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Abstract

:

Seismic lines, which are narrow linear clearings used for hydrocarbon exploration, have accumulated throughout Alberta’s forest landscapes for decades. The inconsistent natural recovery of seismic lines over time has led to a fragmented landscape and has incited the need for restoration programs and associated monitoring of forest recovery on seismic lines. In this study, we evaluated a technique where we used satellite imagery to visually assign recovery classifications based on whether the seismic line remained >50% visible (Not Recovered), <50% visible (Fractionally Recovered), or not visible (Recovered) in upland mixedwood forests. We ground validated the recovery classification on 22 seismic lines using the recovery criteria of 2000 stems ha−1 and a mean tree height of 3 m. The categories of Recovered and Fractionally Recovered met the recovery criteria with 100% and 80% accuracy, respectively, while the Not Recovered category identified lines that failed to meet the recovery criteria with 83% accuracy. Based on these findings, visual interpretation of satellite imagery can be used to provide cursory-level recovery information for monitoring forest recovery on upland seismic lines at landscape-level scales.
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1. Introduction


Seismic lines, which are narrow linear clearings created for oil and gas exploration, have accumulated throughout Alberta’s central and northern forest landscapes since the early 1940s [1]. Until the end of the 20th century, conventional seismic lines, ranging between 5 and 10 m in width, were cleared using bulldozers [2]. In 2001, the total number of kilometres of conventional seismic lines in Alberta was estimated at 1.8 million [3]. Tree growth on seismic lines is a slow and inconsistent process, dependent on many factors including disturbance characteristics, site characteristics, and repeated line use [4,5]. While current seismic practices have changed with an intention of reducing disturbance intensity by reducing their width, there remains a significant disturbance from 60 years of conventional seismic line construction that contributes to the extensive fragmentation of Alberta’s boreal forest landscape [4,6].



There are currently several industry-funded seismic line restoration programs underway in northern Alberta that involve techniques such as mechanical site preparation and tree planting [7]. These restoration programs often begin with a pre-treatment inventory that reflects the current condition of vegetation on seismic lines in order to identify areas to focus restoration efforts [7,8]. Post-restoration, long-term monitoring should be done to assess seedling establishment and growth to understand the efficacy of treatments. Assessment of seismic line recovery is achieved through field surveys or remote sensing techniques. Field campaigns, which involve measuring vegetation densities and heights using handheld instruments are time-consuming, costly, and may be impractical due to the remote locations of seismic lines and the large scale of their disturbance footprint on the landscape [9,10]. Remote sensing approaches for assessing recovery offer a less labour-intensive alternative to field campaigns. While direct field measurements can achieve higher levels of accuracy, remote sensing approaches allow larger areas to be assessed and provide a more comprehensive understanding of the landscape on broader spatial and temporal scales.



Airborne remote sensing methods such as Light Detecting and Ranging (LiDAR) or Digital Aerial Photogrammetry (DAP) have been used in several studies to assess tree recovery on seismic lines [5,10,11,12]. These techniques provide detailed information with high accuracies; however, airborne acquisitions are costly and the processing of point cloud data can be difficult [9,10]. These complex data interpretations often require specialized skill and experience, making them impractical for use by those unacquainted with the process. Furthermore, the cost associated with airborne remote sensing is likely to remain high due to the cost of fuel, mobilization, and aircraft ferrying charges [13]. Small remotely piloted aircraft systems (drones) are increasingly being used in remote sensing applications and are capable of detecting seedlings on seismic lines [14]; however, this technique is less practical over large areas as pilots need to maintain line-of-sight with the drone. As the need for assessing and monitoring seismic line regeneration on landscape-level scales grows, restoration programs would benefit from a more accessible and straightforward remote sensing approach to help prioritize areas for restoration and subsequently monitor recovery over time.



