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The question of the interaction between management practices and road effects on forest biodiversity is
of critical interest for sustainable practices and the conservation of forest communities. Forest road
improvement and easier access to stand interiors via skid trails, are integral components of management.
We tested whether skid trails and the use of limestone gravel for road improvement extended the road
effect on plant communities further into forest habitats in a nutrient-poor environment. We analyzed
how road distance and skid trail presence affect stand plant communities by examining species compo-
sition, distribution of biological and ecological traits, individual species responses and environmental
plant indicator values. All results showed that the road effect extended deeper into forest on skid trails,
i.e. up to 20 m and even 60 m, than off skid trails, i.e. up to 10 m. Skid trails served as penetration con-
duits for open-habitat species probably due to forest machinery traffic. The road effect was more damag-
ing to forest species and less-competitive species on skid trails. Additionally, limestone gravel modified
the acidity of adjacent poor soils, leading to a shift in species composition and to a colonization of the
stand interior by basophilous species. We advocate minimizing skid trail density and using endogenous
materials for roads to keep sections of forest large enough to conserve disturbance-sensitive forest spe-
cies. The interaction found between road effects and management practices underlines the need to adopt
a landscape-scale view and to consider multiple anthropogenic impacts in order to effectively preserve
forest plant communities.
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1. Introduction

Transportation infrastructures are now being recognized for
their ecological impacts on species and ecosystems, and several re-
views have focused on the multiple effects of roads (Benitez-Lopez
et al., 2010; Coffin, 2007; Fahrig and Rytwinski, 2009; Forman and
Alexander, 1998; Forman et al., 2003; Spellerberg, 1998; Trombu-
lak and Frissell, 2000). However, very few studies have addressed
the effects of roads on natural plant communities (Benitez-Lopez
et al., 2010). Previous results mainly concern exotic plant dispersal
(Flory and Clay, 2006; Gelbard and Belnap, 2003; Hansen and Cle-
venger, 2005; Parendes and Jones, 2000; Pauchard and Alaback,
2004; Tyser and Worley, 1992) and effects in the immediate vicin-
ity of roads (Mullen et al., 2003; Tikka et al., 2001; Ullmann et al.,
1998). Consequently, little is known about the relationship be-
tween road distance and global plant communities in adjacent
habitats, especially forest habitats. Roads change forest spatial pat-
terns by slicing the forest into pieces, but they also establish new
habitats within the forest matrix. This can affect plant species com-
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position by changing soil and habitat properties, and by altering
biotic interactions and population dynamics (Forman and Alexan-
der, 1998; Trombulak and Frissell, 2000).

Road construction and maintenance use exogenous materials
whose properties contrast with existing soils, as is the case in for-
ests when roads are improved for logging. The addition of lime and
clay substrates can modify pH, nutrient content, soil moisture and
bulk density and promote the roadside establishment of exotic and
nitrophilous species (Greenberg et al., 1997; Johnston and John-
ston, 2004; Mullerova et al., 2011). These modifications can extend
into the soil and vegetation of many adjacent habitats by the trans-
port of particles by road dust and water runoff (Angold, 1997;
Farmer, 1993; Johnston and Johnston, 2004; Mullerova et al.,
2011; Tamm and Troedsson, 1955). The phenomenon likely also af-
fects forest habitats, but specific studies are sparse (Dziadowiec
et al., 2006; Godefroid and Koedam, 2004).

The presence of roads alters other forest habitat conditions such
as light and soil moisture levels that, associated with frequent veg-
etation cuttings and soil disturbances, favor open habitat, exotic
and more competitive species (Avon et al., 2010; Buckley et al.,
2003; Parendes and Jones, 2000; Watkins et al., 2003), and conse-
quently total species richness is often reported to increase with
road proximity. However, this increase does not reflect the loss
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of certain species like bryophytes, stress-tolerant species and other
slow-growing species on roadsides and far into forest stands (Avon
et al., 2010). These species are unable to grow in high light and dis-
turbed environments or are displaced by more competitive species
(Angold, 1997; Buckley et al., 2003; Hobbs and Huenneke, 1992;
Mullerova et al., 2011; Woods, 1993).

