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Abstract: In eastern Canada, harvesting practices and spatial organization of harvested sites are
modulated according to ecosystem forest management objectives. We determined how spatial
organization affects efficiency by evaluating wood procurement costs. A comparative analysis of
efficiency was presented using a non-parametric technique, i.e., data envelopment analysis (DEA),
which allows multiple variable analyses of different factors. A database of 50 harvested sites during
the period 2015–2018, located along a north-south latitudinal gradient between 46◦ to 50◦, was
constructed with variables describing spatial organization (roads and dispersion of patches) and
operational aspects (wood procurement costs). The evaluated financial efficiencies show high values
greater than 70%. The causes of inefficiency were dispersion of the patches, distance to the mill,
and the number of kilometers of built roads. When efficiency values were arranged by latitudinal
location, northern sites exhibited a lower value of overall and scale efficiency due to the high values
in the wood harvested, and developed road density of the zone.

Keywords: fragstats; data envelopment analysis; spatial index; efficiency; non parametric; harvest

1. Introduction

Forests provide a wide range of social, environmental, and economic benefits to
society [1]. Canada has 9% of the world’s forests and is the world’s largest exporter
of forest products [2]. Timber harvesting is the first link in the wood supply chain for
other branches of the industry, and is the sector that is responsible for field activities,
wood extraction, and transport. This operation directly affects the cost and supply of raw
materials to the wood product manufacturing industry [3].

Within a given harvest area, forest management is the process by which the planning
and implementation of the activity are carried out based upon legal, social, and technical
regulations [4]. Quebec contains 25% of Canada’s forests; in turn, 92% of the provincial
forest areas are in the public domain. In eastern Canada, particularly within the province
of Quebec, ecosystem forest management was set into law in 2013 [5].

Ecosystem forest management (EFM) is an approach that aims to maintain the health
and resilience of forest ecosystems by focusing upon the reduction of gaps between natural
and managed landscapes that maintain ecosystem functions as well as social and economic
benefits to society [6]. To meet these goals as well as financial objectives, current forest
harvesting practices are modulated according to species composition, natural disturbance
regimes, and ecological and timber demand [7]. Ecosystem management results in the
application of different forest management strategies according to the development of
the forest that is eventually being harvested. In northern areas, the forest is dominated
by conifers, specifically black spruce (Picea mariana [Mill] B.S.P.), while southern forest is
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dominated by broadleaf trees, mainly sugar maple tree (Acer saccharum Marshall). Mixed
forests lie between these two groups [8]. Silvicultural treatment depends mainly upon
forest type: clear-cutting is more common in the north mainly with a cut-to-length system,
as it is the main treatment used to regenerate conifer and boreal stands, while, partial and
shelterwood cutting, with a mixed tree-length and cut-to-length system, are more prevalent
in the south in mixed-species or hardwood-dominated stands [7].

Spatial organization of the operational areas is also variable across this territory. Large
aggregated clearcuttings are allowed in the boreal zone north of the territory, whereas
smaller and scattered patches of partial and clear-cuts tend to be more prevalent in the
south [8].

Spatial organization refers to the arrangement of harvested patches and their intercon-
nections, thereby determining the structure of the landscape [9]. Spatial organization can
be measured using a range of metrics. These focus on the patches in terms of their average
size and shape, and relationships among the patches, including inter-patch distance and
their degrees of aggregation or dispersion [10].

The distribution of patches within the harvested site must satisfy environmental
concerns and long-term timber supply constraints together with short- and mid-term
profitability of the forest industry. For example, the maximal cut area (area with trees lower
than 7 m tall) is limited for to 100 ha for conifer forest, 50 ha for mixed forest, and 25 ha
for broadleaf forest [11]. Limiting the expenditures associated with road construction
and maintenance is particularly critical for short-term profitability of forest operations
in Canada [12,13]. Cost reduction is one objective of any business organization and can
be used as a financial indicator [14]. Constant evaluation of financial indicators is re-
quired to determine how well industries (in this case, the forest industry) are performing.
Knowledge of these indicators enables businesses to pursue strategic planning and become
more competitive in the market [15]. Spatial planning is especially important in Quebec,
where the provincial government is responsible for forest management across a very large
land surface (about 828,000 km2). In consequence, because spatial organization affects
the operating costs of forest harvesting, and because business organizations in this field
depend on the types of forest to be harvested, which are located in different areas of
Quebec, it is important to understand how these differences affect the financial efficiency
of the forest business.

