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Abstract

:

Nothofagus alessandrii is an endangered species with limited and fragmented distribution in the Maule coastal forest of central Chile. Understanding the factors and processes that influence the natural growth of this species is crucial for mitigating its ecological vulnerability. The primary objective of this research is to determine the spatial distribution pattern of N. alessandrii and its association with geomorphometric variables (slope, elevation, and exposure), as well as its association with other tree species in a representative forest located in the northernmost natural distribution range of the species. To achieve this, the coordinates (x, y, z) of all N. alessandrii individuals and accompanying tree species, along with their slope, elevation, and exposure, were obtained using a total station. A spatial analysis tool based on distance indices (SADIE) was used to quantify the spatial pattern of N. alessandrii and detect local aggregates, as well as determine the degree of spatial association between pairs of variables. The results showed that N. alessandrii trees had a random distribution pattern and a significant spatial association with the studied geomorphometric variables. An additional significant finding was the lack of spatial association observed between N. alessandrii and the accompanying species. In conclusion, our study provides valuable information on the spatial distribution and ecological correlates of the endangered N. alessandrii in a fragmented forest ecosystem of central Chile. The results highlight the importance of geomorphometric variables in shaping the distribution pattern of the species, which can be used to guide restoration and conservation efforts.
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1. Introduction


Nothofagus alessandrii (Fagaceae), commonly known as ruil, is an endemic and native species of Chile that has been classified as an “endangered” species since 2007 [1] due to a significant reduction in its population, distribution area, habitat quality, and the number of mature individuals. The species is found in its natural form only in the coastal mountain range of the administrative region of Maule in central Chile, with a distribution of less than 100 km of latitudinal extension [2]. The area occupied by N. alessandrii in its natural distribution is highly fragmented and has been declining over time. According to the last published record [2], the species occupies an area of no more than 314 ha, which is distributed in 15 localities within fast-growing species forests [2]. A subsequent study indicates that 55% of these forests were affected by the mega-wildfire of 2017 [3]. Unlike other Nothofagus species, the distribution pattern of ruil is not continuous [4].



Various factors threaten fragmented ruil forests; among them is the invasion of surrounding vegetation, which mostly corresponds to Pinus radiata D. Don plantations [5]. Some sites with greater conservation of ruil present a good regeneration by seeds, but, in general, due to the alteration of the habitat and the species that are associated with it, most of the fragments do not show space recovery [6]. Given the limited and fragmented distribution of N. alessandrii, it is crucial to prioritize conservation actions to ensure the survival of this species and its coexistence with other native trees in the region of origin. Despite the limited information available regarding the spatial distribution of N. alessandrii, it is associated with steep slopes [7], elevations that range from 100 to 450 m above sea level [8], and shady exposures [7].



Understanding the spatial distribution of a species is crucial in order to grasp the dynamics of its population and how it is influenced by a range of biological, ecological, and biogeographic factors [9,10]. This analysis is also helpful in developing silvicultural practices and designing recovery and conservation plans [11]. The history, dynamics, and interactions between species in forests can be elucidated by analyzing the spatial patterns of their distribution [12,13]. These patterns can provide insights into the processes and mechanisms that influence the coexistence of different species [14]. Additionally, they can help identify seed dispersal mechanisms [15,16], recognize interspecific associations in populations, and understand species’ responses to various disturbances [17]. The patterns of spatial distribution can be classified into three types: random, aggregate, and uniform [18]. These types of distribution can offer insights into the interactions between organisms in a particular environment. Various factors can influence the spatial distribution of plants, such as competition or facilitation [19], as well as geomorphometric variables such as relief conditions [20,21], slope exposure, elevation, and the physical–chemical properties of the soil [22,23,24]. All of these factors significantly impact the distribution of vegetation [20,21].



