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Abstract

Context The majority of ecological studies of roads

have focused on their deleterious effects, and these

preconceptions have hampered a full evaluation of the

ecological functions of roads. As an integrated indi-

cator, road width represents comprehensive effects,

including anthropogenic and natural disturbances.

Objectives We try to explore the different effects

produced by various road widths by considering

changes in forest vegetation and soil.

Methods We selected six study forests spanning

from Shandong Province in the north to Guangdong

Province in the south of China, and we assessed the

influences of wide and narrow roads on plant species

diversity, biomass, and soil properties along transects

running from the forest edges and adjacent forest

interior. We used a ‘‘shape-dependent model’’ to

explain the factors that determine the magnitude of

road effects on forests.

Results Three variables measured in this study

changed significantly with increasing distance from

the road to the forest interior along wide roads: tree

biomass, herbaceous plant biomass, and soil pH.

However, no measurable biological or environmental

effects were found from narrow roads. The different

shapes of glades in a forest may be one reason for the

various effects caused by roads of different widths.

Conclusions Forest roads of different widths may

have quite different ecological effects. While wider

roads with large glades tend to have substantial

negative impacts, small-enough roads may cause little

disturbance to the forest. This suggests that not all

forest roads should be perceived as the same, and

narrow roads may be compatible with forest

conservation.
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Introduction

Road construction is almost completely restricted or

forbidden in forest conservation and management,

especially in nature reserves, although the function of

roads is self-explanatory. Over the last few decades,

interest in the study of the ecological characteristics of

the edges associated with roads has increased (Mar-

cantonio et al. 2013). Seven categories of effects of

roads on terrestrial and aquatic ecosystems have been

reviewed: increased mortality from road construction,

from collision with vehicles, modification of animal

behavior, alteration of the physical environment,

alteration of the chemical environment, spread of

exotic species, and increased alteration of habitats by

humans (Trombulak and Frissell 2000). Numerous

negative effects of forest roads on the remaining forest

have been reported, and the road construction is

considered the primary cause of habitat fragmentation

(Watts et al. 2007). Roads dissect previously large

patches into smaller ones, and they create forest edge

habitat along both sides of the road (Reed et al. 1996).

This can lead to a change in community composition

because species that depend on particular interior

habitat conditions would be removed (Avon et al.

2010). Thus, retention of the remaining roadless or

near-roadless portions of the landscape and restoring

some roads are critical for maintaining habitat

integrity (Trombulak and Frissell 2000). Areas with-

out roads or little traffic (‘‘roadless and low-traffic

areas’’) provide many benefits for biodiversity and

human societies. Furthermore, the few remaining

roadless and low-traffic areas in Europe should be an

important focus of conservation efforts (Selva et al.

2011). Since the 1970s, conservation science has

successfully informed the public and administrative

concerns regarding roadless area protection, including

the transformation of public policy discourse regard-

ing roadless area management and the protection of

the remaining roadless areas in natural forests (Turner

2006). Generally, to protect the integrity of forests,

fewer roads should be built.

At the same time, many studies have shown that

different road types will have different biological–

environmental effects. For example, the road texture

(surface) has an effect on species composition within

the community (Godefroid and Koedam 2004). The

type of trail and the use of trails by tourists interact

with habitat characteristics may alter the activities of

mammals in close proximity to these disturbed areas

(Zhou et al. 2013). In particular, roadside effects were

found to be greater and more pervasive than trailside

effects (Wolf and Croft 2014), and transects adjacent

to less used, unpaved trails were far less affected than

roads (Zhou et al. 2013). Vegetation diversities in

glades, rides and roads are different in plantation

forests: in rides, the most important plantation feature

in determining plant diversity is ride width, while

increasing edge-to-area ratio corresponds to a

decrease in b-diversity within glades (Smith et al.

2007). An in-depth or greater understanding of road

effects can help manage the impacts of roads (Delgado

et al. 2007; Kunert et al. 2015).

As a result, roads do not have completely negative

effects. Previous research showed that road segments

had no significant effects on plant species diversity

since unnecessary cut and fill operations were avoided

in the studied road (Tehrani et al. 2015), and the width

of the road was narrow. Plant species richness and

diversity are highest in the plots closer to the hiking

trails (Queiroz et al. 2014). Some species benefited

from increased light intensities on abandoned logging

roads, and others benefited from low densities of

competing vegetation on roads with compacted soils

in a tropical Bolivian forest (Nabe-Nielsen et al.