Roads can act as dispersal conduits for both exotic and native
plants (Birdsall et al., 2012; Greenberg et al., 1997; Parendes and
Jones, 2000; Pauchard and Alaback, 2004; Tikka et al., 2001), thus
promoting the colonization of adjacent habitats (Gelbard and Bel-
nap, 2003; Hansen and Clevenger, 2005; Tyser and Worley, 1992),
especially if they provide favorable environmental conditions. High
light and disturbance levels are key factors for open-habitat and
exotic species penetration from roads into forests (Avon et al.,
2010; Parendes and Jones, 2000; Watkins et al., 2003), and canopy
openness together with the disturbances associated to silvicultural
treatments and timber harvesting are widely known to impact the
vegetation composition of managed stands. However, very few
studies have attempted to specifically address the issue of the
interaction between road effects and management practices in for-
ests, which means the effects of roads on plants in managed forests
are probably underestimated. Moreover, studies on the effect of a
given management practice on species dispersal from roads have
not controlled for road distance (Birdsall et al., 2012; Nelson
et al., 2008), which is the most suitable way to measure the influ-
ence of management practices on extent of forest road effects (For-
man and Alexander, 1998). In managed forests, silvicultural
treatments and timber harvesting rely on forest roads, and even
more on perpendicular skid trails. Skid trails are created by mow-
ing vegetation during stand regeneration and provide easy access
from roads to stand interiors (see Fig. 1). They are evenly distrib-
uted across the stands and this is especially the case in lowland
managed forests where management is likely to be intense, such
as in Europe. Roads and skid trails together can cover a large sur-
face area of forest that offers the conditions of an early-succes-
sional habitat during the regeneration of adjacent stands (Avon
et al,, 2010), after which anthropogenic management on roads

keeps them at a permanent open stage. Roads and skid trails are
frequently disturbed by the traffic of forest machines and vehicles
that can also serve as dispersal vectors for many plants (Decocq
et al, 2004; Ebrecht and Schmidt, 2008; Veldman and Putz,
2010). Previous studies have shown that skid trails cause impor-
tant changes in vegetation communities and can lead to a shift in
ground flora from forest interior species to more ruderal, open-
habitat or exotic species (Buckley et al., 2003; Ebrecht and
Schmidt, 2003, 2008; Zenner and Berger, 2008). We thus hypothe-
sized that skid trails acted as conduits and propagated road effects
further into forest, which have not yet been assessed to our knowl-
edge. Forest roads and skid trails are integral components of man-
agement and thus of all landscapes with managed forests. The
interaction between management practices and road effects on
biodiversity is a critical issue for sustainable practices and conser-
vation purposes in forests, at both local and landscape scales, and
particularly in the global context of intensified timber harvesting
and road networks. We therefore tested whether the forest road ef-
fect on plant communities extended further into stands due to
management practices in a native nutrient-poor environment.
Our main objective was to examine the contribution of skid trails
to the road edge effect on understory plants in adjacent stands.
Our study zone was composed of young forest stands bordered
by limestone graveled roads. Building on our previous results in
a different forest context (Avon et al., 2010), we also discussed
the road edge effect in terms of the contribution of limestone grav-
el used for road improvement and stand regeneration.

2. Materials and methods
2.1. Study sites

The study was conducted in an area in the middle of Orléans
state forest (48°01'N, 2°12’E) that covers about 35,000 ha and has

been managed since at least 1848. Altitude ranges from 107 to
174 m, climate is oceanic, mean annual temperature is about
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Fig. 1. Sampling design at each forest stand. Plant presence was collected at eight distances, from road verge (RV), up to 60 m from the road-stand interface (60), on skid trails

and off skid trails to investigate the role of skid trails in the road edge effect on plants.
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10.6 °C and mean annual precipitation is about 700 mm. The study
sites were even-aged high forest stands derived from natural
regeneration and were mainly composed of sessile oak (Quercus
petraea) mixed with less than 25% Scots pine (Pinus sylvestris). All
selected stands were in the first stages of forest succession, from
regeneration (0-2m) to thicket and thicket-sapling stage (2-
6 m). Soils were acidic (pH H,0 < 5.5), sandy loams or loamy sands,
with depth of high clay content (argic horizon) between 20 and
70 cm, and temporary waterlogging.

