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Abstract:

 The accelerated development of energy resources around the world has substantially increased forest change related to oil and gas activities. In some cases, oil and gas activities are the primary catalyst of land-use change in forested landscapes. We discuss the challenges associated with characterizing ecological change related to energy resource development using North America as an exemplar. We synthesize the major impacts of energy development to forested ecosystems and offer new perspectives on how to detect and monitor anthropogenic disturbance during the Anthropocene. The disturbance of North American forests for energy development has resulted in persistent linear corridors, suppression of historical disturbance regimes, novel ecosystems, and the eradication of ecological memory. Characterizing anthropogenic disturbances using conventional patch-based disturbance measures will tend to underestimate the ecological impacts of energy development. Suitable indicators of anthropogenic impacts in forests should be derived from the integration of multi-scalar Earth observations. Relating these indicators to ecosystem condition will be a capstone in the progress toward monitoring forest change in landscapes undergoing rapid energy development.
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1. Introduction

Major transformation of forests by anthropogenic causes remains a critical impetus for quantifying landscape structure in ecology. Forested ecosystems are important for their role in sequestering carbon from the atmosphere, regulating ecological functions, retaining the largest stock of biomass than any other land type, and providing ecosystem goods and services that contribute to economic activity and subsistence of forest-dwelling people [1]. Globally, forests cover approximately 31% of the terrestrial surface (4.033 billion ha) and 17% of global forest cover (678 million ha) occurs in North America [2]. Forests worldwide have undergone significant changes in coverage, particularly in the southern hemisphere [2]. In contrast, North American forest coverage has increased over the past 100 years (but see [3] for recent net forest losses in Latin America and the Caribbean) and has remained relatively stable over recent decades [2]. Despite the stability of overall forest cover in North America, substantive changes in the arrangement and fragmentation of forest cover has occurred driven by forest management and fire suppression, and increasingly from energy development [4].

Anthropogenic impacts to forests can be challenging to detect and characterize and the literature lacks a synthesis of anthropogenic disturbance regimes, especially for land use change related to energy development [5,6]. This review discusses the challenges associated with defining and characterizing anthropogenic disturbance in forests and proposes a new perspective for conceptualizing anthropogenic disturbance regimes. We focus on ecological change driven by energy resource development. We synthesize the major impacts of anthropogenic disturbance in forests related to oil and gas extraction and review the major advancements for characterizing and detecting anthropogenic disturbance regimes using multi-scalar Earth observations.



2. Conceptualizing Forest Land Use as a Disturbance Regime

Human land use activities since the Industrial Revolution have significantly altered all of the terrestrial biomes of the biosphere [7,8,9,10,11] and cast Earth into a new geological epoch informally recognized as the Anthropocene [12]. The conception that humans disturb “natural” systems has become untenable because most biomes have been significantly transformed by novel anthropogenic processes into humanized biomes or anthromes [5,8,13,14]. Energy development has been a driver of forest land use change during the Anthropocene, providing both the means (e.g., gasoline-powered motors) and the ends (e.g., mineral and energy resources) of landscape change, which has also been recognized as a major cause of catastrophic biodiversity loss worldwide [15,16]. Thus, conceptualizing forest land use as a disturbance regime will be central to any understanding of ecological patterns during the Anthropocene [6]. Conventional measures of patch-based disturbance patterns and disturbance regimes are not well-positioned to meet future research needs for investigating the spatially continuous and heterogeneous effects that are observed for anthropogenic disturbance to forested ecosystems. In the following subsections, a working definition of anthropogenic disturbance is proposed and the challenges associated with characterizing anthropogenic disturbance regimes are discussed.


2.1. Defining Anthropogenic Disturbance

Anthropogenic disturbance is any change to ecosystem composition, structure or function caused by human resource utilization. Any definition of anthropogenic disturbance is necessarily relative to the scale at which the analysis or observation is applied. For the broadest scales of observation, forest canopy modification is usually sufficient to describe regional, continental and global trends of pattern and process. However, a patch-based definition of anthropogenic disturbance will miss many of the finer scale impacts of human land uses that are often the most pervasive drivers of landscape structure.

