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ABSTRACT / Noncrop areas such as hedgerows in agricul-
tural landscapes can perform several ecological and agro-
nomic functions (e.g., habitat, movement corridors, wind-
break, etc.), but their dynamics and drivers of changes are
often poorly known. We conducted a study in three agricul-
tural landscapes of southern Quebec, Canada, to assess and
compare the spatial and temporal (1958—-1997) dynamics of
three hedgerow networks in relation to geomorphic conditions

(marine, glacial, and mixed deposit) and land-use changes.
Hedgerow networks were mapped and described in terms of
their structure (density, degree of connectivity, and presence
of trees or shrubs) and their relationship to other components
of the landscape (connection to woodland). Relationships
were assessed in time and space using nonparametric corre-
lation, Mantel test, and principal components analysis (PCA).
Results show significant differences between hedgerow struc-
ture for the three landscapes and distinct temporal and spatial
dynamics that can be related to changes in management
practices and agricultural policies. On marine deposits, in-
creases in hedgerow density did not always correspond to an
increase in their degree of connectivity, suggesting a possible
reduction in network quality. On glacial deposits, hedgerow
density declined following abandonment of agricultural land,
but rather than disappearing, these linear structures were inte-
grated into adjacent brush or forested areas. Our analysis re-
veals the complex spatial and temporal dynamics of the hedg-
erow networks and highlights the need to take into account
spatial attributes such as connectivity and connection to
woodland to evaluate more accurately overall network quality.

Management practices in agricultural landscapes are
mostly directed toward maintaining agricultural pro-
duction. There is an increasing awareness that such
activities, if they are to be sustainable, should also take
into account the preservation of ecological processes
and biological diversity (Mineau and McLaughlin 1996,
Craig and others 2000). There is, however, still much to
learn about how to achieve conservation objectives in
farm systems. In this respect, elements that can provide
structural diversity in an otherwise relatively homoge-
neous landscape deserve particular attention (Thies
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and Tscharntke 1999). As such, uncultivated field mar-
gins, especially woody hedgerows, have been the object
of several investigations because they are assumed to
fulfill important ecological and agronomic functions
(Forman and Baudry 1984, Baudry and others 2000).
There is no doubt that they harbor a higher level of
biodiversity than adjacent fields, providing at least tem-
porary habitats for plant and animal species, some of
which can be beneficial predators of agricultural pests
(Dennis and Fry 1992, Bunce and others 1994, Marshall
and Arnold 1995, Burel 1996, Jobin and others 1996,
Petit and Usher 1998, McCollin and others 2000). Al-
though this is still a matter of debate, there is also
evidence that hedgerows may function as corridors con-
necting populations in remnant fragmented habitats
(Fahrig and Merriam 1985, 1994, Fritz and Merriam
1993, Corbit and others 1999). Finally, hedgerows im-
prove agricultural productivity by modifying climatic
conditions in adjacent fields, by reducing soil erosion,
and/or improving water quality and water regime (Kort
1988, Burel and Baudry 1995).
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Changes in agricultural practices, their intensifica-
tion, reduction, or the transformation of the nature of
farming operations, often follow shifts in markets, tech-
nology, and policies (Paquette and Domon 1997, Pan
and others 1999). The consequences are that land-use
patterns are often modified in ways that have not always
been well assessed in relation to the preservation of
biological diversity and ecological processes (Bouchard
and Domon 1997, de Blois and others 2001). Because,
by definition, woody hedgerows are boundary struc-
tures that surround or separate fields, their dynamics
and composition will likely depend on management
practices in adjacent lots and on widespread changes in
the whole landscape (Le Ceceur and others 1997, Mac-
donald and Johnson 2000, de Blois and others 2002).
In Europe, especially in France and England where
scientific investigations of hedgerow dynamics have
been extensively conducted, hedgerows have been an
integral part of farming systems for centuries (Barr and
Gillespie 2000, Baudry and others 2000, Oreszczyn and
Lane 2000). They have usually been planted and are
often managed for fuel or other needs. In agricultural
landscapes of eastern North America, where the
present study was conducted, hedgerows are most often
the result of field margins and fences that were left
uncultivated and are derived from natural recoloniza-
tion by local plant species. Their composition and dy-
namics in this context are poorly known, most probably
because they have not been given the same economic,
ecological, and cultural importance that their Euro-
pean counterparts have received. They are often per-
ceived by landowners as marginal structures that can
become a nuisance when fields need to be widened or
ditches need to be maintained. In an environmental
management perspective that aims to integrate agricul-
tural production and nature conservation, it becomes
important to assess the factors that drive their dynam-
ics.

