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ABSTRACT
A huge road network with vehicles ramifies across the land, representing a sur-
prising frontier of ecology. Species-rich roadsides are conduits for few species.
Raadkills are 2 premier mortality source, yet except for local spots, rates rarely
lirnit populatiop size. Road avoidance, especially due to teaffic noise, has a greater
ecolagical impact. The still-more-important barrier effect subdivides popualations,
with demographic and probably genetic consequences. Road networks crossing
landscapes cause local hydrologic and erosion effects, whereas stream networks
and distant valleys receive major peak-flow and sediment impacts. Chemical ef-
fects mainly occur near roads. Road networks interrupt horizontal ecological
flows, alter landscape spatial pattern, and therefore inhibit important interior
species. Thus, road density and netwark structure are informative landscape
ecology assays. Australia has huge road-reserve networks of native vegetation,
whereas the Dutch have tunpels and overpasses perforating road barriers to en-
hance ecological flows. Based on road-effect zones, an estimated 15-20% of the
United States is ecologically impacted by roads.

INTRODUCTION

Roads appear as major conspicuous ohjects in aerial views and photographs,
and their ecological effects spread through the landscape. Few environmental
scientists, from population ecologists to stream or landscape ecologists, recag-
nize the sleeping giant, road ecology. This major frontier and its applications to
planning, conservation, management, design, and policy are great challenges

for science and society.
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This review often refers to The Netherlands and Australia as world leaders
with different approaches in road ecology and to the United States for es-
pecially useful data. In The MNetherlands, the density of main roads alone is
1.5 km/km?, with traffic density of generally between 10,000 and 50,000 ve-
hicles per commuter day (101). Australia has nearly 900,000 km of roads for
18 million people (66). In the United States, 6.2 million km of public roads
are used by 200 million vehicles (85). Ten percent of the road length is in
national forests, and one percent is interstate highways. The road density is
1.2 km/km?, and Americans drive their cars for about 1 h/day. Road density is
increasing slowly, while vehicle kilometers (miles) traveled (VMT) is growing
rapidly.

The term road carridor refers to the road surface plus its maintained roadsides
and any paralilel vegetated strips, such as a median strip between lanes in a
highway (Figure 1; see color version at end of volume). “Roadside natural
strips” of mostly native vegetation receiving little maintenance and located
adjacent to roadsides are common in Australia (where road corridors are called
road reserves) (12,39, 111). Road corridors cover approximately 1% of the
United States, equal to the area of Austria or South Carolina (853). However,
the area directly affected ecologically is much greater (42,43},

Theory for road corridors highlights their functional roles as conduits, bar-
riers (or filters), habitats, sources, and sinks (12, 39). Key variables affecting
processes are corridor width, connectivity, and usage intensity, Network theory,
in turn, focuses on connectivity, circuitry, and node functions (39, 71).

This review largely excludes road-construction-related activities, as well
as affiliated road features such as rest stops, maintenance facilities, and en-
trance/exit areas. We also exclude the dispersed ecological effects of air pollu-
tion emissions, such as greenhouse gases, nitrogen oxides (NCX), and azone,
which are reviewed elsewhere (85, 135). Bennett’s article (12) plus a series of
hooks (1, 21,33, 111} provide overviews of parts of road ecology.

Gaping holes in our knowledge of road ecology represent research oppaor-
tunities with a short lag between theory and application. Current ecological
knowledge clusters around five major topics: (a) readsides and adjacent strips;
(b} road and vehicle effects on populations; (¢) water, sediment, chemicals, and
streams; (d ) the road netwark; and (e) transportation policy and planning.

i

Figure I Road corridor showing road surface, maintained open roadsides, and roadside natural
strips. Strips of relatively ratural vegetation are especially characteristic of road corridors (known
as moad reserves) in Australia. Wheatbelt of Western Australia. Photo eourtesy of BMJ Hussey.
See color version at end of volume.
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ROADSIDE VEGETATION AND ANIMALS

Plants and Vegeration

“Roadside” or “verge” refers to the more-or-less intensively managed strip,
usually dominated by herbaceous vegetation, adjacent to a road surface
{Figure 1}. Plants on this strip tend to grow rapidly with ample light and with
moisture from road drainage. Indeed, management often includes regular mow-
ing, which slows woody-plant invasion (1, 86). Ecological management may
also maintain roadside native-plant communities in areas of intensive agricul-
ture, reduce the invasion of exotic (non-native) species, attract or repel animals,
enhance road drainage, and reduce soil erosion.

Roadsides contain few regionally rare species but have relatively high plant
species richness {12, 139). Disturbance-tolerant species predominate, espe-
cially with intensive management, adiacent to highways, and exotic species
typically are commeon (19, 121). Roadside mowing tends to both reduce plant
species richness and favor exotic plants (27,92, 107). Furthermore, cutting and
removing hay twice a year may result in higher plant species richness than does
mowing less frequently (29, 86). Native wildflower species are increasingly
planted in dispersed locations along highways (1).

Numerous seeds are cairied and depasited along roads by vehicles (70, 112}
Plants may also spread along roads due to vehicle-caused air turbulence
{107, 133} or favorable roadside conditions (1,92, 107,121, 133). For exam-
ple, the short-distance spread of an exotic wetland species, purple loosestrife
{(Lythrum salicaria), along a New York highway was facilitated by roadside
ditches, as well as culverts connecting opposite sides of the highway and the
median strip of vegetation (133). Yet few documented cases are known of
species that have successfully spread more than 1 km because of roads.

