. The question put was "What significance

does the composition of the drainage area have for the fluxes of pollutants in the

runoff?"

A fourth trend can be said to be constituted by the spatial expansion of the area

where the further dispersion and effects of runoff pollutants are to be studied. This
trend is parallel to the enlarging of the spatial area of interest to the origin of

runoff pollutants. Nowadays, there is greater awareness of effects not only in the

environment close to the road but also in the recipient or more remote ecosystems

receiving highway runoff.

Finally, there is a shift in interest from the distinct point source of pollution to

the wider-scale, diffuse dispersion of pollutants from the technosphere to the

biosphere (Wallgren 1992). This attitude is even more relevant owing to the

inherent indestructibility of a significant component of traffic pollution, i.e. the

heavy metals.

Highway runoff can thus be regarded as a transport medium for traffic
pollution. The pollutants are spread from the immediate vicinity of the road to a

wider area: the problem is transferred to a more or less distant recipient a lake,
a watercourse or the soil. Here, two approaches contradict each other. One consists
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of an effort to disperse (dilute) the pollutants as much as possible to avoid
excessively highconcentrations in the immediate surroundings and at the same

time utilise the ability of the larger ecosystem to handle the pollutants. The other

approach entails an effort to spatially limit the spreading of pollutants to the
immediate vicinity of the pollution source and thereby provide at least temporary

protection for more distant environments. Whichever approach is chosen, Nature

(the soil and sediments) remains the final recipient of pollutants from the

technosphere, let alone that spreading can be somewhat modified in time and

space. It is important to realise that most of the pollutants that have been added to

the ecosystem or biosphere will never "disappear". To some extent, they may be

converted to less noxious compounds or transported between the various parts of

the biosphere.

The literature on runoff is still largely dominated by technical aspects. In spite

of the growing interest, not least abroad, in the ecological effects of highway
runoff, the published field studies are relatively few. Water pollution from roads

and traffic is an area which has been studied only to a small extent in Sweden

compared with countries in central Europe, for example. In the Nordic countries,

highway runoff has, at least earlier, been seen as a relatively minor environmental

problem (Brosch et al. 1980; Syversen 1991).

In the international literature, it is usually only where ADT exceeds about

15,000 (see Ellis & Revitt 1991) or 30,000 (Dupuis et al. 1985a; Lord 1987;

Maestri, Dorman & Hartigan 1988) that there is a risk of disturbance of aquatic

environments. These are traffic volumes that, under Swedish conditions, appear to

be rather large. On the other hand, there are assessments stating that toxicity
effects are common under American conditions with an ADT over 25,000 (Ellis &

Revitt 1991). It may be added that in other countries, an ADT of 60,000 100,000

or even more is not uncommon, as on some English motorways (Ward 1990).
In general, the reviewed literature indicates that where damage from highway

runoff has been documented in lakes and watercourses, the effects have been

relatively limited, except for those cases where the runoff has been led directly to

a lake without any treatment at all. Without doubt, runoff often gives rise to

increased sedimentation in the recipients and increased accumulation of

pollutants, not least heavy metals, in plants, animals and sediment.

In the soil close to the road, there is also extensive accumulation mainly of

heavy metals from runoff and other traffic related sources. There is also

considerable accumulation of heavy metals etc. in plants and animals in the

vicinity of the road. Few studies have been published regarding the effects of this

accumulation in soil, plants and animals. It is quite clear that the upper soil layers

in general have a high capacity to accumulate and bind large quantities of
pollutants, at least heavy metals and certain organic compounds, and that leaching

is relatively limited, apart from particularly mobile substances such as Cl. There is

also a certain decomposition of organic toxins in the soil. With heavy metals, the

case is different. Sooner or later, the soil may become saturated with heavy metals.

If the accumulation capacity is exceeded, heavy metals may begin to leach from

the soil and a risk of groundwater contamination will occur. Changed soil

conditions, such as drastically altered acid-base status, or changed land use, could

possibly alter the solubility conditions so greatly that a so-called chemical time

bomb might explode.
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No relevant literature has been found regarding the degree of pollution of ditch

soil and the need for treatment or other measures.