Forest land management practices in North America over the last two decades have shifted toward “low impact” strategies that aim to attenuate the degree to which forest cover is modified, thereby limiting the ability to detect and characterize many anthropogenic disturbances using cover as a sole indicator. The impacts from these finer scale disturbances are typically not discrete, and do not conform to the traditional conception of disturbance [17]. White and Pickett [17] define disturbance at the ecosystem scale as “any relatively discrete event in space which alters the physical structure of the environment and disrupts the availability of resources”. Anthropogenic disturbance of forests is often mapped with discrete perimeters where forest cover has been completely or partially removed, but many anthropogenic impacts can and often do exceed these boundaries. Discreteness refers to the ability to thematically distinguish levels of vegetation condition, which usually occurs as a gradient between the binary “disturbed” and “undisturbed” states. Not all forms of anthropogenic disturbance are discrete in either the spatial or temporal domain, leading to a range of heterogeneous effects for forested ecosystems that can be challenging to assess and characterize using conventional measures of disturbance regimes. As a result, it is especially challenging and controversial to delimit the spatial boundary of anthropogenic disturbance.



2.2. Challenges for Characterizing Anthropogenic Disturbance Regimes

Disturbance regimes are conventionally described using measures of ecological change for a given location and period of time. The measures that are often quantified are disturbance:


	extent


	severity


	persistence


	intensity


	frequency


	and seasonality.




However, characterizing forest land use using conventional measures of disturbance regimes is exceptionally challenging. For example, what is analogous to extent and frequency for a disturbance regime that expands, disturbs, and displaces in perpetuity (e.g., exurban development and land conversion)? Many of the conventional measures of disturbance regimes do not adequately capture the impacts of anthropogenic disturbance, thus, new perspectives on anthropogenic disturbance regimes are necessary for understanding forest land use change during the Anthropocene.

Extent is an important measure of disturbance for assessing the direct ecological influence of a disturbance, but it is inadequate for capturing non-discrete, linear disturbances. Using extent as an indicator of anthropogenic influence would severely underestimate the ecological impacts of anthropogenic disturbance and make it appear as though the influence is less or smaller than the change that the ecosystem actually undergoes. In such cases, gradient or surface metrics would be preferred to extent for assessing the influence of disturbance, especially related to resource utilization in forests. Despite the limited availability of appropriate metrics to characterize extent, edge density is a standard metric used to estimate extent related to linear disturbances (e.g., km∙km−2) and is useful for making comparisons between landscapes or regions [18].

Severity and intensity describe the physical change to ecosystem structure and the energy released during the process of disturbance, respectively [19]. These measures have little quantitative value for energy development because most activities are high-magnitude disturbances that tend to remove most aboveground biomass. The physical changes to ecosystem structure often do not include measures of the loss of ecological memory like stored seeds and buds in the soil profile, but these elements have important ramifications for the future structure of the ecosystem, water penetration, the ability of the soil to store carbon, and site productivity.

Persistence describes the length of time the vegetation condition remains disturbed and is an important indicator of permanence. Anthropogenic disturbances are often characterized by high persistence, especially those related to energy resource development and linear corridors. Oil and gas activity often persists in the form of active well sites, pumping stations, and pipelines (Figure 1). Most linear corridors that are cleared in forests become de facto permanent access networks due to continued disturbance and repeated use by human activities [20]. As understood in the context of anthropogenic disturbance, persistence represents human control over successional accumulation of biomass and is a significant component of anthropogenic disturbance regimes [21]. Forest harvesting occurs in such a manner as to promote the regrowth of trees at regular intervals, while linear corridors are maintained as right-of-ways for access purposes and energy development indefinitely constrains successional pathways. Quantifying persistence in anthropogenic disturbance regimes will be a requisite for successfully understanding ecosystem dynamics of forests.

Figure 1. Aerial view of a typical hydraulic fracturing well site in the Marcellus shale basin, U.S. (Photo credit: Bill Howard—The Downstream Project, via LightHawk/SkyTruth).
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Frequency quantifies the interval between successive disturbances at the same location. For most historical disturbance regimes, frequency is often inversely related to magnitude (i.e., severity and intensity), but anthropogenic disturbances related to energy development tend to be both frequent and high magnitude. Many land uses in forests are now related to energy extraction and these areas tend to undergo near-permanent land conversion to an un-forested state for an indefinite period of time. Frequency is especially challenging to quantify for converted land because the land is not likely to return to a forested state during any ecologically-meaningful interval.