Satellite imagery acquisitions are more cost-effective than airborne remote sensing data acquisitions and conventional seismic lines are detectable from high-resolution sensors such as SPOT 5, which has been used for mapping seismic line disturbance [15]. Although tree heights and densities cannot be quantified using a simple visual assessment of satellite imagery, this technique may be capable of providing the cursory information required for landscape-level restoration planning and presents an opportunity to extract valuable information from the landscape without site access or complex data processing. To our knowledge, visual interpretation of satellite imagery has not been used to interpret forest recovery on seismic lines to date.



In this study, we explored the viability of using visual assessments of satellite imagery to classify conventional seismic lines into three recovery categories: Not Recovered (NR), Fractionally Recovered (FR), and Recovered (R), based on their linear footprint. Seismic lines in mature forests (untreated) and seismic lines in reforested cutblocks (treated) were included in the study to capture a range of representative seismic lines in the landscape. The objectives of this study were to: (1) evaluate the accuracy of the recovery classification categories derived from the visual assessment of satellite imagery based on a field measured recovery criteria of 2000 stems ha−1 and a mean tree height of 3 m and (2) determine if field-measured tree and shrub parameters were significantly different between the three classification categories assigned from visual assessment of satellite imagery.




2. Materials and Methods


2.1. Study Area


The study area was located approximately 70 km northwest of Manning, AB, Canada, and spanned 22 km between the furthest sites (Figure 1).



The study area is within the Lower Boreal Highlands natural subregion of Alberta and is characterized by diverse mixedwood forests including Populus tremuloides Michx. (aspen), Betula papyrifera Marsh. (paper birch), Pinus contorta Doug. ex Loud. (lodgepole pine), Picea glauca (Moench) Voss (white spruce), and Abies Balsamea (L.) Mill. (balsam fir) on undulating to hummocky uplands [17]. The elevation in this area ranges from 400 to 1075 m [18]. Mean daily temperature normals range from −17 °C in January to 16.0 °C in July and mean monthly precipitation normals are between 18 mm in April to 85 mm in July [19].



This area has a history of linear disturbance from conventional seismic exploration and falls within the Manning Forest Products (MFP, Manning, AB, Canada) forest management agreement area [20]. To capture a range of regionally representative seismic lines, those in mature forests (untreated) and in reforested cutblocks (treated) were included in the study. Although there had been no targeted linear restoration programs in this area, seismic lines within reforested cutblocks received site preparation and planting, and thus were considered treated seismic lines. Untreated seismic lines were located in mature forests outside cutblocks. Seismic lines in this study were all approximately 5 m wide. Based on available historical imagery [21], seismic lines in the study area were cleared in the mid-1980s, while cutblocks were harvested and planted between 2004 and 2011, resulting in a time since disturbance (or re-disturbance in the case of seismic lines within cutblocks) ranging between 10 and 40 years at the time of the study.




2.2. Classification of Recovery Using Satellite Imagery


Alberta Biodiversity Monitoring Institute (Edmonton, AB, Canada) (ABMI)’s human footprint inventory dataset [22] was used to identify conventional seismic lines within the study area and Derived Ecosite Phase data [23] was used to select lines in upland forests. Seismic lines selected for assessment and subsequent ground validation were within 1 km of a road and were at least 100 m from one another [24,25].



Visual assessments were performed on 55 m sections of seismic line in ArcGIS Pro 2.5.0 [26] with the most current (either 2019 or 2020) high resolution (1.5 m, suitable for 1:25,000 scale) SPOT 6/7 satellite imagery collected during the leaf-on period. Aerial photos from 2000 provided by MFP (1 m resolution) were also used to confirm the initial width of the seismic line. The visual assessments were performed on natural colour composites without the use of enhancements or band ratios. An analyst with only a basic knowledge of remote sensing classified each line segment as either NR, FR, or R, based on the proportion of the initial line width that remained distinguishable from the surrounding forest. For the purposes of this study, we defined recovery based on the ability to differentiate the linear footprint (according to texture and colour) from the vegetation growing adjacent to the line. Line segments indistinguishable from the surrounding forest were classified as R. Segments were classified as FR when <50% of the initial line width remained, but the line was still distinguishable on the landscape. Segments were classified as NR when >50% of the initial line width remained on the landscape. Figure 2 presents a schematic of each recovery classification category and Figure 3 shows examples of how each classification category appears on the satellite imagery within mature forests and cutblocks.