2.2. Sample design and data collection

We selected 14 forest stands bordering roads closed to public
traffic. The roads have been improved with limestone gravel for
forest machinery and logging truck traffic. The limestone gravel
layer can reach more than 20 cm, and a strong reaction with hydro-
chloric acid (HCl) was systematically detected on the road verge.
Road surface width was about 3.8 m and total road width averaged
15 m (Fig. 1). Two transects at a distance of 10 m apart were estab-
lished in each stand perpendicular to the road - one off skid trails
and the other on skid trails. To facilitate stand access, roadsides
and skid trails were frequently managed by vegetation clearings,
and soils were disturbed by machinery traffic. We studied the main
skid trails that were perpendicular to forest roads, and not the sec-
ondary paths used only for hand-applying silvicultural treatments.
Skid trails averaged 3 m in width and covered about 12% of stand
area. Percent canopy cover (vegetation above 2 m visually esti-
mated) was null on road verges, averaged 2.5% on skid trails and
17.8% off skid trails. We controlled for homogeneous stand condi-
tions and soil type in the transect vicinity as well as in the sur-
rounding landscape (see Avon et al., 2010). Contrary to sites in
our previous study, there was no embankment at the road-stand
interface. During early summer 2010, 4 m? plots were established
along each transect, i.e. on road verge and at 0, 5, 10, 15, 20, 30, and
60 m from the road-stand interface (Fig. 1). We recorded the pres-
ence of all understory vascular species (pteridophytes and phan-
erogams) and all bryophytes growing on the soil in the 224 plots.
All trees and shrubs less than to 2 m in height were recorded.
The minimum research effort was 7 min per plot, followed by a
5-min rolling period until a new species was found; otherwise re-
search was stopped. Nomenclature follows the French BDNFF (vas-
cular plants) and European BDNBE (bryophytes) systems (Tela
Botanica, 2011). Species traits were compiled from Julve (2011)
and Biolflor (Kuhn et al., 2004): Raunkiaer’s life form and bryo-
phyte type, Grime’s plant strategies, dispersal and pollination vec-
tor of vascular plants, and a combination of weight and length of
seeds. Habitat preference and ancient forest species (Hermy
et al., 1999) were also considered. Indicator values of abiotic pref-
erences were obtained for each species from Ellenberg et al. (1992)
and Ecoplant (Gegout et al., 2005).

2.3. Data analysis

First, we calculated mean indicator values (miv) for each relevé
for light (L), soil moisture (F), nitrogen (N) and acidity (pH), as the
arithmetic mean of the indicator values of all plant species found in
the plot. These miv are recognized as good predictors of environ-
mental conditions and are widely used in European ecosystem
studies (e.g. Diekmann, 2003). We applied a linear mixed-effects
model (Ime) using the four miv as dependent variables, road dis-
tance, skid trail and their interaction as fixed effects and stand as
arandom effect. All the effects were treated as factors. Skid trail ef-
fect is named “STE” to avoid confusion with the location of relevés
(in and off skid trails). We then analyzed which positions along the
distance gradient were significantly different in order to determine
the depth of road edge influence on the miv. We constructed

nested models by progressively pooling the eight consecutive dis-
tances in seven to two compartments. When the interaction be-
tween the two factors was significant, nested models were tested
separately for plots in skid trails and plots off skid trails. We used
the Ime function of nlme package in R (R Development Core Team,
2011).

Second, we performed a canonical correspondence analysis
(CCA) on the floristic matrix (224 plots x 142 species) to analyze
the response of plant composition and used the ade4 package.
We used road distance, STE and their interaction as predictors
and conducted permutation tests (which were always significant
at p < 0.001). We analyzed the 142 species present in at least four
plots out of the 216 species collected, as CCA does not work well
with very sporadic species. CCA with biplot scaling is known to
perform well with unimodal as well as linear response patterns
(Ter Braak, 1986). This method allows the discernment of the pat-
terns of species assemblage in communities and clusters species
having the same response to the gradients analyzed. These species
are assumed to share similar traits, so we verified whether traits
were discriminated on CCA biplot. We also verified that the CCA
patterns captured community variation well by performing an
unconstrained analysis (CA). Then, we examined which positions
were significantly different for plant composition. We used the
same nested Ime models as above, applying them to the relevé
scores on axis 1 of CCA, as this axis was best correlated to road
distance.

