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Post-wildfire management actions mainly targeting the removal of salvage logs and burned trees is a common but controversial practice. Although it aims to regain some of the natural and economic value of a forest, it also requires disturbing burned areas, which may have some negative consequences affecting, for instance, the carbon cycle, soil erosion, and vegetation cover. Observations from different geographic settings contribute to this scientific debate, and yet, the spatiotemporal evolution of the post-fire road network developed as part of fire management practices and its influence on vegetation recovery has been rarely examined. Specifically, we still lack observations from Türkiye, though wildfires are a common event. This research examined the evolution of the vegetation cover in relation to post-fire road constructions and the resultant debris materials in areas affected by the 2017 Sapadere fire in Antalya, Türkiye. We used multi-sensor, multi-temporal optical satellite data and monitored the variation in both vegetation cover and road network from the pre-to post-fire periods between 2014 and 2021. Our results showed that fire management practices almost doubled the road network in the post-fire period, from 487 km to 900 km. Overall, 7% of the burned area was affected by these practices. As a result, vegetation cover in those areas shows only ∼50% recovery, whereas undisturbed areas exhibit ∼100% recovery 5 years after the event. Notably, such spatiotemporal analysis carried out for different burned areas would provide a better insight into the most suitable post-fire management practices. Our findings, in particular, show that the current practices need to be revisited as they cause a delay in vegetation recovery.
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INTRODUCTION
Wildfire is a natural phenomenon that occurs in the geological record just after the emergence of terrestrial vegetation cover (Leifeld et al., 2018). Every year, wildfires burn an area of about 400 MHa (Giglio et al., 2018). Climate changes are expected to increase the global area of lands with favorable fire conditions in the coming decades (Senande-Rivera et al., 2022). The change in the fire regime may cause loss of life and property (Moritz et al., 2014) and impact global trends and cycles of ecosystems, including the distribution/structure of vegetation, the carbon cycle (Bowman et al., 2009) and soil erosion (Walstad et al., 1990).
The Mediterranean Basin is not an exception in this global picture. The projected changes in the climate of the Mediterranean region portray a trend above the global average (Guiot and Cramer, 2016). This will cause a reduction in precipitation and an increase in temperature and the frequency of extreme events such as droughts and heatwaves (Russo et al., 2017). As a result, wildfires are also expected to increase significantly in the Mediterranean Basin throughout the next decade (Keeley et al., 2011; Cramer et al., 2018).
The global increase in wildfire probability cannot be solely explained based on the increase in weather extremes as a result of climate change (Flannigan et al., 2013; Jolly et al., 2015) but together with extensive anthropogenic disturbances (Bowman et al., 2011; Bistinas et al., 2014; Doerr and Santín, 2016; Sarricolea et al., 2020). For instance, in the European Mediterranean region, the frequency and magnitude of wildfires have increased dramatically since the 1960s, forced by an increasing warming trend and drying pattern but primarily driven by socio-economic changes, including rural depopulation, land abandonment, and flammable species afforestation (Shakesby, 2011).
Given this summary above, post-wildfire management strategies appear as an important element in coping with some of the consequences of wildfire (Moreira et al., 2012; Robichaud and Ashmun, 2013; Pereira et al., 2018). These management practices are generally implemented shortly after fires to reduce both the risk and severity of wildfires (Francos et al., 2018). However, aggressive post-wildfire interventions may also cause some negative impacts on nature. In this context, there are two competing perspectives on post-fire management practices favoring 1) the rapid removal of salvage logs and burned trees (i.e., salvage logging) (e.g., Santolamazza-Carbone et al., 2011; Fernández and Vega, 2016) and 2) a non-invasive method allowing natural revegetation and leaving burned trees intact (e.g., Beschta et al., 2004; Lindenmayer et al., 2017).