2.3. Ground Validation


Ground validation was conducted the year after the satellite imagery was taken. In total, 22 seismic line transects were ground validated: 6 classified as NR, 10 classified as FR, and 6 classified as R (Table 1).



Tree and shrub data were collected along each transect within circular plots. Transects were 55 m long by 5 m wide, and contained twelve 10 m2 circular plots, established 1 m apart in a repeating offset pattern (Figure 4). Within each circular plot, counts of individual species were recorded for all trees >1.5 m and all non-trailing shrubs. The height and diameter at breast height (DBH) were measured for all trees >1.5 m using a height pole and calipers.




2.4. Recovery Criteria


The recovery criteria used in this study were determined based on current literature and regional regulations. In Van Rensen et al.’s (2015) study, conducted in northeastern Alberta, recovery on seismic lines was defined as achieving a mean tree height of 3 m [5]. Alberta’s 2010 Reclamation Criteria for Wellsites and Associated Facilities for Forested Lands provides a minimum stem count criteria of 5000 stems ha−1 or 2000 stems ha−1 if the site is planted with merchantable species [27]. For this study, the lower density of 2000 stems ha−1 was used in combination with a minimum mean tree height of 3 m as the recovery criteria. Seismic line transects meeting both these criteria were considered ‘recovered’.




2.5. Data Analysis


To address the first objective of our study, means and standard errors were calculated for each transect based on data from the twelve circular plots. Counts were converted from stems per 10 m2 to stems ha−1. Transect mean tree heights and densities were plotted together for visual comparison with one another and the recovery criteria.



To address the second objective of determining whether tree and shrub parameters were significantly different among the three classification categories assigned based on satellite imagery interpretation, a linear mixed-effect model was used from the nlme package [28] in R [29] with a separate analysis for each response variable. Response variables included tree density, tree height, tree DBH, and shrub density. All response variable averages were taken at the circular plot level. Individual species were not analysed because species could not be identified from satellite imagery.



In the linear model for each response variable, the classification category was entered as a fixed effect and individual transect ID was included as a random effect to account for circular plots nested within transects. Where evidence of variance heterogeneity was detected between transects, the weights argument was applied using the varIdent function for data with unequal variances. Akaike information criterion (AIC) values from the model with the varIdent function were also compared to the original model as a second cross-validation of improved model fit. An analysis of variance (ANOVA) was used to evaluate the significance of the classification category on response variables. Effects were deemed significant if the p value was ≤0.05. The emmeans package was used to obtain estimated means for parameters based on models and the cld function was used to generate compact letter displays of pairwise comparisons of estimated means at a significant level of 0.05. Assumptions of normality and equality of variance were assessed graphically using plots of residuals. In some cases, square root transformations were employed to meet model assumptions and the model estimated means were inverse-transformed for reporting.





3. Results


3.1. Tree and Shrub Composition


Within the 22 transects, we recorded 1612 trees >1.5 m tall. Tree species included Betula papyrifera Marsh. (paper birch) (31%), Populus tremuloides Michx. (aspen) (24%), Pinus contorta Doug. ex Loud. (lodgepole pine) (16%), Picea glauca (Moench) Voss (white spruce) (11%), Populus balsamifera (L.) (balsam poplar) (9%), Abies balsamea (L.) Mill. (balsam fir) (7%), and Pinus mariana (Mill). B.S.P. (black spruce) (1%). The five most common non-trailing shrub species encountered were Rosa acicularis Lindl. (prickly rose) (28%), Alnus spp. (18%), Salix spp. (13%), Viburnum edule (Michx.) Raf (low-bush cranberry) (12%), and Rubus idaeus (L.) (red raspberry) (10%). Transect-level tree data, including the number of trees > 1.5 m and the percentage of coniferous and deciduous trees can be found in the Appendix A (Table A1).




3.2. Comparing Transect Data with Recovery Criteria


The mean tree height and tree density of each transect is shown in relation to the recovery criteria of 3 m mean height and 2000 stems ha−1 density requirement (Figure 5).