Benchmarking is a management tool that is frequently used to evaluate performance
and efficiency through comparisons. There are different statistical techniques to calculate
efficiency measures and to perform benchmarking comparisons, which can be based on
parametric [16] or non-parametric methods. The most frequently used non-parametric
method is data envelopment analysis, i.e., DEA. This is a low-cost information method [17].
Further, DEA is appropriate for comparisons, given that it extends the concept of pro-
ductivity and efficiency to cases with multiple inputs and multiple outputs of different
nature [18,19]. DEA allows organizations to identify opportunities for improvement in the
process being evaluated according to the resources being studied, based upon the perfor-
mance of their peers. DEA evaluates a set of entities that are referred to as “decision making
units” (DMUs), which perform the same task, after which a comparison is made to find the
best performing unit among those being evaluated. The model provides a relative efficiency
by assigning a maximum value of 100% to the most efficient entity [20]. Efficiency must be
increased through the use of technologies and management decisions to reach optimum
levels of the inputs, making DEA a significant tool for improved policymaking [21].

DEA has been used in the forest harvesting sector for performance comparisons among
countries [22], evaluations of harvesting and marketing activities [20], forest resource
allocation [23], and log yard evaluations [24]. The most cited studies are for contractor
team activities [3,18,25,26]. In Canada, a study of the harvest sector using DEA analysis
was performed at the country level by Hailu and Veeman [27]. They examined the logging
industry from 1977 to 1995 on the basis of technical efficiency, technical change, and
productivity growth among six Canadian provinces with forestry operations in the boreal
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biome. The scale of the analysis was broad and only road distances were evaluated as
a spatial variable. These distances exerted a negative effect on overall efficiency. This
indicated that spatial variables could have an important effect on harvest sector efficiency
that could be identified using the DEA analysis.

In this study, we sought to measure the efficiency of forest harvesting activities based
on the spatial organization of harvested sites across a latitudinal gradient and the financial
and non-spatial variables using a non-parametric benchmarking approach (DEA). For
the purpose of this study, we delimited clusters of blocks harvested during different
years and characterized them with spatial and managerial variables. We hypothesized
that the efficiency of the northern harvested site would be higher because EFM allows
larger, aggregate clear-cuts that facilitate lower operational costs and, therefore, better
financial results.

2. Materials and Methods

The study area encompassed different forest compositions along a north-south gra-
dient, covering the latitudes from 46◦ N to 51◦ N. The study was located in three admin-
istrative regions of Quebec: Abitibi-Temiscamingue, Nord-du-Quebec, and Outaouais
(Figure 1) and in five forest management units, which represent spatial divisions of the
territory under management. Spatial and non-spatial variables were measured to describe
the most representative year of activities under the tactical (5-year) plan within 50 har-
vested sites (hereinafter DMUs) provided by the forest minister (MFFP) be-tween 2015 and
2018 (11,159 ha). Specialized plans, such as salvage logging following natural disturbances
(fires and windthrow sites) were avoided. These 50 DMUs were chosen due to the avail-
ability of initial data and to ensure that all latitudes had a minimum number of DMUs for
the comparisons.

Spatial and non-spatial variables were computed for each DMU. Provincial govern-
ment forestry agency data describing harvest volume and species volume potential, wood
procurement costs, product values, and spatial characteristics were used to construct the
database. Fourteen spatial variables (Table 1), which quantify the spatial configuration and
composition of each DMU, were calculated using the spatial pattern analysis program—
Fragstats version 4.2 [28]. Distance to the closest mill also was calculated, together with
the total in constructed roads (km) reported for each DMU. Thirteen non-spatial variables
included administration costs, harvest costs, product values, taxes, hauling costs, and the
total volume harvested by species groups (conifers and broadleaf) and by type of harvest
practice (clear-cut or shelterwood cut).