2007). These items, together with the ability of the

ecosystem to repair itself, can mitigate the negative

effects of roads (Tehrani et al. 2015). In fact, the size

of a road can affect many other elements, including

anthropogenic and natural disturbances. Roads of

different dimensions represent open patches of differ-

ent sizes in the forest community, with concomitant

effects on species associations (Thornton et al. 2011)

and the extent of forest fragmentation. Habitat loss,

degradation and fragmentation are also related to road

size (Forman 2006). Therefore, the road size can affect

the influence roads have on forest ecosystems to a

certain extent.

The majority of ecological studies of roads have

focused on their deleterious effects, and these precon-

ceptions have hampered a full evaluation of the

ecological functions of roads (Zeng et al. 2011). In

fact, we often observe more tall trees and herbaceous

cover near forest paths, and some animals forage,

migrate, and participate in other activities along

roadsides. Roads seem to have some positive effects

because in closed forest ecosystems, light availability

is a major constraint on tree growth and survival, and
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the idea that canopy gaps contribute to the mainte-

nance of tree species diversity has a long history in

forest ecology (Gravel et al. 2010). Roads can also be

seen as canopy gaps in some sense. Appropriate

disturbances typically cause changes in the local

microclimate by opening up space in the canopy,

resulting in heterogeneous habitat, and heterogeneous

resources allow species with different niche require-

ments to meet their habitat requirements, which leads

to higher species diversity (Bartels and Chen 2010).

The intensity of the effect of spatial heterogeneity is

associated with patch size. The response of a species to

the patch variable is affected by the patch size

(Thornton et al. 2011). Based on these theories, we

proposed a hypothesis: road with different width

would produce different characteristics of biological

effects, environmental effects and longitudinal effects.

To verify this hypothesis, we evaluate vegetation and

soil properties across gradients from roadsides to

forest interiors. Along transects perpendicular to roads

in six forest nature reserves spanning from Shandong

Province in the north to Guangdong Province in the

south of China, we measured vegetation types, stand

characteristics, and soil physicochemical

characteristics.

Methods

Study area

We selected six samples distributed from north to

south China (Fig. 1), Kunyushan (KYS) Nature

Reserve in Shandong Province (121� 370–121� 510 E,
37� 120–37� 180 N), Hengshan (HS) Nature Reserve in
Hunan Province (112� 340–112� 440 E, 27� 100–27� 200
N), and Danxiashan (DXS) Nature Reserve (113�
36000–113� 470 E, 24� 510–25� 040 N), Dinghushan

(DHS) Nature Reserve (112� 300–112� 330 E, 23� 090–
23� 110 N), Heishiding (HSD) Nature Reserve (111�
490–111� 550 E, 23� 250–23� 290 N), and Baiyunshan

(BYS) (113� 160–113� 190 E, 23� 090–23� 130 N) in
Guangdong Province, China. KYS is a warm temper-

ate deciduous broad-leaved forest, HS is a mid-

subtropical evergreen broad-leaved forest, DXS,

DHS, HSD and BYS are lower subtropical evergreen

broad-leaved forests. BYS is a national grade-AAAA

scenic area located in the city of Guangzhou, and the

others are nature reserves that conserve zonal

vegetation. The studied roads had two widths (nar-

row = 2 m and wide = 6–8 m), which were used for

different purposes. Roads of the two widths are

commonly present, and the 6–8 m wide roads are

utilized for transportation infrastructure while the 2 m

wide roads are utilized as walking roads or access

paths through the forests.

Sampling design and data collection

To explore the effects of roads in forest systems, a

series of sample plots were placed at different

distances from the road edge. Our design was based

on the assumption that the most dramatic edge effects

occur within 5 m of the road, according to our

previous studies (Zhou et al. 2009), and other impacts

attenuate within similar distances. Previous literature

on the spatial extents of roadside effects indicated

trends that were effects at either short distances of up

to 15 m or long distances of[ 50 m, as reviewed by

Wolf and Croft (2014). For example, the pattern of

plant species richness rapidly stabilized towards the

interior (10 m) (Arevalo et al. 2008). Differences in

species composition at forest edges and the interior

penetrate approximately only 5 m into the forest

(McDonald and Urban 2006). The vegetation and

microclimate change abruptly within the first 5–10 m

of the forest-road edges (Garcia et al. 2007), and the

reduction in temperature near forest edges extended up

to 20 m inside the forest (Ewers and Banks-Leite

2013). Based on these studies, we selected areas 25 m

away from roads as plots.