Mineral nutrient fertilization from roadside management, nearby agriculture,
and atmospheric NOX also alter roadside vegetation. In Britain, for example,
vegetation was changed for 100-200 m from a highway by nitrogen from traffic
exhaust {7}. Nutrient enrichment from nearby agriculture enhances the growth
of aggressive weeds and can be a major stress on aroadside native-plant cormmu-
nity (19,92). Indeed, to conserve roadside native-plant communities in Dutch
farmland, fertilization and importing topsoil are ending, and in some places
nutrient accumulations and weed seed hanks are reduced by soil removal (86;
H van Bohemen, personal communication).

Woody species are planted in some roadsides to reduce erosion, control
snow accumulation, support wildlife, reduce headlight glare, or enhance aes-
thetics (L, 103). Planted exotic species, however, may spread into nearby natural
ecosystems (3, 12}, For example, in half the places where non-native woody
species were planted in roadsides adjacent to woods in Massachusetts (USA),
a species had spread into the woods (42).
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Roadside management sometimes creates habitat diversity to maintain native
ecosystems or species (1, 86, 131). Mowing different sections along a road, or
parallel strips in wide roadsides, at different times or intervals may be quite ef-
fective (87). Ponds, wetlands, ditches, berms, varied roadside widths, different
sun and shade combinations, different slope angles and exposures, and shrub
patches rathey than rows offer variety for roadside species richness.

In landscapes where almost all native vegetation has been removed for cul-
tivation or pasture, roadside natural strips (Figure 1) are especially valuable as
reservoirs of biological diversity (19, 66). Strips of native prairie along roads
and railroads, plus so-called beauty strips of woodland that block views near
intensive logging, may function similarty as examples. However, roadside nat-
ural strips of woody vegetation are widespread in many Australian agricultural
landscapes and are present in South Africa (11,12,27,39,66, L11). Overall,
these giant green networks provide impressive habitat connectivity and disperse
“bits of nature” widely across a landscape. Yet they miss the greater ecological
benefits typically provided by large patches of natural vegetation (3%, 41).

In conclusion, roadside vegetation is rich in plant species, although appar-
ently not an important conduit for plants. The scattered literature suggests a
promising research frontier.

Animals and Movement Patterns

Mowing, burning, livestock grazing, fertilizing, and planting woody plants
greatly impact native animals in roadsides. Cutting and remaoving roadside veg-
etation twice a year in The Netherlands, compared with less frequent mowing,
results in more species of small mammals, reptiles, amphibians, and insects
{29, 86). However, mowing once every 3-5 v rather than annually results
in more bird nests. Many vertebrate species persist better with mowing af-
ter, rather than before or during, the breeding period (86,87). The mowing
regime is especially important for insects such as meadow butterflies and maths,
where different species go through stages of their annual cycle at different times
(R83). Roadsides, especially where mowed cuttings are removed, are suitable
for ~80% of the Dutch butterfly fauna (86).

Planting several native and exotic shrub species along Indiana (USA)
highways resulted in higher species richness, population density, and nest den-
sity for birds, compared with nearby grassy roadsides (105). Rabbit(Sylvilagus}
density increased slightly. However, roadkill rates did not differ next to shrubby
versus grassy roadsides.

In general, road surfaces, roadsides, and adjacent areas are little used as
conduits for animal movement along a road (39), although comparisons with
null models are rare. For example, radiotracking studies of wildlife across the
landscape detect few movements along or parallel to roads (35, 39,93). Some
exceptions are noteworthy. Foraging animals encountering a rcad sometimes
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move short distances parallel to it (10, 106). At night, many large predator
species move along roads that have little vehicular or people traffic (12,39).
Carrion feeders move alang roads in search of roadkills, and vehicles some-
times transport amphibians and other animals (11,12,32). Small mammals
have spread tens of kilometers along highway roadsides (47, 60). In addition,
migrating birds might use roads as navigational cues.

Experimental, ohservational, and modeling approaches have been used to
study beetle movement along roadsides in The Netherlands (125-127}). On wide
roadsides, fewer animals disappeared into adjacent habitats. Also, adense grass
strip by the road surface minimized beetle susceptibility to roadkill mortality
(126, 127). Long dispersals of beetles were mare frequent in wide (15-25 m)
than in narrow (<12 m) roadsides. Nodes of open vegetation increased, and
narrow bottlenecks decreased, the probability of long dispersals. The results
suggest that with 20-30-m-wide roadsides containing a central suitable habitat,
beetle species with poor dispersal ability and a good reproductive rate may
move 1-2 km along roadsides in a decade (127).

Adjacent ecosystems also exert significant influences on animals in corridors
(39). For example, roadside beetle diversity was higher near a similar patch
of sandy habitat, and roadsides next to forest had the greatest number of forest
heetle species (127). In an intensive-agriculture landscape (Iowa, USA), bird-
nest predation in roadsides was highest opposite woods and lowest cpposite
pastures (K Freemark, unpublished data). Finally, some roadside animals also
invade nearby natural vegetation (37,47, 54, 60, 63, 127).

The median strip between lanes of a highway is little studied. A North
Carolina (USA) study found no difference in small-mammal density between
roadsides on the median and on the outer side of the highway (2). This result was
the same whether comparing mowed roadside areas or unmaowed roadside areas.
Also, roadkill rates may be affected by the pattern of woaoded and grassy areas
along median strips (10).

In conclusion, some species move significant distances along roadsides and
have major local impacts. Nevertheless, road corridors appear to be relatively
unimportant as conduits for species movement, although movement rates should
be better compared with those at a distance and in natural-vegetation corridors.

