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Protected areas (PAs) remain the most important tool to prevent biodiversity loss and habitat degradation worldwide, but the formal creation of a PA constitutes only the first step. In recent decades, concerns about PA effectiveness have arisen, and several PAs have been evaluated using different methods. Results show that while some PAs are achieving their conservation goals, others have been less effective. Particularly, assessing broadscale outcomes is a method that allows us to monitor change over time at a large scale, using remote sensing data. In this study, we evaluated the effectiveness of Nahuel Huapi National Park, with particular attention to its three protection categories: Strict Natural Reserve (SNR), National Park (NP), and National Reserve (NR) (IUCN categories Ia, II, and VI respectively). We compared changes in Normalized Difference Vegetation Index (NDVI) among sites in these categories and between them and neighboring unprotected areas, over the period 2000–2020. Overall, habitat degradation was low, and we found no difference among the four categories evaluated. Nevertheless, a greening process has been conspicuous in the entire area, with higher values both in the SNR and in the unprotected area. We propose possible explanations as we consider variables such as dominant tree species, precipitation, temperature, elevation, and wildfires. This study supports the importance of NHNP at the regional and national levels, particularly its SNR areas.
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INTRODUCTION
Some consider the biodiversity loss occurring nowadays to be the worst biological disaster since the last mass extinction 65 million years ago (Soulé, 1987). Although protecting certain areas or ecosystems is not enough to stop and reverse this trend, the creation of protected areas (PAs) remains one of the most important measures in conservation biology (Hunter & Gibbs, 2007), as shown by the fact that protected area coverage rapidly achieved the goal of 17% of land and inland water protected set by the Convention of Biological Diversity in 2010 (CBD, 2010; WDPA, 2021).
Establishing a PA is the first step toward ecosystem conservation; however, creating a PA does not by itself guarantee its effectiveness at achieving its conservation and management goals. The need to assess PA effectiveness has been widely noted, resulting in a growing number of studies addressing the outcome from different perspectives (Bruner et al., 2001; Nagendra, 2008; Leverington et al., 2010a; Coad et al., 2015; Barnes et al., 2016; Barnes et al., 2017; Coad et al., 2019). Leverington et al. (2010a) summarized different approaches used to assess PA effectiveness as follows: Coverage–studies biodiversity representation within PAs, also known as Gap Analysis (Scott et al., 1993; Armenteras & Villareal, 2003; Chape et al., 2005; Rodríguez-Cabal et al., 2008); Broadscale Outcomes–compares environmental changes within and outside protected areas, generally using remotely sensed data (Nagendra et al., 2013; Herrero et al., 2016); Protected Area Management Effectiveness Assessments (PAME)—uses the scoring framework developed by the IUCN (Hockings, 2003; Coad et al., 2015) or a similar approach; and lastly, Detailed Monitoring–generally reports animal population trends, vegetation conditions, or socioeconomic impacts of a particular PA (Barnes et al., 2016; Geldmann et al., 2018). These different approaches are complementary, as each addresses the outcome from a singular perspective (Hockings et al., 2006).
The term “protected area” comprises areas known by different names, often referring to different types of management. The International Union for Conservation of Nature (IUCN) recognizes six management categories organized from more to less strict as follows: Ia-Strict nature reserve, Ib-Wilderness area, II-National Park, III-Natural monument or feature, IV-Habitat/species management area, V-Protected landscape or seascape, and VI-Protected area with sustainable use of natural resources (Dudley, 2013). While extractive use is forbidden or minimal in categories from I to IV, the restrictions are reduced in categories V and VI. The idea that a stricter management category will yield better habitat preservation has been widely explored in a variety of environments, with contrasting results. A study conducted in Bolivia, Costa Rica, Indonesia, and Thailand found that, although deforestation was generally lower inside the strictest PAs, it was unclear whether this outcome was related to the management category or instead to the remote location of most of the strict PAs (Ferraro et al., 2013). The Royal Chitwan National Park in Nepal allows use by and involvement of local residents, while Celaque National Park in Honduras has a more traditional management approach in which local residents do not participate in this endeavor. Although deforestation rate was lower inside both PAs, the regeneration and conservation of the buffer zones surrounding the PAs were better where local residents were involved, suggesting that regulated use of PAs could be more effective in the long run (Nagendra et al., 2004). Fire incidence in tropical forest located in strict PAs in Latin America and Asia was lower than in the unprotected area; however, multi-use PAs in these continents sustained an even lower fire incidence (Nagendra, 2008).
