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Abstract: Spatial heterogeneity of vegetation is an important landscape characteristic, but is difficult
to assess due to scale-dependence. Here we examine how spatial patterns in the forest canopy affect
those of understory plants, using the shrub Canada buffaloberry (Shepherdia canadensis (L.) Nutt.) as a
focal species. Evergreen and deciduous forest canopy and buffaloberry shrub presence were measured
with line-intercept sampling along ten 2-km transects in the Rocky Mountain foothills of west-central
Alberta, Canada. Relationships between overstory canopy and understory buffaloberry presence were
assessed for scales ranging from 2 m to 502 m. Fractal dimensions of both canopy and buffaloberry
were estimated and then related using box-counting methods to evaluate spatial heterogeneity
based on patch distribution and abundance. Effects of canopy presence on buffaloberry were
scale-dependent, with shrub presence negatively related to evergreen canopy cover and positively
related to deciduous cover. The effect of evergreen canopy was significant at a local scale between
2 m and 42 m, while that of deciduous canopy was significant at a meso-scale between 150 m and
358 m. Fractal analysis indicated that buffaloberry heterogeneity positively scaled with evergreen
canopy heterogeneity, but was unrelated to that of deciduous canopy. This study demonstrates that
evergreen canopy cover is a determinant of buffaloberry heterogeneity, highlighting the importance
of spatial scale and canopy composition in understanding canopy-understory relationships.

Keywords: vegetation patterns; spatial heterogeneity; scale-dependence; fractal dimension;
box-counting; line-intercept; transects; forest canopy; forest understory; Shepherdia canadensis

1. Introduction

Spatial heterogeneity is both a product [1] and determinant of ecological processes, and is thus an
important landscape property [2,3]. Spatial heterogeneity is, however, difficult to quantify [4,5] as it
is scale-dependent [4,6,7]. For vegetation, spatial heterogeneity can be defined as the variance in the
horizontal distribution of plants determined by both the dispersion of patches and contrast between
vegetation types or species [8]. Vegetation patterns are collectively shaped by a series of interactions
between climate, terrain, soil, biotic factors, and disturbance processes [9–12].

Spatial patterns in forests are affected by both natural and anthropogenic disturbances, such
as timber harvesting, which modify the size and arrangement of tree patches [13]. Disturbance
therefore creates variability in the horizontal structure of the canopy and is an important factor
affecting vegetation heterogeneity [9,11,12]. The severity of landscape disturbance may be inferred
by examining the distribution of vegetation patch sizes and the degree to which this deviates from a
power law relationship, with greater divergence indicating more extensive disturbance [14]. Variation
in the forest canopy also exerts strong influences on understory microhabitats through the regulation
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of key above- and below-ground resources, such as light [15] and soil nutrients [16,17], which control
plant growth and survival [18,19].

Resource quantity and heterogeneity both structure understory plant patterns, with the latter
demonstrated to be especially relevant for disturbed stands [20]. Canopy composition alters resource
availability in the understory [21], suggesting that the effect of the canopy differs between evergreen
and deciduous trees [16,22,23]. Evergreen canopies may transmit less light [24,25], although this
is species-dependent and dictated by factors such as shade-tolerance [26–28] and successional
status [24,25,29], which consequently affect leaf area and crown architecture [27,30].

These resource-related interactions between canopy and understory produce linkages between
their respective spatial patterns [16,31–33], which vary between evergreen- and deciduous-dominated
stands [23]. In particular, the presence of evergreen conifers has been identified as a key determinant
of understory patterns [16,34,35], the heterogeneity of which may increase with conifer abundance [23].
The strength and direction of canopy-understory spatial relationships are scale-dependent [23,36],
as the local influence of an individual tree on nearby understory plants is distinct from the collective
effect of numerous trees over a larger area [36]. However, despite the importance of multi-scale
analyses for better understanding spatial dynamics between the canopy and understory, assessments
across scales are uncommon.

Fractal analysis is an inherently multi-scale approach for characterizing spatial patterns [6] and
is particularly useful for addressing issues of scale [37,38]. Rarely, however, has this been applied to
spatial overstory-understory relationships (however, see [39] for a multi-scale wavelet approach that
related understory plant patterns to overstory composition and structure). Unlike exact fractals that
are perfectly self-similar, natural fractals demonstrate statistical self-similarity across a limited range
of spatial scales [40,41] which may amount to several orders of magnitude [42,43]. A power law will
apply within the range of self-similarity, and this type of relationship has been recognized as a tool for
clarifying the organization of complex ecological systems given its scale-invariance that can facilitate
extrapolation [44].