ROAD AND VEHICLE EFFECTS ON POPULATIONS
Readkilled Animals

Sometime during the last three decades, roads with vehicles prabably overtack
hunting as the leading direct human cause of vertebrate mortality on land. In
addition to the large numbers of vertebrates killed, insects are roadkilled in
pradigious numbers, as windshield counts will attest.
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Estimates of roadkills (faunal casualties) based on measurements in short
sections of roads tell the annual story (12,39, 123): 159,000 mammals and
653,000 birds in The Netherlands; seven million birds in Bulgaria; five million
frogs and reptiles in Australia. An estimated one million vertebrates per day
are killed on roads in the United States.

Long-term studies of roadkills near wetlands illustrate two important pat-
terns. One study recorded >623 snakes and another > 1700 frogs annually
roadkilled per kilometer (8,54). A growing literature suggests that roads by
wetlands and ponds commonly have the highest roadkill rates, and that, even
though amphibians may tend to avoid roads (34}, the greatest transportation
impact on amphibians is prebably roadkills (8,28, 34, 128).

Road width and vehicle traffic levels and speeds affect roadkill rates. Am-
phibians and reptiles tend to be particularly susceptible on twao-lane roads with
low to moderate traffic (28, 34, 57, 67). Large and mid-sized mammals are espe-
cially susceptible on two-lane, high-speed roads, and birds and small mammals
on wider, high-speed highways (33, 90, 108).

Do roadkills significantly impact populations? Measurements of bird and
marnmal roadkills in England illustrate the main pattern (56,57). The house
sparrow (Passer domesticus) had by far the highest roadkill rate. Yet this species
has a huge population, reproduces much faster than the roadkill rate, and can
rapidly recolonize locations where a local population drops. The study con-
cluded, based on the limited data sets available, that none of the = 100 hird and
mammal species recorded had a roadkill rate sufficient to affect population size
at the national level.

Despite this overall pattern, roadkill rates are apparently significant for a few
species listed as nationally endangered or threatened in various nations {~9-
12 cases) (9,39,43; C Vos, personal communication). Two examples from
southern Florida (USA) are illustrative. The Florida panther (Felis concolor
coryi) had an annual roadkill mortality of approximately 10% of its population
before 1991 (33, 54). Mitigation efforts reduced roadkill loss to 2%. The key
deer (Odacoileus virginianus clavium)has an annual roadkill mortality of ~16%
of its population. Local populations, of course, may suffer declines where the
roadkill rate exceeds the rates of reproduction and immigration. At leasta dozen
local-pepulation examples are known for vertebrates whaose total populations
are not endangered {(33,39,43}.

Vehicles often hit vertebrates attracted to spilled grain, roadside plants, in-
sects, basking animals, small mammals, road salt, or dead animals (12,32, 56,
87). Roadkills may be frequent where traffic lanes are separated by imperme-
able barriers or are hetween higher roadside banks (10, 106).

Landscape spatial patterns also help determine roadkill locations and rates.
Animals linked to specific adjacent land uses include amphibians roadkilled
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near wetlands and turtles near open-water areas (8). Foraging deer are often
roadkilled between fields in forested landscapes, between wooded areas in
open landscapes, or by conservation areas in suburbs (10,42, 106). The vicinity
of a large natural-vegetation patch and the area between two such patches are
likely roadkill locations for foraging or dispersing animals. Even more likely
locations are where major wildlife-movement routes are intercupted, such as
roads crossing drainage valleys in open landscapes or crossing railway routes
in suburbs (42, 106).

In short, road vehicles are prolific killers of terrestrial vertebrates. Neverthe-
less, except for a small number of rare species, roadkills have minimal effect
on population size.

Vehicle Disturbance and Road Avoidance

The ecological effect of road avoidance caused by traffic disturbance is probably
much greater than that of roadkills seen splattered along the road. Traffic noise
seems most important, although visual disturbance, pollutants, and predators
moving along a road are alternative hypotheses as the cause of avoidance.

Studies of the ecological effects of highways on avian communities in The
Netherlands point to an impaortant pattern. In both woodlands and grasslands
adjacent to roads, 60% of the bird species present had a lower density near a
highway (102, 103). In the affected zone, the total bird density was approxi-
mately one third lower, and species richness was reduced as species progres-
sively disappeared with proximity to the road. Effect-distances (the distance
from a road at which a population density decrease was detected) were greatest
for birds in grasslands, intermediate for birds in deciduous woods, and least for
hirds in coniferous woods.

Effect-distances were also sensitive to traffic density. Thus, with an average
traffic speed of 120 km/h, the effect-distances for the most sensitive species
(rather than for all species combined) were 303 m in woodland by roads with
a traffic density of 10,000 vehicles per day (veh/day) and 810 m in woodland by
50,000 veh/day; 365 m in grassland by 10,000 veh/day and 930 m in grassland
by 50,000 veh/day (101-103}. Most grassland species showed population de-
creases by roads with 5000 veh/day or less (102). The effect-distances for both
woodland and grassland birds increased steadily with average vehicle speed
up to 120 knvh and also with traffic density from 3000 to 140,000 veh/day
(100, 102, 103). These road effects were more severe in years when overall bird
population sizes were low (101).

Songbirds appear to be sensitive to remarkably low noise levels, similar to
those inalibrary reading room {100, 102, 103). The noise level at which popula-
tion densities of all woodland birds began to decline averaged 42 decibels (dB},
compared with an average of 48 dB for grassland species. The most sensitive
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woodland species (cuckon) showed a decline in density at 35 dB, aund the
most sensitive grassland bird (black-tailed godwit, Limosa limosa) responded
at 43 dB. Field studies and experiments will help clarify the significance of
these important results for traffic noise and birds.