Spatial analysis is a widely used tool in various disciplines, including ecology, geography, geology, and physics. In ecology, several tools for spatial analysis are available [18], one of which is the Spatial Analysis by Distance Indices (SADIE). SADIE performs a spatial analysis based on distance indices and allows for the quantification of spatial heterogeneity. This technique has been used in various ecological studies, including the analysis of spatial patterns of survival in afforestation, vegetation cover restoration processes, and plant-to-plant interaction studies [25,26,27,28]. Additionally, SADIE has been used in the field of phytopathology [29]. The methodology used in SADIE enables the quantification of the spatial pattern of a variable or object under study, detecting the local aggregates of the variable, and quantifying the degree of association or spatial dissociation between pairs of variables. An advantage of this tool is that it can handle data of different natures [30].



Therefore, the aim of this study is to determine the distribution pattern of N. alessandrii and analyze its association with the aforementioned geomorphometric variables as well as other tree species in a fragmented forest in a N. alessandrii stand of its northern distribution. The findings of this study will provide insights into the ecological requirements of N. alessandrii and the factors that influence its distribution pattern, contributing to the design of conservation strategies for this species.




2. Materials and Methods


2.1. Study Area


The study area was located near the town of Lo Ramírez, which is part of the Curepto municipality, Talca province, in the Chilean administrative region of Maule (Figure 1). It was situated at 35°10′ S latitude and 72°06′ W longitude, with an altitude of 385 m above sea level, and covered an area of 46.3 hectares, characterized by forests of Nothofagus alessandrii. Considering the low variability of the forest stand under investigation and following [27,31,32] a plot of 2475 square meters (55 m × 45 m) was selected based on its varying slopes, elevations, and exposures [2].



The study area is characterized by soil belonging to the Constitución series [6], which is of metamorphic origin and ranges from semi-deep to deep. The upper layers of the soil have a clay loam texture, while the lower layers have a silt loam texture. Overall, these soils have a moderately fine surface texture and good drainage [6,33].



The study area experiences a warm temperate climate with prolonged dry seasons and maritime influence [17]. The average annual temperature is 14.2 °C, and the accumulated annual precipitation in 2021 was 470.9 mm (https://www.cr2.cl/ accessed on 11 October 2022).




2.2. Identification of Tree Species and Survey of Points with Total Station


To detect the presence of Nothofagus alessandrii and other associated tree species in the study area, all woody species that grow to a minimum height of 5 m in their adult state under typical habitat conditions or less in environments that may restrict their growth, were taken into account.



To determine the coordinates of each N. alessandrii and associated tree species, we utilized a Leica model TS02 total station and its corresponding prism. The survey points were captured in local coordinates, commencing with marked reference points on the ground that were denoted with stakes. After leveling the total station, we obtained and recorded the coordinates of the reference points for later analysis. We then repeated this procedure for the tree species of interest, documenting information such as the point number, corresponding species, and any pertinent observations.



Following the completion of the topographic survey, the field data (points) were downloaded as a plain text file in CSV (Comma Separated Values) format onto a computer. We utilized the academic version of Civil 3D software to realign the points with the established reference points in UTM coordinates. After realignment, the points were exported in DXF (Drawing Exchange Format) for additional analysis.




2.3. Creation of Maps (Slope-Orientation) and Preparation of the Attribute Table


The CSV file obtained from the total station contained four columns that included the point identification and coordinates in X, Y, and Z. These coordinates were used to generate a new shapefile with all the registered points. A digital terrain model was created by performing spatial interpolation using the Triangulated Irregular Networks (TIN) method. The interpolation was carried out using QGIS (v3.18.3), and the slope and prevailing exposure maps were generated in the same program. The GDAL library’s Slope and Orientation tools were employed for this purpose. A raster layer was generated with values that spanned from 0 to 360 degrees for the purpose of computing the orientation. This layer was reclassified as follows: values between 0–45 degrees and 315–360 degrees were classified as north slope, values between 45–135 degrees as east slope, values between 135–225 degrees as south slope, and values between 225–315 degrees as west slope. Similarly, the raster layer with the slopes was also reclassified into five categories based on the range of values (less than 20%, 20%–40%, 40%–60%, 60%–80%, and more than 80%).