Third, to identify particular species response patterns, we ana-
lyzed individual species responses (presence-absence of a species)
with a generalized linear mixed-effects model using road distance,
skid trail, and their interaction as fixed effects and stand as a ran-
dom effect (glmer function of lme4 package). To avoid model
parameterization problems, we selected species with frequency
above 10% (n =50). For all Ime and glmer models, we controlled
for normality and homoscedasticity of residuals and used AIC to
compare models. All the effects were treated as factors in all
analyses.

3. Results
3.1. Environmental conditions

Miv.pH, miv.F, miv.N and miv.L were significantly higher in skid
trails (Table 1). Miv.pH and miv.N decreased with increasing road
distance whereas miv.F only differed at the road-stand interface.
When pooling positions in lme models, analysis showed that
miv.pH variation was more gradual and intense than the other
miv, and stabilized at 15 m into the stands. Miv.L only differed
on road verges but more strongly on skid trails than off skid trails.

3.2. Community response

Species distribution varied with distance from the road. Forty-
five species occurred at all positions. Eighteen species occurred
only on the road verge; species accumulation declined with dis-
tance from the road, but did not reach a plateau at 60 m (Appendix
A). Seventy-seven (37% of the total 216 species) only occurred in
the forest stand and were totally absent from the road verge. Total
species number was highest at the interface (n = 143), but analysis
by type of transect revealed that species number on the road verge
did not differ in and off skid trails and decreased gradually in skid
trails but quickly off skid trails. Forty-four species were lost be-
tween road verge and 10 m off skid trails whereas 28 species were
lost between road verge and 60 m on skid trails. Mean species rich-
ness displayed the same pattern, with a significant interaction be-
tween road distance and STE (Ime analysis not shown).
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Table 1

Response of mean indicator values to road distance and skid trail effects*” and averaged values by transect type‘ and road distance.
Miv STE Distance Interaction IS oS RV¢ 0Om 5m 10m 15m 20 m 30 m 60 m
Miv.pH o o - 5.5 5.1 6.5 5.8 54 5.1 49 4.8 49 49
Miv.F o * - 5.4 5.2 53 5.0 53 53 53 5.2 53 5.5
Miv.N e o - 4.0 3.8 4.6 4.1 4.1 39 3.6 3.6 3.6 3.8
Miv.L e e * IS¢ 6.8 6.4 6.5 6.4 6.3 6.5 6.3 6.5

oS 6.6 5.7 5.8 5.7 5.9 5.7 5.6 5.9

Mean indicator value (miv) for acidity (pH), soil humidity (F), nitrogen (N) and light (L), and skid trail effect (STE).
Linear mixed-effects models were compared by AIC. The corresponding p-values are shown: *p < 0.05, **p < 0.01, ***p < 0.001.

a
b
¢ Plots in skid trails (IS) and off skid trails (OS).
4 Road verge.

e

Averages for each distance are shown by transect type due to significant interaction.

3.3. Constrained analysis

The complete CCA with road distance x STE as constraints ac-
counted for 11.8% of the total inertia of the data. The correlation
between the constraints and the first two factorial axes was
?=0.86 and r? = 0.57 respectively (the first and second axes ex-
plained 5.4% and 1.8% of the total inertia respectively). The CCA bi-
plot illustrated that species composition of relevés was well
differentiated on the first two axes (Fig. 2). The first axis was pri-
marily associated with road distance and the second with STE
(Fig. 2a and b). Species composition of road verge was very similar
on and off skid trails, but then followed two distinct paths, with a
gradual differentiation on skid trails versus an abrupt change off
skid trails (Fig. 2c).

The Ime analysis of relevé scores showed that five compart-
ments were discriminated along the distance gradient on skid
trails: road verge, interface, the 5 m position, the 10 m position,

and the 15-to-60 m compartment. This means that the first four
positions had a distinct plant composition and that road distance
effect penetrated until 15 m in the forest. However, the CCA biplot
showed that species composition at 60 m differentiated from other
positions (Fig. 2d). This suggests that the plant community was not
stabilized at 60 m on skid trails.