Figure 2 shows the distribution of some of the variables presented in Table 1. This
pool of variables was our resource to choose the variables we used in the DEA analysis.
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Figure 1. Localization of the DMUs in eastern Canadian boreal forest along a north-south gradient (46° to 50° N). Grid and 
regional limits (black lines). Enlarged inset areas (A) and (B) show examples of dispersed and agglomerated DMUs, re-
spectively. 

  

Figure 1. Localization of the DMUs in eastern Canadian boreal forest along a north-south gradient (46◦ to 50◦ N). Grid and
regional limits (black lines). Enlarged inset areas (A,B) show examples of dispersed and agglomerated DMUs, respectively.
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Table 1. Description of the spatial and non-spatial variables for the study area. Variables with codes prefixed by an X or Y
are the ones used in the DEA analysis.

Variables

DescriptionInputs
Spatial CODE

Area Indices

AREA_MN Mean area of harvest patches (ha) by DMU.
Area Total Total area of the DMU (ha).

NP Number of patches.
PD The number of patches in 100 ha; defined as patch density.

X5-LPI Largest patch in the DMUs, expressed as a percentage and
measuring dominance.

Shape index
LSI Landscape shape index, a measure of complexity and

dispersion in the landscape.

SHAPE_MN Average shape index of patches; measures complexity of
patch shape compared to that of a square.

Indices of juxtaposition
and dispersion

X4-PROX_CV
Coefficient of variation of the proximity index, measures

straight line-distance in radius of 500 m between patches; if
the DMUs are heterogeneous, the variation is high.

ENN_MN Nearest-neighbor mean (Euclidean) distance; shortest
straight-line distance between patches.

CONNEC
Connectivity index, the number of functional unions

among patches as a percentage; 0% when it is 1 patch and
100% when all patches are connected.

CONTIG_MN Mean contiguity index, average of spatial contiguity of cells
in patches.

MESH Mesh index, area of patches to reach the split level, related
to index below (ha)

SPLIT Split index is the number of patches with a constant area
that represent the level of separation in the landscape.

Distance to mill X2-Distance Distance (km) between the harvest block and mill that
consumes most of the wood in the zone.

Constructed roads X3-Constructed
road Total graveled road construction kilometers by DMUs.

Non-Spatial

Bioclimatic domain Domain The location of the DMUs in the ecological classification
reference system of Quebec

Volume Volume Total volume of harvested wood m3)
Type of harvest practice % clear-cut Proportion of clear-cut by DMUs as a percentage

Stand type % Conifers Type of dominant species in the DMUs (coniferous and
broadleaf) in percentage

Wood volume per hectare harvest X1-WVhh
Cubic meters of wood harvested by hectare in each DMU

(average) (m3/ha)

Wood value Products value Wood product value presented in the DMUs ($/m3)

Taxes Taxes Stumpage cost for public forests ($/m3)

Harvested cost Harvest cost Cost of cubic meter by harvesting activities ($/m3)

Cost of roads roads cost Construction and maintenance cost of roads used to extract
the wood during a period ($/m3)

Cost of transport Transportation cost Hauling cost by cubic meter ($/m3)

Profits Profits
Financial advantage expected after reducing total wood

procurement cost of wood’s values ($/m3)
Output

Total wood procurement cost Total Cost Sum of harvest cost, other cost, taxes, cost of roads and cost
of transport to the mill by DMU ($/m3)

Transformed total wood
procurement cost Y

Wood procurement cost transformed as subtraction
operation 100$—total wood procurement cost ($/m3).
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2.1. DEA Analysis

Two measures are available in the DEA. One presented by Charnes, Cooper, and
Rhodes [29] that assumes a constant return to scale (CRS); for each unit increase in the
inputs, a proportional increase in the outputs is generated. This measure is called aggregate
or overall efficiency, which represents the ratio of potential work and actual work that
is integrated into the process of wood procurement activities [30]. The second is when
variable return to scale (VRS) is assumed, which means that the response of the outputs
could be less than proportional (decreasing returns of scale) or greater than proportional
(increasing returns of scale) [31]. This measure is called pure technical efficiency, as defined
by Banker, Charnes, and Cooper [32], defined as the ability of a DMU to utilize its limited
inputs to produce the desired outputs under the influence of technology and equipment.
The ratio between these two efficiencies is the scale efficiency, which reflects the inefficiency
due to the DMU scale of operations and size, relative unit size, or input transformations
that are ineffective with respect to attaining the desired outputs [24,33].