All six of the transects classified as R met the recovery criteria, while eight out of the ten transects classified as FR met the criteria and only one out of the six transects classified as NR met the criteria.




3.3. Comparing Response Variables between Classification Categories


Results from the linear mixed effect model show that the mean tree density was significantly higher on transects classified as both FR and R compared to transects classified as NR (F2,19 = 6.61; p = 0.007) (Figure 6a). Mean tree height (F2,19 = 10.64; p = 0.0008) and tree DBH (F2,19 = 10.55; p = 0.0008) were also significantly higher on transects classified as both FR and R than on transects classified as NR (Figure 6b,c). Shrub density was not significantly different (F2,19 = 0.53, p = 0.6) between the three classification categories (Figure 6d).





4. Discussion


4.1. Accuracy of Classification Categories


All transects classified as R based on satellite imagery interpretation met both height and density recovery criteria. Of those transects classified as FR, 80% met the field-measured recovery criteria, indicating that most seismic lines in this category had regenerated. Conversely, the majority of transects classified as NR (83%) did not meet the recovery criteria and had significantly lower mean tree densities, tree heights, and tree DBHs compared with the FR and R categories. The lack of statistical differences in any of the measured response variables (i.e., tree height, tree DBH, tree density, shrub density) between the FR and R categories indicates that other factors, such as shadows cast by adjacent vegetation, were likely responsible for making recovered lines more distinguishable in the satellite imagery.



Total shrub density was not significantly different across all three classification categories, indicating that shrub presence, including tall shrubs, did not contribute to the distinction made between the various classification categories in the mixedwood study area; rather, these differences were driven by differences in tree parameters. However, in a predominantly deciduous forest, it is possible that the presence of shrubs could lend the appearance of a recovered seismic line on satellite imagery, but this was not tested in our study.



There is a lack of peer-reviewed studies using visual assessment of satellite imagery to assess forest recovery; however, some work has been done to assess the accuracy of visual interpretations of satellite imagery for classifying land use and estimating forest cover [30,31]. High success rates (95%) have been reported for the identification of land use based on true colour satellite imagery with higher resolution imagery (<5 m) producing better estimates [30,31].



When considered collectively, results from this study conducted in upland mixedwood forests indicate that visual assessments of high resolution (1.5 m) satellite imagery can be used as a preliminary method to distinguish linear features on the landscape that have recovered from those that have not recovered. We also observed that seismic line regeneration occurred more uniformly across seismic lines in this study, instead of encroachment from edges as we expected in the assignment of the FR classification category (Figure 2). For these reasons, a two-tiered recovery classification system, where the FR and R categories are combined, giving simply “Recovered” and “Not Recovered” categories, would have effectively captured seismic line forest regeneration status in the study area. However, the intermediate category (FR) may still have utility in other ecosystems and could be considered in future studies. Furthermore, results from this study highlight the importance of ground validating for understanding classification categories derived from imagery.




4.2. Recovered Seismic Lines in Mature Forests


While many seismic lines in both reforested cutblocks and mature forest stands met the field-measured recovery criteria based on tree density and height parameters, it is noteworthy that only seismic lines in cutblocks (treated) were classified as R based on the imagery. Because satellite imagery is influenced by solar illumination and view angles [32], it is likely that the more visually apparent shadows from the taller adjacent forest trees make the seismic line appear more distinct on the landscape and thus increase the uncertainty when assigning recovery categories. Conversely, in cutblocks, where the trees on seismic lines are of similar age and height as the trees in the harvested area, there is no height difference between the line and its surroundings, making it indistinguishable on satellite imagery. Therefore, until trees on the seismic line reach the height of trees in the adjacent forest, the footprint of the line will likely remain distinguishable on satellite imagery and may be mistakenly categorized as FR. However, it should be noted that poor tree recovery on seismic lines in mature forests was still distinguishable in the satellite imagery assessments. A two-tiered classification system where the FR and R categories are grouped together if <50% of the initial line width remained, would better capture natural recovery in mature forests.