Seasonality describes the timing of a disturbance and this measure is important for characterizing anthropogenic disturbance regimes due to the variability in seasonal activities. For example, forest harvests are routinely undertaken during autumn or winter in consideration of breeding birds, soil damage, and erosion. Anthropogenic disturbances occurring during autumn or winter might favor invasive, opportunistic floristic species that disperse into a disturbed patch. Conversely, anthropogenic disturbances that occur in spring or summer might favor dominant floristic species because many tree species produce mast during this time in their lifecycle. Depending upon the timing and severity of disturbance, local ecological memory can be erased entirely and provide the means for invasive species to colonize the disturbed patch.






3. Ecological Impacts of Energy Development

Energy development modifies disturbance regimes and landscape structure by clearing or modifying forest for non-renewable resources and thus can suppress historical disturbance regimes, introduce novel ecosystems, and eradicate ecological memory and biological legacies. Monitoring forest change due to oil and gas extraction requires an understanding of the impacts of such activities on the delivery of ecosystem services, which we summarize in Table 1, and is discussed in the following subsections. We discuss the impacts of energy development that we regard as the most significant for forested ecosystems and the effects of which often elude mapping efforts predicated on discreteness.


Table 1. Examples of oil and gas impacts on forest ecosystem services.



	
Type of Disturbance

	
Ecosystem Services Impact

	
Example

	
References






	
Surface mining

	
Carbon storage

	
Permanent peatland loss from oil sands mining in Alberta will release between 11.4 and 47.3 Mt∙C.

Poor productivity for abandoned mining sites leading to a conversion from a carbon sink (forest) to a source (mine).

	
[26,30]




	
Water purification

	
Acid mine drainage and runoff, heavy metal contamination, and high concentrations of dissolved solids associated with coal mining.

Seepage of heavy metals from more than 12,000 ha of tailing ponds associated with the oil sands mines into the Athabasca watershed, estimated at 11 million L/day.

	
[26,27,28]




	
Pipelines

	
Erosion control

Storm surge and flood buffering

	
Dredging of the Mississippi River delta plain for navigation and pipelines has resulted in significant loss of native marsh vegetation due to high influx of salt water, which has also increased erosion of the delta.

	
[61]




	
Seismic lines

	
Carbon storage

Subsistence resources

	
After 35 years, most seismic lines in Alberta had not recovered to a forested condition, thus reducing carbon storage of the forest.

Caribou (Ranger) avoid linear features, presumably due to increased risk of predation by wolves, although the association between caribou mortality and distance to linear features like seismic lines remains disputed.

	
[20,32,33,34]




	
Well sites

	
Water purification

Carbon storage

Subsistence resources

	
Methane contamination of drinking water from hydraulic fracturing in the Marcellus and Utica shale formations of Pennsylvania.

Poor productivity of abandoned well sites and the conversion of a carbon sink (forest) to a source (producing well site).

Ungulates have been observed to avoid industrial features like well sites, thus resulting in functional loss of otherwise suitable habitat.

	
[29,31,32,35]










3.1. Clearing of Forest for Non-Renewable Resources

Non-renewable resources underlay many forests of North America (Figure 2) [16]. Historically, traditional surface mining was used to recover most non-renewable resources, which has conventionally been a high magnitude disturbance that can remove whole forest ecosystems and remains a primary land use for many forested regions in North America today. For example, coal is mined throughout Appalachia in the U.S.; uranium in Northern Saskatchewan, Canada; bitumen in Alberta’s oil sands; diamonds and gold in Northwest Territories, Canada; and a variety of base metals in Ontario and Québec, Canada [22]. Nearly 140 million ha of boreal forest has been developed for oil sands mining in Alberta, more than one-fifth of the province [23]. Approximately 338,000 ha of the Canadian boreal forest zone is directly disturbed by mines, oil and gas infrastructure, and well sites, exclusive of nearly 353,000 km of seismic exploration lines and pipelines that account for more than half of all linear features in the Canadian boreal [24].