We selected roads with two width categories: the

wide group varied from 6 to 8 m across, and the

narrow group was 2 m wide. We created a set of five

transects corresponding to five different distances

from an edge (0–5, 5–10, 10–15, 15–20, and

20–25 m). Transects were 10 9 5 m and ran parallel

to the road, with the long side of the plot perpendicular

to the road (Fig. 2). Data were collected from three

replicate sites of each road type in each forest.

To characterize the environmental conditions at the

study sites, we collected data on vegetation and soil. In

each transect, we recorded the height and diameter in

breast height (DBH) of the trees (higher than 1.3 m).

In addition, we recorded the types of herbaceous plants

and recorded the aboveground herbaceous biomass.

We calculated the Shannon–Wiener diversity index,

richness, and biomass of all trees and herbaceous
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plants in each transect. Soil samples were collected at

a depth of 0–5 cm from the surface at the three

locations in each transect, and the subsamples were

pooled to form a composite sample for each sampling

location. We measured soil pH, moisture, available

phosphorus, organic matter, and soil microbial

biomass carbon. Soil water content, pH, and microbial

biomass carbon were measured in fresh soil, and the

remaining soil samples were air-dried in the shade in

the laboratory.

Fig. 1 Locational map of the six study forests (red triangle):

Kunyushan (KYS) Nature Reserve in Shandong Province,

Hengshan (HS) Nature Reserve in Hunan Province, and

Danxiashan (DXS) Nature Reserve, Dinghushan (DHS) Nature

Reserve, Heishiding (HSD) Nature Reserve, and Baiyunshan

(BYS) in Guangdong Province, China
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Data analysis

The parameters (vegetation biomass, Shannon–

Wiener diversity index, richness, soil moisture, pH,

microbial biomass carbon, total N, available P, and

organic matter) were calculated and plotted against

distance. All data were combined from all six moun-

tain sites in a way that provided a more general view of

how parameters vary with distance from roads using a

Wilcoxon test. Statistical analyses were performed by

SPSS 20.0, and data were analyzed using rank

transformation analysis. This method first transformed

the original variables into ranks, and then the newly

generated ranks were analyzed by a one-way

ANOVA. A Student–Newman–Keuls (SNK) multiple

range test was used to make multiple comparisons

(significance level of 0.05).

Clarification of shape-dependent effects

We hypothesized that shape-dependent effects are the

mechanisms of different effects caused by roads with

different widths, so we designed an experiment to

clarify this relationship.We selected roads with widths

of 2 m and 6 m, and a glade with a width of 30 m.

These sites can be defined as three shapeswith the same

area, including long-narrow (2 m/width * 150 m/

length), rectangle (6 m/width * 50 m/length) and sim-

ilar square (30 m/width * 10 m/length). In particular,

we selected the similar square site to represent extreme

shape conditions. We surveyed the temperature and

moisture at several sample sites on these roads, as

shown in the figures. We collected five samples along

the road from the road middle (S1), road transition

(S2), road edge (S3) and forest interior (S4 and S5)

(Fig. 3).

We calculated the temperature and moisture dif-

ferences between the glade and forest interior in the

three shapes, as follows:

Fig. 2 Sample plots along

the road. Diagram showing

the sampling design used for

the study of vegetation and

soil compaction near forest

paths

S1 S2 S3 S4 S5

Forest interior

Glade

Fig. 3 The sketch of sample plots for testing the shape-

dependent model. Five samples (red pentagram) were collected

to survey the temperature and moisture along the road from the

road middle (S1), road transition (S2), road edge (S3) and forest

interior (S4 and S5)
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DM ¼ S1 � ðS4 þ S5Þ=2 DT ¼ S2 � ðS4 þ S5Þ=2
DE ¼ S3 � ðS4 þ S5Þ=2

where DM indicates the difference between the glade

or road middle (M) and the forest interior, DT
indicates the difference between the glade or road

transition (T) area and the forest interior, and DE
indicates the difference between the glade or road edge

(E) and the forest interior. The variations of DM, DT
and DE among the different shapes were calculated to

reflect the differences caused by glades with different

shapes.