While most studies looked at entire units belonging to one particular management category, the division of a PA into zones with differing categories of protection has been less studied (Hull et al., 2011). A common management approach is subdividing a PA into more than one management category, resulting in more strictly regulated areas surrounded by less regulated categories acting as buffer zones between the most highly protected area and the unprotected area (Geneletti & van Duren, 2008). This is the situation in Nahuel Huapi National Park (NHNP), located in the northern portion of the temperate forests in Patagonia, Argentina. This protected area, originally created in 1922 as National Park (formerly Southern National Park, then Nahuel Huapi National Park; NP category II IUCN), was later subdivided into National Reserve (NR; category VI IUCN) and Strict Nature Reserve (SNR; category I IUCN) (Rivarola et al., 2021a). The National Reserve was established in 1970 as a buffer zone between the National Park (west) and the unprotected area (east); furthermore, most of the private properties that existed at the time were included in this new (lower) category, allowing for regulated extractive use. Finally, in 1990 pristine and remote areas within the National Park were declared Strict Nature Reserve with no human intervention allowed (Martin & Chehébar, 2001; Rivarola et al., 2021a). NHNP has one city and two small towns on its borders, accounting for a total population of approximately 170,000 people. This region had a low human population density for most of the 20th century, a situation that changed in the 1980s. The population growth rate between 1980 and 1991 reached 101.58%, and it peaked again between 2001 and 2005 (74%), resulting in an unplanned and unregulated urbanization expansion in which social and economic inequity are evident, pressing on natural resources in a complex manner (Madariaga, 2007).
The economic development of this region was historically based on agriculture, livestock, and logging but later switched to tourism, the main source of income nowadays (Schlüler, 1994; Nuñez & Vejsbjerg, 2010). Three biomes are protected by NHNP: high Andes, Patagonian temperate forests, and steppe, with Patagonian temperate forests accounting for the largest extent (Monjeau et al., 2005). These forests have been isolated from other temperate forests since the mid-Tertiary Period (Axelrod et al., 1991; Villagrán and Hinojosa, 1997), and, as a result, 90% of the woody species are endemic (Arroyo et al., 1996) and the region is characterized by one of the highest known rates of plant-animal mutualisms (Aizen & Escurra, 1998). Despite the existence of multiple PAs incorporating Patagonian forests in Chile and Argentina (Armesto et al., 1998; Burkart, 2005), more than 1/3 of the Patagonian forests have been lost since the arrival of Europeans in the 19th century (Tecklin et al., 2002). The assessment of NHNP effectiveness in preserving its biodiversity is crucial. Integral and pluralistic approaches are needed in order to assess PA performance (Caro et al., 2009). Three of the effectiveness assessment methods suggested by Leverington et al. (2010a) have been implemented in this PA. The first was a PAME assessment that found that NHNP management falls in the fairly satisfactory category (Rusch, 2002). Secondly, a coverage study concluded that the hotspot of Patagonian biodiversity is not fully covered by the current PAs (Rodríguez-Cabal et al., 2008). Lastly, a detailed monitoring of the small mammal community of NHNP concluded that there is no clear evidence that a stricter category preserves this community better, with the exception of the endemic marsupial Dromiciops gliroides (Rivarola et al., 2021b). The fourth type of PA effectiveness assessment, broadscale outcome, has not yet been performed, and it is the main goal of the present study.
Ecological applications of satellite remote sensing (SRS) can potentially improve environmental management by providing verifiable and standardized data at a large temporal and spatial scale (Pettorelli et al., 2014). For decades, access to SRS data was very expensive, limiting its use in many countries and regions. The shift toward free SRS databases provided the opportunity for better and wider use of these data (Woodcock et al., 2008). Concomitantly, advances in processing methods have allowed such data to be used in a more comprehensive manner (Hansen & Loveland, 2012). An increasing number of studies have used SRS to assess PA broadscale outcomes, facilitating the evaluation of large areas that would not have been possible to assess from the ground (Nagendra et al., 2004; Buchanan et al., 2008; Wiens et al., 2009). Among all sensors, Landsat provides the longest consistently calibrated data set registering surface changes since 1972 (Markham & Helder, 2012), providing an excellent source of data for habitat monitoring, allowing detection of habitat fragmentation and disturbances in PAs (Nagendra et al., 2013).
Several vegetation indices have been developed in order to draw inferences about vegetation structure, photosynthetic capacity, and leaf water content among other ecological data. Normalized Difference Vegetation Index (NDVI) is the most widely used index and is defined as the ratio of the difference between the spectral reflectance in near-infrared (NIR) and the red (RED) wavelengths divided by the sum of both, where NIR and RED are the light reflected by the vegetation in the NIR and RED wavelength bands, respectively (Gandhi et al., 2015; Yengoh et al., 2016). This index is based on the fact that chlorophyll absorbs RED, while the mesophyll disperses NIR (Pettorelli et al., 2005), and its values range between −1 and +1, where negative values correspond to unvegetated areas (Myneni et al., 1995). This index is highly sensitive to changes in canopy photosynthetic activity, and such changes can be used as an early warning of habitat modification (Leisher et al., 2013; Nagendra et al., 2013). In terrestrial ecosystems, the amount and distribution of vegetation directly influence the abundance and distribution of resident and migrant animals; thus, NDVI is a valuable tool not only for assessing photosynthetic activity but also to infer overall ecosystem status at a large spatial and temporal scale (Pettorelli et al., 2005). Time series analysis of NDVI has been used to assess PA effectiveness, allowing researchers to differentiate between seasonal and yearly changes (Waylen et al., 2014; Herrero et al., 2016; Southworth et al., 2016; Herrero et al., 2020).