Many possible reasans exist for the effects of traffic noise. Likely hypotheses
include hearing loss, increase in stress hormones, altered behaviors, interfer-
ence with communication during breeding activities, differential sensitivity to
different frequencies, and deleterious effects on food supply or other habitat at-
tributes (6, 101, 103, 130). Indeed, vibrations associated with traffic may affect
the emergence of earthworms from soil and the abundance of crows (Corvus)
feeding on them (120}, A different stress, roadside lighting, altered nocturnal
frog behavior (18). Responses to roads with little traffic may resemble behay-
ioral respanses to acute disturbances (individual vehicles periodically passing},
rather than the effects of chronic disturbance along busy roads.

Respaonse to traffic noise is part of a broader pattern of road avoidance by
animals. In the Dutch studies, visual disturbance and pollutants extended out-
ward only a short distance compared with traffic noise (100, 103). However,
visual disturbance and predators maving along roads may be more significant
by low-traffic roads.

Various large mammals tend to have lower population densities within
100-200 m of roads {72, 93, 108). Other animals that seem to avoid roads in-
clude arthropods, small mammals, forest birds, and grassland birds (37, 47,73,
123). Such road-effect zones, extending outward tens or hundreds of meters
from aroad, generally exhibit lower breeding densities and reduced speciesrich-
ness compared with contral sites (32, 101). Considering the density of roads
plus the total area of avoidance zones, the ecological impact of road avoidance
must well exceed the impact of either roadkiils or habitat loss in road corridors.

Barrier Effects and Habitat Fragmentation

All roads serve as barriers or filters to some animal movement. Experiments
show that carabid beetles and wolf spiders {Lycasa) are blocked by roads as
narrow as 2.5 m wide (73}, and wider roads are significant barriers to crossing for
many mammals (11, 54,90, 113). The probability of small mammals crossing
lightly traveled roads 6—15 m wide may be «10% of that for movements within
adjacent habitats (78, 119). Similarly, wetland species, including amphibians
and turtles, commanly show a reduced tendency to cross roads (34, 67).

Road width and traffic density are major determinants of the barrier effect,
whereas road surface {asphalt or cancrete versus gravel or soil} is generally
a minor factor (34, 39,73, 90). Road sajt appears to be a significant deterrent
to amphibian crossing (28,42). Also, lobes and coves in convoluted outer-
roadside houndaries probably affect crossing locations and rates (39).
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The barrier effect tends to create metapopulations, e.g. where roads divide
a Jarge continuous population into smaller, partially isolated local populations
{subpopulations) (8, 34, 128). Swmall populations fluctuate more widely over
time and have a higher probability of extinction than do large populations
{1,88,115,122,123). Furthermore, the recolonization process is alsa blocked
by road barriers, often accentuated by road widening or increases in traffic. This
well-known demographic threat must affect numerous species near an extensive
road netwark, yet is little studied relative to roads (6,73, 98}

The genetics of a population is alse altered by a barrier that persists over many
generations (73, 113). For instance, road barriers altered the genetic structure
of smalj local populations of the common frog (Rana temporaria) in Germany
by lowering genetic heterozygosity and polymaorphism (97, 8). Other than the
barrier effect on this amphibian and roadkill effects on two southern Florida
mammals (20, 54), little is known of the genetic effects of roads.

Making roads more permeable reduces the demographic threat but at the
cost of more roadkills. In contrast, increasing the barrier effect of roads re-
duces roadkills but accentuates the problems of small populations. What is the
solution to this quandary (122, 128)? The barrier effect on populations praba-
bly affects more species, and extends over a wider land area, than the effects
of either roadkills or road avoidance. This barrier effect may emerge as the
greatest ecological impact of roads with vehicles. Therefore, perforating roads
to diminish barriers makes good ecalogical sense.

WATER, SEDIMENT, CHEMICALS, STREAMS,
AND ROADS

Water Runoff

Altering flows can have major physical or chemical effects on aquatic ecosys-
tems. The external forces of gravity and resistance cause streams to carve chan-
nels, transport materials and chemicals, and change the landscape (68). Thus,
water runoff and sediment yield are the key physical processes whereby roads
have an impact on streams and other aquatic systems, and the resulting effect-
distances vary widely (Figure 2).

Roads on upper hillslopes concentrate water flows, which in turn form chan-
nels higher on slopes than in the absence of roads (80). This process leads to
smaller, more elongated first-order drainage basins and a longer total length
of the channel network. The effects of stream network length on erosion and
sedimentation vary with both scale and drainage basin area (80).

Water rapidly runs off relatively impervious road surfaces, especially in storm
and snowmelt events. However, in moist, hilly, and mountainous terrain, such
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runoff is often insignificant compared with the conversion of slow-moving
groundwater to fasi-moving surface water at cutbanks by roads (52,62, 132),
Surface water is then carried by roadside ditches, some of which connect di-
rectly to streams while others drain to culverts with gullies mcised below their
outlets (132). Increased runoff associated with roads may increase the rates and
extent of erosion, reduce percofation and aquifer recharge rates, alter channel
morphalogy, and increase stream discharge rates (13, 14). Peak discharges or
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floods then restructure riparian areas by rearranging channels, logs, branches,
boulders, fine-sediment deposits, and pools.