Figure 2. The coincidence of North American forest cover (green) and major underlying hydrocarbon basins (transparent gray). Black boxes bound forested regions currently undergoing rapid energy development: (A) oil sands in Alberta, Canada; (B) Marcellus and Antrim shale basins in Northeastern U.S.; and (C) the Gulf of Mexico oil and gas basin in Southeastern U.S.
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In recent decades, several unconventional in situ technologies have been developed for recovering hydrocarbons and are being implemented around the continent. In the U.S., 90% of wells drilled on public lands, much of which is forested, use hydraulic fracturing (Figure 1) [25]. In Canada, a process known as steam-assisted gravity drainage is used to recover heavy and high-viscosity bitumen from deep oil sands deposits in Alberta. Many of these advancements in hydrocarbon recovery allow for a much larger sub-surface area to be developed, since deeper deposits can be recovered without surface mining. As a result, well sites related to hydrocarbon extraction have increased substantially on forested landscapes globally over the past two decades due to the rise in energy prices and advancements in recovery technologies.

Although well sites and mines are regularly mapped, many of their impacts are not discrete. Ecosystem services such as water purification, carbon storage, and subsistence resources can be negatively impacted by oil and gas activities (Table 1, [20,26,27,28,29,30,31,32,33,34,35]). For example, elevated levels of toxic elements by surface mining of the oil sands (Figure 2a) and coal mining seep into local watersheds [26,27,28] and hydraulic fracturing in the Marcellus and Antrim shale basins (Figure 2b) has been associated with methane contamination of drinking water [29]. Surface mining the oil sands and coal mining has been associated with massive carbon release [26,30] and well sites and seismic lines can reduce carbon storage [20,31]. Finally, forest habitat use by ungulates adjacent to industrial sites can be severely attenuated depending on the level of anthropogenic activity and changes to the distribution of these game fauna can severely impact both subsistence resources and ecosystem dynamics [32,33,34,35].

The legacies associated with non-renewable resource extraction can be significant barriers to ecosystem recovery. In North America, best practices and reclamation standards for non-renewable resource extraction are just as variable as monitoring and enforcement [36]. The small size of individual well sites gives the impression that the footprint of the oil and gas industry is relatively small (Figure 3), however, approximately 400,000 well sites have been established in Alberta alone [37]. Thus, the possibility remains that in situ recovery technologies degrade larger areas of forest than traditional surface mining. Detecting and quantifying the secondary impacts from non-renewable resource development will be critical areas of future research as these unconventional techniques become more commonplace throughout North American forests.

Figure 3. False-color (5-4-3) Landsat 5 image showing and gas well sites in Alberta, Canada.
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3.2. Persistent Linear Corridors

The clearing of forest for linear corridors represents one of the major challenges for conservation science in ecology. Linear corridors have at least three major impacts on forest ecosystems: access by people; travel by predators; and edge effects. Linear corridors directly remove trees and often understory vegetation to make travel easier through forested ecosystems. However, the impacts to vegetation and ecosystem dynamics often exceed the spatial boundary of the clearings.

Access into forests is one of the greatest impacts of forest land use. Most corridors are roads, but increasingly, many corridors are now related to the exploration and development of oil and gas [20,24]. In addition to the direct mining or extraction site, ancillary infrastructures often accompany non-renewable resource development that might otherwise not be present on the landscape. For example, airports may be constructed for distant locations and railways, roads and pipelines for transporting the resources to market. Ecologically, the conversion of forest to access corridors could be considered a permanent change since any known recovery interval can exceed the lifecycles of many forest-dwelling species [38].

Corridors related specifically to oil and gas infrastructure have increased significantly on the continent. An estimated US$29.1 billion will be spent annually over the next two decades on oil and gas infrastructure in both the U.S. and Canada [39]. Future pipelines are proposed to connect Northern Canada and U.S. refineries and ports in the U.S. Midwest and Gulf Coast [40]. Reflection seismology is also increasingly being used on forested landscapes more than during any prior time. Cut lines are cleared forest corridors used to explore subterraneous deposits of minerals and hydrocarbons beneath forests. Densities of cut lines on forested landscapes have reached as high as 2.7 km∙km−2 in Alberta [38]. Like well sites, many cut lines can persist on landscapes without tree cover for more than three decades and many are converted to roads and other permanent access corridors [20].