The research reported here explores vegetation status of NHNP among its three protection categories along with a neighboring unprotected area. We aimed to assess the effectiveness of the three levels of protection in the NHNP during the 21st century by comparing NDVI time series from 2000 to 2020 of areas under each level of protection to that for “matching” (or “apples-to-apples”) unprotected areas in order to reduce variation associated with different land characteristics (Joppa & Pfaff, 2011). Variation in NDVI can be associated with variables including land cover, precipitation, temperature, and elevation; therefore, we incorporated these factors in our analysis. Using NDVI as a comprehensive metric for all change in vegetation aimed to identify overall trends while serving to suggest influential land change processes for further analysis.
METHODS
Study Area
Nahuel Huapi National Park is located between parallels 40° 08′ 18″ and 41° 35′ 19″ South and longitudes 71°50′ 52″ and 71° 04’ 45” West (Figure 1). It is bordered in the west by Chile, in the north by Lanín National Park, in the east by the Patagonian steppe (a small area of which is included within NR), and in the south by the Manso river. Its total area of 7,172.61 km2 is subdivided into different management categories. The eastern 2,253.8 km2 are designated National Reserve (NR), IUCN category VI. This area contains several private properties, where authorized livestock and logging are frequent. Furthermore, this category allows more intensive use and the development of infrastructure related to tourism (hotels, sky resorts). The western 4,918.81 km2 are designated National Park (NP), IUCN category II (WDPA, 2021). There are fewer private properties in this region, and although livestock and logging are forbidden by law in a category II PA, these activities are still common. More extensive use is also allowed, such as campsites and low-impact developments. In 1990, pristine areas within the National Park were declared Strict Nature Reserve (SNR, IUCN category Ia), covering 755.25 km2; and later in 1994, a new subdivision of the NP was proclaimed Wilderness Natural Reserve (WNR, IUCN category Ib). Information regarding the decision process that led to selection of those areas to be included under the strictest category level is unavailable, other than that they were pristine areas, remotely located, with difficult or no ground access. Consequently, several are located at higher elevations (where conflicts with human uses are minimal) or in areas accessible only by boat. This category does not allow any use, other than patrolling and scientific research (Rivarola et al., 2021a). In this study, we investigated NR, NP, and SNR, insofar as we lacked access to spatial data that included WNR. Additionally, we evaluated 2,423.8 km2 of unprotected area located south of the Manso river, using the same NHNP longitudinal range (Figure 1).
[image: Figure 1]FIGURE 1 | Map of Nahuel Huapi National Park. Levels of protection indicated by different colors.
NHNP lies within the Valdivian Ecoregion, where High Andean, Patagonian Forests, and Steppe biomes are represented (Burkart et al., 1999). It has a mean annual precipitation of 1,800 mm, with a marked west-east gradient (from above 2,000 mm to approximately 200 mm) owing to the shadow effect of the Andes Mountains (Cabrera, 1976). Most of the NHNP is covered by forest dominated by evergreen or deciduous species of the genus Nothofagus (N. pumilio—Lenga, N. antarctica—Ñire, N. dombeyi—Coihue, N. betuloides—Guindo, and N. nitida—Coihue de Chiloé) and Araucaria araucana (Araucaria) in the northern area, and Austrocedrus chilensis—cypress along the eastern fringe in the ecotone between forest and steppe (Cabrera, 1976).
Data Collection
To quantify NDVI change in the study area in relation to significant environmental variables, we collected satellite imagery, precipitation, and temperature data from available remote sensing products from years 2000–2020, leveraging the resources of Google Earth Engine (Gorelick et al., 2017). While limited remote sensing data are available before 2000, sufficient data available starting in year 2000 allowed us to analyze vegetation change one decade after the strict reserves were first established. In addition to remote sensing data, we also acquired fire history (Mermoz et al., 2005), land cover provided from CIEFAP (Centro de Investigación y Extensión Forestal Andino Patagónico), and tourism data from APN (Administración de Parques Nacionales).