The present study was conducted in an agricultural
area of southern Quebec, Canada, to assess and com-
pare the spatial and temporal (1958-1997) dynamics of
three hedgerow networks in relation to geomorphic
features and land-use changes. Because geomorphic
features are a primary determinant of land-use patterns
and land-use dynamics (Pan and others 1999) in our
study area, we hypothesize that different landscape con-
figurations would lead to distinct hedgerow dynamics.
A previous study of the same territory showed little
variation in the total area occupied by cultivated fields
from 1958 to 1993, but revealed fluctuations in patch
size and patch number that could have affected bound-
ary structures (Pan and others 1999). Pastures were also
abandoned during that period, and previously fallow

land reverted to forests through natural succession. All
of these processes have occurred differentially accord-
ing to environmental constraints related to the type of
surface deposits and were likely to have influenced
hedgerow dynamics.

Methods

Study Area

The study area is located in Godmanchester, a rural
municipality of 139 km? within the Haut-St-Laurent
region in the southernmost part of the Province of
Quebec, Canada (Figure 1). The Haut-St-Laurent re-
gion has a humid continental climate with hot summers
and cold winters. The mean annual temperature and
total precipitation are, respectively, 6.5°C and 1006.9
mm for the years 1961-1990 (Huntingdon meteorolog-
ical station). The mean temperature reaches a high of
21°C in July and a minimum of —9.5°C in January
(Environment Canada 1993). The bedrock is com-
posed of Beekmantown dolomite, which is the main
element found in regional moraine deposits. The relief
is mostly flat, with ridges and mounds of morainic
deposits merging from the marine plain of clay deposits
(Bariteau 1988).

The Haut-St-Laurent region is located within the
Maple-Bitternut Hickory Bioclimatic Domain (Minis-
tere des Ressources naturelles du Québec 1998), and
the St. Lawrence Lowlands Ecoregion (Ecoregions
Working Group 1989). Mesic forests are generally dom-
inated by Acer saccharum Marsh, with subdominants
such as Carya cordiformis (Wang.) K. Koch, Ostrya virgini-
ana (Mill.) K. Koch., Tilia americana L., Fagus grandifolia
(Ehrh.), and Tsuga canadensis (L. Carr). Following Eu-
ropean settlement in the 19th century, the area was
extensively exploited first for timber and then for agri-
culture (Simard and Bouchard 1996, Paquette and Do-
mon 1997). Today, uncultivated vegetation patches are
mostly confined to the numerous moraine islets and
ridges of glacial origin, which are now generally con-
sidered unsuitable for intensive agriculture. Agricul-
tural activities, especially dairy farming and grain and
cereal production, are concentrated in the rich low-
lands covered with marine clay deposits. Privately
owned, the woodlands are often used as a source of
firewood and/or as pasture for cattle (Domon and
others 1993). Land-use dynamics in this area are typical
of many other agricultural or semiagricultural land-
scapes in eastern North America. Historical patterns
have resulted in usually long, narrow land parcels lying
parallel to each other and perpendicular to the St.
Lawrence River.
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Figure 1. Location of study area.

Using digitized geomorphic maps and land-use
maps developed with SPANS GIS (Intera Tydac 1993)
as a tool to conduct integrated ecological and land-
scape management studies in Godmanchester, we first
delineated three characteristic landscape units (600 ha
each; Figure 2) that differed by the spatial arrangement
of their marine and glacial surface deposits and, con-
sequently, in the intensity of agricultural use. The first
unit, referred to hereafter as the clay plain landscape, is
dominated by marine clay deposits of the Champlain
sea. Agriculture is intensive with land being mostly
cultivated for cash crops such as corn (Zea mays), which
usually require high inputs of herbicides and fertilizers,
as well as annual tillage. The second unit, referred to as
the mixed landscape, is dominated by marine clay de-
posits, interspersed with islets of glacial deposits. The
clay deposits are cultivated mostly for grains and cere-
als, whereas the glacial islets are left uncultivated. Fi-
nally the third unit, the glacial landscape, is dominated
by continuous glacial deposits with a few pockets of
peat. Itis characterized by low agricultural intensity and
shows a relatively continuous vegetation cover, with a
few embedded fields generally used for fodder crops.

Noncrop vegetation patches include forest, brush, and
pasture.

Sampling

We recorded data of three types in each of our
landscape units: (1) geomorphic deposits, (2) type of
land use, and (3) structure of hedgerow networks.
Whereas the surface deposit is stable, the other two
variables change in time. Data on land use and hedg-
erows were obtained from the interpretation of aerial
photographs (black and white, 1:15,000) covering five
years (1958, 1968, 1979, 1992, and 1997). The availabil-
ity of aerial photographs and the quality of their reso-
lution determined the time period. Data for 1997 were
first obtained from field sampling done during the
summer of 1997 and were subsequently mapped with
aerial photos. Fieldwork allowed us to validate our pho-
to-interpretation and to refine our knowledge of hedg-
erow conditions and dynamics.