In forests, the combination of logging and roads increases peak discharges
and downstream flooding (62, 132). Forest removal results in fower evapo-
transpiration and water-storage capabilities, but roads alone may increase peal
discharge rates (62). Also, fload frequency apparently correlates with the per-
centage of road cover in a basin (52,62, 11(0),

Roads may alter the subsurface flow as well as the surface flow on wetland
soils {116). Compacted saturated or nearly saturated soils have limited perme-
ability and low drainage capacity. Wetland road crossings often block drainage
passages and groundwater flows, effectively raising the upslope water table and
killing vegetation by root inundation, while lowering the downslope water table
with accompanying damage to vegetation (116, 118).

Streams may be altered for considerable distances both upstream and down-
stream of bridges. Upstream, levees or channelization tend to result in reduced
flooding of the riparian zone, grade degradation, hydraulic structural problems,
and more channelization (17). Downstream, the grade change at a bridge results
in local scouring that alters sedimentation and deposition processes (17, 49).
Sediment and chemicals enter streams where a road crosses, and mathemati-
cal models predict sediment loading in and out of reaches affected by stream
crossings (3). The fixed stream (or river) location at a bridge or culvert re-
duges both the amount and variahility of stream migration across a floodplain.
Therefore, stream ecosystems have altered flow rates, pool-riffle sequences, and
scour, which typically reduce habitat-forming debris and aquatic organisms.

Sediment
The volume of sediment yield from a road depends on sediment supply and
transport capacity (3). Sediment yield is determined by road geometry, slope,
length, width, surface, and maintenance (5, 51), in addition to soil properties and
vegetation cover (539). Road surfaces, cutbanks, fillslopes, bridge/culvert sites,
and ditches are all sources of sediment associated with roads. The exposed
soil surfaces, as well as the greater sediment-transport capacity of increased
hydrolagic flows, result in higher erosion rates and sediment yields (99).

Road dust as a little-studied sediment transfer may directly damage vegeta-
tion, provide nutrients for plant growth, or change the pH and vegetation (109).
Effect-distances are usually =10-20 m but may extend to 200 m downwind
(Figure 2). In arid land, soil erosion and drainage are common road problems
{61).

Arxctic roads also are often sources of dust. Other ecological issues include
change in albedo, Aooding, erosion and thermokarst, weed migration, waterfowl
and shorebird habitat, and altered movement of large mammals (129).
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Landsliding or mass wasting associated with roads may be a major sediment
source (13, 117). Some of this sediment accumulates on lower slopes and is
subject to subsequent erosion. The rest reaches floodplains or streams, where it
alters riparian ecosystems, channel morphology, or aquatic habitat. Although
gradual sediment transport and episodic landslides are natural processes affect-
ing streams, elevated levels caused by roads tend to disrupt aquatic ecosystems.
Indeed, logging roads commonly produce mare erosion and sediment yield,
particularly by mass wasting, than do the areas logged (45,51, 104, 117).

Buffer strips between roads and streams tend to reduce sediments reaching
aquatic ecasystems {77, 91). Buffers may be less effective for landslides than
for arresting water and sediment from culverts and roadside ditches. Goaod
road location (including avoiding streamsides and narrow floodplains for many
ecological reasons), plus good ecological design of roadsides relative to slope,
soil, and hydrology, may be a better strategy than depending on wide buffers to
absorb sediment.

Water from road ditches tends to deposit finer sediment in streams, whereas
landslides generally provide coarser material. Fine sediment increases turbidity
(51}, which disrupts stream ecosystems in part by inhibiting aquatic plants,
macro-invertebrates, and fish (14, 16,31, 99). Coarse deposits such as logs and
houlders help create deep pools and habitat heterogeneity in streams. During
low-flow periods, fine-sediment deposits tend to fill pools and smooth gravel
beds, hence degrading habitats and spawning sites for key fish (13,14, 31).
During high-discharge events, accumulated sediment tends to be flushed out
and redeposited in larger water bodies.

In short, roads accelerate water flows and sediment transport, which raise
flood levels and degrade aquatic ecosystems. Thus, local hydrologic and erosion
effects along roads are dispersed across the land, whereas major impacts are
cancentrated in the stream network and distant valleys.

Chemical Transport

Most chemical transport from roads occurs in stormwater runoff through or
over soil. Runoff pollutants alter soil chemistry, may he absorbed by plants,
and affect stream ecosystems, where they are dispersed and diluted over con-
siderable distances (16, 50, 686, 137, 138). Deicing salt and heavy metals are the
two main categories of pollutants studied in road runoff.

The primary deicing agent, NaCl, comodes vehicles and bridges, contami-
nates drinking water supplies, and is toxic to many species of plants, fish, and
other aquatic organisms (4, 16, 84). Calcium magnesium acetate (CMA) is a
more effective deicer, less corrasive, less mobile in soil, biodegradable, and
less toxic to aquatic organisms (4, 84, 89). Also, CaCl used to decrease dust
may inhibit amphibian movement (28).
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Airborne NaCl from road snowplowing may cause leaf injury to trees (e.g.
Pinus strobus) up to 120 m from a road, especially downwind and downslope
(58, 84). Trees seem to be more sensitive to chloride damage than are common
roadside shrubs and grasses. Sodium accumulation in soils, mainly within 5 m
of a road, alters soil structure, which affects plant growth (84}. Road salt has
facilitated the spread of three coastal exotic plants as much as 150G km in The
Netherlands (1).

Deicing agents tend to increase the mobility of chemical elements in soil, such
as heavy metals (by NaCl} and Na, CI, Ca, and Mg (by CMA) (4). This process
facilitates contamination of groundwater, aquifers, and streams. Because of
dilution, the chemical effects of road runoff on surface water ecosystems may
be primarily confined to small streams, particularly where they run adjacent to
roads (36, 84).