Results

Vegetation properties in different transects

from the roads to the forest interiors

The biomass of tree and herbaceous was highest in the

transect within 5 m adjacent to the wide roads (Fig. 4),

but there was no significant difference between the

four transects within 5 to 25 m of the road. For the

narrow roads, the vegetation biomass within 5 m

along the road edges was higher than the four transects

within 5 to 25 m of the road, but no significant

difference was found.

In relation to vegetation biodiversity and richness,

no significant differences were observed between the

edges and forest interiors of wide or narrow roads

(Figs. 5, 6). However, we noticed that plant diversity

increased from forest edge to interiors along wide

roads, while diversity decreased from forest edge to

interiors along narrow roads (Fig. 5). No consistent

trends were found with regard to plant richness, except

that plant richness decreased from forest edge to

interiors along narrow road (Fig. 6).

The soil moisture increased from the forest edges to

the forest interiors along both wide and narrow roads

without significant differences. The soil pH at the edge

sites was significantly less acidic than that at the

interior sites along the wide road, while no significant

differences were found for the narrow road (Fig. 7).

Soil total N, organic matter and microbial biomass

carbon tended to increase from the road edge to the

forest interior, without significant differences along

the wide road, while no effects of distance from the

road on soil available P were found (Fig. 8). More-

over, these factors did not change along narrow roads.

Analysis of shape-dependent effects

The different shapes of glades in a forest may be one

reason for the various effects caused by roads with

different widths. At all locations (middle, transition

area or edge) within the glade, the differences in air

temperature and moisture were associated with glade

shape (similar square, rectangle, or long-narrow).

There were similar trends in the middle of the glade, in

the transition zone between glade and forest, and at the

edge of the forest. The temperature and moisture

differences between the middle of a similar square

glade and the forest interior were largest, followed by

the rectangular glade and then the long-narrow glade

Fig. 4 Differences in plant (tree and herbaceous) biomass in

transects along roads. The width of wide roads is 6–8 m, and the

width of narrow roads is 2 m. The asterisks indicate significant

differences at the 0.05 level among transects. Vertical bars

represent standard errors
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Fig. 5 Differences in plant (tree and herbaceous) diversity (Shannon–Wiener diversity index) in transects along roads. Vertical bars

represent standard errors

Fig. 6 Differences in species richness in transects along roads. Vertical bars represent standard errors

Fig. 7 Differences in soil moisture and pH in transects along roads. The asterisks indicate significant differences at the 0.05 level

among transects. Vertical bars represent standard errors
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(Fig. 9). These results indicate that patches in forests

with different shapes will produce different effects on

forests.

Discussion

Road width as the main factor behind various road

effects on forests

Although our study sites cover different climatic

zones, forest ages and road ages, the results indicated

that three variables measured here changed signifi-

cantly with increasing distance from the road to the

forest interior along wide roads, including biomass

(tree and herbaceous plant) and soil pH. The increase

of biomass may be due to the fact that the roads have

created open spaces that provide more sunlight and

space for the growth of plants. For the narrow roads,

none of the measured variables showed statistically

significant differences between the edge and the

interior. Narrow roads had no measurable effects on

the biological-environmental conditions of the forest,

and the differences between wide roads and narrow

roads are caused by road width. Previous studies

reported that the highest species richness and diversity

were found in the plots closest to the trail (Queiroz

et al. 2014), while other road segments (5–6 m wide)

had no significant effects on plant species diversity

(Tehrani et al. 2015). Even for non-native species

spread, verges hosted but did not facilitate the spread

of alien species, and it is necessary to highlight the

importance of considering regional climatic gradients,

landscape context and road-verge properties them-

selves (Kalwij et al. 2008). Especially for a well-

preserved region, where road dependency is strong,

and the proportion of uncommon non-native species is

small (Liao et al. 2019). Therefore, these effects were

mainly caused by road width, which is a comprehen-

sive factor that integrates multiple factors (usage

Fig. 8 Differences in soil total N, soil available P, soil organic matter and soil microbial biomass carbon in transects along roads.