In order to reduce errors related to the interpreta-
tion of aerial photographs, land-use classes were limited
to five (pasture, fodder crop, cereal crop, brush, and
forest). Brush is composed of mostly shrubs and/or low
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trees with no more than 20% tree cover. Hedgerows
were categorized based on the height of the vegetation
as being dominated by shrubs or trees. This categoriza-
tion reflects habitat quality as well as disturbances re-
lated to management activities within the hedgerow.
Our photo-interpretation allowed the production of
maps (1:14,000) that represent land uses and the spa-
tial structure of hedgerow networks for each of the
three studied landscapes. All of these data were super-
imposed upon geomorphic maps obtained from the
studies of Bariteau (1987, 1988).

We sampled each of the three landscapes using plots
distributed systematically (checkerboard pattern) on
each series of maps (five maps per landscape type). The
plots, each 4 ha (200 X 200 m) in area, were spaced
every 200 m, a distance based on the average width of
agricultural fields. Only plots that had hedgerow seg-
ments for at least one of the five sampled years were
retained. In total, we sampled 51 plots in the clay plain
landscape, 54 in the mixed landscape, and 39 in the
glacial landscape.

For each of the plots, the area covered by the various
types of surface deposits (glacial, marine, and biogenic)
and the area covered by the land-use types (pasture,
fodder, cereals, brush, forest, others) were measured
from pixels whose size (14 X 14 m = 196 m®) was
determined in relation to the mapping scale
(1:14,000). As for the hedgerow networks, they were
characterized by four structural variables that were se-
lected as potential indicators of the ecological func-
tions that hedgerows are thought to accomplish in
agricultural landscapes (Baudry and others 2000). First,

Clay plain
Glacial

‘ Biogenic

Figure 2. Geomorphic deposit
types within Godmanschester
and location of the three land-
scapes: (from left to right) clay
plain, glacial, and mixed.

the density (meters per hectare) was calculated as the
total length of hedgerows in each plot to evaluate the
quantity of potential plant habitat (Corbit and others
1999, de Blois and others 2002), wildlife habitat (Burel
1992), or movement corridors (Bennett 1990, Merriam
and Lanoue 1990, Bennett and others 1994). Next, the
degree of connectivity (Burel and Baudry 1990; Riffell
and Gutzwiller 1996) between the different hedgerows
of the networks was calculated by attributing a numer-
ical value to each intersection as a function of the
number of links that it supports. This value reflects the
movement potential offered by the network as it corre-
sponds to the number of new directions that an organ-
ism can select at the intersection of several hedgerows,
multiplied by the number of access ways leading to this
structure. Hence, the value 2 is attributed to an L-
shaped intersection linking two hedgerows, because it
offers only one new direction and has two access ways.
A T-shaped intersection linking three hedgerows re-
ceives a value of 6 (2 X 3), and a X-shaped intersection
receives a value of 12 (3 X 4) (Burel and Baudry 1990).
The number of connections to woodlands is a third
structural variable measured that takes into account the
physical links existing between hedgerow network and
woodlands. By reducing the isolation of woodlands
within agricultural landscapes, these connections may
increase the survival rate of some animal or plant pop-
ulations by facilitating movement between the different
forest fragments (Fahrig and Merriam 1985, Bennett
1990). Finally, a distinction was made between shrubby
hedgerows and hedgerows made up mostly of trees, in
order to account for the dynamics and diversity of
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Table 1. Structural characteristics of hedgerow networks for the three landscapes
Year
Structural variables Landscape 1958 1968 1979 1992 1997 Mean = SD
Density (m/ha) Clay plain 14.99 18.33 14.39 21.97 23.88 18.71 = 4.18
Mixed 12.23 14.28 11.11 21.33 17.45 15.28 + 4.15
Glacial 26.32 28.33 25.29 23.10 22.77 25.16 + 2.31
Degree of connectivity/ha Clay plain 0.13 0.12 0.04 0.07 0.04 0.08 = 0.04
Mixed 0.02 0.03 — 0.21 0.20 0.12 = 0.10
Glacial 0.67 0.63 0.52 0.32 0.45 0.52 = 0.14
Number of connections to woodlands/ha Clay plain — — — — — —
Mixed 0.04 0.05 0.04 0.05 0.05 0.05 = 0.01
Glacial 0.12 0.10 0.12 0.12 0.11 0.11 = 0.01
Proportion of shrubby hedgerows (%) Clay plain 39.31 43.03 49.10 79.49 44.10 51.01 = 16.30
Mixed 48.09 39.22 53.78 73.63 58.29 54.60 += 12.80
Glacial 41.49 25.86 18.82 29.90 21.72 27.56 * 8.84
Proportion of tree hedgerows (%) Clay plain 60.69 56.97 50.90 20.51 55.90 48.99 + 16.30
Mixed 51.91 60.78 46.22 26.37 41.71 45.40 = 12.80
Glacial 58.51 74.14 81.18 70.10 78.28 72.44 + 8.84

“Value <0.005.

available habitats and different levels of soil protection
(Bennett and others 1994, Best and others 1995,
Choiniére and Bélanger 1995, de Blois and others
2002). Note that the width of hedgerows in this land-
scape usually ranges from 5 to 12 m, whereas wood-
lands are usually =1 ha (de Blois and others 2002).