Fractal properties of a pattern can be evaluated by calculating the fractal dimension (D) which
summarizes complexity and space-filling ability with one succinct, non-integer value [6]. The
box-counting method is one of multiple approaches for estimating D [43,45,46], which considers
the number of grid segments occupied by a material across different spatial scales. When the number
of occupied segments is regressed against the segment or “box” width on a log-log plot, D can be
calculated with the equation [47]:

slope = 1 − D, (1)

A natural pattern is fractal-like over the spatial range where a power law holds, which is
characterized by a linear relationship on a log-log plot [44].

For a material distributed across a two-dimensional plane, such as an aerial view of a landscape,
D will range between 0 and 2; a value of 0 is a single point, 1 suggests high self-similarity and
clustering, and 2 denotes a complete random distribution [43]. Box-counting can be performed
using line-intercept transect data to calculate D of vegetation patterns [48], with each transect
representing a linear arrangement of segments that effectively subsample the broader landscape,
such that 0 < D < 2 [47,49]. These transect data reflect both patch size and distribution, which are
pertinent aspects of horizontal vegetation heterogeneity. D is affected by the amount and dispersion
of a material across the landscape [50], and is thus altered by variation in the size and distribution of
vegetation patches.

D is an indicator of pattern homogeneity [31], which can be defined as the randomness of a
distribution [3]. Pattern randomness increases as D approaches 2 [3,31], and therefore a lower D
signifies greater heterogeneity. The value of D may change with the experimental scale [31] and is not
an absolute measure of heterogeneity; however, examining measures of forest canopy and understory
cover at the same scale facilitates a relative comparison of their patterns [51]. Fractal analyses of forest
vegetation have mainly assessed attributes such as patch shape [52–54] and canopy height [55,56]
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rather than heterogeneity as defined here. Studies often rely on remote sensing data to calculate D and
utilize methods such as perimeter-area ratios [52–54], semivariograms [56], and multifractals [55].

Most applications of box-counting to research on vegetation patterns have focused on individual
plant structure [57–60] rather than landscape patterns of plants or interactions between different
landscape elements. Studies that have employed box-counting to analyze plant distributions
have also generally focused on species in non-forested ecosystems, such as crested wheatgrass
(Agropyron desertorum (Fisch. ex Link) Schult.) in grasslands or big sagebrush (Artemisia tridentata Nutt.)
in shrub lands [48]. Rarely has this technique been used in the more vertically complex systems of
forests, although field measurements are straightforward and can be obtained at a fine resolution (e.g.,
centimeters or decimeters). Box-counting along transects also allows for measures of other attributes,
like species composition, to be collected that are difficult to discern accurately with remote sensing
data. Evaluating relationships between canopy and understory heterogeneity, using fractal metrics
such as D, can provide important insights into the spatial dynamics of forest vegetation strata at scales
beyond the individual forest stand (i.e., landscape-level). In this study, we compare spatial patterns of
the overstory forest with those of a common shrub in a montane forested ecosystem in the foothills
of Alberta, Canada. Canada buffaloberry (Shepherdia canadensis (L.) Nutt.) is a shade-intolerant [61],
dioecious shrub that occurs in boreal and temperate montane forests [62,63] across Canada and the
northern United States [64] and flowers in early spring [65]. The effects of canopy on buffaloberry
have been examined previously, but the focus has been on fruit production [66,67] with no differences
considered between evergreen and deciduous canopy types.

Our focus here is to examine relationships between landscape patterns of forest canopy and
buffaloberry, in terms of presence and heterogeneity, across multiple spatial scales and forest cover
gradients. Specifically, we have two main objectives: first, to determine the total and individual effects
of evergreen and deciduous canopy cover on buffaloberry presence across multiple orders of scale,
and second, to use fractal box-counting to evaluate relationships between the heterogeneity of canopy
cover (evergreen vs. deciduous) and that of buffaloberry patches.

We hypothesize that, given differences in resource regulation, evergreen and deciduous canopy
will demonstrate distinct effects on the presence and patterns of buffaloberry, which will vary with
spatial scale due to changes in resource availability in space. Following this, we hypothesize that
greater canopy heterogeneity (lower D) will be associated with greater buffaloberry heterogeneity,
because the patterns of the overstory forest should structure those of understory plants. We expect,
however, that evergreen canopy will have a stronger effect on buffaloberry presence and heterogeneity
than deciduous canopy, due to generally lower light conditions under some evergreen species common
to our study area; this could limit buffaloberry growth and reproductive success, as shrubs flower
prior to leaf emergence in deciduous trees [65].