Vertical bars represent standard errors
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frequency, disturbance intensity, traffic volume, sur-

facing material, animal behavior and so on).

We propose a shape-dependent model to explain

the road width effects. Two patches with the same area

will produce completely different effects due to

different shapes (Fig. 10). In all locations (middle,

transition area or edge) in a glade, the differences in

temperature and moisture were associated with glade

shape (similar square, rectangle, or long-narrow).

There were similar trends in the middle of the glade, in

the transition zone between the glade and forest, and at

the edge of forest. The temperature and moisture

differences between the middle of the glade and the

forest interior were largest in the similar square glade,

followed by the rectangle and then the long-narrow

glade. This result indicates that different shapes of

forest patches will have different effects on forests.

Previous research suggests that road permeability can

be improved by maintaining canopy cover along short

sections of roads (Chen and Koprowski 2016). That is,
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canopy shelter causes the path to not have a significant

impact. Our model indicated that road effects are

induced by large forest gaps. Because a road has a

large open area and a substantial influence on the

entire forest path, there is no interference from the

canopy, so the impact is relatively small.

In fact, road width is the main factor of various road

effects on forests. For example, compared with

informal trails (4 m), formal trails (2 m) had a

protective effect on vegetation cover (Huang et al.

2015). Various effects of roads on forests are essen-

tially caused by the road width. Narrow and gated

roads, unlike wider and ungated roads, did not appear

to contribute to edge effects on terrestrial salamanders

(Marsh 2007). Road width and traffic density are

major determinants of the barrier effect, whereas road

surface (asphalt or concrete versus gravel or soil) is

generally a minor factor (Forman and Alexander

1998). Road width was a good predictor of the

magnitude of the effects (Marsh 2007). Additionally,

road width explained the magnitude of edge effects

much better than the total break in the forest canopy

(Marsh 2007). Forman (2005) proposed simple spatial

models, which indicated that road effects are relatively

minor around narrow corridors, and roads have the

least impact on small patches (Haskell 2000). The

most severe effect is where a highway crosses a small

natural patch, and the smallest effect occurs where a

small road passes alongside a large patch (Forman

2006). When the road is small, the road effect is

practically nonexistent, even when the road has a high

overall length and coverage over a large area. Long-

narrow roads contribute to the exchange of adjacent

habitats, and wider roads could hamper energy

interactions. For example, wider roads tended to

produce steeper declines in abundance and richness

of macroinvertebrate fauna and leaf litter (Haskell

2000) when the road was 24 m wide and surrounded

by uninterrupted tropical forest; these roads created a

strong contrast in the microclimate (Kunert et al.

2015). In addition, the effects have proportionally

more impacts on forest areas in small fragments or

fragments with convoluted shapes, both of which have

higher perimeter-to-area ratios (Ewers and Didham

2007), increasing the edge-to-area ratio, which corre-

sponded to a decrease in diversity within glades

(Smith et al. 2007). Wide roads have greater effects on

square patches than patches of other shapes. The same

effects can be found for animal behavior; for example,

this phenomenon has been observed with ladybird

beetles, who emigrate from rectangular patches faster

than square patches. Much of the observed variation in

emigration rates from a series of published studies

could be explained by the scaled effect of patch size

(Nams 2011).

Implications for forest road management

An important question for the management and

mitigation of road effects on forests is how wide the

road should be. If narrow roads cause fewer edge

effects than wider roads, newly built roads should not

be wider than necessary (Marsh 2007). The necessary

width discussed in this study can also be seen as a

Fig. 10 The shape-dependent model of road effects on forests. Two road segments with the same area may produce quite different

ecological effects due to their different shapes, with the wider road having a greater influence

123

78 Landscape Ecol (2020) 35:69–81



threshold. Roads have inseparable positive and neg-

ative effects on plant communities, but the negative

effects are of greater concern (Berges et al. 2013).

However, there are no negative effects if the road

width is under a threshold value. In addition, the

ability of the ecosystem to repair itself can mitigate the

negative effects of roads (Tehrani et al. 2015).

Specifically, the perception of forest road management

should change in the following three ways.