Heavy metals are relatively immobile and heterogeneously distributed in
roadsides, especially due to drainage ditch flows (135, 55, 80). Soils adjacent to
the road surface typically contain the greatest mass {136). Elevated concentra-
tions in grass tissue may occur within 5-8 m of a road, although high lead levels
have been found in soil out to 25 m {30, 65, 82). Elevated lead concentrations
were found in tissue of several small-mammal species in a narrow zone by
roads, with higher lead levels by busy roads (48).

Highway roadsides of 5-15-m width next to traffic densities of 11,000~
124,000 veh/day in The Netherlands had somewhart higher heavy-metal accu-
mulations on the downwind side, but no correlation with traffic density was
found (30). All average levels of Ph, Cd, Zn, Cr, Ni, and As in cut grass
(hay} from these roadsides were below the Dutch maximum-acceptable-levels
for livestock fodder and “clean compost.” Only Zn in some roadsides studied
exceeded the maximum for “very clean compost.”

Many other chemicals enter roadsides. Herbicides often kill non-target plants,
particularly from blanket applications in drifting air. For polycyclic aromatic
hydracarbons from petroleurn (136}, the preliminary conclusion for the Dutch
highways was that levels in roadside hay ““do not seem to give cause for alarm”
(30). Fertilizer nutrients affect roadside vegetation (19, 86, 92), and nitrogen
from vehicular NOX emission altered vegetation up to 100-200 m from a high-
way in Britain (7). Acidic road runoff may have impacts on stream ecosystems
(36, 81}. Of the hazardous materials transported on roads, e.g. =>3500,000 ship-
ments moved each day in the United States, a small fraction is spilled, although
accasional large spills cause severe local effects (85}

Typical water-quality responses to road runoff include altered levels of heavy
metal, salinity, turbidity, and dissolved oxygen (16,23, 81). However, these
water-quality changes, even in a wetland, tend to be temporary and localized
due to fluctuations in water quantity (23). Road runoff is a major source of heavy
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metals to stream systems, especially Ph, Zn, Cu, Cr, and Cd (16, 50, 64, 137).
Fish mortality in streams has been related to high concentrations of Al, Mn, Cu,
Fe, ar Zn, with effects on populations reorded as far as 8 km downstream {81).
Both high traffic volume and high metal concentration in runoff have correlated
with mortality of fish and other aquatic organisms (59). Floodplain soil near
hridges may have high heavy-metal concentrations (138). Although highway
runoff generally has litile adverse effect on vegetation or plant productivity, it
may change the species composition of floodplain plant communities, favoring
common species (138).

Overall, terrestrial vegetation seems to be more resistant than aquatic organ-
isms to road impacts (59, 138). Drainage of road runoff through grassy channels
greatly reduces toxic solid- and heavy-metal concentrations (59). Furthermore,
dense vegetation increases soil infiltration and storage. Therefore, instead of
expensive detention ponds and drainage structures to reduce runoff impacts,
creative grassland designs by roads, perhaps with shrubs, may provide both
sponge and biodiversity benefits. The wide range of studies cited above lead to
the conclusion that chemical impacts tend to be localized near roads.

THE ROAD NETWORK
New Roads and Changing Landscape Pattern

Do roads lead to development, or does development lead to roads? This timeless
debate in the transportation community has greater ramifications as environ-
mental quality becomes more important in the transportation—land-use inter-
action (114). For example, new roads into forested landscapes often lead to
economic development as well as deforestation and habitat fragmentation (22).

Atthe landscape scale, the major ecological impacts of aroad network are the
disruption of landscape processes and loss of biodiversity. Interrupting hori-
zontal natural processes, such as groundwater flow, streamflow, fire spread, for-
aging, and dispersal, fundamentally alters the way the landscape warks (40, 53).
It truncates flows and movements, and reduces the critical variability in natural
processes and disturbances. Biodiversity erades as the road network impacts
interior species, species with large home ranges, stream and wetland species,
rare native species, and species dependent on disturbance and horizontal flows.

A new road system in the Rondonia rainforest of Brazil illustrates such
effects. By 1984, road construction and asphalt paving had stimulated a major
influx of people and forest clearing (25). A regular pattern of primary roads
plus parallel secondary roads 4 km apart was imposed on the land. Commonly,
small forest plots of ~35 ha were gradually converted to grass and joined with
neighhoring plots to form large pastures (26). Simulation models of this typical
scenario werecompared with models of a worst-case scenario and an “innovative
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farming™ scenario with perennial crops and essentially no fire or cattle (23, 26).
Species requiring a large area and having poor “gap-crossability” disappeared
in all model scenarios after road construction. Species with moderate require-
ments for area and gap-crossability persisted only in the innovative farming
scenario. Reestablishing the connectivity of nature with a network of wildlife
corridors was proposed as a solution to maintain the first group of species,
which are of conservation importance,

The closure and removal of some roads in the grid is an alternative ecological
approach. Natural landscape processes and biodiversity are both inhibited by
a rigid road grid. Closing and eliminating some linkages would permit the
reestablishment of a few large patches of natural rainforest (32, 41, 43). Such a
solution helps create a road network with a high variance in mesh size. Large
natural-vegetation patches in areas remote from both roads and people are
apparently required to sustain important species such as wolf, bear, and probably
jaguar {Canis lupus, Ursus, Felis onca) (39,76}, Temporary road closures could,
for example, enhance amphibian migration during the breeding phase (67). In
caontrast, road closure and removal could eliminate motorized vehicle use, thus
reducing numerous disturbance effects on natural populations and ecosystems.