Linear corridors can modify ecosystem structure through predator-prey pathways. Travel and mobility are markedly enhanced by linear corridors resulting in increased predation rates [35] and concomitant top-down trophic cascades on community structure [41]. Additionally, habitat use can be severely attenuated due to increased predation [41,42,43,44]. Many of these effects are not discrete and it can be challenging to characterize these anthropogenic impacts using traditional landscape pattern indices and patch-based statistics [45]. For example, cut lines can have the largest footprint of any anthropogenic disturbance when a spatial buffer is applied [46].



3.3. Suppression of Historical Disturbance Regimes

Historical variability is the variation in ecological conditions at a specific scale [47,48]. Modern forest land uses suppress historical variability by abating the effects of historical disturbance regimes and homogenizing forest age classes. Throughout North America, intensive forest management zones are increasingly associated with non-renewable energy infrastructure (e.g., pipelines, mines, well sites, pumping stations). The increasing presence of energy sector infrastructure has a marked impact on forest management such as continued fire suppression and mitigation efforts. The policy toward wildfire on forested lands throughout North America has been mostly reactive management (e.g., extinguishing wildfires) rather than proactive management (e.g., prescribed fire) [49]. A consequent legacy of this land use policy is the expenditure of approximately US$3.6 billion annually over the past decade, on average, for wildfire suppression efforts in North America and these costs are expected to increase in the future [50,51,52]. In the U.S., the Smokey Bear campaign has enshrined reactive fire management as policy for over 60 years despite a general consensus among land managers that fire suppression has increased the costs and difficulty of suppressing fires [53].

Throughout the continent, the success of fire suppression efforts has been mixed. In Alberta, an initial attack (IA) strategy decreased area burned by 457,500 ha between 1983 and 1998 [54]. In British Columbia, the largest exporter of forest products in Canada, IA ensures that 92% of fires are extinguished within 24 h of detection [55] and in the U.S. the success rate is between 97% and 99% [56]. However, the success of suppressing the majority of fires is relative to wildfire size. The largest fires are the rarest, but comprise the majority of annual area burned, and area burned has actually increased over recent decades in U.S. despite rising suppression costs [56]. Bridge et al. [57] attribute discrepancies of successful fire suppression between regions to a lack of empirical evidence.

Characterizing the historical disturbance regime represents another area of controversy. Within the boreal zone, the characteristics of wildfire regimes vary spatially and temporally [58]. Without a complete understanding of the variability of the historical disturbance regime, it can be challenging to estimate exactly what is suppressed and to what degree. The lack of historical records limits any efforts of achieving such characterizations and most research has used empirical models of present-day fire behavior to estimate historical conditions [59].

Beyond the northern forests, offshore oil and gas activity in the Gulf of Mexico has contributed to wetland loss on the Mississippi River delta plain (Figure 2c). Dredging of the delta for shipping and navigation as well as undersea pipeline construction has resulted in significant loss of forested wetlands in the area due to the influx of salt water [60]. These wetlands provide a number of regulating ecosystem services, including erosion control and storm surge buffering (Table 1, [61]) that are critical to the nearby city of New Orleans Louisiana contributes approximately 12% of natural gas production in the U.S. and more than two times the total offshore production in the Gulf of Mexico [62]. Since Hurricanes Katrina and Rita in 2005, and the BP Deepwater Horizon oil spill in 2010, restoration of the wetlands has been recognized as a key priority, but the region continues to face significant challenges for implementing the restoration plans, in part due to the pre-existing oil and gas infrastructure [61,63].





3.4. Introduction of Novel Ecosystems

Forest land uses can have dramatic direct and indirect effects on community structure. Access corridors are common throughout North American forests and these features can serve as vectors for transporting invasive species throughout a landscape. Invasion of non-native species can result in changes to ecosystem composition, structure and function. Novel combinations of flora and fauna make the future state of a forested landscape challenging to predict and render comparisons to historical states unreliable. Non-native species can be introduced into forests directly by intentional planting, as in the case of Alberta where, up to ca. 1990, cut lines and well sites were re-planted with non-native plant species [29,46], or indirectly by unintentional transportation on vehicles and people [64]. Such dispersal mechanisms are exacerbated in forests undergoing significant energy development because density of access features can be as much as four times greater on these landscapes due to pipelines, cut lines, and roads connecting to well sites [65]. Moreover, forest edge habitats are particularly prone to be invaded by non-native plant species due to exposure to wind, light, and nutrient availability [46]. The ecological impacts of non-native species are numerous and Ricciardi and colleagues [66] review and compile hypotheses of the mechanisms related to each.