We created cloudless composites using Landsat data by selecting the “greenest” pixel from all scenes captured between December 1 and March 1 of each summer season. We selected only summer data because the presence of evergreen and deciduous forests prevents us from evaluating photosynthetic activity in fall and winter, while frequent presence of snow during the spring would also bias our analysis. The greenest pixel was taken to be that with the highest NDVI, which we computed for each available scene during each season. At least 25 scenes were available for each season.
Composites before 2013 were created using Landsat 7 scenes (Landsat 7 Collection 1 Tier 1 TOA Reflectance courtesy of the U.S. Geological Survey), and composites 2013 and after were created using Landsat 8 (Landsat 8 Collection 1 Tier 1 TOA Reflectance courtesy of the U.S. Geological Survey).
Selecting the greenest pixel allowed for the best interseason NDVI comparisons. However, while the method works well for creating cloudless composites in areas with vegetation present, pixels containing clouds are often selected over areas with low NDVI values, such as water bodies, urban areas, and areas above the tree line. Because these areas contained little vegetation (e.g., sparse ground vegetation growing above the tree line) or no vegetation (water bodies, rocks, bare ground), they were irrelevant to our analysis, and we masked them from the resulting composites to exclude them from analysis. The mask was taken from land cover data provided to us by CIEFAP (Centro de Investigación y Extensión Forestal Andino Patagónico) and shown in Figure 2.
[image: Figure 2]FIGURE 2 | Land cover of NHNP and neighboring area.
We collected precipitation data within the study area from the Global Precipitation Measurement (GPM) Integrated Multi-satellitE Retrievals for GPM (IMERG) dataset (Huffman et al., 2019). IMERG provides total precipitation for every month at 0.1 × 0.1° (approximately 11.1 × 11.1 km) spatial resolution and calibrates multiple satellite estimates with ground sources.
We collected temperature data within the study area from the MOD11A1 V6 product derived from data collected by satellites equipped with the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument (Wan et al., 2015). The data provide daily (one daytime and one nighttime) land surface temperature estimates at 1 × 1 km resolution. We computed the mean daytime temperature for every year (Jan 1st-December 31st) for use in analysis.
Data Analysis
We calculated the mean NDVI per austral summer from 2000 to 2020 at each level of protection (SNR, NP, NR, Unprotected). We evaluated the synergistic effect of protection and time on changes in mean NDVI using an analysis of covariance (ANCOVA), followed by a post hoc Bonferroni adjustment test. Level of protection and years (2000–2020) were the categorical and continuous variables, respectively. Since differences in NDVI among the levels of protection do not necessarily mean healthier vegetation, but rather could be related to differences in dominant species cover (e.g., NP mostly dominated by N. dombeyi vs. NR mostly dominated by A. chilensis), precipitation, elevation, or temperature, in a second step we selected random points in each of the Unprotected, NR, NP, and SNR levels. Using the available data regarding dominant species cover across NHNP (Margutti & Arosteguy, 2019), we selected 25 random points per area dominated by one of the four most common dominant tree species: N. dombeyi, N. antarctica, N. pumilio, and A. chilensis, accounting for a total of 100 random points each for NP, NR and Unprotected area, and 75 random points for SNR, because no area is dominated by A. chilensis within this category (Figure 2). For these 375 random points we extracted the elevation, and their NDVI values, temperature, and precipitation from 2000 to 2020.
For each random point we ran a linear regression in which we evaluated NDVI change over time, resulting in a total of 375 linear regressions. From each linear regression, we extracted the slope, as it provided us with information regarding the general trend of NDVI change per level of protection. Lastly, we ran an ANOVA test to evaluate if the slopes (indicating NDVI change over time) varied among the four levels of protection, followed by a Tukey HSD test.
Nothofagus dombeyi, N. antarctica, N. pumilio, and A. chilensis respond differently to disturbances such as wildfire, drought, livestock, and windstorm (Raffaele et al., 2014). To investigate if these species experienced a different trend among the levels of protection, we ran a two-way ANOVA test, grouping by level of protection and dominant species and using as dependent variable the 375 slopes from the random points mentioned above, followed by a Bonferroni test.
Previous studies have indicated that precipitation plays an important role in determining NDVI (Herrero et al., 2020). Other characteristics, such as elevation and temperature, might also affect the NDVI values. In order to reduce the number of physical variables used to explain changes in NDVI, we used Pearson’s product-moment correlation to evaluate the correlation between precipitation and elevation (t = 2.16, df = 7,810, p-value = 0.03) and correlation between precipitation and temperature (t = −36.20, df = 7,810, p-value=<1.1e-16). We ran a linear regression to evaluate if annual precipitation in the studied area affected its NDVI. We transformed NDVI values using a Box-Cox transformation to satisfy the normality assumption, then evaluated by ANCOVA whether different levels of protection differed in annual precipitation.