2. Materials and Methods

2.1. Study Area

The study area covers 2389 km2 of managed, conifer-dominated forest southeast of the town of
Hinton (53◦24′41′′ N, 117◦33′50′′ W) and north of the town of Robb (53◦13′59′′ N, 116◦58′42′′ W) in
the Rocky Mountain foothills of west-central Alberta (Figure 1). The climate is moist and cool [68],
with higher elevation in the west that declines in the east across a range from 950 m to 2500 m. Land
cover types include evergreen, deciduous, and mixed forest consisting of dominant tree species such
as lodgepole pine (Pinus contorta Douglas ex Loudon), white spruce (Picea glauca (Moench) Voss),
and trembling aspen (Populus tremuloides Michx.) [68,69]. Open bogs, meadows, and previously
harvested cutblocks are also present on the landscape. Active resource extraction and development
by the forestry, mining, and energy (oil and gas) industries has resulted in varying degrees of
anthropogenic disturbance.



Forests 2017, 8, 146 4 of 18Forests 2017, 8, 146    4 of 17 

 

 

Figure 1. Location and elevation of 2‐km transects (n = 10) established in 2015 across the study area 

southeast of Hinton, Alberta (53°24′41″ N, 117°33′50″ W). 

2.2. Site Selection 

Field sites were selected using canopy cover estimates derived  from airborne  light detection 

and ranging (LiDAR) data (2005–2007) [70], scaled at a resolution of 25 m. These data were used to 

stratify  the  landscape  for  sampling  into  three  ordinal  canopy  cover  categories  defined  by  the 

proportion of the forest floor covered by tree crowns [15]:  low (0–40% cover), moderate (40–55%), 

and high (>55%). Each canopy cover category was subsequently divided into low, medium, and high 

canopy  variability  levels  based  on  the  standard  deviation  of  canopy  cover, which was  quantile 

binned in a Geographic Information System (GIS) [71]. To determine the appropriate transect length 

for obtaining box‐counting measurements in the field, neighbourhood analyses were performed to 

examine changes  in average variability  in canopy cover as the moving “window” size (scale) was 

sequentially increased. This process indicated that a transect length of 2 km would both represent a 

range  of  canopy  conditions  and  enable  sampling  efficiency  in  the  field. A  total  of  ten  transect 

replicates were sited using a stratified random sampling design. Replicates were balanced among 

canopy variability levels, with three placed in each of the low and high canopy cover categories and 

four in the moderate cover category. The mean distance among selected transects was 19.9 km, with 

a maximum and minimum distance of 41.6 km and 4 km, respectively. 

2.3. Field Methods 

The ten 2‐km transects were established in the field based on randomized starting locations and 

orientations. Dominant  forest  canopy  species  and  land  cover  type were  noted  for  each  transect, 

which  included  upland  forest,  wet  forest,  and  cutblocks  at  various  stages  of  regeneration. 

Line‐intercept was used  to measure  the  length of buffaloberry shrub  intercepts along  the  transect 

tape  at  a  0.01‐m  resolution,  resulting  in  200,000  recorded  segments  (binary  presence‐absence 

conditions) per  transect.  Intercept  length was evaluated per shrub and recorded as  the maximum 

extent of an  individual along  the  transect  line, with no differentiation made between  female and 

Figure 1. Location and elevation of 2-km transects (n = 10) established in 2015 across the study area
southeast of Hinton, Alberta (53◦24′41′′ N, 117◦33′50′′ W).

2.2. Site Selection

Field sites were selected using canopy cover estimates derived from airborne light detection and
ranging (LiDAR) data (2005–2007) [70], scaled at a resolution of 25 m. These data were used to stratify
the landscape for sampling into three ordinal canopy cover categories defined by the proportion of
the forest floor covered by tree crowns [15]: low (0–40% cover), moderate (40–55%), and high (>55%).
Each canopy cover category was subsequently divided into low, medium, and high canopy variability
levels based on the standard deviation of canopy cover, which was quantile binned in a Geographic
Information System (GIS) [71]. To determine the appropriate transect length for obtaining box-counting
measurements in the field, neighbourhood analyses were performed to examine changes in average
variability in canopy cover as the moving “window” size (scale) was sequentially increased. This
process indicated that a transect length of 2 km would both represent a range of canopy conditions and
enable sampling efficiency in the field. A total of ten transect replicates were sited using a stratified
random sampling design. Replicates were balanced among canopy variability levels, with three placed
in each of the low and high canopy cover categories and four in the moderate cover category. The
mean distance among selected transects was 19.9 km, with a maximum and minimum distance of
41.6 km and 4 km, respectively.