Off skid trails, road verge, interface, the 5-to-10 m compartment
and the 15-to-60 m compartment were separated by Ime analysis.
CCA showed that species composition at the interface clearly dif-
fered from the other positions, but thereafter only species compo-
sition at 5 m was distinct (Fig. 2e). Indeed, the analysis of pooled
distances using the Ime models detected a change in species com-
position at 10 m due to a difference with 15 and 20 m positions,
but the CCA biplot showed that species composition was similar
between 10 m position and 30 and 60 m positions. This leads to
conclude that road edge effect modified plant composition until
10 m off skid trails.
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Fig. 2. Biplots of canonical correspondence analysis on factorial map (1,2) with road distance x STE (skid trail effect) as constraints on the total data (224 plots), (a-c), and
with only road distance as constraint on plots by transect type (2 x 112 plots), (d and e). Plots are grouped (centroids) by road distance class (a), transect type (b), road
distance class x transect type (c), and by road distance class in skid trails (d), and off skid trails (e). Road distance classes: road verge (RV), 0 m (0) to 60 m into the stand (60);

transect types: in skid trails (IS), off skid trails (OS).
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3.4. Differentiation of species community with biological and
ecological traits

The more shade-tolerant species were highly frequent in the stand
interior but much less common on the road verge (Fig. 3). The com-
munity was not differentiated by soil humidity or nitrogen prefer-
ence, but strongly discriminated by soil pH preference: acidophiles
were confined to the interior off skid trails whereas basophiles were
numerous on roadsides. Considering plant strategies, the species on
skid trails and roadsides tended to be more ruderal: CSR, CR, SR
and R strategies were absent from the interior off skid trails. Myrmec-
ochorous, barochorous and epizoochorous species were much more
frequent on skid trails and on roadsides whereas endozoochorous
species were absent from roadsides. Species with short light seeds oc-
curred more often on skid trails and roadsides. Bryophytes, phanero-
phytes and chamaephytes were absent from the roadside and
particularly frequent in the interior off skid trails. Habitat preference
also segregated species distribution: forest species avoided road
verges whereas non-forest species were largely frequent on road
verges and skid trails; accordingly, ancient forest species were kept
in stand interiors, particularly off skid trails. All these patterns were
stronger when considering only species that best responded to fac-
tors (not shown). Pollination vector did not discriminate species dis-
tribution. Five exotic species were found very sporadically in stand
interiors, with a general preference for skid trails.

3.5. Individual species response

Among the species that responded only to STE, five were more
frequent off skid trails (group A, Appendix B) and 10 were more
frequent on skid trails (group B). Eighteen species avoided the road
vicinity (group C) and were generally sporadic or even absent from
the roadside (Fig. 4a and b). Road effect extended up to 5 m for
Agrostis canina, Hedera helix, Hypericum pulchrum, Juncus conglome-
ratus, Luzula multiflora, P. sylvestris, Populus tremula, Rubus frutico-
sus and up to 10 m for Deschampsia flexuosa, Dicranum scoparium,
Polytrichastrum formosum, Q. petraea, Veronica officinalis. Road ef-
fect clearly modified frequency up to 15 m for Calluna vulgaris
and Carex pilulifera, 20 m for Hypnum cupressiforme and even
30 m for Calamagrostis epigejos. In general, species that were af-
fected only up to 5 m were more frequent on skid trails whereas
species showing a deeper extent of road effect were more frequent
off skid trails. Eight species had maximum frequency on road
verges (group D). Potentilla reptans and Ranunculus repens did not
penetrate far into the stand whereas Brachypodium pinnatum, Cen-
taurea jacea and Hypericum perforatum occurred farther in (Fig. 4c).
There was a penetration gradient from the roadside up to 60 m into
the stand for Carex flacca, Dactylis glomerata and Plantago lanceola-
ta; in particular, the frequency of C. flacca did not seem stabilized
and still reached 18% at 60 m (Fig. 4d). Seven out of these eight
species were more frequent in skid trails. Five species exhibited a
significant interaction effect between road distance and STE (group
E, Appendix B). Plantago major, Prunella vulgaris, Taraxacum cam-
pylodes showed a strong preference for the roadside off skid trails,
whereas in skid trails they were frequent up to 20 m, and even
60 m for P. vulgaris (Fig. 4e). These three species were more fre-
quent in skid trails. Teucrium scorodonia avoided the road verge,
especially off skid trails. Viola riviniana avoided the road vicinity
on skid trails but the reverse was true off skid trails (Fig 4f).