To identify areas where changes in NDVI over the 20-year period were more notable, we filtered those pixels where values changed by more than 1 standard deviation (1 SD = 0.05) in both positive and negative directions. We ran a linear regression to evaluate if increases in NDVI were related to the level of protection, and we ran a second linear regression to analyze the relation between NDVI decreases and level of protection. As mentioned above, total area differs among levels of protection. To standardize the measure among them, we used the percent of area (of each level of protection) where NDVI changed by more than 1 SD. While an increase in NDVI is associated with vegetation growth, this does not necessarily mean that natural vegetation is thriving; in fact, several undesired landscape modifications can induce that change, such as land abandonment and agriculture expansion (Pan et al., 2018). On the other hand, a decrease in NDVI in areas dominated by a particular tree species could reflect disturbances with negative effects on that species. To investigate this situation further, we conducted an ANOVA test to evaluate if decreases in NDVI were related to the type of forest.
We performed the statistical analyses using R 4.0.3 (R Core Team, 2014).
The study area is highly visited during the summer months, when the risk of wildfire is higher owing to low seasonal precipitation. Campsites distributed in NP, NR, and in the neighboring unprotected area receive thousands of visitors, increasing the risk of wildfires. We performed a colocation analysis to determine if fires were more likely to occur near designated campsites. Colocation analysis yields a colocation quotient for each fire centroid, where values less than 1 indicate isolation and values greater than 1 indicate spatial correlation (Leslie & Kronenfeld, 2011). We performed the analysis using the Spatial Statistics toolbox in ESRI ArcGIS Pro version 2.8 using the four nearest neighbors. Fire data were provided by INIBIOMA (Instituto de Investigaciones en Biodiversidad y Medioambiente) and campsite data were provided by NHNP.
RESULTS
We performed an ANCOVA to determine the effect of level of protection on NDVI after controlling for time (years). There was a statistically significant difference in NDVI between the groups (F (3,91) = 170.43, p < 0.0001). Mean NDVI in the Strict Nature Reserve (0.724 ± 0.003) significantly exceeded that in the National Park (0.711 ± 0.003), Unprotected area (0.707 ± 0.003), and National Reserve (0.642 ± 0.003), p < 0.001 (Figure 3).
[image: Figure 3]FIGURE 3 | Variation in mean NDVI at different levels of protection (0: Unprotected area, 1: National Reserve, 2: National Park, 3: Strict Nature Reserve). Horizontal lines on top indicate statistical differences between levels of protection (pairs).
Linear regressions based on the 375 random points showed an overall NDVI increase over time (Figure 4). We analyzed differences in slope among protection categories by ANOVA. The greening process (NDVI increase over time) was significantly higher in the unprotected area than in the Natural Reserve (p = 0.022), the National Park (p = 0.01), and the Strict Nature Reserve (p = 0.03) (Figure 5).
[image: Figure 4]FIGURE 4 | NDVI values over time recorded for a total of 375 random points equally distributed among the four levels of protection and four dominant tree species (Nothofagus dombeyi, N. antarctica, N. pumilio, and Austrocedrus chilensis).
[image: Figure 5]FIGURE 5 | Comparison of the NDVI increases over time, indicated as positive slope values, among the different levels of protection (DF = 3, 368, F = 4.366, p = 0.005). 0: unprotected area, 1: National Reserve, 2: National Park, and 3: Strict Nature Reserve.
We further investigated if dominant tree species had a different trend of NDVI change over time in each protection category with a two-way ANOVA. The interaction term between level of protection and dominant tree species was not significant (DF = 8, 357, F = 0.283, p = 0.971), indicating that the tree species did not follow different trends over time in different protection categories (Figure 6). Nevertheless, the “Group” term indicated that different species did follow a different trend without accounting for the protection level (DF = 3, 357, F = 4.036, p = 0.008). We then computed a pairwise comparison using a Bonferroni test and found that the trend of NDVI change over time was more pronounced in N. dombeyi than in N. pumilio (p = 0.0009), with no differences among the other species.
[image: Figure 6]FIGURE 6 | Comparison among the NDVI increases over time, indicated as positive slope values, for each of the four most common dominant tree species, among the different levels of protection. 0: unprotected area, 1: National Reserve, 2: National Park, and 3: Strict Nature Reserve.
Precipitation and temperature were negatively correlated (t = −36.198, df = 7,810, p-value < 2.2e-16, r = −0.38), and areas with higher temperature had lower NDVI. On the other hand, precipitation and elevation were positively correlated (t = 2.1616, df = 7,810, p-value = 0.03, r = 0.02). We further analyzed the effects of precipitation on NDVI, since it was the physical variable that explained the highest fraction of the variation. We found a positive correlation between annual precipitation and NDVI (F (1,82) = 17.87, p = 6.1e-05). We conducted an ANCOVA in order to determine if annual precipitation has changed in the studied area, and furthermore, if this change is consistent among the different levels of protection. We found an overall decrease in annual precipitation (F (1,79) = 38.428, p = 2.42e-08), although this decrease differed among levels of protection (F (3,79) = 21.469, p = 2.88e-10) (Figure 7). In addition, a post-hoc Bonferroni analysis showed that estimated mean annual precipitation in the National Reserve was significantly lower than in the other three categories and that the estimated mean precipitation in the Strict Nature Reserve was higher than in the unprotected area (Table 1; Figure 8).