2.3. Field Methods

The ten 2-km transects were established in the field based on randomized starting locations and
orientations. Dominant forest canopy species and land cover type were noted for each transect, which
included upland forest, wet forest, and cutblocks at various stages of regeneration. Line-intercept
was used to measure the length of buffaloberry shrub intercepts along the transect tape at a 0.01-m
resolution, resulting in 200,000 recorded segments (binary presence-absence conditions) per transect.
Intercept length was evaluated per shrub and recorded as the maximum extent of an individual along
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the transect line, with no differentiation made between female and male shrubs; it was not feasible to
sample all transects during flowering, when these are easily identified, and an absence of fruit does
not necessarily indicate a male shrub.

Canopy intercepts for trees >1.3 m in height were also estimated, but at a 0.1-m resolution
(20,000 segments per transect), since it was impractical to achieve a finer resolution given typical
heights of trees above the transect tape. Canopy intercepts were classified as evergreen or deciduous
to distinguish their effects on the understory, particularly in terms of shading, which may influence
buffaloberry growth and flowering. Common evergreen tree species encountered were white
spruce, black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.), and lodgepole pine,
while typical deciduous species were trembling aspen, balsam poplar (Populus balsamifera L.), and
tamarack (Larix laricina (Du Roi) K. Koch). Species generally recognized as shrubs but potentially
>1.3 m in height, such as green alder (Alnus viridis (Chaix) D.C.), were not included as canopy
intercepts. These non-target shrub species did not represent direct overstory for buffaloberry and were
relatively uncommon.

2.4. Patch Size Frequency Distribution

The frequency distribution of buffaloberry patch sizes among transects was determined using
a distance of 7.98 m to distinguish separate patches. This distance represents the radius associated
with a 50 m2 spatial scale around a focal shrub, which previous work has determined to be the most
supported scale for explaining local buffaloberry fruit set [65]. Patch size frequency and patch size
measurements were also log 10-transformed to examine the power law properties of the distribution.

2.5. Effects of Canopy on Buffaloberry Presence across Spatial Scales

All analyses were performed in R version 3.1.2 [72]. The effects of evergreen and deciduous
canopy on buffaloberry presence were analyzed collectively in a “total canopy” category, as well as
separately in order to examine the implications of canopy type.

A series of models was built to reflect the influence of canopy at different spatial scales around a
given buffaloberry shrub, varying from more immediate local scales to meso-scales that incorporated
larger segments of the transect. We considered the “local” scale range to be from 0 m to 20 m, which
we propose represents the scope of influence of an individual tree on buffaloberry shrubs as this upper
limit corresponds to the maximum average height of tree species in Alberta [73]. Comparatively larger
scales between 20 m and 502 m are referred to here as “meso-scale” to represent the collective influence
of multiple trees at the forest patch-level (note that this term is also applied to broader spatial extents,
e.g., as in [74]).

Two variants of mixed-effects logistic regression models were examined using the “lme4”
package [75]. One model included a total canopy variable, while the second incorporated evergreen
and deciduous canopy as individual variables to compare the effects of each type on buffaloberry
(Pearson correlation coefficients <0.25). Non-linear effects were tested by adding quadratic terms, but
these were not supported based on their higher Akaike Information Criterion (AIC) values [76,77], and
thus linear responses were subsequently used in all models. A random effect for transect was included
in each model to account for non-independence of observations per transect.

Scales ranged from a minimum of 2 m (average shrub width) to 502 m with a 4-m increment
between scales, resulting in 125 different scales considered. Beta coefficients of models (total canopy,
evergreen, and deciduous) were plotted against window size to examine the effects of canopy on
buffaloberry presence as a function of the spatial scale of canopy cover.

2.6. Spatial Heterogeneity of the Forest Canopy and Buffaloberry

To measure the heterogeneity of canopy and buffaloberry, fractal dimensions were calculated for
buffaloberry as well as total, evergreen, and deciduous canopy for each transect using an adaptation
of the box-counting method [47]. Transects can provide an unbiased estimate of D for a forested
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region similar to that obtained by examining a digitized map of a broader spatial extent overlaid with
grids [78].