Data Analysis

The data on total length, degree of connectivity, and
number of connections with woodlands were adjusted
by hectare in order to compare the networks of the
three landscapes. The shrub- or tree-dominated hedg-
erows were described as a proportion of total length.
Based on values obtained for the five sampled years and
each of the three different landscapes, comparisons
were made using analysis of variance with single crite-
rion of classification (Kruskal-Wallis). The relationships
between the density of hedgerow networks and their
degree of connectivity were examined using rank cor-
relation (Kendall’s coefficient). A modified Bonferroni
procedure was used to adjust levels of significance to
take into account multiple testing [Holm procedure
(Holm 1979)].

Relationships between land use and surface deposit
patterns were measured using Mantel’s (1967) test, for
each of the five years sampled, by grouping the sample
plots of the three landscapes. In order to do this, sim-
ilarity matrices were calculated from land-use and sur-
face deposit data using Gower’s (1971) similarity coef-
ficient. These calculations were done using the R
statistical package (Legendre and Vaudor 1991). Prin-
cipal components analyses (PCAs) (SAS Institute 1996)
were done to express the relationships between hedg-

erow network dynamics and land use. This type of
analysis allows a representation of relationships be-
tween objects in a two-dimensional space while preserv-
ing the Euclidean distance between them. Results are
displayed using two-dimensional ordinations (Gabriel
1971), where the descriptors are represented by or-
thonormal vectors and objects are represented by
points. In order to illustrate land-use dynamics in each
of the landscapes, a curve was drawn linking the cen-
troids of each sampled date (1958, 1968, 1979, 1992
and 1997) on the PCA ordinations. Finally, the varia-
tions in the density of hedgerow networks were calcu-
lated for the four time intervals studied: 1958-1968,
1968-1979, 1979-1992, and 1992-1997. Each sample
plot was characterized as having had an increase or a
reduction in hedgerow density during the reference
period. The centroids of these groups of sample plots
were plotted on the PCA ordinations to evaluate the
influence of land-use changes on hedgerow density.

Results

Temporal and Spatial Variation in Structural
Characteristics

The structural characteristics of the hedgerow net-
works are significantly different between the three sam-
pled landscapes, and this is true for the entire time
period (Table 1). The networks of the glacial, mixed,
and clay plain landscapes are different in terms of their
density (H = 9.38; P = 0.0092), their degree of
connectivity (H = 9.52; P = 0.0086), their number of
connections to woodlands (H = 13.18; P = 0.0014),
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Table 2. Rank correlations between hedgerows
density and their degree of connectivity

Year

Landscape 1958 1968 1979 1992 1997

Clay plain  0.3577  0.5101* 0.2225 0.2571  0.1541
Mixed 0.2283  0.1704 — 0.5338"  0.4657"
Glacial 0.5731*  0.7281* 0.7086" 0.6106" 0.5200*

“Significant relationship at the Holm-corrected probability level for an
overall probability level of 0.05.

and in the proportion of shrub versus tree hedgerows
(H = 8.06; P = 0.0178). These differences are par-
ticularly important between the networks of the glacial
landscapes and those of the mixed and clay plain land-
scapes.

Contrary to those of the mixed and clay plain land-
scapes, the degree of connectivity of the hedgerow
network of the glacial landscape is significantly corre-
lated to the density of the network for each of the years
analyzed (Table 2). This relationship, when significant,
is weaker in the mixed and clay plain landscapes. For
the clay plain landscape, this relationship is consider-
ably reduced after 1979. For the mixed landscape,
there is an increase in the link between the density of
the hedgerow networks and the degree of connectivity
after 1979.

With respect to the dynamics of hedgerow networks,
three broad time periods can be identified (Table 1).
Whereas other structural characteristics of the networks
show large variations during these periods, the number
of connections with woodlands remains constant in
each of the landscapes. Extending from 1958 to 1968,
the first period is characterized for each landscape by
increases in density and relatively stable degrees of
connectivity. However, as opposed to those of the clay
plain landscapes, hedgerows of the mixed and glacial
landscapes showed increases in the proportion of hedg-
erows dominated by trees.

The second period, between 1968 and 1979, is char-
acterized by decreases in the densities of hedgerows in
all landscapes, accompanied by decreases in the degree
of connectivity. Table 1 shows that the decreases in
density coincide, for mixed and clay plain landscapes,
with decreases in the proportion of hedgerows with
trees.