4. Discussion
4.1. Skid trails and road effect

All results showed that the effect of roads on plants was more
abrupt and less deep into forest stands off skid trails than in skid

trails, even if road verge community was similar in both types.
Off skid trails, there was a shift in plant communities between
the road verge and the forest stand, after which the variations were
smaller. CCA showed that the species composition of forest interior
appeared at 10 m, which was corroborated by all results: both
mean species richness and gamma species richness stabilized at
10 m, and four out of five species with a significant interaction
showed no stand penetration of road effect. Conversely, on skid
trails, plant communities changed gradually and were affected
deeper into the stand. CCA showed a species composition gradient
from the roadside up to at least 15 m, and that plant community
was still not stabilized at 60 m. The response pattern of mean spe-
cies richness confirmed the deeper extent of road effect with mean
species richness stabilizing only after 20 m. In addition, gamma
species richness was still not stabilized at 60 m and three out of
five species with a significant interaction showed road influence
up to 20 m and even 60 m.

Roadsides act as early-successional habitats (Avon et al., 2010),
and mean indicator values indicated that roadsides offered more
nutrient-rich, humid and light conditions than the stand interior.
Consequently, roadsides had more ruderal species, and non-forest
species were predominant. Like roadsides, skid trails were man-
aged for vegetation growth, and so canopy cover was lower than
in the rest of the stand, which explained the higher levels of light,
soil moisture and nutrient richness (Ebrecht and Schmidt, 2003).
Light conditions on skid trails were close to those on roadsides,
as canopy cover was similar in both habitats. The heliophilous
and open-habitat species established in the clearcuts thus per-
sisted longer on roadsides and on skid trails but disappeared else-
where with stand growth (Buckley et al., 2003; Zenner and Berger,
2008). Conversely, less competitive and disturbance-intolerant
species (re-)colonized the stand with canopy closure but not skid
trails and roadsides. However, there was an additional edge effect
of road as suggested by variations in plant community that per-
sisted up to 20 m and even 60 m in skid trails and up to 10 m off
skid trails. Our results showed that skid trails were preferential
dispersal conduits for roadside species. Consequently, there was
a continuum between road community and skid trail community,
reflected by an assemblage of shared traits: non-forest species,
more ruderal species, myrmecochores, barochores and epizooch-
ores, species with short light seeds, heliophiles and basophiles
were predominant on road verges and abundant in skid trails.
The colonization can be facilitated by forest machinery traffic along
skid trails, which would explain the deep penetration of certain
species like P. major and P. vulgaris (Berger et al., 2004; Ebrecht
and Schmidt, 2003; Schmidt, 1989). The penetration of roadside
species can also counteract less-competitive and disturbance-
intolerant species, which would explain why we found that these
species did not occur on roads and were present farther into skid
trails. Forest species and ancient forest species, bryophytes, cha-
maephytes and phanerophytes, endozoochores, shade-tolerants
and acidophiles were favored by the environmental conditions of
the stand interior.

4.2. Limestone gravel, stand age and road effect

Our previous study on road effect had been conducted in Mon-
targis forest in older oak stands (20-40 year-old and >90 year-old
trees) and in a context of infrequent limestone amendments on
roads due to the high resistance of the native material (see Avon
et al., 2010). The results have shown that the global effect of road
stopped at 5 m (without skid trails). In Orléans forest, species col-
onizing from the road penetrated farther into stand compared to
Montargis (see Avon et al., 2010, and species in common C. flacca,
D. glomerata, H. perforatum, P. reptans, P. vulgaris, and R. repens),
whereas species affected by a deeply negative road effect reached
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entomophile (ento), entomophile-autogame (ento-auto); life form: phanerophyte (P), chamaephyte (C), geophyte (G), hemicryptophyte (H), therophyte (T) plus bryophyte
type (bryo); habitat preference: forest species (F), forest-edge species (FE), non-forest species (NF) and wetland species (HY); weight and length of seeds: 0 < light <0.29 g,
0.94 g < heavy < 7.43 g,0.29 mm < short < 1.16 mm, 1.64 mm < long < 3.71 mm, intermediate values (other); species of ancient forest referenced in at least one or five studies:
ancient forest species (1), non ancient forest species (0). Only categories with a sufficient number of species were considered.
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Fig. 4. Species frequency variation with road distance in skid trails (IS) and off skid trails (OS). Only species showing a significant distance effect are given: group C avoided
road proximity (a and b); group D penetrated into the stand (c and d); group E responded differently to road distance with transect type (e and f). Generalized linear models
were compared by AIC, and the corresponding p-values are shown (Appendix B): *p < 0.05, *p < 0.01, **p < 0.001. Names were abbreviated using the first three letters of