An output-oriented DEA model was used in this study to measure the current relative
efficiency level. Using available inputs, this efficiency identifies which DMU can maximize
the output; in other words, which DMU can achieve a better financial outcome using current
spatial organization. The free version of the spreadsheet-based software DEASOLVER
LV 8.01 from Saitech Inc. (Bethesda, MD, USA), available at http://www.saitech-inc.com
(accessed on 1 May 2019), was used for the efficiency assessments. This software also
provides input targets for inefficient DMUs, represented as the slack of a unit when it has
input excess. Slack is related to a unit’s capacity to utilize inputs in optimal proportions.

We examined homogeneity within DMUs to determine whether the following DEA
assumptions were respected: (1) DMUs are engaged in the same process (forest harvesting);
(2) the same inputs and outputs are applied to each DMU; and (3) DMUs are operating
under the same conditions [34]. The first and second conditions were satisfied, but the
third was not, given that the DMUs in the sample represented different forests, species
compositions, and productivity and growth in the study area. To compensate for non-
homogeneity among DMUs, the SST method proposed by Sexton, Sleeper, and Taggart [35]
was used. This method incorporates regional characteristics that measure operating condi-
tions external to the process, such as percentage of conifers or taxes, which are expected to
account for efficiency differences that are not attributable to management. The SST method
consists of stepwise, multiple regression on the initial efficiency scores using variables that
describe the regional characteristics. Variable outputs are then adjusted using the ratio
between the initial values against the predicted values, after which a second DEA is run
to produce a new set of efficiency scores. These final scores focus upon the relationship
between non-homogeneity and true efficiency [34,35].

In the study area, there was a clear separation of the natural conditions of the forest and
their species composition following a north-to-south latitudinal gradient. This latitudinal
gradient represented an area characterized by a particular type of vegetation and reflected
the balance between climate and potential vegetation. The government planned harvest
activity according to the species composition of the sites [36]. Therefore, the efficiency
scores were evaluated according to the latitude range of locations partitioned by 46◦–47◦,
47◦–48◦, 48◦–49◦ and 49◦–51◦ N.

http://www.saitech-inc.com


Forests 2021, 12, 1108 7 of 16
Forests 2021, 12, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 2. Box plots of some of the most representative variables for the 50 DMUs (for more details, see Table 1). The
example from Figure 1 is presented showing red triangles for the dispersed DMUs (Figure 1A) and green squares for the
agglomerated DMUs (Figure 1B).



Forests 2021, 12, 1108 8 of 16

2.2. Selection of DEA Variables

Selection of input and output variables is an important step because they are con-
strained by the availability and accuracy of data; the variables most have; relative in-
dependence and a minimum level of correlation with the inputs and outputs, the latter
relationship’s practical meaning, and fulfilling the objectives of the study [37]. A Pearson
correlation matrix (r) was constructed to eliminate redundant variables due to multi-
collinearity. Inputs that were correlated with the output variable were preferable due to
their significant influence (over 0.3) [38]; linear regression was performed to evaluate the
relationships between the inputs and outputs.

Our selected output variable for total wood procurement cost was transformed using
a subtraction operation (CAD 100 less total wood procurement cost). By managing the
variable in this way, we obtained a variable with positive values. DMUs with lower wood
procurement costs had higher positive values for this transformed variable. Reducing
costs is one of several important objectives of the forest industry, and it is also a common
indicator that is often used as a performance measure leading to improved profits [27]. DEA
evaluations should include the factors that globally characterize the production process; in
this case, we focused on how spatial organization of the DMU affected the efficiency of
financial forest activity. The variables that were included in this analysis reflected aspects
related to spatial organization and wood procurement activities. We evaluated the quantity
of extracted wood from each DMU and spatial distributions among patches within the
DMU, which were reflected in associated road construction and the distance to the mill.