Field intercept measurements for buffaloberry and canopy, recorded at resolutions of 0.01 m and
0.1 m, respectively, were used to evaluate the number of occupied segments (n) for each of the ten
transects. Segments were represented with binary presence-absence values, which were converted to
coarser scales (s) of presence-absence (Table 1) by increasing the segment or “box” width to a maximum
of half the transect length. Appropriate ranges of box widths (scales) for buffaloberry and each of
the canopy categories were determined by experimentally increasing the box width until n values
generally stabilized, due to a saturation effect [79,80] caused by finite sample size [81], at which point
the box width was truncated. Truncation restricts slope estimates to the spatial range across which the
power law holds and is necessary to ensure representative D values; increasing the box width past this
saturation point reduces the slope of the log-log plot and depresses the D value [81]. This saturation
effect was not an issue for total or evergreen canopy, for which all 13 scales were used, but did occur
with buffaloberry and deciduous canopy requiring that the number of scales be truncated to nine and
three, respectively. Associated values of n and s were produced per scale for buffaloberry and each
canopy category.

Table 1. Number and width (m) of box-counting segments used for fractal dimension calculations for
buffaloberry shrubs and forest canopy.

Intercept Type Range of Segment or “Box“ Widths (m) Total Number of Scales

Buffaloberry 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5 9
Total Canopy 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 13

Evergreen Canopy 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 13
Deciduous Canopy 0.1, 0.2, 0.5 3

A general linear model was used to estimate the slope of a log-log plot of n and s for each
transect, where the slope of the regression is related to D according to Equation (1) [47]. These
models therefore provided estimates of the spatial heterogeneity of buffaloberry and the three canopy
categories, represented by D, for each transect. Mean values of D for transects were estimated with
confidence intervals calculated based on a t-distribution. Three additional linear models were fit to
assess relationships in spatial heterogeneity using the D values of buffaloberry and those of the three
canopy categories across all ten transects, thus evaluating whether the fractal dimension of canopy
affected the fractal dimension of buffaloberry shrubs. Examination of residual plots indicated that the
assumptions of normality and equal variance were generally met.

3. Results

3.1. Patch Size Frequency Distribution

Transects were characterized by a high occurrence of buffaloberry patches under 10 m in length,
which were five times more abundant than those with a length of between 10 m and 20 m (Figure 2).
The largest patch was 178 m in size, however, the majority of patches were less than 90 m in length.
The log 10-transformed patch size frequency followed a power law distribution (R2 = 0.88; β = −1.269;
p < 0.001).
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Figure 2. (a) Frequency distribution of buffaloberry shrub patch sizes (m) among transects based
on line-intercept sampling; and (b) the log 10-transformed frequency distribution of buffaloberry
patch sizes, where midpoints of each size range were used to calculate transformed values (R2 = 0.88;
β = −1.269; p < 0.001).

3.2. Effects of Canopy on Buffaloberry Presence across Spatial Scales

The forest canopy of trees >1.3 m in height covered an average of 47.0% (18.5–69.0%) of the
landscape sampled by transects, while buffaloberry shrubs occupied an average of 2.0% (0.1–14.0%)
(Table 2, Figure 3). Evergreen canopy dominated the sites with an average canopy cover of 42.2%
compared with 7.6% cover for deciduous canopy, with periodic overlap between these types.
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Table 2. Percentage of each transect covered by total, evergreen, and deciduous canopy, as well as
buffaloberry shrub intercepts.

Transect Total Evergreen Deciduous Buffaloberry

Number Canopy (%) Canopy (%) Canopy (%) Shrubs (%)

1 69.0 49.4 32.5 14.0
2 26.8 24.2 3.4 0.1
3 35.8 34.1 2.7 0.5
4 57.7 49.0 13.7 0.9
5 46.0 41.8 5.4 0.2
6 43.4 37.2 9.0 0.2
7 51.0 46.7 8.3 2.0
8 59.4 59.4 0.0 0.4
9 62.3 62.2 0.1 1.3

10 18.5 18.1 0.6 0.3

Mean 47.0 42.2 7.6 2.0
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Figure 3. Example of raw forest canopy (upper bar) and buffaloberry shrub (lower bar) line-intercept
transect data for two 2-km replicates (n = 10) representative of (a) average patch size and distribution;
and (b) maximum cover of canopy and buffaloberry recorded during field sampling near Hinton,
Alberta. The overlap refers to the presence of both evergreen and deciduous canopy within a given
segment along a transect.