In general, the environmental effects of individual pollutants cannot be seen in

isolation. What is decisive for Nature s sustainability is the total accumulated load

of all environmentally in uential pollutants of every type. From this aspect, it is

important not only to process the accumulated amount of pollutants in an
ecologically correct way, but especially to reduce the total pollution load.
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16 Research needs
The following questions should be the subject of further research:

What factors control the mobility of various pollutants in soil near the road?

What quantitative role does highway runoff play for the diffuse dispersion of

pollutants from the technosphere to the biosphere?

The following questions demand special consideration in road management:

VTI rapport 391A

What criteria should be set up for the need to process highway runoff?

How should verges and ditches be designed and maintained in order to
preserve their long-term ability to retain or neutralise accumulated

pollutants?

What criteria should be set up for the need to process ditch soil?

What long-term ecological effects may result from the use of de-icing

agents?

What environmental aspects can be linked with the combined use of de-

icing agents and studded tyres?

To what extent are pollutants transported directly through the pavement?

Under what conditions can highway runoff present a risk of large-scale

in uence on groundwater quality?
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Chemical compounds
List of chemical compounds appearing in the text.

Metals marked with an asterisk* are usually designated heavy metals.

Al

Base cations

Ca

CaClz

Cd*

C1

C0*

C0

C02

Cr*

Cu*

Fe*

HC

Hg*

1

K

K4Fe(CN)6 - 3 H20

Hydrocarbons

Mg
Mn*

N

Na

NaCl

NH4+

Ni*

NO

N02

N02

N03-

Organics

P

PAH

Pb*

pH
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Aluminium

Na, K, Mg, Ca

Calcium

Calcium chloride

Cadmium

Chlorine, chloride

Cobalt

Carbon monoxide
Carbon dioxide

Chromium
Copper

Iron

Hydrocarbons

Mercury

Iodine, iodide

Potassium

Potassium ferrocyanide

Compounds consisting of carbon and hydrogen alone
Magnesium

Manganese

Nitrogen

Sodium

Sodium chloride, common salt
Ammonium

Nickel

Nitrogen monoxide, nitric oxide

Nitrogen dioxide

Nitrite

Nitrate

Chemical compounds containing carbon (except for
C0, C02 and certain simple salts)

Phosphorus

Polyaromatic hydrocarbons (hydrocarbons built up

from two or more condensed benzene rings)

Lead

Negative lO-logarithm for hydrogen ion activity: low
pH indicates acid conditions, high pH less acid

Phosphate

Sulphate

Titanium

Vanadium

Tungsten

Zinc
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Glossary

Acid-base status

Adsorption

ADT

Aerobic conditions

Aerosol

Aggregate

Alkalinity

Anaerobic

Antagonistic

Anti-caking agent

Aquifer

Base cation

Benthic

Bioassay

Bioavailability
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The complex of soil chemistry conditions

connected with the acidic and basic properties of

soil colloids; such as hydrogen, metal ion and

carbonate concentrations, and buffering conditions.

Often expressed as pH or degree of neutralisation

Accumulation of matter at the interface beteween a

solid phase and an aqueous solution phase

Annual average daily traf c. Expressed in vehicles
per day

Conditions where oxygen is present

A colloid system of solid or liquid particles

dispersed in a gas

Here; secondary soil particle built up of primary
soil particles held together in a structural entity

Measure of the concentration of hydrogen

carbonate ions in water

Lacking oxygen

Weakening, counteracting

Chemical additive (such as potassium

ferrocyanide) used to prevent caking of particles of

road salt

Water-bearing formation, especially one that

supplies groundwater

See page (57)

Living on the bottom of a river, lake, pond, etc.

Investigation of the properties of chemicals and

their effects on certain organisms under standard
laboratory conditions

Availability (of a substance) for uptake by

organisms
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Biodiversity

Biomass

Biosphere

Biota

Bitumen

BOD

Budget study

Cation

Chlorosis

COD

Dehydrogenase

Denitrification

Detention basin, pond

Drift

Enzyme
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Degree of taxonomical dissimilarity among

individuals in a (plant or animal) community or
ecosystem

Quantity (weight) of living material within a given

area

That portion of the earth and its environment
within which life in any of its forms is manifested,

cf. technosphere

The combined ora and fauna ofany geographical

area or geological period

A native mixture of solid and semi-solid

hydrocarbons

Biological oxygen demand; an indication of the
amount of oxygen needed to oxidize fully, by

biological means, reducing material in a water

sample

Here; investigation of the flow of substances to,

within and from an ecosystem

Electrically positive ion

Yellowing of leaves (usually resulting from a lack

of chlorophyll)