From the Pearson correlation matrix, we selected the variables that exhibited moderate
correlations (|r| > 0.3) between the input and output variables [39,40]. These variables
were wood volume per hectare, constructed roads, distance, LPI, and PROX CV (Table 2).
The variables wood volume per hectare (X1) and wood procurement cost transformed (Y)
showed the strongest correlation (r = 0.53, p = 0.0001); if the DMUs had more wood volume
harvested per hectare, that would result in a higher transformed total wood procurement
cost. Distance (X2) and constructed roads (X3) were moderately negatively correlated
with transformed wood procurement costs; greater distance and higher road construction
costs reduced the value of wood procurement costs transformed. PROX_CV (X4) and
LPI (X5) also exhibited a moderately negative relationship with wood procurement costs
transformed. The higher the values of PROX CV, the greater the dispersion between
patches and the lower the wood procurement costs transformed will be. Based upon
multiple regression, the selected variables explained 58% of the wood procurement costs
transformed (adjusted R2 = 0.58, p < 0.05). The number of final variables selected and used
to run the model followed the recommendation that the number of DMUs should be at
least twice the number of inputs and outputs [40].

Table 2. Pearson correlation coefficients (p-values) for inputs (X1 = WVhh (m3/ha), X2 = distance
(km), X3 = constructed roads (km), X4 = PROX_CV (%), X5 = LPI (%)) and outputs Y = wood
procurement cost transformed (CAD/m3) among selected DEA variables (see Table 1 for details).
Bold values (p > 0.05).

X1-WVhh X2-Distance X3-Constructed
Road X4-PROX_CV X5-LPI Y

X1 1
X2 0.12 (0.417) 1
X3 0.05 (0.721) 0.06 (0.695) 1
X4 0.10 (0.493) 0.11 (0.447) 0.42 (0.0025) 1
X5 −0.31 (0.029) 0.01 (0.9305) −0.35 (0.012) −0.46 (0.0007) 1
Y 0.53 (0.00001) −0.37 (0.0014) −0.26 (0.066) −0.17 (0.232) −0.28 (0.048) 1

The spatial variables were evaluated with the ANOVA test to verify if they presented
differences between latitudes. The results presented in Table 3 show that there were no
significant differences in these variables.
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Table 3. p values from ANOVA test of the spatial variables for the locations in the different
latitudes evaluated.

Variable F Value p Value

X5-LPI 0.759 0.532
X4-PROX_CV 1.295 0.287
X2-Distance 0.622 0.605

X3-Constructed road 1.866 0.149

2.3. Compensation for Non-Homogeneity

Before applying the SST method to compensate for non-homogeneity in the DMUs,
their efficiency scores according to the latitude ranges of their locations—46◦–47◦, 47◦–48◦,
48◦–49◦, and 49◦–51◦ N—were tested with the Kruskal–Wallis test, a non-parametric rank-
based alternative to ANOVA [41]. The differences among the four groups were significant
(p = 0.025) for aggregate efficiency (CCR), with a lower value in the north (51◦ to 49◦ N) in
contrast with the other three located further south (from 49◦ to 46◦ N). For pure technical
efficiency (BCC model), there were no differences among DMUs that were located at
different latitudes. Differences in scale efficiency were significant (p = 0.0004) and followed
the same trend as those for aggregate efficiency.

The aggregate and scale efficiency values were adjusted to compensate for the non-
homogeneity prior to implementing the SST method. For adjusting the DMUs to the same
conditions, environment variables that describe regional characteristics external to the
process were used to explain the differences. From our initial database, the variables that
differentiated the characteristics between the forests were percentage clear-cut, taxes, and
percentage of conifers that presented significant differences tested with Kruskal–Wallis
ANOVA across the DMU latitudinal locations. The percentage of conifers, percentage
of clear-cuts, and taxes showed a gradient decreasing from north to south (Figure 3).
After testing several models using these three variables, the best model that was used to
correct the score for the aggregate efficiency (CCR) was a model using the percentage of
harvested conifers that depended upon the availability of these species in the territory and
a location variable (latitude), which explains 19% of the efficiency score (p = 0.02). The
two other variables were strongly correlated with the percentage of conifers. A higher
percentage of conifers permitted more clear-cutting (r = 0.66, p < 0.0001), and taxes also
depended upon the quantity of conifer species that are more highly desired by industry
and, hence, more valuable (r = 0.62, p < 0.0001) [42]. Because the scale efficiency is the ratio
of the aggregate efficiency and the pure technique, it was recalculated with the corrected
aggregate efficiency values.
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the data envelopment analysis (DEA) by latitude.