Following the acquisition of the slope and orientation maps, an attribute table was established, linking each recorded point or species with its corresponding X, Y, Z coordinates, and slope, elevation, and exposure measurements. Subsequently, the table was exported to Excel and converted into a CSV file.




2.4. Spatial Analysis by Distance Index for the Creation of Aggregation Maps, and for the Association between Nothofagus alessandrii and Other Native Tree Species


The association between the variables, such as species, slope, elevation, and exposure, was analyzed using the CSV file generated in SADIE (Spatial Analysis by Distance Indices) tool, implemented in the program “SADIEShell v2.0”. The analysis considered a two-dimensional plane with X and Y coordinates to represent the location of the ruil, other tree species, and geomorphometric variables such as slope, elevation, and exposure. Next, the total aggregation index (Ia) was calculated for each environmental variable, while the clustering index (v) was computed for each pair of datasets.



The aggregation index is a statistical measure that assesses the degree to which a set of objects or phenomena is clustered or dispersed relative to a theoretical random distribution. It is commonly used in ecology to measure the spatial pattern of organisms in a given area. The Ia provides information on the overall spatial pattern of each environmental variable. According to the study by Quero et al. (2006), the spatial pattern is aggregated if Ia > 1, random if Ia is close to one, and regular if Ia < 1. The Aggregation Index (Ia) was also computed for accompanying tree species.



The clustering index, v, measures the degree of clustering of data into patches (mean vi) and gaps (mean vj), where high values correspond to areas of high concentration of the target variable and low values to areas of low concentration. To visualize the spatial distribution of patches (v > 1.5) and gaps (v < −1.5), v was contoured by kriging in a two-dimensional map using Surfer 16.3.408 (Golden Software, Golden, Colorado, CO, USA). This method allows for the identification of characteristics of the data that may not be evident when analyzing the correlation coefficient of the variables [34], revealing areas with the greatest presence of the variable or the locations where two pairs of data coincide.



To assess the association between two variables, the association index (χ) was calculated. If the χ value is >0, the variables are considered associated, if it is <0, they are not associated, and if it is equal to 1, the arrangement is random. The level of probability, indicated by the value of p, was also obtained. Association maps were generated using Surfer 16.3.408 (Golden Software, Golden, Colorado, CO, USA).





3. Results


3.1. Total and Local Aggregation Analysis for Nothofagus alessandrii and Accompanying Tree Species


The following accompanying species were found in the study area: Nothofagus glauca (Phil.) Krasser, Crytocarya alba (Molina) Looser, Lithraea caustica (Molina) Hook. et Arn., Peumus boldus Molina, Azara dentata Ruiz and Pav., Luma apiculata (DC.) Burret, Aextoxicon punctatum Ruiz et Pav and Lomatia hirsuta (Lam.) Diels ex J.F. macbr.



The values of the total aggregation index (Ia) and the local aggregation indices vj and vi provided by SADIE (Table 1) show that Nothofagus alessandrii has a random distribution pattern with no clear or significant patches. Most of the accompanying tree species showed a random distribution pattern in their total aggregation indices. However, N. glauca, C. alba, and L. hirsuta had an aggregated distribution pattern, forming significant patches and clearings with areas of greater or lesser presence of the species. No gaps or patches were observed in the rest of the species.



Figure 2 displays the distribution of N. alessandrii in the study area, with the darker red areas indicating a higher density of the species.




3.2. Association between Areas with the Presence of Nothofagus alessandrii and Geomorphometric Variables (Slope, Elevation, and Exposure) and Association between Nothofagus alessandrii and Accompanying Species


The association analysis between Nothofagus alessandrii and the different geomorphometric variables consistently showed a significant relationship, as indicated by the association indices (χ) (Table 2). The presence of ruil was found to be significantly associated with slope, elevation, and exposure.