Chemical oxygen demand; oxygen consumption by

chemical processes in a water sample

Enzyme catalysing the transfer of hydrogen from a

donor to an acceptor compound

Biochemical reduction of nitrate or nitrite to

nitrogen or dinitrogen oxide

See Infiltration basin

Here; the process of benthic animals releasing their

grip and following the water ow

Organic catalyst; an organic compound (often a

protein) which is produced by cells and which

initiates or accelerates certain chemical reactions
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Eutrophication

Evertebrates

Fecal

Gammarid

Gutter

Hardness

Heavy metal

Heterotrophic

Humus

Hydrocarbon

In ltration basin, pond

Lethal

Limnetic

Macroevertebrate

Macrophyte

Metal complex
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Process accelerating the ageing of a lake or
watercourse, often through increased supply of

nutrients (N and P); increased biomass production

and recurrent oxygen de ciency are typical effects

Evertebrata (=Invertebrates); animals without

spines

Pertaining to excrement

Freshwater shrimp, e. g. Gammarus

A waterway constructed at the side of a street for

carrying off runoff water

Of water; usually carbonate concentration

Usually metals with an atomic weight above that of

calcium

Used to describe an organism which, in contrast to
autrophic organisms, is unable to produce

sufficient energy and organic nutrition from

inorganic nutrients alone» and is therefore

dependent on (degradation of) organic substances

Black organic material of complex composition

which is the end-product of the microbial

breakdown of plant and animal residues in the soil

See page (57)

Equalising pond or reservoir with permeable

bottom

Deadly

Pertaining to freshwater

Evertebrate animal of such a size that it can be seen

with the naked eye

Water plant with part of the shoot on or above the
water surface

A complex ion consisting of a metal (as central

atom) and ligands

VTI rapport 391A



Microclimate

Micro-organisms

Molecular weight

Nitrification

Organic compound

Oxidation state

Percolation

pH

Phytoplankton

Plankton

Precipitation regime

Protozoa

Recipient

Retention basin, pond

Runoff

Saprophytic

Sorption
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The meteorological conditions within a very

limited environment, such as within and close to

vegetation

Bacteria, fungi, Viruses, protozoa and other

microscopic organisms

Sum of the atomic weights of the atoms in a
molecule

Biochemical oxidation of ammonium to nitrate

(especially through the activity of autotrophic

bacteria)

See page (57)

Electrical charge of an atom; the oxidation state

changes as a result of redox reactions

The passing of (runoff) water through soil

(especially from an outlet below ground)

See page (57)

Plankton capable of photosynthesis

Minute plants (phytoplankton) and animals

(zooplankton) oating freely in water

Pattern of precipitation; distribution of

precipitation over time at a given location

Primitive animals consisting of a single cell

Water (course) receiving runoff (or drainwater)

See Infiltration basin

That part of the precipitation which is not absorbed

directly by the soil but is drained off in rills or

streams

Organisms nourishing from dead or dying organic
material -

Process by which a substance takes up or attracts
ions or molecules of another substance; for

example absorption, adsorption

61



Speciation

Species diversity

Streptococci

Symbiosis

Synergetic

Technosphere

Terrestrial

Texture

Triazin

TSS

Turbidity

Water potential
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The quantitative distribution of a substance among
the chemical forms in which it occurs

See Biodiversity

Bacteria belonging to the genus Streptococcus;

many species are pathogenic (causing disease)

Coexistence or co-operation between organisms of

different species for their mutual benefit

Strengthening

That part of our physical environment which is

created by industrial activity (including buildings,

structures, products, waste and so on); cf.

Biosphere

Pertaining to soil or land

Particle size distribution of the minerogenous

material in a soil

C3H3N3, an aromatic six-membered heterocyclic

compound, a derivative of triazoles which is used

in herbicides

Total suspended solids

The capability of a water containing suspended

particles to absorb light

Of soil water; a quantitative expression for the free

energy of the water; in uenced by ion

concentration, water pressure and gravity; rooted

plants are dependent for their water uptake
(growth) on a difference in water potential being

maintained between the plant cells and the soil

solution, a process that is energy-consuming
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