3. Results

Results presented in Figure 4 summarize the mean values for the aggregate, pure tech-
nical and scale efficiencies that were calculated for the 50 DMUs in eastern Canada. They
reflect efficiencies of the DMUs under the same operational conditions after integration of
the compensation for non-homogeneity.
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Figure 4. Efficiency scores of the DMUs that were examined. Black dots present the mean value.

The aggregate or overall efficiency (CCR) had an average (±SD) of 72% ± 23%
(median: 69%). DMUs deemed efficient (100%) totaled 13, representing 26% of the sample,
while inefficient DMUs had efficiency values ranging between 97% and 30%.

For pure technical efficiency (BCC), the mean (±SD) was 89% ± 9% (median, 89%);
14 sites (28%) were considered efficient (value of 100%). This efficiency measures the extent
to which DMUs could decrease the inputs to produce the desired wood procurement
cost transformed, evaluating the equipment and technologies that are used in the process.
Technologies included efficient machinery, combustible use, worker health, and planning
strategies [43]. Scale efficiency represented the level of efficiency that is due only to the
scale of operations, i.e., the relationship between aggregate and pure technical efficiency.
The value of scale efficiency was 79%, with a standard deviation of 19% (median 78%); 36 of
50 DMUs were operating below optimal scales. This meant that the source of inefficiency
due to the size of operations was the ability to transform the current inputs (spatial
configuration of the DMUs) effectively into a lower wood procurement cost transformed.

When we differentiated efficiency values by latitudinal location, they displayed a
tendency toward lower values for the DMUs that were in the northern area, with higher
values for the DMUs located in the southern forests. The values for pure technical efficiency
(BCC) did not differ among locations; they varied from 88% to 92%, with more variation
for DMUs that were located in the south. After compensation for non-homogeneity in
aggregate efficiency (CCR), the mean value for aggregate efficiency in the DMUs that were
located at latitudes above 49◦ N was 60% (±25%) compared to the rest of the DMUs below
latitude 49◦ N, where values ranged between 74% and 75%. Variation was greater for
DMUs that were located between 47◦ N and 48◦ N (±28%), where values ranged from
100% to 29%. Finally, for scale efficiency, the DMUs located above 49◦ N had a mean value
of 68% compared to the DMUs below 49◦ N, where the values were around 80%.

Figure 5 presents average target reductions for the complete set of DMUs, based
upon inefficient DMUs. Targets were established using the BCC model, given that it
best expressed the use of technology and managerial strategies. It was estimated that
the variable distance to the mill (X2) was more efficient with lower values, 29% less than
average, which equated to 41 km. Our results suggest that a 37% reduction in kilometers of
constructed roads (X3) would allow optimal efficiency, equivalent to an average decrease
of 2.8 km. The target reduction level for PROX_CV (X4) was a decrease of 21%. For LPI,
the target was 3% on average for dominance by a bigger patch.
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According to DEA results, constant returns of scale (CRS) were prevalent, with
41 DMUs operating below this scale; this demonstrated that there was no need to in-
crease or lower the size or quantity of inputs used in the process. Three DMUs were
under decreasing returns of scale; their ability to manage inputs decreased if the quantity
of inputs increased. Six DMUs were observed under increasing returns to scale, where
output could be maintained at the same level by increasing the scale of operations; these
did not necessarily refer to the size of inputs, but to the use of more inputs (DEA model
output-oriented).

4. Discussion

The results showed high values for efficiency in the harvested sites in eastern Canada.
The efficiency expressed how well the current spatial configuration allowed them to
maximize the financial outcome in the context of ecosystem management rules. The pure
technical efficiency (BCC) averaged 89% with a low degree of variation (9%). Because this
efficiency describes the intrinsic technology of the process, the high values among all the
latitudinal locations studied demonstrated the advantages of the utilizing technology and
management strategies, which helped reduce differences in a given territory. The overall
or aggregate efficiency (CCR) was 72% (mean value); greater than 70% is considered to be
good. However, this efficiency had greater variation (±23), and 74% of the DMUs (37/50)
were not able to use the available inputs in transformed total wood procurement in a
cost-efficient manner. The reason is that the forest industry in eastern Canada creates a
year-round balance for planning for harvest sites, where access to remote sites is balanced
by nearby sites to compensate for the disadvantages and extra costs of the former, and
the availability of mature stands limits the possibility of operating at high efficiency
everywhere. From our results, we could see both efficient and inefficient sites across the
gradient of sites.