The former approach mainly aims at diminishing post-fire disturbances by removing or modifying the legacies (e.g., beetle infestations) left by the fire event (Santolamazza-Carbone et al., 2011; Fernández and Vega, 2016) to recover some of a forest’s natural and economic capital (Leverkus et al., 2020). On the other hand, the main concern of the latter perspective is that salvage logging may alter the soil properties, increase the erosion rate (Wagenbrenner et al., 2016) and the frequency of landslides in the burned hillslopes (Lingua et al., 2020) as it alters land cover (Hürlimann et al., 2022; Guo et al., 2023).
This is an ongoing debate and the literature shows that salvage logging may or may not be the best management practice for a given site, and the method’s suitability strongly depends on local conditions (Leverkus et al., 2021). However, quantification of the environmental impacts caused by post-fire management practice, especially the spatiotemporal persistence of excavation waste material as a result of the road construction for salvage logging, and its impact on vegetation recovery rate has been poorly examined in the literature.
Motivated by this research gap, our objective is to quantify the area of debris material derived from road construction for salvage logging, and together with the post-fire road construction how these anthropogenic disturbances affect the vegetation recovery after the 2017 Sapadere wildfire (Antalya), in Eastern Mediterranean, Türkiye. We use high-resolution multi-temporal satellite images, land cover and the normalized difference vegetation index (NDVI) data derived from SPOT 6 and 7 to assess the post-fire changes over the burned areas.
STUDY AREA
The study area is located within the Mediterranean Basin, in the western section of the Central Taurus Mountains, Alanya district, Türkiye (Figure 1). In this wildfire-prone territory, annually, thousands of hectares of forests are lost due to fires, specifically in Türkiye’s western and southern coasts. Given the local environmental conditions, salvage logging is not suggested in this area as it prolongs the recovery period and prevents the natural regeneration of forests in the burned areas (Tavsanoglu and Pausas, 2022). And yet, salvage logging is a common practice carried out within the scope of the “Rehabilitation of Burnt Forest Areas and Establishment of Fire-Resistant Forests Project” by a public mandate numbered 6,976.
[image: Figure 1]FIGURE 1 | The Central Taurus Mountains and the study area are represented in terms of (A) topographic relief and (B) average daily precipitation (REF) maps.
The June 2017 Sapadere wildfire started on 30 June 2017. The fire affected approximately an area of 28 km2 and was contained 3 days later, on 2 July 2017. The post-fire practices were completed in May 2018, approximately a year after the Sapadere wildfire.
The area affected by the fire is located in mountainous terrain where the highest topographic relief reaches up to 2,250 m (Figure 1A). Within the burned area, in particular, topographic relief ranges from 40 m in foot slopes to 550 m (Figure 2A). The steepest hillslopes (i.e., ∼85°) appear at the northern part of the study area (Figure 2B). The area has a semi-arid Mediterranean climate which is characterized by a long dry season and a comparatively short rainy season, with ∼90% of the annual precipitation falling between November and April. The mean annual precipitation is 1112.7 mm (Figure 1B). The maximum precipitation falls in January though the minimum amount of precipitation occurs in August.
[image: Figure 2]FIGURE 2 | Maps showing the distribution of (A) topographic relief, (B) slope steepness, and (C) geological units (Source: MTA, 2010) observed in the study area.
The study area is mainly composed of Middle-Upper Triassic sandstone, shale, limestones, Cambro-Ordovician schists and phyllites; and also, Permian marbles (Tekin, 1999; Figure 2C). In contrast to the limestone dominated steep topography in the northern sector, the southern part portrays a hilly topography with relatively low slopes where schists and phyllites are dominantly exposed. This topographical contrast in the hillslopes extends the proportion of bedrock-dominated slopes in the north, while the slopes in the south are largely composed of soil-mantle-covered slopes. In this respect, soil thickness also varies due to the topographic divergence.
The 2017 Sapadere wildfire, which started with the effect of low humidity (12%) and high temperature (40 °C), increased the influence area in a short time with the impact of the southerly wind exceeding 50 km/h. The event caused 12 injuries, affected 4 villages, and destroyed 15 houses. The cost of extinguishing the fire was $12.5 million, and the total economic loss is estimated to be $25 million.