The total forest canopy had a positive effect on shrub presence across most spatial scales, and
in particular, demonstrated significant (α = 0.05) effects from 170–178 m, 194–202 m, and 234–374 m
(Figure 4). There was, however, a local negative peak at the 10-m scale and the weakest effect was at
the 18-m scale. The effect of the total canopy became positive at larger spatial scales of canopy with
the strongest relationship at the 294-m window size. Evergreen canopy had a negative effect on the
presence of buffaloberry shrubs across all spatial scales and was significant at local scales from 2 m to
42 m. The effect of the evergreen canopy was strongest at the 10-m scale, with two additional peaks of
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negative association at 106 m and 210 m, and was weakest at the 294-m scale. In contrast to evergreen
canopy, deciduous canopy had a positive effect on the presence of buffaloberry shrubs up to the 462-m
scale, which was significant for nearly all scales between 150 m and 358 m. The effect of deciduous
canopy was weakest at the 2-m scale and strongest at 354 m, after which it decreased sharply and
became negative at very large scales.Forests 2017, 8, 146    9 of 17 
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Figure 4. Effects of total, evergreen, and deciduous canopy cover on buffaloberry shrub presence across
spatial scales from 2 m to 502 m, represented as beta (β) coefficients of mixed-effects logistic regression
models. Bold lines indicate a significant effect (α = 0.05) at that scale.

3.3. Spatial Heterogeneity of the Forest Canopy and Buffaloberry

The mean fractal dimension of buffaloberry was lower than the mean fractal dimensions of
the overstory canopy (Table 3), indicating that shrub patterns are more heterogeneous. The mean
fractal dimension of deciduous canopy was lower than that of evergreen and total canopy, signifying
deciduous patterns are the most heterogeneous within the overstory stratum. Deciduous canopy
fractal dimensions also had the highest standard deviation, suggesting greater variability in the level of
heterogeneity present in deciduous patterns. Buffaloberry fractal dimensions had the lowest standard
deviation, implying that the level of heterogeneity of shrub patterns is more consistent across the
study area.

Buffaloberry patterns were fractal-like over approximately 2.7 orders of magnitude from 0.01 m
to 5 m, as illustrated by the linear relationship on the log-log plot (Figure 5). Spatial patterns of
evergreen and total canopy cover were fractal-like over four orders of magnitude from 0.1 m to 1000 m.
In contrast, patterns of deciduous canopy were not fractal-like, indicating low self-similarity across
spatial scales.
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Table 3. Fractal dimensions of buffaloberry shrubs and forest canopy categories for each transect.

Transect Number Total Canopy Evergreen Canopy Deciduous
Canopy

Buffaloberry
Shrubs

1 1.95 1.91 1.95 1.74
2 1.84 1.83 1.75 1.71
3 1.88 1.87 1.72 1.72
4 1.94 1.91 1.80 1.70
5 1.91 1.90 1.84 1.80
6 1.91 1.88 1.71 1.77
7 1.92 1.91 1.90 1.78
8 1.95 1.95 1.69 1.81
9 1.95 1.95 1.86 1.80

10 1.79 1.78 1.88 1.71

Mean 1.90 1.89 1.81 1.75
Minimum 1.79 1.78 1.69 1.70
Maximum 1.95 1.95 1.95 1.81

Standard Error 0.02 0.02 0.03 0.01
95% Confidence Interval 1.87, 1.94 1.86, 1.92 1.76, 1.87 1.73, 1.78
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Figure 5. Example from Transect 1 of a log-log plot of the relationship between box width (scale) and
the number of segments occupied by (a) buffaloberry (slope = −0.74); and (b) evergreen canopy (slope
= −0.91) used to calculate the fractal dimension (D) of each. The slope of the regression line equals
1-D [47] for a given transect. The number of orders of magnitude across which the relationship is
fractal-like can be determined based on the x-intercept.

3.4. Relationships between Spatial Heterogeneity of the Forest Canopy and Buffaloberry

Relationships between fractal dimensions of canopy and buffaloberry were positive for evergreen
and total canopy cover (Figure 6). The evergreen canopy and buffaloberry fractal dimensions
demonstrated the strongest relationship with the greatest slope (R2 = 0.46; β = 0.571), while the
relationship between the total canopy and buffaloberry fractal dimensions was weaker with a shallower
slope (R2 = 0.32; β = 0.453). The evergreen canopy fractal dimension significantly predicted the fractal
dimension of buffaloberry shrubs (p = 0.03), while the effect of the total canopy fractal dimension
was weakly significant (p = 0.09) and no relationship was found between deciduous canopy and
buffaloberry fractal dimensions (R2 = 0.00; β = −0.009; p = 0.96).
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Figure 6. General linear models describing relationships between fractal dimensions of buffaloberry
shrubs and forest canopy categories. Asterisks indicate a significant effect (α = 0.05). 95% confidence
intervals for coefficient estimates of total canopy, evergreen, and deciduous categories were (−0.091,
0.996), (0.064, 1.078), and (−0.401, 0.383), respectively.