The third period extends from 1979 to 1997. It is
characterized by major fluctuations that clearly differ-
entiate the hedgerow networks of the three landscapes.
During this period, the hedgerow networks of the clay
plain had an increase in density of 66%, whereas in the
mixed landscape an increase of 92% occurred between

1979 and 1992, but was followed by a decrease of 18%
between 1992 and 1997. The glacial landscape had an
almost constant decrease (10%) of hedgerow network
density during this period (Table 1). These changes in
density were accompanied by a decrease in the degree
of connectivity only in the glacial landscape, the mixed
and the clay plain landscapes remaining relatively sta-
ble in this respect (Table 1). Moreover, in 1992 more
than 70% of hedgerows found in the clay plain and the
mixed landscapes were shrubby hedgerows (Table 1).

Land-Use Dynamics

Besides cyclic changes due to crop rotations, the
agricultural and forest mosaics of the three landscapes
have undergone substantial transformations of their
land-use patterns (Table 3). However, the dynamics
involved differ considerably among the three land-
scapes.

On the clay plain, the transformation essentially af-
fected agricultural land uses. Between 1958 and 1979,
more than half of the cultivated areas was devoted to
fodder crops; these were largely replaced after 1979 by
cereal crops, which occupied more than half of the
sampled agricultural area in 1992. The areas allocated
to pasture fluctuated between 1958 and 1979, but de-
creased considerably in 1997, whereas nonagricultural
land (forest, brush), occupying smaller areas, remained
relatively unchanged.

In contrast to the clay plain, the mixed landscape
had major changes occurring in each type of land use
(Table 3). Thus, after increasing between 1958 and
1979, fodder crop areas decreased considerably in
1992, whereas cereal crops increased markedly after
1979. Pasture areas decreased considerably in between
1958 and 1997, and nonagricultural land-use areas
(brush and forest) expanded considerably, going from
9% of the total area in 1958 to more than 20% in 1997.

In the glacial landscape, the transformation also
affected all of the land uses (Table 3). As in both
preceding cases, the proportion of areas used for fod-
der crops greatly diminished between 1979 and 1997,
whereas areas used for cereal crops increased between
1969 and 1997. Occupying close to 10% of sampled
areas in 1958, 1979, and 1997, the pasture areas had an
increase between 1958 and 1968, followed by a de-
crease in between 1968 and 1992. Finally, the areas
occupied by brush increased considerably in between
1968 and 1997, whereas the forested areas increased
less markedly.

The Mantel test results shown in Table 4 indicate
that land-use patterns are significantly (P = 0.001)
associated with the type and configuration of surface
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Table 3. Proportion (%) of area occupied by different land uses adjacent to hedgerows

Year
Land use Landscape 1958 1968 1979 1992 1997
Pasture Clay plain 8.65 1.12 10.78 6.06 2.35
Mixed 19.81 6.26 7.98 7.30 2.42
Glacial 10.89 19.96 11.07 5.79 10.70
Fodder crops Clay plain 72.44 71.81 68.24 20.44 35.60
Mixed 53.21 62.04 62.70 12.66 24.80
Glacial 43.71 41.70 47.56 40.20 26.14
Cereal crops Clay plain 7.95 15.61 7.25 59.93 49.16
Mixed 11.90 10.04 8.09 57.62 39.72
Glacial 0.35 1.84 — 4.28 9.29
Brush Clay plain 0.60 0.54 0.38 0.62 1.75
Mixed 0.41 1.69 1.53 — 4.28
Glacial 1.88 0.52 1.44 3.93 14.40
Forest Clay plain — — —° — —
Mixed 8.78 11.98 11.65 13.16 18.84
Glacial 28.48 24.16 28.81 34.90 30.18
Other Clay plain 10.36 10.91 13.36 12.95 11.14
Mixed 5.89 7.99 8.05 9.26 9.94
Glacial 14.69 11.81 11.11 10.91 9.29

“Value <0.005.

Table 4. Mantel statistics between land uses and
geomorphic surface deposit similarity matrices (P =
0.001)

Year R
1958 0.20
1968 0.25
1979 0.20
1992 0.43
1997 0.35

deposits for each of the sampled periods. This relation-
ship tends to increase between 1958 and 1997.

Relationship Between Land-Use Patterns and
Changes in Density of Hedgerow Networks

The PCAs (Figures 3-5), which illustrate land-use
pattern dynamics, reveal two distinct periods (1958-
1979 and 1979-1997) for the mixed and clay plain
landscapes. This distinction is also seen, but much less
markedly, in the glacial landscape. The PCA ordina-
tions of the three landscapes also show the complex
relationships, varying spatially and temporally, between
land-use and changes in the density of hedgerow net-
works.

For the clay plain landscape, the PCA expresses 74%
of the variance of the land-use matrix (Figure 3). The
centroids of the sample plots from 1958, 1968, and
1979 are located in the negative half of the first axis,
and thus appear strongly associated with fodder crop

production. The centroids of the sample plots from
1992 and 1997 are positioned toward the positive ex-
treme of the first axis, which is strongly correlated with
cereal production. As for the changes in hedgerow
density, the analyses reveal two different trends among
the sample plots showing decreases. During the periods
1958-1968, 1968-1979, and 1979-1992, these plots
were associated with large areas under fodder produc-
tion. However, between 1992 and 1997, the plots were
more frequently associated with cereal production ar-
eas. As for sample plots that had increases in hedgerow
density, they were associated between 1968 and 1992
with a combination of pastures and fodder crops; be-
tween 1958 and 1969 with fodder crop production, and
finally, in between 1992 and 1997 with cereal crop
production.