There was no significant difference in spatial variables that were evaluated for the
different types of DMUs examined in the study (Table 3). Harvest areas did not exhibit a
single pattern that depended upon the latitude or ecosystem in which they were located,
as had been suggested by EFM. We found areas with concentrated patches dispersed
along the north-south gradient, as well as small (60 ha) and large areas (400 ha). There
was no tendency for areas harvested at any specific latitude to share a single pattern of
spatial organization.

The spatial variables have great importance in determining the efficiency of forest
harvesting at lower costs. Despite the great range of variables that were considered, those
that were related to roads and to the dispersion of the patches were of greatest importance.
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Roads represent almost 40% of procurement costs and are essential for providing site
access for timber harvesting [10,44]. From our data, road costs from construction and
distance to the mill were indeed the major components of wood procurement costs. This
was corroborated by LeBel and Stuart [18], who showed that hauling distance was one
of the factors that explained efficiency values for contractors in the United States. Some
authors from Scandinavian countries state that increasing the weight of trucks, by including
high-capacity transportation (HCT) trucks in timber transport, would also bring total cost
savings in roundwood transportation [45]. Road construction (km) depends directly upon
the distribution and number of patches. Forest road network planning typically involves
decision-making on road locations that provide access to predetermined harvesting sites in
a way that minimizes overall road building and timber harvesting costs [46]. We obtained
a highly significant (r = 0.57, p < 0.0001) positive correlation between the number of patches
and the kilometers of constructed roads within the harvested site, and also moderate with
PROX_CV and LPI (Table 2). Efficiency is affected by road construction (km), showing
a direct relationship with cost. Dispersion of the patches was represented by the index
PROX_CV; large values meant greater variation in the distances between patches, thereby
making the areas more dispersed. Dispersion had a clear relationship with the DMUs that
had the lowest efficiency values. There is evidence that aggregating harvesting areas is
recognized as a means of reducing the costs of road construction and maintenance [13,47].
The large patch index showed a positive relationship with wood procurement costs; the
bigger the LPI, the more efficient were the DMUs. As expected, larger areas would translate
to lower wood procurement costs. In Figure 1, we present an example of the two extreme
cases of DMUs. DMU1 (A) had the lowest efficiency values, with an aggregate efficiency of
48% and pure technical efficiency of 68%. The variables that described it were the number
of 10 km lengths of constructed roads; the distance to the mill was 163 km, the LPI was 24%,
and the PROX_CV index was 179. DMU 2 (B) had a value of 100% for both efficiencies,
with a value of 2 km for length of constructed roads, distance to the mill of 60 km, an LPI
of 70%, and a PROX_CV index of 31.3.

About 19% of the aggregate or overall efficiency was explained by the variable per-
centage of conifers when we performed the compensation of non-homogeneity with the
regression of the SST method [34]. The variables taxes, clear-cut (%) and conifers (%)
expressed the differences between the forest types that mainly depended on the location
or latitudes where they are located. These variables help to explain the efficiency values
that have been reported. Percentage of conifers that were harvested depends upon the
dominant forest type and latitude, with coniferous forests dominant in the north, broadleaf
forests dominant in the south, and mixed wood in-between [8]. Taxes change depending
upon location according to regulations set out by the Province of Quebec, where the value
depends upon the level of infrastructure in the zone and the potential species to be har-
vested, with higher values in areas with more conifers. The value of the taxes should be
lower in the north to compensate for the operational constraints; in our sample, the values
seemed to be higher, suggesting that perhaps a readjustment in tax rates is needed. Further,
the percentage of clear-cut is predominant in the north, where conifers are dominant, and
where the application of partial cuts is not mandatory but optional [11].