In North America, the distribution and abundance of predators has been altered by forest land uses related to energy development [67]. In the Rocky Mountain Foothills of Alberta, grizzly bear (Ursus arctos) populations have declined due to human-related mortality associated with the increasing density of access corridors in the region and the range of the species has been constrained by a greater presence of humans [67,68]. Wolves (Canis lupus) showed similar responses to human presence on heavily developed landscapes and, as a result, the predation success and behavior of the species was altered leading to other changes in the trophic web [41].

Since the 1960s, predators have been perceived to exert top-down controls on community structure [69]. Anthropogenic activity is believed to mediate trophic cascading by removing predators or increasing the rate of predation [41]. For example, in Yellowstone the expatriation of wolf was related to reduced cottonwood (Populus spp.) and aspen (Populus tremuloides) recruitment [70,71]. In Alberta, access corridors are thought to increase wolf predation on woodland caribou [60] and a similar observation was described for wolf distributions in Eastern Canada [42,43]. However, a more recent study cast doubt on this mechanism [72] and research involving other large predators has shown that top-down controls are not a panacea for ecosystem management [73]. Nonetheless, such changes in predator-prey relations can have negative consequences for provisioning ecosystem services and subsistence resources like the distribution of game fauna (Table 1, [32,33,34,35]).

Terrestrial arthropods are much less charismatic fauna than vertebrates, but represent the largest component of biodiversity in North American forests ecosystems and are responsible for the majority of predator-prey interactions. Due to their size and limited mobility, arthropods are particularly sensitive to changes in microclimate at local scales, which suits their application as ecological indicators [74]. Species richness has been shown to increase in edge habitats throughout North America [75,76,77] and other boreal forests [78]. Arthropod response to oil and gas activities is relatively understudied compared with forest harvesting [75,76]. However, research following the BP Deepwater Horizon oil spill in the Gulf of Mexico, during 2010, showed that terrestrial arthropods were quite sensitive to oil exposure, but retained the capacity to recover in the following season given adequate vegetation cover [79]. Arthropod response to natural gas flaring and terrestrial oil spills remains a critical area of future research given the rapid development of deep shale natural gas resources and offshore recovery technologies throughout the continent. Changes in community composition and trophic structure are very challenging to map because they are dynamic processes that are dependent on season-to-season conditions, yet these anthropogenic-mediated changes can have profound impacts on forest ecosystems.



3.5. Eradication of Ecological Memory

Many anthropogenic disturbances are high-magnitude events that remove the majority of woody biomass at the surface. Biological legacies such as seed stored in the soil profile and dead wood are termed ecological memory [80], so-called because they are the elements that allow an ecosystem to maintain its characteristic identity when disturbed. Forest land uses can severely damage the integrity of ecological memory by compacting or removing forest soils, removing the majority of woody biomass, and permanent or near-permanent conversion of forest to a non-productive state.

Surfaces such as roads and cut lines can severely modify or remove the underlying soil profile that stores the seed and bud potential of the forest [46]. If disturbance severely impacts the soil profile then colonization is likely to occur from dispersal rather than emerging from the local bud or seed bank. After 35 years, the majority of cut lines in Alberta continued to persist with a cover of low forbs and only 8% had recovered to a majority cover of woody vegetation [20]. Similarly, well site construction can severely compact soils and reclaiming these features to forest is limited by poor recruitment, growth and survival by trees [62]. An apparent barrier to successful reforestation for these disturbances in Canada is the lack of clearly written standards and procedures for forests [46].

Wildfires are known to leave patches of live island remnants and unburned residual forest within the perimeter of a burn [59]. In the absence of stand-replacing wildfire, senescence of the pioneer forest cohort leads to large abundances of downed woody debris, which provides habitat for ground- and stream-dwelling fauna and colonization sites for emergent cohorts of autotrophs [81]. Similarly, windthrow can catalyze localized patterns of forest regeneration [82]. Total dead wood can comprise up to 18% of all woody biomass in cool, moist temperate forests [83,84]. The practice of clear cutting significantly reduces dead wood compared to wildfire [85] and coarse woody debris has been removed from stream and river channels in North America for centuries to improve navigation [81]. The result of these activities has been complete anthropogenic engineering of forest and stream ecosystems and a significant loss of ecological memory related to dead wood structures.