[image: Figure 7]FIGURE 7 | Annual precipitation change for each level of protection. prot0: unprotected area, prot1: National Reserve, prot2: National Park, prot3: Strict Nature Reserve.
TABLE 1 | Results from a Bonferroni test indicating differences between changes in annual precipitation at each protection category. Statistical significance is indicated by ∗.
[image: Table 1][image: Figure 8]FIGURE 8 | Estimated mean annual precipitation for each level of protection based on 20 years of precipitation data (period 2000–2020). Statistical differences among the protection categories are indicated with *. prot0: unprotected area, prot1: National Reserve, prot2: National Park, prot3: Strict Nature Reserve. Horizontal lines on top indicate statistical differences between levels of protection (pairs).
Areas where NDVI changed by more than 1 standard deviation (both positive and negative) are indicated in Figure 9. The percent of greening areas in the unprotected area significantly exceeded that in the NR (Adj. R-squared = 0.435, F (4, 91) = 19.26, p = 1.666e-11), while no significant differences with and among the other categories were found (Figure 10). On the contrary, the same analysis applied to percent of areas with a decreased NDVI yielded no relationship with years or level of protection (Adj. R-squared = 0.001, F (4, 91) = 1.039, p = 0.392) (Figure 11).
[image: Figure 9]FIGURE 9 | Map with areas with NDVI increase (blue) and decrease (yellow) in the period 2000–2020.
[image: Figure 10]FIGURE 10 | Percent of area with an increase in NDVI, per level of protection, over time. prot0: unprotected area, prot1: National Reserve, prot2: National Park, prot3: Strict Nature Reserve.
[image: Figure 11]FIGURE 11 | Percent of area with a decrease in NDVI, per level of protection, over time. prot0: unprotected area, prot1: National Reserve, prot2: National Park, prot3: Strict Nature Reserve.
To evaluate if negative changes in NDVI were more frequent in forests dominated by a particular tree species, we conducted an ANOVA. We found a significant difference between the number of pixels with a decreased NDVI and the type of forest (F (4,15) = 3.922, p = 0.023). Forests dominated by N. pumilio contained larger proportional areas with a decreased NDVI than did mixed forests (p = 0.0339) and forests dominated by shrub species (p = 0.026) (Figure 12).
[image: Figure 12]FIGURE 12 | Total number of pixels where NDVI decreased over a 20-year period for each type of forest.
As shown in Figure 13 and Table 2, colocation analysis suggests that some fires were more likely to occur near campsites than if they were randomly distributed. However, none of the quotients are statistically significant, which could be due to the low number of both fires (n = 23) and campsites (n = 28). Overall, approximately 1.7% of the land within the study area burned between 2000 and 2020.
[image: Figure 13]FIGURE 13 | Fires and campsites within the study area.
TABLE 2 | Colocation Analysis Summary: relation between wildfires and campsites.
[image: Table 2]DISCUSSION
Remote sensing data provide an excellent opportunity to evaluate land surface changes over time at different scales, from local to global assessments, and they have been widely used to evaluate fragmentation and degradation within protected areas (Nagendra et al., 2013). Leisher et al. (2013) analyzed land and forest degradation in 1,788 PAs in Latin America between 2004 and 2009, concluding that the rate of degradation increased from 0.04 to 0.10% per year, resulting in 1,097,618 ha degraded. They evaluated 166 Argentinean PAs, concluding that almost 20% of them have experienced land and forest degradation, despite having a funding level three times the average for the Latin American countries (US$ 8.60 versus US$ 2.50 per hectare). In this study, we evaluated in detail the conservation status of the oldest and one of the largest of the Argentinean PAs, Nahuel Huapi National Park (NHNP). The second NHNP Management Plan published in 2019 (Margutti & Arosteguy, 2019) highlighted the importance of unifying the criteria used to subdivide the PA following its formal and legal delimitation between different conservation categories (Strict Nature Reserve, Wilderness Natural Reserve, National Park, National Reserve; IUCN categories Ia, Ib, II and VI respectively) rather than by zoning categories based on its uses, as the first management plan proposed (Gil et al., 1986). Because the strictest category was created in 1990, our study spanning from 2000 to 2020 provides the best up-to-date evidence at a broad scale regarding the effectiveness of this high conservation category. NDVI values were consistently higher in the SNR compared to the other protection categories and the unprotected area with an assessment based on the average NDVI per category per year.