Figure 3 displays association maps between N. alessandrii and the different geomorphometric variables. Figure 3a delineates the areas of significant association with black lines and darker tones indicating the presence of N. alessandrii. Within these areas, 75% of the individuals were associated with slopes ranging from 20% to 40%. In Figure 3b, the association with elevation shows that N. alessandrii was present at elevations ranging from 387.6 to 406.1 m above sea level, with 95% of individuals found within this range. Figure 3c reveals that exposure was also associated with the distribution of N. alessandrii, with a predominance of southern exposure. Approximately 60% of individuals were found in areas with exposure between 180–270 degrees (south-east).



The association indices (χ) were examined between N. alessandrii and other accompanying tree species in the study area, which revealed that ruil individuals did not exhibit any significant association with the presence of other tree species (as shown in Table 3).



Figure 4 and Figure 5 display maps indicating lower association levels between N. alessandrii and each accompanying tree species, as represented by lighter color tones and delimited with a black line. These areas are characterized by lower values of the respective studied variables.





4. Discussion


The comprehensive analysis of the distribution patterns of Nothofagus alessandrii conducted in this study revealed that the species are randomly distributed in the study area, which has significant implications for understanding the ecology and conservation of the species. The analysis of local aggregation indices did not detect any significant patches of species aggregation, indicating a lack of local fragmentation of N. alessandrii in the study area. However, it is noteworthy that the shape and surface area of ruil populations vary throughout their distribution in Chile, which implies fragmentation at the regional level, as previously observed in studies [2,6].



The spatial analysis revealed no significant clusters of N. alessandrii, indicating a random distribution of the species that is independent of other organisms and environmental conditions, as reported in studies of other Nothofagus species, such as N. dombeyi and N. obliqua [35]. These findings suggest that the spatial distribution of N. alessandrii is associated with geomorphometric variables, including slope, elevation, and exposure. In mountainous regions with steep slopes, such as those where the ruil is naturally distributed, the presence of N. alessandrii was found on slopes ranging from 13.5% to 49.5%, with 95% of individuals falling within this range. Further analysis of this interval revealed that 75.1% of individuals were found on slopes between 20% and 40%, with 47.2% on slopes between 20% and 30%, and 30.5% between 25% and 30%. These results are consistent with other studies of Nothofagus species such as N. glauca, which also grows on steep slopes [36], and N. alpina, where slope conditions of around 43% have been identified [37].



The information available indicates that N. alessandrii is predominantly located in mountainous regions below 500 m in elevation, akin to other Nothofagus species such as N. glauca, which thrives at elevations ranging from 300 to 553 m [38]. Nevertheless, N. alessandrii has also been observed at higher elevations exceeding 600 m above sea level [39], where there is an expected occurrence of high winter rainfall. In such areas, rainfall is generally concentrated at the highest elevations and in coastal mountains, with a predominantly southern exposure and the possibility of moving in a southwest or southeast direction, but never northward [6]. These findings are consistent with previous research on Nothofagus species and their relationship with elevation. In this study, the presence of N. alessandrii was mainly associated with elevations ranging from 388 to 406 m above sea level, which accounted for 95% of the species distribution.