The majority of forest land uses related to energy development permanently convert forest or remove forest cover for long periods, which can reduce the accumulation of ecological memory to forest ecosystems. For example, surface mining and activities related to non-renewable resource extraction can destroy decades-long accumulations of ecological memory stored in soils. A reclaimed coal mine grassland in Appalachia U.S. had significantly reduced levels of P compared with a reference watershed, and the macroinvertebrate community structure and in-stream leaf decomposition rates were particularly sensitive to the changes of forest cover [86]. Moreover, seeding reclaimed forest land with native species has only become accepted in the U.S. [87] and Canada [38] since the 1990s. Ecological memory can be very difficult to map aerially since the majority of these fine scale structures occur below the forest canopy and below the ground surface. A great challenge remains for mapping and studying the impacts of forest land uses on the distribution, abundance, and quality of ecological memory.




4. Detecting Anthropogenic Disturbance Regimes

Central to remote detection of disturbance is the concept that energy absorption and reflectance varies with the structural characteristics of land cover types. Remote detection of disturbance for vegetative cover such as forest relies on energy exchange properties in several key regions of the electromagnetic spectrum: (1) the absorption of visible energy; (2) the scattering of red and near-infrared energy at the “red edge”; (3) the absorption of short-wave infrared energy; and (4) the reflection of thermal energy [88,89]. Property (1) is associated with leaf pigments, properties (2) and (3) are associated with cell structure, and property (4) is associated with the fractions of soil and vegetation in a pixel [89]. Nemani and Running [89] were among the first to recognize a disturbance trajectory by relating energy exchange to land cover types.

The initial work on relating properties of energy exchange to land cover types pioneered a number of breakthroughs in disturbance detection specific to forested ecosystems. Healey and colleagues [90] developed a disturbance index (DI) based on a linear combination of Kauth and Thomas’ [91] earlier tasseled cap transformation of Landsat-derived spectral reflectance. With the free public release of Landsat imagery in 2008 [92], and significant advancements in computing capabilities, every satellite observation in the Landsat archive is now being utilized for change detection and classification of land cover [93,94]. Automated change detection has now been made possible by novel algorithms such as the object-based disturbance inventory framework [95,96,97], the vegetation change tracker (VCT) [98], and Landsat-based detection of trends in disturbance and recovery (LandTrendr) [99], which have been used to detect forest change at continental scales for the first time using Earth observations [100]. Such advancements in the discipline and computer processing have led to the first high-resolution map of recent forest cover changes for the entire planet [101] and near-real time monitoring of forest condition [102].

To date, there have been a number of studies focused on detecting, mapping, and monitoring forest change related to energy development. Fernández-Manso and colleagues [103] showed that coal mines could be extracted and mapped as features derived from endmember spectral mixture analysis using Landsat data with consistent and accurate results across three global study areas. Townsend and colleagues [104] characterized changes in the extent of surface mining and reclamation in Appalachia U.S. and observed that forest cover and active mines declined between 1976 and 2006 while reclaimed land increased over the same period. Such detection and mapping approaches can complement the disturbance inventory framework proposed by Linke and McDermid [95,96,97], and are well-suited to multiple-use landscapes undergoing rapid energy development.

Change detection at finer scales will be essential for contextualizing and attributing disturbance impacts to forest land uses. While there has been tremendous advancement in remote detection of disturbance and forest change using known spectral properties of vegetation, there has been less progress toward developing new methods for detecting novel types of change seen in the Anthropocene. Ellis and Ramankutty [14] methodically mapped the relationship between vegetation cover derived from MODIS and population density on a global scale to develop the anthromes concept. In the future, it will become necessary for research programs to detect and monitor change at finer spatial scales since the impacts of anthropogenic disturbance to forests are most commonly more localized and heterogeneous than a Landsat or MODIS pixel represents. Aerial photography is the oldest remote sensing technology that has resulted in the longest continuous record of Earth observation [105]. Recent advancements in automated classification of aerial photographs may open the possibility of interpreting the historical caches of aerial photographs and make change detection at finer scales practical for some regions [106].