genus and species. See text for full names. See Appendix B for other results.

their forest interior levels farther into stand compared to Montar-
gis (see Avon et al., 2010, and species in common D. flexuosa, D.
scoparium, H. cupressiforme and P. formosum). These differences
can be explained by stand age or by road surface materials. At Orlé-
ans, stands were in early stages of forest succession, and the road
edge effect extended farther into the forest. In the regeneration
cutting phase, the combination of canopy removal and logging
machinery traffic facilitates dispersal from road source, and offers
favorable conditions for open-habitat and disturbance-tolerant
species (group D). These abiotic conditions disappear rapidly with
stand growth, and non-forest species, heliophiles, basophiles and
more ruderal species survived near the road, or only on the road
verge in older stands. The reverse gradient occurred for forest spe-
cies, bryophytes, shade-tolerants and acidophiles that slowly re-
colonized the stand (group C) and were present everywhere in
adult stands except on the road verge (Avon et al., 2010).
Furthermore, at Orléans, the roads were stabilized with a thick
layer of limestone whose high pH decreased the soil acidity of the
surrounding nutrient-poor habitat by road dust dispersion and
water runoff (Mrotzek et al., 2000; Mullerova et al., 2011). The
delivery of exogenous substrate can also introduce exotic and
open-habitat species by seed transport within substrate but more
probably on dumper trucks themselves, and this dispersal can oc-
cur over long distances (Hodkinson and Thompson, 1997; Lonsdale
and Lane, 1994; Schmidt, 1989; Wace, 1977). Since limestone
amendments and young stand age produced similar patterns, it
could be difficult to separate the edge effect caused by one or the
other. However, the miv of pH for roadside, interface and the 5 m
position was higher at Orléans than at Montargis, despite the more
acidic forest soils. This conclusively demonstrates that plant spe-
cies were more basophilous than expected and were able to pene-
trate into the stand (group D, e.g. C. flacca). Conversely, species
avoiding road proximity were more acidophilous (group C, e.g. H.
cupressiforme). This suggests that roads improved by exogenous
materials had a stronger barrier effect on forest species than native

roads (Greenberg et al., 1997). Others studies have also shown
stronger impacts of using exogenous (alkaline) materials for road
surfacing in nutrient-poor environments (Hobbs and Huenneke,
1992; Johnston and Johnston, 2004; Mullerova et al., 2011).

4.3. Combined effects of road and management reduce forest interior
area

The road effect was exacerbated by both silvicultural practices
in the early stages of forest succession and by road improvement
that used exogenous material. Skid trails are needed for silvicul-
tural treatments but we showed that they served to propagate road
effects into the forest interior. Forest managers should pay serious
attention to the role played by management and machinery traffic
from the outside to the interior of forest, along forest roads and
skid trails, on the introduction of open-habitat species. We recom-
mend that road improvement use endogenous materials that do
not change soil pH. We also advocate a serious look at the balance
between the benefits of new road construction and the negative ef-
fects on forest plant communities. Above all, considering the cur-
rent intensification of logging, it is important for forest
biodiversity conservation purposes to strongly limit the density
of skid trails and the frequency and duration of skid trail manage-
ment (Zenner and Berger, 2008). Skid trails covered about 12% of
stand area in our study zone (only main paths), but a broad varia-
tion exists in skid trail density among forests. Combined with the
road effect zone, skid trails undoubtedly reduce the forest area
suitable for forest interior species.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biocon.2012.10.
008. These data include Google maps of the most important areas
described in this article.
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