4.3. Limitations


While visual interpretation of imagery is simple, efficient, and requires minimal training, a disadvantage of this technique is its inherent subjectivity as different individuals may perceive colour and texture differently [30]. For detailed visual assessments of satellite imagery, multiple interpreters are recommended to calibrate for differences between them [30]; however, for purposes of providing cursory level recovery information across broad spatial areas, we believe that maintaining consistency is important and recommend that a single individual perform the assessments wherever possible, as was done in this study. It may also be possible to further develop this technique using more stringent criteria in future studies.



Another limitation of this method is that seismic line recovery is based solely on the presence of vegetation on the seismic line that is not visually distinct from the adjacent forest. This technique is based on canopy cover and does not provide any other important recovery metrics such as height, density, understory community structure, or environmental variables, making it a simplified way of evaluating recovery [33]. As such, it does not provide the whole picture of recovery and is not a substitute for field measurements; however, this method may still be useful as a tool for making high-level approximate assessments.



The evaluation of this technique is also limited by the small number of replicates ground validated: six NR transects, ten FR transects, and six R transects. Furthermore, data used in this study were collected from treated/planted seismic lines in cutblocks as well as naturally regenerating seismic lines in mature forest stands; however, classification categories did not have a balanced representation between the two site types. This was due to the lack of lines in mature forest appearing recovered as well as site access limitations (only two replicates of the NR category in cutblocks). Hence, we were unable to test the interaction effect between forest type and classification category and, while the forest type did not affect any of the response variables on its own, it is possible that interactions may be present.



Furthermore, results from this study apply to the advanced recovery of conventional seismic lines 10 to 40 years post-disturbance and within upland mixedwood forests. Application of this technique to earlier recovery or seismic lines in different ecosites may be less accurate. For example, seismic lines in ecosites with shorter and less dense vegetation may be less discernible on satellite imagery and thus appear recovered. Finally, this technique was developed for assessing conventional seismic lines and is not recommended for visual assessments of narrower (1–2 m) low-impact seismic lines which would be very difficult to observe on satellite imagery with 1.5 m resolution.





5. Conclusions


In this study, we evaluated a new method of assessing seismic line recovery using visual interpretation of satellite imagery to classify seismic lines into three broad categories: NR, FR, and R. Results from this study indicate that the presence or absence of advanced forest recovery on conventional seismic lines in upland mixedwood forests is distinguishable using visual interpretation of satellite imagery; however, an evaluation of the extent of recovery is not possible. Given the magnitude of seismic line disturbance and the growing need for restoration programs and recovery monitoring, desktop satellite imagery interpretation could be a simple and cost-effective alternative to airborne remote sensing data acquisitions for providing cursory-level approximate information about the current state of conventional seismic lines.



Future studies should encompass validating the accuracy of visual satellite imagery assessments on seismic lines in lowland forests as well as deciduous or coniferous dominated stands. We also recommend that future studies collect ‘offline’ data adjacent to the seismic line to compare species compositions on seismic lines with the adjacent forest.
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Table A1. Classification and number of trees > 1.5 m measured on each transect. Also percent coniferous and deciduous per transect, and percent of circular plots per transect.






Table A1. Classification and number of trees > 1.5 m measured on each transect. Also percent coniferous and deciduous per transect, and percent of circular plots per transect.





	Transect Number
	Classification
	Number of Trees
	% Coniferous
	% Deciduous





	1
	NR
	40
	38
	63



	2
	NR
	23
	13
	87



	3
	NR
	15
	67
	33



	4
	NR
	20
	70
	30



	5
	NR
	37
	89
	11



	6
	NR
	9
	56
	44



	7
	FR
	39
	51
	49



	8
	FR
	63
	41
	59



	9
	FR
	167
	7
	93



	10
	FR
	31
	13
	87



	11
	FR
	152
	7
	93



	12
	FR
	119
	71
	29



	13
	FR
	188
	34
	66



	14
	FR
	140
	61
	39



	15
	FR
	12
	92
	8



	16
	FR
	44
	16
	84



	17
	R
	49
	65
	35



	18
	R
	65
	28
	72



	19
	R
	112
	61
	39



	20
	R
	57
	32
	68



	21
	R
	156
	15
	85



	22
	R
	74
	24
	76
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Figure 1. Study area in northwestern Alberta showing seismic line transect locations and their forest type; either mature forest (blue) or cutblock (orange). Image was created using QGIS version 3.16.0 [16]. 