When we examined efficiencies according to different latitudes, there was a tendency
toward higher efficiency values in the southern forests. However, it should be noted that
efficient DMUs were present in all forest types across the range of latitudes. Southern areas
may be more efficient for several reasons. First, the wood extracted has greater commercial
value and larger diameters compared to the northern cuts, which is directly related to the
ratio (%) of conifers at that latitude. In the North, the activity was based on extracting
larger quantities of wood, but the quality of the wood was lower from trees with smaller
diameters (average diameter at breast height—DBH: 16 cm; [48]) compared to trees further
south (average DBH: 28 cm; [49]). Second, the road network was more developed in the
south, resulting in a smaller number of roads being built; northern areas often must open
new roads. Furthermore, distances to the mill tended to be shorter in the south, which
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made them more efficient in producing wood at a lower cost. The issue of the ratio of
harvested wood volume per km of road, which affects the profitability of opening and
maintaining roads [50], was less consequential in this area. Finally, higher taxes in northern
areas also pose a disadvantage compared to the lower taxes in the southern areas.

We calculated two types of efficiency; the reduction in targets using aggregate effi-
ciency (CCR) evaluates the process as a whole, which in some cases can reach 77% reduction.
However, reduction targets that are based on CCR are often a result of scale inefficiency.
Improvements that can be achieved through managerial means are better presented by the
targets in the BCC model [24]. The goal and strategy of the forest industry is identifying
the possible variables that could be important for improving the efficiency of producing
wood at a lower cost [51]. From Figure 5, we can observe the improvements projected
by the analysis of the variables. The main variable to improve is road construction (km);
forestry roads are one of the main topics of study for the forest industry [52]. Reducing
the requirement for constructed roads can be facilitated by reducing patch dispersion
(PROX_CV), which has been targeted at −21%, together with the number of kilometers of
roads within harvested sites. Distance to the mill directly influences the cost per kilometer
of road to maintain and the cost of transport; this could be a point of improvement if
there is greater coordination among contractors sharing the same territory and considering
short and long term planning that will lower wood procurement costs [53]. Both targets
could be addressed from the perspective of the technology if it is impossible to reduce the
distance or number of kilometers to build, together with options such as vehicles that are
more fuel-efficient, trucks with greater capacity, and improvements in the materials or load
capacity of the roads.

Evidence regarding the nature of returns to scale in the logging industry is mixed.
Here, we found that our DMUs worked under a constant return of scale (CRS), as has been
mentioned by Boussofiane, Dyson, and Thanassoulis [31]. If the unit already operates in
the CRS region, it usually is not a good idea to change its operating scale, given that this
alteration would decrease scale efficiency. Increasing returns to scale in the logging sector
have been reported by practicing foresters in a survey of contractors in New Zealand and
the United States by Stuart, et al. [54]. Our study focused upon the spatial configuration of
the harvested sites and not on the contractors; we presented a more general view of the
process. This may explain the disparity between our results and reports in the literature.

The empirical results that are presented in this paper are an estimate of the efficiency
of the harvest in Quebec according to the spatial organization and based on average and
official values provided by government agencies. By no means can we claim them to be
representative of the forest harvesting industry in Quebec and Canada. Some limitations
of the study were the quality of available data that could be considered as a simplification
of reality and may not represent the complete complexity of the regions, because some
information may have been excluded from the analysis. We cannot extrapolate to regions
under different conditions because the data covered only five management units of a single
harvest year. The economic values that have been estimated here may not express reality
because the harvested sites offered by the minister are often subject to different managerial
procedures and do not necessarily follow initial limits. Additionally, the profitability may
be calculated on another scale, but nevertheless, the exercise provides some insight into
the advantages of this type of comparative study in forestry.

The DEA analysis allowed us to include different types of variables and to easily
understand efficiency, and through the measure of target projections, how to improve
performance. DEA is a relevant approach that could be more widely adopted by forest
managers and government decision-makers, both locally and nationally.

5. Conclusions

In conclusion, the forest harvest evaluated at the scale of the harvested sites demon-
strates the importance of spatial variables for determining efficiency values, given that
they are mainly related to the dispersion of the patches, the roads that have been built, and
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the distance of transport from site to mill. Furthermore, we can conclude that harvested
sites do not represent a single pattern that depends upon the composition of the forest in
which they are found, as has been suggested by EFM directives that are currently applied
in eastern Canada.
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