The study found that the spatial distribution of N. alessandrii was predominantly associated with southern exposures, with most exposure values ranging between 135 and 270 degrees as southern slopes. Data between 45–135 degrees were closer to south-east slopes, and values between 225–315 degrees were closer to south-west slopes. The association between N. alessandrii and the southern exposure confirms previous reports that ruil trees thrive in shaded conditions [40], in specific areas influenced by environmental variables, where the temperature has a direct relationship with the tree’s presence, validating one of the known characteristics of ruil, which is taking refuge in shaded places [2]. These results suggest that N. alessandrii individuals can be established in southern exposures under shaded and semi-shaded conditions. Studies have shown that optimal recruitment of ruil can be achieved in light gaps that provide intermediate shade conditions [41]. Furthermore, the association between N. alessandrii and southern exposure reaffirms that shade-tolerant species benefit from protection [42,43]. While ruil prefers to grow in shady places, further studies are required to understand its response to different shade conditions, given that the species has been classified as shade intolerant, although it can tolerate shade in its early growth stages [8,44]. Additionally, other studies suggest that protectors or shelters should not be limited to the first stages of the species’ development, but may also be beneficial for its growth in shaded or semi-shaded areas [2].



The results of this study showed that the ruil is influenced by the slope, elevation, and exposure, which were identified using SADIE’s ability to relate the positioning of one variable’s patches with the positioning of another variable’s patches in the same area [10]. The presence of the ruil at the elevations and exposures identified in this study confirms previous knowledge about the species’ affinity for shady conditions, emphasizing the need to consider these variables in future forest management and conservation strategies.



The results of the association indices between N. alessandrii and other tree species suggest that ruil individuals do not show a correlation with any accompanying tree species present in the study area, indicating a possible competitive relationship between N. alessandrii and other tree species [45]. These findings are in line with previous research identifying changes in the composition structure of ruil stands [46]. Interestingly, this study also identified foreign species in the N. alessandrii fragments, mainly belonging to the sclerophyllous forest, such as C. alba, P. boldus, and L. caustica, among others [45]. These results highlight the significance of comprehending the ecological dynamics and competitive interactions among tree species in the ruil stands for effective conservation and forest management.



In the studied forest, the presence of N. alessandrii individuals exceeded that of other sclerophyllous forest species. Even if 50% of the trees in the area are N. alessandrii, it is still considered a “conserved” stand [6]. The absence of association between N. alessandrii and other tree species is crucial for its management and conservation since it indicates possible factors affecting its coexistence with other species. This information is particularly relevant for forest restoration efforts since it is necessary to understand the dynamics of their generation [41]. Moreover, this knowledge can support the development of recovery and conservation programs, which are critical given the absence of specific protocols to establish ruil in the field and ensure its survival [47].



Since the composition and structure of ruil stands have been altered, it is crucial to implement protective measures that consider the species’ natural habitat. This may include factors such as slope, elevation, and exposure, which can impact the health and growth of the species [2]. Moreover, it is important to note that the analyses conducted do not provide evidence of positive interactions between N. alessandrii and other accompanying tree species, highlighting the need for further exploration of potential factors that may be contributing to the lack of association between ruil and other tree species in the study area.




5. Conclusions


The study found that the spatial distribution of Nothofagus alessandrii was random, without significant patches or gaps, but distinguishable among individuals of the species. The results also showed a significant association between the spatial distribution of N. alessandrii and geomorphometric variables, such as slope, elevation, and exposure. This association is crucial for understanding the natural growth conditions of the species and is thus important for conservation programs. However, no significant association was found between the presence of N. alessandrii and accompanying tree species, indicating possible competition between them. This interaction can have implications for the functioning of the forest and its management such as the identification of suitable habitats and areas for restoration. The findings on the spatial distribution of N. alessandrii highlight the existence of interactions among individuals of the same species. Finally, the findings of this study provide valuable information for understanding the dynamics of the species’ population and can help in the development of conservation and restoration programs.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Map of the grouping index (ν) with the presence of Nothofagus alessandrii in the study area. 
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Figure 3. Association index (χ) maps between: (a) Nothofagus alessandrii and slope; (b) Nothofagus alessandrii and exposure; (c) Nothofagus alessandrii and elevation. 
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Figure 4. Association index (χ) maps between: (a) Nothofagus alessandrii and Luma apiculata; (b) Nothofagus alessandrii and Peumus boldo; (c) Nothofagus alessandrii and Azara dentata; (d) Nothofagus alessandrii and Nothofagus glauca. 