For the mixed landscape, the ordination, which ex-
presses 59% of the variance contained in the land-use
matrix (Figure 4), has a similar structure to that ob-
tained for the clay plain landscape (Figure 3). Thus, the
first axis of the PCA very clearly separates the centroids
of the years 1958, 1968, and 1979, from those of 1992
and 1997. The centroids of the sample plots showing
decreases in hedgerow density are associated with pas-
tures between 1958 and 1968, with fodder production
between 1968 and 1992, and with cereal production
between 1992 and 1997. As for those sample plots that
had increases in hedgerow density between 1958 and
1968, as well as between 1979 and 1992, they are asso-
ciated with fodder production. Other time intervals are
not as strongly linked to a particular land-use type.
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Figure 3. Principal component analysis of land-use dynamics for the clay plain landscape showing increases and decreases in
hedgerow density for each time period. Centroids have been linked to illustrate land-use changes.

For the glacial landscape, the PCA ordination ex-
presses 58% of the variance of the land-use matrix
(Figure 5). As opposed to the two other landscapes, the
centroids of the sample plots from 1958, 1968, 1979,
and 1992 are not segregated into two distinct periods.
Only the 1997 centroid stands out from the others, by
being associated with an increase in forested areas,
cereal production, and abandoned land returning to
brush. For the period between 1958 and 1992, the
sample plots that had decreases in hedgerow density
are associated with large areas of fodder crops, whereas
between 1992 and 1997, they are mostly associated with
forested areas. Sample plots that have increases in
hedgerow density between 1958 and 1992 are associ-
ated with pasture areas.

Discussion

The three landscapes differ by the nature and con-
figuration of their surface deposits. Our results indicate
that this heterogeneity exerts a considerable influence
on land-use patterns and land-use changes and conse-
quently regulate the structuring of hedgerow networks
(Figure 6). Hedgerows, here, as is often the case in

agricultural landscapes of northeast America, origi-
nated from the natural encroachment of noncultivated
margins between agricultural parcels. During the pe-
riod investigated, these margins have been constantly
subjected to disturbances linked to changes in agricul-
tural practices, which have varied in nature and inten-
sity according to the type of landscape and time period
considered. Consequently, the hedgerow networks of
each of these landscapes show clear structural differ-
ences and distinct temporal dynamics that can be
linked to the evolution of the context of agricultural
exploitation. In the following sections, we will discuss
the temporal dynamics that have occurred, comparing
and contrasting the three networks in relation to the
processes that have produced the structural patterns
observed.

Landscape and Hedgerow Dynamics Prior to 1958

In 1958, all three landscapes had hedgerow networks
that were already clearly distinct in terms of their den-
sity and their degree of connectivity. Although tree
hedgerows dominated in all three landscapes in 1958,
the hedgerow networks of the mixed and clay plain
landscapes had low densities with very few connections,
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Figure 4. Principal component analysis of land-use dynamics for the mixed landscape showing increases and decreases in
hedgerow density for each time period. Centroids have been linked to illustrate land-use changes.

whereas hedgerows in the glacial landscape were
denser and very highly connected among each other
and with the woodlands. These patterns have their
origin in the changes in agricultural management prac-
tices that began in the first half of the 20th century.
In the study area, agricultural development initially
took place in the 19th century at a pace and at an
intensity that did not vary much according to the na-
ture of the surface deposit (Paquette and Domon
1997). Historical data from this period indeed suggest
that, prior to agricultural intensification, the three
landscapes most likely showed similar land-use patterns,
characterized by diverse agricultural practices occur-
ring in small parcels (Séguin 1980, Paquette and Do-
mon 1997). During the first half of the 20th century,
Quebec farms switched to a more intensive and mech-
anized type of agriculture. This agricultural intensifica-
tion and mechanization has not occurred equally over
the whole study area, the clay soils of the mixed and
clay plain landscapes offering better potential for in-
tensive crops (Pan and others 1999). Merging of par-
cels and more homogeneous practices in these two
landscapes have resulted in the structural characteris-
tics observed (low densities, few connections). Changes

were likely less drastic in the glacial landscape, where
hedgerows originated along stone fences that were
built when the land was cleared for agriculture. These
structures are far more stable, as considerable invest-
ment is required to eliminate them. Consequently,
hedgerows in this landscape in 1958 are still dense and
very highly connected among each other and with the
woodlands compared to the other landscapes.