This result would provide an optimistic assessment of the effectiveness of the strictest category. However, differences in area, location (affecting precipitation, temperature, elevation), and dominant tree species among the protection categories might bias our understanding of differences among them in effectiveness. To address this problem, we re-evaluated NDVI changes based on the selection of 375 random points, with an equal representation of different dominant tree species among the four levels. Surprisingly, with this second analysis, the unprotected area shows the highest values of NDVI, which differ statistically from those values reported in the three categories inside the PA. A common approach is to compare vegetation inside and outside PAs. However, the border of a PA may coincide with a natural change in habitat type leading to misinterpretation regarding the effectiveness of such a PA (Mas, 2005; Joppa & Pfaff, 2011; Ferraro et al., 2013). We purposely selected as unprotected area the neighboring southern region based on landscape, climatic conditions, and floral similarities with the PA, since the eastern area transitions into steppe and the western area is in a different nation, Chile. Finally, NDVI values within NHNP coincided with the levels of protection (NDVI values SNR > NP > NR).
The general NDVI change trend was positive for all four categories. We found similar results with both assessments (average NDVI per category and using 375 pixel values). The observation of increasing NDVI values agrees with the greening phenomenon reported globally (Zhu et al., 2016). However, interpreting positive NDVI changes remains challenging because no rigorous method has yet been validated (Leisher et al., 2013). Greener does not necessarily mean better conserved. Seasonal or annual changes in NDVI could be associated with an increase in leaf size, number of leaves per plant, plant density, and crop grown per year, but it can also reflect replacement of natural ecosystems by agricultural lands, or non-native species colonization after disturbances (Piao et al., 2020). We selected the widespread NDVI as a comprehensive metric to assess overall vegetation trends between levels of protection. Established land change detection algorithms, such as LandTrendr (Kennedy et al., 2018) and CCDC (Arévalo et al., 2020), for example, could be used to study specific land change processes, such as forest degradation/regeneration (e.g., Piffer et al., 2022), in more detail. However, algorithms designed to detect abrupt changes may not identify land change processes, such as the spread of invasive species or global greening. In the case of NHNP, no forest has been replaced by agricultural land, but rather more gradual land change processes of livestock grazing and spread of non-native species were identified as main threats to the PA, along with the more abrupt disturbances of logging and wildfire (Margutti & Arosteguy, 2019). While a compelling body of evidence depicts negative effects associated with non-native plant species in NHNP (Simberloff et al., 2002; Nuñez, 2008; Svriz et al., 2013; Franzese & Ghermandi, 2014), where 25% of the plant species are non-native (Raffaele et al., 2014), further studies are needed to evaluate if this colonization is related to the increased NDVI values reported here. Furthermore, introduced animals impact forest structure and regeneration in NHNP (Barrios-Garcia & Simberloff, 2013; Nuñez et al., 2013; Rodríguez-Cabal et al., 2013; Martin-Albarracin et al., 2015). Land change processes can interact to produce complex outcomes. For example, the combination of cattle and wildfires negatively affected regeneration of Nothofagus dombeyi - Austrocedrus chilensis mixed forests in NHNP, facilitating a post-fire transition from forest to bamboo-dominated shrubland (Blackhall et al., 2008), which could increase NDVI values (Franco et al., 2020). Specific studies addressing this question are needed and could be aided by land cover classification in combination with established land change detection algorithms.
We found a positive relationship between NDVI and precipitation, supporting previous findings (Herrero et al., 2020). Furthermore, the variation in precipitation among the levels of protection resembles the differences found among their NDVI values (SNR > NP > Outside > NR, see Figure 3 and Figure 8), suggesting that precipitation might be the cause of these differences in NDVI rather than levels of protection. However, mean annual precipitation fluctuated over time across this region, but the overall trend manifests a decreasing pattern. Precipitation therefore cannot explain the increasing NDVI trend.
In addition to identifying the general greening pattern explained above, we further investigated this process by extracting pixels where the NDVI changed more than 1 SD during the period studied. The unprotected area accounted for a larger increase compared to the NR, while this difference was not evident between unprotected and NP, unprotected and SNR, or within the three levels of protection inside NHNP. As stated above, interpretation of increasing NDVI is difficult; however, as a similar pattern or tendency was observed inside and outside the PA, the greening process could be a consequence of a global phenomenon such as climate change and increased CO2 (Ogunkoya et al., 2021), further exacerbated in the unprotected area where extensive livestock and logging are common.