A general spatial-process model emphasizes that roads have the greatest eco-
logical impact early in the process of land transfornanon (39, 41). They dissect
the land, leading to habitat fragmentation, shrinkage, and attrition. Forest road
networks may also create distinctive spatial patterns, such as converting con-
voluted to rectilinear shapes, decreasing core forest area, and creating more
total edge habitat by roads than by logged areas (79, 96).

Forest roads as a subset of roads in general are characterized as being narrow,
not cavered with asphalt, lightly traveled, and remote (98). Among the wide
range of ecological effects of roads (39,95), forest roads have a distinctive set
of major ecological effects: (a) habitat loss by road construction, (b) altered
water routing and downstream peak flows, (¢) soil erosion and sedimentation
impacts on streams, () altered species patterns, and (e} human access and
disturbance in remote areas (43,45,62,132). Thus, an evaluation of logging
regimes includes the ecalogical effects of both the road network and forest spa-
tial patterns (43, 69). In conclusion, a road network disrupts horizontal natural
processes, and by altering both landscape spatial pattern and the processes, it
reduces biodiversity.

Road Densiry

Road density, e.g. measured as km/km?, has been proposed as a useful, broad in-
dex of several ecological effects of roads in a [andscape (39,43, 44, 95). Effects
are evident for faunal movement, population fragmentation, human access,
hydrology, aquatic ecosystems, and fire patterns.
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A road density of approx. (.6 km/km? (1.0 mi/mi*) appears to be the maxi-
mum for a naturally functioning landscape containing sustained populations of
large predators, such as wolves and mountain lions (Felis concolor) (43,76, 124).
Moaose (Alces), bear (Lfrsus) (brawn, black, and grizzly), and certain other pop-
ulations also decrease with increasing road density (11,43, 72). These species
are differentially sensitive to the roadkill, road-avoidance, and human-access
dimensions of road density. Species that move along, rather than across, roads
presumably are benefitted by higher road density (12, 39).

Human access and disturbance effects on remote areas tend to increase with
higher road density (39,72,76). Similarly, human-caused fire ignitions and
suppressions may increase, and average fire sizes decrease (111).

Aquatic ecosystems are also affected by road density. Hydrologic effects,
such as altered groundwater conditions and impeded drainage upslope, are
gensitive to road density (116, 118). Increased peak flows in streams may be
evident at road densities of 2-3 km/km? (62). Detrimental effects on aquatic
ecosysterns, based on macro-invertebrate diversity, were evident where roads
covered 3% or more of a watershed in California (73). In southeastern Qntario,
the species richness of wetland plants, amphibians/reptiles, and birds each
correlated negatively with road density within 1-2 km of a wetland (38},

Road density is an overall index that averages patterns over an area. Its
effects probably are sensitive to road width or type, traffic density, network
connectivity, and the frequency of spur roads into remote areas. Thus network
structure, or an index of variance in mesh size, is also important in understanding
the effect of road density (39,76,79,96). Indeed, although road density 1s a
useful overall index, the presence of a few large areas of low road density may
he the best indicator of suitable habitar for large vertebrates and other major
ecological values.

TRANSPORTATION POLICY AND PLANNING

Environmental Policy Dimensions

Ecological principles are increasingly important in environmental transporta-
tion policy, and Australia, The Netherlands, and the United States highlight
contrasting approaches. Australian policy has focused on biodiversity, includ-
ing wildflower protection. An enormous network of road reserves with natural-
vegetation strips 10-200 m wide (Figure 1) stands out in many agricultural land-
scapes (66,92, 111). Public pressure helped create this system, which “helps
to prevent soil erosion” and “where wildflowers can grow and flourish in
perpetuity” (111). Diverse experimental management approaches involve burn-
ing, weed control, planting native species, and nature restoration, Ecological
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scientists commaonly work side by side with civil engineers in transportation
departments at all levels of government.

In contrast, Dutch policy has focused on the open roadside vepetation, road-
kills, animal movement patterns, and nature restoration {1, 21,29, 86). This
approach reflects the stated national objectives of (a) recreating “nature, in-
cluding natural processes and biodiversity; and (4) enhancing the national eco-
logical network,” mainly composed of large natural-vegetation patches and
major wildlife and water corridors (1, 46). An impressive series of mitigation
averpasses, tunnels, and culverts provide for animal and water movement where
interrupted by road barriers (24,43, 44, 86). Environmental activities in trans-
portation revolve around a group of environmental scientists in the national
Miristry of Transport who work closely with engineers and policy-makers at
both local and national levels.

In the United States, environmental transportation policy focuses on vehice-
ular pollutants, as well as engineering solutions for soil erosion and sedimen-
tation (85). A few states have built wildlife underpasses and overpasses to
address local roadkill or wildlife movement concerns. A 1991 federal law—the
Intermodal Surface Transportation Efficiency Act (ISTEA)—establishes policy
for a transportation system that is “economically efficient and environmentally
sound,” considers the “external benefits of reduced air pollution, reduced traffic
congestion and other aspects of the quality of life,” considers transportation
in a region-wide metropolitan area, and links ecological attributes with the
aesthetics of a landscape (43). Thus, US rransportation policy largely ignores
biodiversity loss, habitat fragmentation, disruption of horizontal natural pro-
cesses, natural stream and wetland hydrology, streamwater chemistry, and re-
duction of fish populations, a range of ecological issues highlighted in the
transportation community in 1997 (85).