Stabilization of Field Margins: 1958-1968

Between 1958 and 1968, the density of hedgerow
networks considerably increased in each landscape (Ta-
ble 1). In the mixed and clay plain landscapes, in-
creases were generally associated with sample plots that
showed large areas of fodder crop production (Figures
3 and 4). They coincide with an increase in animal and
crop production that was facilitated at the time by an
increase in the use of inorganic fertilizers and pesti-
cides. Our results suggest that more intense agricultural
practices and the use of fertilizers in the agricultural
matrix may have contributed to reduce exploitation
pressure on the margins of fields (e.g., humid areas
adjacent to ditches), therefore allowing their stabiliza-
tion (Jobin and others 1997).



660

R. Schmucki and others

Pasture

E 68-79 ~g™

c

o

s

Q 1968
£

<]

o

©

-4

©

£

™

o

58-68 &P
79-92<g
Fodder

~7~ : decrease

2 increase

92.97 & Forest

Principal component |

Figure 5. Principal component analysis of land-use dynamics for the glacial landscape showing increases and decreases in

hedgerow density for each time period. Centroids have been linked to illustrate land-use changes.

Marine clay
Glacial

Crop
Non-crop
Hedgerow
---- Field margin

From a spatial point of view, however, increases in
the density of hedgerow networks during this period
did not result, as we might have expected, in a corre-
sponding increase in the degree of connectivity. The
presence of transverse hedgerows generally separating
different crops on the same property strongly influ-
ences the degree of connectivity of the networks (Fig-

Surface
deposits

Hedgerows
structure

Land-use

Figure 6. Schematic representation
of the relationship between surface
deposits, land uses, and hedgerows
networks.

ure 7). The observed increase was more in the number
of parallel hedgerows rather than of transverse hedger-
ows. Such patterns, while contributing to increase the
proportion of available habitats in the landscape, may
result in lower network quality and greater habitat iso-
lation, the ecological consequences of which remains to
be assessed in agricultural landscape.
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Decrease in Density and Connectivity: 1968-1979

During the period between 1968 and 1979, hedg-
erow networks of the three landscapes underwent im-
portant transformations. These transformations re-
sulted in general decreases in the density of hedgerow
network, and in large reductions in the degrees of
connectivity for the mixed and clay plain landscapes.
Decreases in the proportion of hedgerows with trees
were also observed in these two landscapes. In the
glacial landscape, the hedgerow networks remained
predominantly (81%) made up of hedgerows with
trees. The hedgerow networks of this landscape, there-
fore, were subjected to disturbances different from
those encountered on marine deposits.

As shown by PCAs, the decreases in hedgerow den-
sity measured between 1968 and 1979 in the mixed and
clay plain landscapes are strongly associated with fod-
der production. These decreases are closely linked to
the profound changes that have marked the context of
agricultural exploitation during the 1970s and the be-
ginning of the 1980s.

Quebec’s agriculture, which was heavily oriented to-
wards milk production [70% of all Quebec farm pro-
ducers in 1971 (Statistiques Canada 1971)], was con-
fronted at the beginning of the 1970s with the
saturation of milk markets. This situation, coupled with
a constant increase in farm productivity, had the effect
of provoking a major production crisis (Débailleul and
Erhensaft 1987).

Tree hedgerow
Shrub hedgerow
Field margin

In these circumstances, the conversion of milk farms
(requiring large areas of fodder crops) into cereal crop
farms was strongly encouraged by agricultural policies
(Domon and others 1993). However, because of cli-
matic constraints (short growing season), this conver-
sion required an improvement of drainage conditions
to accelerate soil drainage in spring to make earlier
seeding possible. In order to achieve this, policies were
launched to encourage the installation of underground
drainage systems, the straightening of streams, and the
maintenance of drainage ditches. These actions gener-
ated considerable investments throughout the 1970s
and the early 1980s, reaching a maximum in 1977. They
also led to a spectacular increase in areas of corn (Zea
mays) cultivation; 43,000 ha in 1973 vs 180,000 in 1983
(Domon and others 1993). The period (1968-1979)
for which we observed a marked decrease in the density
and degrees of connectivity of hedgerow networks
therefore corresponds to an intense period of conver-
sion of milk farms that also resulted in a reduction in
the number of producers and an increase in the aver-
age size of farm holdings (Statistique Canada 1997).
These changes were reflected in an enlargement of
cultivated fields and the elimination of some of their
surrounding hedgerows. Furthermore, the reduction in
the degrees of connectivity of the networks suggests
that the eliminated hedgerows were generally trans-
verse hedgerows connecting with other hedgerows (Fig-
ure 7).
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As opposed to landscapes with a high agricultural
potential (mixed and clay plain landscapes), the reduc-
tion in densities and degrees of connectivity of the
hedgerow networks of the glacial landscape appears to
be linked instead to the abandonment of several agri-
cultural fields between 1968 and 1979 (Figure 7). In-
deed, the results show an increase in areas occupied by
brush and forest (Table 3), an increase that had, as a
consequence, the incorporation of hedgerows into
brush and forests developing on the abandoned agri-
cultural fields. These transformations were also ob-
served in the mixed landscape, where some agricultural
fields (mostly pastures) located on islets of glacial de-
posits were abandoned in between 1958 and 1979.