Figure 1. Study area in northwestern Alberta showing seismic line transect locations and their forest type; either mature forest (blue) or cutblock (orange). Image was created using QGIS version 3.16.0 [16].



[image: Forests 13 01022 g001]







[image: Forests 13 01022 g002 550] 





Figure 2. Schematic of each classification category on a seismic line: Not Recovered (NR), Fractionally Recovered (FR), and Recovered (R). Dashed line represents the estimated initial width from the 2000 imagery. Green = Forested/vegetated area. Beige = Not forested/vegetated. 
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Figure 3. Examples of the recovery classification categories: (a) Not Recovered (NR), (b) Fractionally Recovered (FR), and (c) Recovered (R) shown on satellite imagery © (2021) Airbus Defence and Space, Licensed by Planet Labs Geomatics Corp., http://geomatics.planet.com/ (accessed on 20 November 2020). The yellow rectangle marks the 55 m long sampling transect location. Image was created using QGIS version 3.16.0 [16]. 
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Figure 4. Layout of circular plots within a transect on a seismic line. 
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Figure 5. Mean tree height (m) and mean tree density (stems ha−1) of each seismic line transect (n = 22). Error bars represent one standard error of the mean. Colours indicate transect classification based on satellite imagery interpretation; Not Recovered (NR), Fractionally Recovered (FR), or Recovered (R). Symbols indicate the transect location: mature forest (MF) or cutblock (CB). The horizontal dashed line indicates the recovery criterion of 3 m tree height, and the vertical dashed line indicates the recovery criterion of 2000 stems ha−1. 
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Figure 6. Mean tree density (trees > 1.5 m) (a), height (trees > 1.5 m) (b), DBH (trees > 1.5 m) (c), and shrub density (d), per classification category: NR (Not Recovered) (n = 6), FR (Fractionally Recovered) (n = 10), and R (Recovered) (n = 6). Error bars represent one standard error of the mean and differing letters between means indicate a significant difference (p < 0.05). 
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Table 1. Transect classifications (Not Recovered (NR), Fractionally Recovered (FR), and Recovered (R)) and locations.
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	Transect Number
	Classification
	Location
	Latitude
	Longitude





	1
	NR
	Cutblock
	57.23495
	−118.22692



	2
	NR
	Cutblock
	57.23493
	−118.22127



	3
	NR
	Forest
	57.38724
	−118.34757



	4
	NR
	Forest
	57.28310
	−118.39974



	5
	NR
	Forest
	57.22357
	−118.29211



	6
	NR
	Forest
	57.22713
	−118.28856



	7
	FR
	Cutblock
	57.38718
	−118.35775



	8
	FR
	Cutblock
	57.38502
	−118.37852



	9
	FR
	Cutblock
	57.27486
	−118.39337



	10
	FR
	Cutblock
	57.21760
	−118.29787



	11
	FR
	Cutblock
	57.38302
	−118.37844



	12
	FR
	Forest
	57.38699
	−118.42777



	13
	FR
	Forest
	57.39967
	−118.42777



	14
	FR
	Forest
	57.38703
	−118.38419



	15
	FR
	Forest
	57.22595
	−118.28721



	16
	FR
	Forest
	57.21947
	−118.25399



	17
	R
	Cutblock
	57.38719
	−118.35468



	18
	R
	Cutblock
	57.38708
	−118.37003



	19
	R
	Cutblock
	57.38541
	−118.37241



	20
	R
	Cutblock
	57.39985
	−118.41661



	21
	R
	Cutblock
	57.39784
	−118.42574



	22
	R
	Cutblock
	57.22610
	−118.28963
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