Of course, many nations use ecological principles in designing transporta-
tion systems (21,33, 63,95, 134), and environmental scientists, engineers, and
policy-makers in Europe have united to “conserve biodiversity and reduce
...fauna casualties” at the international level (21; H van Bohemen, personal
communication). The successful removal of lead from petroleum led to less
lead in roadside ecosystems worldwide. Nevertheless, the huge Australian road-
reserve system and the Putch mitigation system for animal and water flows are
especially ambitious and pioneering.

Spatial Planning and Mitigation

Most existing roads were built before the explosion in ecological knowledge,
and many are poorly located ecologically (43). Yet the Dutch have developed
4 promiising transportation planning process for the movement of both people
and natural processes across the land (40,44, 86). In essence, the ecological
network, consisting of large natural-vegetation patches plus major corridors for
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water and wildlife movement, is mapped. The road network is then superim-
posed on the ecological network to identify bottlenecks. Finally, mitigation
or compensation techniques are applied to eliminate designated percentages of
bottlenecks in a time sequence. The earlier such spatial planning begins, the
greater its effect (41},

Compensation is proposed where bottlenecks apparently cannot be over-
come by mitigation. The principle of no-net-loss has been used internationally
for wetlands with varying success (46, 94}, whereas no-net-loss of natural pro-
cesses and hiodiversity by roads 1s a concept only beginning to be applied
(1,24,46,86). The loss, e.g. of biodiversity or groundwater flow, 1s compen-
sated by increasing an equivalent ecological value nearby. Options include
protection of an equivalent amount of high-quality habitat, reestablishment of
another wildlife corridor, or creation of new habitat. Mitigation, on the other
hand, attempts to minimize detrimental ecological impacts and is illustrated by
the varied wildlife passages (tunnels, pipes, underpasses, overpasses) operating
for animal movement (21, 86).

Diverse tunnel designs focus on small and mid-sized animals. Amphibian
tunnels, generally 30-100 cm wide and located whete roads block movement
to breeding ponds ar wetlands, are widespread in Eurape and rare in the United
States (33,43, 67). “Ecopipes,” or badger tunnels, are pipes ~40 cim in diameter
mainly designed for movement of mid-sized mammals across Dutch roads, and
located where water can rarely flow through (9,44, 46, 86). In contrast, Dutch
wildlife culverts are ~120 c¢m wide, with a central channel for water flow
between two raised 40-cm-wide paths for animal movement. “Talus runnels”
are designed for a mid-sized mammal that lives and moves in rack talus slopes
in Australia (74).

Wildlife underpasses, generally 8-3C m wide and at least 2.5 m high, have
been built for large mammals in southern Florida and scatiered locations
elsewhere in the United States, Canada, and France (33,43, 54,63,93, 113},
Wildlife overpasses, also designed for large marmmals, range in width up to
200 m and are scarce: approximately 6 in North America (New Jersey, Utah,
Alberta, British Columbia} ¢33, 43; BF Leeson, personal communication) and
17 in Europe {Germany, France, The Netherlands, Switzerland) (44, 46, 63, 86,
134), The minimum widths for effectiveness may be 30-50 m in the center
and 50-80 m on the ends (33, 46, 86). The two Swiss overpasses of 140-m and
200-m width remind us that ultimately the goal should be “landseape connec-
tors” that permit 2ll horizontal natural processes to cross roads (43, 44).

These mitigation structures are normally combined with fencing and vegeta-
tion to enhance animal crossing (86). Almost all such passages are successful
in that the target species crosses at least occasionally, and most are used by
many other species. Florida underpasses are used by the Florida panther (Felis
concolor coryi}, nearly the whole local terrestrial fauna, and groundwater as
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well (33, 54). Underpasses and overpasses are used by almost all large mammal
species of a region. Yet, little information exists on crossing rates relative to
population sizes, movement rates away from roads, predation rates, home range
locations, and so forth. Nevertheless, mitigation passages are effective in per-
forating road barriers to maintain horizontal natural processes across the land,

The Road-Effect Zone

Roads and roadsides cover 1.9% of Britain and 1.0% of the United States,
while road reserves {Figure 1} cover 2.5% of the State of Victoria, Australia
(12,85, 131). Yet how much of the land is ecologically impacted by roads with
vehicles?

The road-effect zane is the area over which significant ecological effects
extend outward from a road and typically is many times wider than the road
surface plus roadsides (Figure 2} (39,95, 101, 134). The zone is asymmetric
with convoluted boundaries, reflecting the sequence of ecological variables,
plus unequal effect-distances due to slope, wind, and habitat suitability on
opposite sides of a road (40, 43). Knowing the average width of the road-effect
zone permits us to estimate the proportion of the land ecologically affected by
roads (43). For example, based on the traffic noise effect-distances of sensi-
tive bird species described above, road-effect zanes cover ~10-20% of The
Netherlands (101},

Finally, a preliminary calculation for the United States was made based on
nine water and species variables in Massachusetts (USA), plus evidence from
the Dutch studies (42), An estimated 15-20% of the US land area is directly
affected ecologically by roads. These estimates reemphasize the immensity and
pervasiveness of ecological road impacts. Mareover, they challenge science and
society to embark on a journey of discovery and solution.
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Figure 1 Road cormidor showing road sutface, maintained open roadsides, and
roadside natural strips. Strips of relatively natural vegetation are especially
characteristic of road corridors (know as road reserves) in Australia. Wheathelt of
Western Australia. Photo courtesy of BMJ Hussey.