In summary, the decreases in density of the hedg-
erow networks of the mixed and clay plain landscapes
for the period 1968-1979 is closely linked to an inten-
sification of agricultural practices, whereas in the gla-
cial landscape, the decreases were instead linked to the
invasion of abandoned fields by brush and forest. The
ecological consequences of these dynamics are evi-
dently very different. In the first case, the disappear-
ance of hedgerows caused a loss of habitats and possibly
reduced corridor function for the movements of spe-
cies in the agricultural landscape (Bennett and others
1994), whereas in the second case, we observed an
assimilation of the hedgerows into forest fragments.

Recovery of Hedgerows: 1979-1997

The densities of hedgerow networks of the mixed
and clay plain landscapes have considerably increased
during the 1980s and 1990s (Table 1). After the pro-
found transformation in farm management that
reached its peak at the beginning of the 1980s (Domon
and others 1993), the stabilization of agricultural prac-
tices allowed natural successional processes to go on at
field margins. Reinvasion by natural vegetation has pro-
duced, in 1992, large increases in the proportion of
shrubby hedgerows, which were starting to grow into
tree hedgerows in 1997.

During this period, the hedgerow networks of the
glacial landscape continued to undergo decreases in
their density and their degree of connectivity. These
transformations are still associated with decreases in
agricultural areas and increases in brush and forest
areas, and thus correspond to an assimilation of hedg-
erows into nonagricultural land uses. In fact, on the
glacial surface deposits, agricultural activities seem to
be declining, with decreases in fodder crop areas cor-
responding to increases in brush areas.

Conclusions

Our three landscape units represent a gradient of
agricultural intensification in space and time that is
typical of many areas where agriculture developed on
previously forested soil in eastern North America.
Changes in the nature and intensity of agricultural
practices, as constrained by the physical environment,
have clearly driven changes in the spatial characteristic
of hedgerow networks. As a result, the hedgerow net-
works of the clay plain, the mixed, and the glacial
landscapes developed in very different ways during the
second half of the 20th century.

Contrary to the conclusions of some European stud-
ies (Braekevelt 1988, Burel and Baudry 1990), the
hedgerows of our study area have not been affected by
a uniform decline during the second half of the 20th
century. If, in Southern France, the “remembrement”
program has profoundly influenced the delimitation of
agricultural fields for entire regions (Burel and Baudry
1990), in Quebec, it is the intensification of cereal crop
production, its concentration on clay soils, and the
subsequent modification of drainage patterns as sup-
ported by government incentives that have shaped ag-
ricultural fields and adjacent habitats. As a result, for
the time period considered, it is more the spatial ar-
rangement of hedgerows than their density that has
changed. In areas of agricultural intensification, hedg-
erow density fluctuates as transverse hedgerows are lost,
new drainage ditches are built, and field margins are
intensively managed and then allowed to stabilize for
some time. These fluctuations are likely to have an
impact on the quality of available habitats (decrease in
connectivity, shrub versus stable tree hedgerow). In
areas of agricultural marginalization, hedgerows be-
come incorporated into nascent brush and forests de-
veloping in adjacent parcels. They may serve as sources
of seeds for forest species and therefore contribute to
accelerate the consolidation of forested areas in regions
undergoing agricultural abandonment or facilitate the
movement of forest species in fragmented landscape
(Corbit and Gardescu 1999, de Blois and others 2002).

Our findings highlight the importance of taking into
account parameters other than density alone in order
to adequately analyze hedgerow networks and their
evolution. For instance, there is not necessarily a cor-
relation between the degree of connectivity and
changes in the density of hedgerow networks. Although
the ecological significance of the connectivity parame-
ter remains to be clarified, its inclusion at least provides
a more spatially accurate picture of the development of
hedgerow networks. Other methodologies also need to
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be explored to improve our evaluation of the fine-scale
spatial dynamics of linear landscape structures.

Finally, hedgerows as potential habitats in this terri-
tory occupy essentially residual agricultural spaces. The
future conservation and management of these linear
units for the protection of biodiversity, soil quality, or
water quality in agricultural areas must take into ac-
count the processes that drive their dynamics. As our
study shows, changes in agricultural policies and their
implementation as constrained by the physical environ-
ment can have a large impact on the quantity and
spatial characteristics of noncrop land in agricultural
landscapes. Yet, the ecological consequences of such
policies outside of the agricultural matrix are rarely
taken into account. Only by evaluating the resulting
patterns both at the field and landscape scale will we be
able to devise better production and conservation strat-
egies that will ensure the overall sustainability of our
agricultural landscapes.
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