Post-fire practices, including logging and service road construction and terracing, were carried out over the study area from July 2017 to May 2018. Based on the forest management maps (1:25000), which were generated by Forest Enterprise Directorate, Antalya Regional Directorate, the majority of the burned vegetation was Turkish pine (Pinus brutia), European black pines (Pinus nigra), Oaks (Quercus), and scrubland (mostly maquis).
DATA AND METHODS
We use different optical data sources such as Sentinel-2, SPOT 6/7 and Google Earth historical images to analyze the post-fire evolution of the study area (Table 1). We examine optical images acquired in 2014, 2017, 2019 and 2021 (Figure 3). We mainly use the 2014 (pre-fire) and 2017 (post-fire) images to capture the impact of the 2017 Sapadere wildfire on land cover, whereas the 2019 and 2021 images (post-fire) are chiefly used to understand the influence of the anthropogenic disturbance influencing the vegetation recovery in the study area.
TABLE 1 | Data sets used in analysis processes.
[image: Table 1][image: Figure 3]FIGURE 3 | The evolution of the study area from pre-to post-fire conditions using SPOT 6 and 7 images for a selected area.
We use Sentinel-2 data, which consists of two identical satellites in the same orbit providing images in 13 different spectral bands. We use pre- and post-fire images to generate the burn severity map, which is calculated as the difference normalized burn ratio (dNBR, Key and Benson, 2006):
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where [image: image] refers to the near-infrared and [image: image] refers to the short-wave infrared band while [image: image] and [image: image] indicate pre- and post-fire conditions. While creating the NBR maps, we resample the 20 m spatial resolution SWIR band to 10 m and couple it with the 10 m spatial resolution NIR band. Ultimately, we categorize the burn severity maps using the United States Geological Survey-Fire Effects Monitoring and Inventory Protocol (Lutes et al., 2006; Table 2).
TABLE 2 | Ordinal severity levels and example range of dNBR (scaled by 103).
[image: Table 2]We use the geometrically and radiometrically corrected, pan-sharpened 4-band multispectral standard SPOT 6/7 ortho product with a spatial resolution of 1.5 m (Astrium Services, 2013) to generate normalized difference vegetation index (NDVI, Rouse et al., 1974) and vegetation recovery rate (VRR, Lin et al., 2005; Yunus et al., 2020; Zhong et al., 2021):
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where [image: image] refers to the near-infrared band, [image: image] indicates the red band and [image: image] indicates the NDVI value of post-event for the year i, [image: image] represents the NDVI value just after the fire event, and [image: image] defines the NDVI value before the event.
For a clearer understanding of the VRR, obtained values are divided into six categories, as shown in Table 3 (Lin et al., 2005; Yunus et al., 2020; Zhong et al., 2021).
TABLE 3 | Vegetation Recovery Rate (VRR) categories.
[image: Table 3]We also use historical images from Google Earth and manually map the existing (pre-fire roads) and newly created roads (post-fire roads), as well as road excavation material (artificial debris) and post-fire landslides.
RESULTS
We examined pre- and post-wildfire Sentinel-2 images to identify the burn severity map of the study area (Figure 4). Results show that the fire burned a total area of 22.2 km2, where the aerial coverage of low, moderate-low, moderate-high, and high severity patches are 8.5, 7.9, 4.1, and 1.7 km2, respectively. This indicates moderate-high, or high-level severity is observed at 27% of the burned area.
[image: Figure 4]FIGURE 4 | Burn severity map (A) of the study area. (B) The three-dimensional schematic diagram shows the burn severity degrees in the Northeast section of the Sapadere.
To systematically examine the evolution of the study area from the pre-to post-fire periods, we created the false color composites of SPOT images (Figure 5). There, the areas converted from red to green from 2014 to 2017 indicate the burned areas. From 2017 onward, the two other post-wildfire images acquired in 2019 and 2021 show the re-vegetated areas. Aside from the revegetation, these two images also show a growing road network and the resultant excavation of waste materials along the road network, which was chiefly developed to carry out salvage logging.