4. Discussion

Our results indicate that the effect of forest canopy on buffaloberry presence, as well as
relationships between canopy and buffaloberry heterogeneity, differ between evergreen and deciduous
types based on intercepts measured along 20 km of transects. These findings support our hypothesis
regarding the distinct effects of evergreen and deciduous canopy on buffaloberry patterns, and the
variability of these through space.

4.1. Effects of Canopy on Buffaloberry Presence across Spatial Scales

The evergreen canopy demonstrated a significant negative effect at the local scale, which suggests
that microhabitat light availability could be an important factor for buffaloberry presence given
the shade-intolerance of this species and the canopy composition we observed. Variation in light
transmission exists within evergreen and deciduous categories [26,28], however, stands comprised
of evergreen species common to our study area, including white spruce, may transmit less light
than typical deciduous species such as trembling aspen [24,25]. Aspen canopies have been found
to transmit 14–40% of incident light, compared to 5–11% for those dominated by white spruce [24],
with light transmission decreasing with spruce abundance in mixedwoods [24,25]. Light variability
can structure understory shrub patterns at both fine spatial scales [82] and the stand-level [83], with
model-based sunlight being an important predictor of buffaloberry shrub presence [84]. Evergreen
trees may additionally decrease local soil moisture content, pH, and temperature [16,85–88] which
could reduce buffaloberry growth, therefore suggesting that the overall negative effect of the evergreen
canopy on shrub presence may not be fully explained by light availability. These results are consistent
with previous work that showed that understory vascular plant cover was negatively associated with
the cover of white spruce at scales of 5 m to 15 m, but positively associated with aspen and balsam
poplar cover over the same spatial range in a nearby boreal mixedwood forest [23].

We found that the positive effect of deciduous canopy was the strongest and most significant at the
meso-scale level, implying that the cumulative effect of multiple deciduous trees is most important for
buffaloberry presence. Deciduous trees may promote understory shrub growth by allowing high light
penetration during seasonal leaf-off periods [25,89], which is particularly crucial for the reproductive
success of buffaloberry shrubs due to their early flowering. Canopy light transmission also increases
with the basal area of deciduous trees [24], and thus their influence could be most apparent at broader
spatial extents that support more mature individuals, amounting to a stand-type effect. Stands with a
greater proportion of deciduous trees also occur more often at low elevations in the study area, which
are more favourable for buffaloberry. Site properties that vary with elevation and are not entirely
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determined by canopy, such as temperature, could also then be partly responsible for the positive
spatial relationship with deciduous canopy observed here.

The sharp decline in the strength of the deciduous canopy relationship after ~360 m implies a
spatial limit to this meso-scale effect. This decrease could relate to the abundance of evergreen trees in
the study area, such that expanding the spatial scale past this point might not incorporate additional
deciduous trees, thereby weakening the effect. The effect of evergreen canopy was also low at similar
scales, particularly around 300 m and 420 m, which suggests that disturbances from timber harvesting
may begin to moderate the influence of the forest canopy as the spatial scale increases. Clear-cutting is
the primary harvesting method in the study area, and at scales above 300 m, most transect replicates
would have traversed a cutblock at some stage of regeneration (age). Buffaloberry occurred sparsely in
cutblocks, but the lack of shrubs here was likely caused by removal during harvesting and their slow
growth habit [90], rather than a forest canopy effect. Harvesting also alters the microclimate [91] and
edaphic conditions [92], which could contribute to the absence of shrubs in cutblocks if these changes
are unfavourable for buffaloberry and impede recolonization. Buffaloberry patch size distribution
might be expected to deviate from a power law relationship due to the prevalence of forest harvesting
in the area [14], although this was not observed here. As we did not measure shrubs in an undisturbed
control forest, we cannot assess whether forest management has altered the abundance of buffaloberry
patches of various sizes. Future comparisons of buffaloberry patch size distributions between disturbed
and undisturbed stands could offer insight into the effect of harvesting on shrub patterns.

4.2. Relationships between Spatial Heterogeneity of the Forest Canopy and Buffaloberry

Through fractal analysis we found a significant positive relationship between evergreen canopy
and buffaloberry fractal dimensions, suggesting that the heterogeneity of evergreen trees scales with
the heterogeneity of buffaloberry shrubs. Thus, greater canopy heterogeneity is associated with greater
buffaloberry heterogeneity, which supports our hypothesis. This relationship was less significant when
total canopy, including deciduous trees, was evaluated.