Reliable detection of ecosystem structure around access corridors will permit sound characterization of ecological response to anthropogenic disturbance. Light detection and ranging (LiDAR) has emerged as a means to directly sense—rather than infer from optical wavelengths—forest structure. Discrete return LiDAR systems (small footprint LiDAR) operate at a spatial scale of approximately 0.2 to 0.9 m and full waveform systems (large footprint LiDAR) generally detect structures above 8 m [107]. Discrete return systems are useful for detecting structural information at the scale of an individual tree while full waveform systems can detect the variability of structure height at a plot scale. Airborne scanning LiDAR has been applied to measure a variety of structural attributes of forests including canopy height, mean stem diameter, stem number, and stem volume [108]. LiDAR may be particularly robust for detecting structural forest change, especially for regions that are disturbed with finer-scale access corridors such as roads, cut lines, pipe lines, and transmission lines. Full waveform systems have the potential to detect and characterize anthropogenic edge features that often dominate anthropogenic landscapes.

Detection of anthropogenic disturbance regimes will require the use of multi-scalar Earth-observations. Combinations of spectral, contextual and structural information will lead to new breakthroughs in processing, analyzing and characterizing remotely sensed data. There remain many possibilities for detecting anthropogenic disturbance regimes. For example, night-time light emittance by human settlements and other activities is a fascinating and underexplored field of investigation [109], especially for detecting the spatial influence of anthropogenic disturbance regimes (Figure 4). Night-time light emittance was recently used to estimate global natural gas flaring [110], which could be particularly relevant to some North American forests where non-renewable resource development is expanding. Ultimately, Earth-observation and characterization of anthropogenic disturbance regimes should aim to detect energy exchange via a range of spectral, spatial, and temporal domains. The importance of direct observation, such as in situ long-term monitoring should not be understated. Ground surveys and studies are essential to supplement, train, and verify remote sensing techniques. Developing research should focus on relating ground data to spectral signals that can be applied across broad scales for monitoring purposes. The future development of a framework for relating remotely-sensed indicators to ecological and social responses will be a capstone in the progress toward monitoring the Anthropocene.

Figure 4. Nighttime light intensity for North America collected in 1996 and 1997 by the Operational Linescan System of the Earth-Observing Defense Meteorological Satellite Constellation.
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5. Implications and Conclusions

Earth-observation and characterization of anthropogenic disturbance regimes of forests will become requisites for understanding global patterns of forest use during the Anthropocene. The substantial increase in energy development and consumption over recent decades, and in particular fossil fuels, will likely undermine ecosystem-based management of forested ecosystems. Several ecological components have already been exacerbated by energy development including biodiversity and habitat loss. The current state of knowledge of energy development in forests is primarily limited to persistent linear corridors and surface mining. As the number of in situ projects rapidly increase in forested ecosystems, research programs should focus on the non-discrete impacts of energy development. Moreover, research into the monitoring of pipeline impacts to forested ecosystems will be critical during this decade of new expansions.

To date, the majority of impacts of oil and gas activities have been characterized by research from outside the industry. The forestry industry is often a primary stakeholder in landscapes undergoing rapid energy development and is usually responsible for maintaining forest structure, function, and composition as part of sustainable forest management objectives. Thus, most monitoring research on the impacts of energy development is conducted by the forestry industry in order to meet internal and regulatory planning mandates. The development of a planning framework that brings all stakeholders together will be a necessary first step towards mitigating the negative impacts on multiple use landscapes undergoing rapid energy development.

Furthermore, future remote sensing of energy development should be focused around integrating observations from a range of spectral, spatial, and temporal domains. Relating those data to recurring ground campaigns will provide a sound basis for monitoring, assessing, and establishing reclamation standards that are suited to forested ecosystems. There remain a number of unique opportunities for exploring the impacts of energy development on forested ecosystems. For example, nighttime lights can be used as a proxy for the level of oil and gas activities based on flaring, and disturbance trend algorithms can provide new insights into the persistence and recovery success of abandoned mines, well sites, and cut lines. These and other new indicators will form the basis toward monitoring forest change in landscapes undergoing rapid energy development.
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