[image: Figure 5]FIGURE 5 | False color composites of SPOT images showing (A) pre-fire, (B) freshly after the fire, and (C, D) post-fire conditions of the study area. The inset magnified areas (yellow circles) indicate the conditions (E) immediately after the wildfire and (F) post-fire management practices.
Using SPOT images, we also generated NDVI maps for 2014, 2017, 2019, and 2021. Figure 6 shows how the NDVI values over the entirety of the study areas dramatically decrease from 2014 to 2017 following the Sapadere wildfire. Specifically, the median NDVI value drops from ∼0.5 to ∼0.18 after the fire. Results also show a gradual increase in NDVI values through the post-fire period in 2019 and 2021. Four years after the fire, the median NDVI value (∼0.4) is still lower than its pre-fire counterpart.
[image: Figure 6]FIGURE 6 | Temporal evolution of NDVI values in the study area with burn severity classes. (A) Burn severity and (B) 2014, (C) 2017 wildfire, and post-fire (D, E) NDVI maps and (F) pre-fire NDVI and temporal NDVI changes after the 2017 Sapadere wildfire event.
We also examine this variation in NDVI for different burn severity classes (Figure 6F). The high severity patches correspond to the areas with the highest median NDVI value in the pre-fire conditions (i.e., 2014) and from high to low severity classes, NDVI values gradually decrease. Also, after the fire (i.e., 2017), we observe more prominent reductions in NDVI in the zones with a higher level of burn severity. In 2019, NDVI values in every burn severity zone equalize and increase compared to conditions in 2017. A similar increase in NDVI in all severity classes occurs also in 2021, though the recovery rate from 2019 to 2021 is smaller compared to the ones between 2017 and 2019.
In the post-fire NDVI maps, the footprint of the post-fire road network is noticeable because of relatively smaller NDVI values compared to the adjacent landscape (Figures 6D, E). This implies a delay in vegetation recovery in areas exposed to post fire road excavations. To better understand this influence, we manually mapped both pre- and post-fire roads and excavation waste materials using Google Earth images (Figure 7). Aside from roads and dumped materials, we also mapped 34 post-fire landslides with a total area of 0.01 km2. They are shallow-seated, small landslides that do not show any significant pattern in terms of their spatial distribution. The spatial distribution of these features for the conditions captured in 2019 is presented in Figure 8. Results show that during the post-fire practices, between July 2017 and May 2018, the total length and area of the constructed road (48 and 0.7 km2) is almost equal to the size of the pre-fire road network (500 and 0.83 km2).
[image: Figure 7]FIGURE 7 | 3D plot showing a subset of the study area with post-fire land cover classes.
[image: Figure 8]FIGURE 8 | The spatial distribution of post-fire management practices after the 2017 Sapadere wildfire. (A) The satellite image of the post-fire salvage logging practice and (B) the digitized information on pre-and post-fire roads, waste material, and landslides over the study area. The inset areas in Panel A show enlarged areas of post-fire salvage logging practice conditions from satellite images (C, E, G) and digitized information on pre-and post-fire roads, waste material, and landslides (D, F, H).
Notably, the road construction resulted in some excavated materials being dumped from the road network. However, we also noticed the presence of dumped materials along the existing road network. This shows that the post-fire operations also involved an expansion of existing roads.
Overall, we identified the cumulative surface area of the post-fire waste materials as 0.92 km2. This means that approximately 7% of the burned area (22.2 km2) was directly influenced by the post-fire management practices including both roads and dumped materials.
To further examine the influences of these road excavations on the study area, we calculated VRR for the period following the completion of fire management practices (Figures 9A, B) and intersected these VRR maps with the spatial footprint of post-fire waste material and post-fire road network.
[image: Figure 9]FIGURE 9 | Plots showing (A–B) VRR maps and (C) variations in NDVI in different post-wildfire management practices types from pre-to post-fire periods.