Negative NDVI change could be more easily related to degradation and habitat fragmentation (Morton et al., 2005; Leisher et al., 2013). We found no evidence that degradation was more extensive in the unprotected area compared to that in areas under any level of protection. However, during the year 2012 there was a peak in the percentage of area with a negative NDVI change inside the PA (NR ∼ 30%, NP ∼ 20%, SNR ∼16%), but this value remained low in the unprotected area (∼5%). This result could be explained by the massive ash deposit as consequence of the Puyehue-Cordón Caulle volcanic eruption that dispersed about 100 million metric tons of ash, covering 7.5 million ha in Patagonia (Wilson et al., 2013). While the central and northern areas of NHNP were severely affected by ash deposition, the southern portion of NHNP and the unprotected area evaluated in this study remained free of ash. The area more severely affected by ash deposition (Bignami et al., 2014) coincides with the yellow area observed in the NW section of Figure 9.
Fragmentation or degradation were more striking in areas dominated by Nothofagus pumilio (both inside and outside the PA) compared to areas dominated by mixed forests and shrublands. Nothofagus pumilio forests are distributed at high elevations along approximately 3,000 km of the southern Andes Mountain chain (Mathiasen & Premoli, 2010). A previous study found a positive correlation between N. pumilio growth and precipitation, and a negative correlation with mean annual temperature (Lara et al., 2005). Severe droughts in the 20th century following relatively wet and cool years have been associated with a persistent decline in N. pumilio growth, suggesting that current and future trends with lower precipitation and higher temperatures associated with climate change would further promote the decline of these forests (Rodríguez-Catón et al., 2016). Furthermore, wildfires have historically affected forests of N. pumilio by direct burning (Veblen et al., 2003) and also by reducing root ectomycorrhizal colonization after fire (Longo et al., 2011).
Wildfires in the region are common between September and April, with record numbers in January and February, due to the combination of low precipitation and high temperatures during the austral summer. The causes of most of these wildfires remain unknown owing to lack of trained personnel and low budgets. However, human activities are thought to be closely related to their occurrence (Monjeau et al., 2005; Margutti & Arosteguy, 2019). Although tourists arrive in NHNP throughout the year, more than 23% of the total annual visitation occurs during the summer months (Área Técnica y Estadística, 2015). Campsites are distributed in NP, NR, and the unprotected area, and camping during summer is one of the favorite activities for both residents and tourists. Since the establishment of campsites within the PA is regulated by the APN (National Park Administration), we explored if the locations of wildfires were associated with the authorized campsites. We used available data (date, location, and area burnt) for 22 wildfires that occurred between 1999 and 2015 within NHNP. Although we found no relationship between these two variables, it is important to notice that there were a total of 239 fires recorded in this period, most of which (150) affected less than 0.5 ha (Margutti & Arosteguy, 2019), and no location data were available, so we could not include such data in our analysis. Furthermore, illegal campfires are common across the region, and the low number of personnel and lack of appropriate vehicles make it difficult for authorities to prevent them (Rivarola et al., 2021a). On the other hand, the combination of the current trend of warmer and drier summers following unusually dry springs (phenomena associated with La Niña events), uncommon electrical storms during the summer, and the massive accumulation of fuel material in the forests constitutes a permanent threat for these forests, across all levels of protection. The remote and isolated location of most SNR areas makes them particularly vulnerable to fires, since ground access is difficult, preventing prompt response to many fires, resulting in thousands of hectares affected. On 7 December 2021, lighting ignited a wildfire in the southern area of NHNP, within the SNR. The initial, small fire could not be controlled because firefighters could not access the area. The wildfire is spreading and remains active at the time this manuscript is being written, 1.5 months after the initiation of the fire. It is estimated that more than 6,000 ha of pristine native forests within NHNP (both in SNR and NP) have been burned (ADN, 2022; Sala de Noticias, 2022).
Effectiveness assessments should be performed regularly, using multiple and complementary approaches, which would provide crucial information to update management plans as needed, and ultimately, would secure PA conservation goals. The inclusion of PA protection categories, reports regarding effectiveness assessments implemented in those PAs with multiple categories, and current and past management plans within WDPA (the global databases on PAs) would allow a consistent evaluation at the local and global scale. Effective management of PAs is essential to conserve natural ecosystems. Their role in ecosystem services and preserving biodiversity goes beyond the limits of a PA, and they constitute a substantial fraction of a country’s national capital, supporting national sustainable development and human well-being (Bovarnick et al., 2010). The Argentinean PA system has a long history, and despite political and economic instability in the country, the general trend of PA establishment and management by the APN is promising (Rivarola et al., 2021a). Weaknesses and threats were well identified in the latest management plan for NHNP, and general and specific goals were established for both the short and the long term. This study provides new information that stakeholders in NHNP could take into account to better assess the conditions and changes occurring in this PA and act accordingly. NHNP is an emblematic PA at the national and international level, and its successful management would benefit not only the natural ecosystems represented in the area but also people who are directly or indirectly connected to this PA.
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