First, paths have no impact on forests, which means

that if roads are needed (for research, management, or

recreation purposes), they should be established at

their minimum required size to minimize the impacts.

‘‘Minimum required size’’ here is a threshold; that is,

the construction of roads at certain thresholds does not

affect forests. Road construction is forbidden in many

areas; however, this view may not be correct. Since a

path appears to create a very small level of interfer-

ence, such interference does not lead to the destruction

of the forest canopy and does not affect forests. Then,

we can infer that paths can be a part of the manage-

ment of nature reserves, as long as they are kept below

the threshold of minimum impact. Therefore, the

appropriate construction of roads can be permitted,

rather than completely banned.

Second, roads have negative impact on forests, and

it can be inferred that wider roads would have greater

impacts on forests. If a road exceeds the threshold of

maximum effects, it may cause a collapse of the forest

ecosystems, which would cause disastrous effects. For

example, some models show that the viability of a

population is determined not only by road density but

also by the sizes and shapes of patches (Borda-de-

Agua et al. 2011). Rainforest fragments in central

Amazonia were found to experience a dramatic loss of

aboveground tree biomass. These losses were largest

within 100 m of fragment edges, where tree mortality

sharply increased. Permanent study plots within

100 m of edges lost up to 36% of their biomass in

the first 10 to 17 years after fragmentation (Laurance

et al. 1997). Importantly, if the reality is that wider

roads likely impact forest ecosystems, then the

management of road thresholds in nature reserves

may be a vital way to ensure future viability. This

should be taken into account when considering the

environmental impacts of new roads (Angold 1997).

Furthermore, road networks can impact biodiver-

sity partly independently and hence add to any effects

of habitat loss (Ahmed et al. 2014), and it may be

driving the global loss of biodiversity (Cuaron 2000).

Especially for animals, road networks have negative

effects on four of the five bird categories tested

(Mammides et al. 2015). For example, the movement

of small animals is known to be inhibited by roads, this

is likely to increase population isolation among

vegetation remnants (Ascensão et al. 2017), which

should result in lower rates of immigration into and

recolonization of habitats in landscapes with high road

density (Rytwinski and Fahrig 2007). In particularly,

new road construction could have detrimental effects

on animal populations (Prokopenko et al. 2017). Like

snakes, anurans, lizards and so on, most susceptible to

negative road impacts (Brehme et al. 2018). Based on

the independent roadkill data, more than 70% of

roadkill events occurred within the top 30% priority

segments (Lin et al. 2019). Furthermore, significant

positive correlation can be found between the fractal

dimension of forest stands and road density across all

scales (Miller et al. 1996). As a result, road networks

and road density are important factors when studying

the effects of roads on forests.

Third, there is a shift in the perspective on forest

road management if thresholds are included. There

should be a threshold of the road width that affects

forests, as an abrupt impact may occur with increasing

road width. Since our study indicated that the effects

of wide and narrow roads differed, we can infer that

the impacts of roads on forests are dependent on the

threshold of road width: an abrupt effect may appear

when the road width is larger than the threshold. In

other words, if there is a change in the size of the road,

which can indicate the effects of the roads on forest

ecosystems, ranging from no effect to a sustainable

effect and from a sustainable effect to a destructive

effect, this change can be depicted through ecological

thresholds. In fact, an application of the threshold

concept should consider where extrinsic factors con-

strain the structure and function of ecosystems. When

the level or intensity of an extrinsic factor reaches a

threshold, the structure of the ecosystem, the rate of an

ecological process, or the level of ecosystem function/

service that can be attained is altered (Groffman et al.

2006). In fact, all kinds of thresholds should be studied

to conserve ecosystems. How much of something do

we need to keep people safe and well (Oliver 2016)? In

this case, a road is one kind of extrinsic factor, and this

factor is associated with size. Previous research has

indicated that roads should be a minimum of 15 m in
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width and glades should be a minimum of 625–900 m2

in area for open spaces to significantly contribute to

the biodiversity of plantation forests (Smith et al.

2007). A template is needed for proactively zoning

and prioritizing roads during the most explosive era of

road expansion in human history (Laurance et al.

2014). Different forest roads have different threshold

values of tolerance or habituation to human distur-

bance. However, so far, no study has quantified the

threshold value for the width of a road. Road effect

thresholds should be studied more in the future.
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