Results show that mean NDVI values in areas affected by post-fire management practices have ∼50% recovery between 2017 and 2021. On the other hand, undisturbed areas show ∼100% recovery in NDVI values within the same period. Also, from 2019 to 2021, the percentage of the area exhibiting average or worse VRR decreases from 49% to 27%. This implies an overall recovery in the vegetation cover in the post-fire period. However, Figure 9 also reveals that in 2019 and 2021, 27% of the study area exhibiting average or worse VRR is directly associated with either road construction or dumped materials. This stability in VRR indicates a delay in the natural regeneration caused by post-fire management practices.
Variations in NDVI associated with post-fire road and waste material and the rest of the study area (i.e., non-disturbed areas) also highlight the postponing influence of post-fire management practices on vegetation recovery. Figure 9C shows that non-disturbed areas had a rapid recovery than those directly exposed post-fire management practices.
DISCUSSION AND CONCLUSION
There is a common agreement that burned forested areas are more sensitive to anthropogenic disturbances than their unburned counterparts (Beschta et al., 2004). However, salvage logging as part of post-fire management practices has been a subject of scientific debate (Leverkus et al., 2021).
More specifically, post-wildfire management practices are implemented shortly after fires to reduce both the risk and severity of wildfires (Francos et al., 2018); moreover, it also includes road construction for salvage logging of dead trees and terracing to reduce soil erosion rate. However, post-fire management practices such as road excavations after a fire for salvage logging may alter the soil properties and increase the erosion rate, frequency of landslides, and debris flows in the burned hillslopes (Keller et al., 1997; Roering and Gerber, 2005; Reneau et al., 2007; Shakesby, 2011; Abrahams et al., 2018). Such anthropogenic disturbances may reduce the vegetation recovery rate (e.g., Tanyaş et al., 2022), cause certain ecological and excessive sediment load problems (e.g., Yunus et al., 2020), limit natural regeneration of the ecosystem, increase reforestation costs, and cause economic losses.
Quantifying the adverse effects of salvage logging has rarely been done in the context of spatiotemporal variation of vegetation cover (Vlassova and Pérez-Cabello, 2016; Robichaud et al., 2020). In Türkiye, in particular, only a few studies focused on salvage logging (Bilici and Abdullah, 2015; Bilici et al., 2017; Gülci, 2021; Tavsanoglu and Pausas, 2022) and yet, quantification of negative influences of road constructions associated with salvage logging has been mostly ignored.
This study focused on the 2017 Sapadere, Türkiye wildfire and examined the spatiotemporal variation of road construction and the resultant debris materials from pre-to post-fire phases to assess the role of salvage logging in vegetation recovery quantitatively.
The previous studies indicate that salvage logging causes soil compaction (Wagenbrenner et al., 2015), leading to a decrease in soil water holding capacity and a delay in vegetation recovery (Gomez et al., 2002). Also, our results show that the areas directly exposed to post-fire management practices exhibited a delayed vegetation recovery compared to undisturbed areas. Specifically, mean NDVI values in those areas show ∼50% recovery in 5 years after the wildfire, while undisturbed areas exhibit ∼100% recovery within the same period. In total, 7% of the burned area was affected by these post-fire management practices. Also, 27% of the areas characterized by average or aggravated (i.e., poor or very poor) VRR intersected with the footprint of the post-fire management practices. In fact, these numbers do not deliver the full spectrum of consequences that post-fire management practices may have caused. Our observations are bounded by the aerial coverage of road network and debris materials and we lack their possible long-term indirect effects. For instance, salvage logging could reduce plant diversity and negatively affect the resilience to future wildfires (Leverkus et al., 2014; Leverkus et al., 2021). These aspects need to be examined further in the area affected by the Sapadere wildfire. Considering the limited research on the topic focusing on the events that occurred in Türkiye, long-term monitoring of the Sapadere area as well as similar sites affected by wildfires in the southern section of Türkiye, could provide better insight into the consequences of salvage logging.
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