The stronger correlation of buffaloberry patterns with evergreen canopy heterogeneity may be
linked to the dominance of evergreen trees within forests in the study area. Timber harvesting in the
area focuses on evergreen species, and thus simultaneous disturbance to overstory and understory
strata is more likely in evergreen stands. This may represent a mechanism by which evergreen
heterogeneity could promote the heterogeneity of buffaloberry shrubs. Other environmental factors
affecting both canopy and buffaloberry spatial patterns may therefore have contributed to our findings,
and it is not likely that these are exclusively due to differential regulatory effects of canopy types
on understory resources such as light. Mean annual temperature, growing season precipitation, soil
texture, and soil pH have been identified as important predictors of buffaloberry presence [84], and
presumably also influence the distribution of tree species in the study area. These considerations point
to complex linkages between forest overstory and understory heterogeneity.

Heterogeneity can be an ambiguous term in the ecological literature when the definition is
not made explicit [2,3,93,94]. Numerous conceptual interpretations and the multitude of ecological
characteristics that can be measured result in a variety of data types and analytical techniques for
examining environmental heterogeneity. Here we use the fractal measure of D as a heterogeneity
metric, the value of which may change with the analysis scale [31,78]; this is not surprising given that
it indicates heterogeneity. Quantifying vegetation patterns at a common scale, as we have here, enables
comparisons of the relative heterogeneity of plant species [51]. Calculating the fractal dimension
as a function of scale can reveal whether vegetation heterogeneity varies in space and can identify
hierarchical patterns [31]. Regions where D remains stable constitute domains of scale between which
are transitions that may signify shifts in the processes governing heterogeneity [4,6]. These dynamics
may be of interest for future research of forest spatial patterns and the mechanisms that shape them.

As different calculation methods can produce different D values for identical data [95], comparing
results among fractal studies with distinct methodologies can be misleading. We are not aware of
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examples from the literature that utilize a box-counting technique with transect data in order to
evaluate horizontal heterogeneity of forest vegetation; this has, however, been applied in grassland
systems [48]. We found that buffaloberry is less heterogeneous and fractal-like over fewer orders
of magnitude than big sagebrush, another woody shrub, as measured in a Utah steppe at a similar
1.6 km transect scale [48]. It is worth noting that, despite methodological differences, forest canopies
are usually determined to be quite homogeneous [56,96,97] and fractal-like over several orders of
magnitude [43], which is in line with the findings of this study.

The box-counting technique used here relies on sequential binary observations that are a type
of one-dimensional point pattern. This is ideal for line-intercept data, such as those which represent
vegetation presence along a transect. In contrast, point pattern analyses typically assess the distribution
of a material over a two-dimensional plane [98], such as the spatial arrangement of individual
trees across a landscape [99,100]. One-dimensional analyses of forest vegetation primarily involve
continuous, rather than binary, data and consider heterogeneity in terms of variance as a function of
scale [31,78]. Wavelet analysis, for example, is a multi-scale approach [101] that can incorporate remote
sensing data to identify hierarchical patterns in horizontal attributes like canopy gap structure [102,103]
and tree crown diameter [104,105]. Here the line-intercept sampling of both shrub and canopy
layers produced sets of binary data for each of these strata, and enabled direct comparisons of their
heterogeneity through the calculation of their respective fractal dimensions.

5. Conclusions

This study highlights the importance of spatial scale and forest canopy composition for
characterizing patterns of understory plant presence and relationships between canopy and understory
heterogeneity. Fractal analysis addresses issues of scale-dependence associated with the quantification
of environmental heterogeneity, but has been mostly overlooked as a tool for examining forest
vegetation patterns and spatial relationships. The box-counting approach used with line-intercept
transects is a straightforward and practical technique that enables multi-scale assessments of vegetation
heterogeneity, represented by a single metric, D, and can identify fractal-like vegetation patterns.

Indicators of heterogeneity and fractal-like properties for key animal resources, like fruiting
shrubs [106,107], can contribute to studies of foraging strategy, consumer-resource interactions, and
animal movement in spatially complex environments [108–112]. Fractal-like resource distributions,
for example, point to scale-dependence in resource density and consumer foraging behaviour as
determined by animal body size, which controls the scale of environmental perception [109–111] or
environmental grain [113]. The significant relationship identified here between evergreen canopy
and buffaloberry heterogeneity indicates the potential for estimating understory plant patterns from
canopy patterns, which can be measured at broad spatial extents using remote sensing, and could
contribute to the quantification of buffaloberry fruit or other wildlife resources at the landscape-level.
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