Figure 4. Association index (χ) maps between: (a) Nothofagus alessandrii and Luma apiculata; (b) Nothofagus alessandrii and Peumus boldo; (c) Nothofagus alessandrii and Azara dentata; (d) Nothofagus alessandrii and Nothofagus glauca.
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Figure 5. Association index (χ) maps between: (a) Nothofagus alessandrii and Lithraea caustica; (b) Nothofagus alessandrii and Aextoxicon punctatum; (c) Nothofagus alessandrii and Crytocarya alba; (d) Nothofagus alessandrii and Lomatia hirsuta. 






Figure 5. Association index (χ) maps between: (a) Nothofagus alessandrii and Lithraea caustica; (b) Nothofagus alessandrii and Aextoxicon punctatum; (c) Nothofagus alessandrii and Crytocarya alba; (d) Nothofagus alessandrii and Lomatia hirsuta.
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Table 1. Total aggregation indices (Ia), means of local aggregation indices (vj and vi), and statistical significance (p-value) for Nothofagus alessandrii and accompanying tree species in the study area.






Table 1. Total aggregation indices (Ia), means of local aggregation indices (vj and vi), and statistical significance (p-value) for Nothofagus alessandrii and accompanying tree species in the study area.





	
Tree Species

	
Ia (p-Value)

	
vi (p-Value)

	
vj (p-Value)






	
Nothofagus alessandrii

	
1.170

	
(0.1446)

	
1.164

	
(0.154)

	
−1.176

	
(0.1384)




	
Nothofagus glauca

	
1.847

	
(0.0013)

	
1.903

	
(0.001)

	
−1.902

	
(0.0007)




	
Cryptocarya alba

	
1.942

	
(0.0002)

	
2.001

	
(0)

	
−2.041

	
(0)




	
Lithraea caustica

	
1.112

	
(0.2278)

	
1.127

	
(0.2177)

	
−1.103

	
(0.2497)




	
Peumus boldus

	
1.229

	
(0.1057)

	
1.262

	
(0.0907)

	
−1.232

	
(0.1051)




	
Azara dentata

	
1.179

	
(0.1513)

	
1.193

	
(0.1473)

	
−1.172

	
(0.1634)




	
Luma apiculata

	
0.983

	
(0.4694)

	
0.985

	
(0.4604)

	
−0.979

	
(0.4781)




	
Aextoxicon punctatum

	
1.051

	
(0.3501)

	
0.993

	
(0.8882)

	
−1.058

	
(0.3402)




	
Lomatia hirsuta

	
1.483

	
(0.0169)

	
1.486

	
(0.0213)

	
−1.478

	
(0.0183)
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Table 2. Association index (χ) and level of significance (p-value) between Nothofagus Alessandrii and the geomorphometric variables: slope, elevation, and exposure.
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Variables

	
χ (p-Value)






	
Slope

	
0.9089

	
(<0.0065)




	
Elevation

	
0.9998

	
(<0.0065)




	
Exposure

	
0.9123

	
(<0.0065)
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Table 3. Association index (χ) and probability level (p) of Nothofagus alessandrii and accompanying tree species in the study area.






Table 3. Association index (χ) and probability level (p) of Nothofagus alessandrii and accompanying tree species in the study area.





	
Variables (Species)

	
χ (p)






	
Nothofagus glauca

	
−0.3567

	
(0.0065)




	
Crytocarya alba

	
−0.4188

	
(0.0065)




	
Lithraea caustica

	
−0.2973

	
(0.0065)




	
Peumus boldus

	
−0.2641

	
(0.0065)




	
Azara dentata

	
−0.2400

	
(0.0065)




	
Luma apiculata

	
−0.1498

	
(0.0325)




	
Aextoxicon punctatum

	
−0.0744

	
(0.1753)




	
Lomatia hirsuta

	
−0.2272

	
(0.0065)
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