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The growing replacement of native vegetation by forest plantations is considered a global threat to biodiversity. Significant variation in biotic communities among stands with similar management suggests that previous land use might have an effect on the capacity of forest plantations to harbor native species. The goal of our study was to determine the effect of land-use history on the biodiversity currently present in pine plantations in the coastal range of Central Chile. In particular, we hypothesized that plantations that directly replaced native forests should have higher diversity of plants and birds than plantations that were established in agricultural areas. We also expected that plantations of higher number of rotations should have fewer habitat-specialists and more generalists/exotics, reflecting a process of biotic homogenization. Using aerial photographs and satellite images encompassing a period of six decades, we classified 108 4-ha sampling units into native forests, and mature (17–20 year) pine plantations of first, second, and third rotation, of either forest or agricultural origin. At each site, we collected data on the abundance and richness of diurnal birds and understory plants, and analyzed their behavior in relation to the land-use history using Generalized Linear Models (GLMs). Also, we evaluated dissimilarity of communities of each pine plantation “treatment” to assess the occurrence of biotic homogenization. As predicted, pine plantations that directly replaced native forests had a higher abundance of forest specialists and less abundance of exotics and generalists than plantations of agricultural origin. In contrast, the number of rotations of pine plantations not only did not affect negatively the diversity and abundance of forest specialist species, but the models showed some signs of naturalization in the studied systems over time, such as the increase in the abundance of native herbs and a reduction in the abundance of their exotic counterparts. These results agree with the lack of evidence for a decrease in the dissimilarity of biotic communities in plantations with time, suggesting that the management of pine plantations in Central Chile is not promoting biotic homogenization, beyond the impact of the initial stages of land use change.
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INTRODUCTION

The transformation of natural ecosystems into artificial environments is one of the most ubiquitous expressions of the Anthropocene (Harden et al., 2014). An unfortunate consequence of the latter is that the changes produced by human land use since the 18th century, mostly for agricultural production, are considered one of the most important drivers of global biodiversity loss (Gibbs et al., 2010; Lambin and Meyfroidt, 2011; Ellis et al., 2013).

Among the different mechanisms of land use change, the replacement of natural forests by other land covers is likely one of the most significant in terms of its impact on biotic communities (Brook et al., 2003; Barlow et al., 2016; Sharp et al., 2019). In most cases, this replacement implies the direct removal of most plants from a site, and many other organisms are displaced or killed during cutting or burning operations (Shahabuddin and Kumar, 2007; Escobar et al., 2015; Owen et al., 2019). Moreover, the changes in environmental variables (i.e., luminosity, temperature, water and food availability; Li et al., 2009; Brauman et al., 2015; Andrews et al., 2017; Zhu et al., 2018), also force the evacuation of many animals, and reduce the fitness of the least mobile organisms (Brook et al., 2003; Ranius and Roberge, 2011; Stefani et al., 2017). On the other hand, the new environmental conditions offer suitable habitat for many disturbance-tolerant species that may colonize the area (Cavallero and Raffaele, 2010; Boscutti et al., 2018).

The extinction of habitat-specialist species and the colonization of disturbance tolerant and generalist species are the main mechanisms of biotic homogenization (Devictor et al., 2008; Harrison et al., 2014; Auffret et al., 2018), a process that occurs when different ecosystems subject to similar disturbances converge in terms of species composition and/or function (McKinney and Lockwood, 1999; Robertson et al., 2013; Kusuma et al., 2018). Usually, biotic homogenization takes place gradually, as neither mechanism is instantaneous. The colonization of disturbance-tolerant and generalist species increases over time, modulated by the intensity and frequency of the disturbances associated to the new land use (Acevedo and Restrepo, 2008; Belote et al., 2012; Smith et al., 2019). And even though most habitat-specialists may disappear from the site at the early stages of the land-use change, the populations of some species, especially long-lived ones, may take years or decades to become extinct (i.e., the “extinction debt,” sensu Tilman et al., 1994; Kuussaari et al., 2009).

Biotic communities are not only dependent on the physical and biological conditions of the site in which they inhabit, but also on its land-use history (Bremer and Farley, 2010; Cuddington, 2011; Meli et al., 2017). Usually the legacies of past land use can be observed in current communities through lasting alterations in the physical and biotic components that define them (Foster et al., 1998; Hermy and Veyheren, 2007; Fraterrigo, 2013), and the expression of such past effects will depend on the intensity, duration and nature of the disturbance (Foster et al., 1998; Renne and Tracy, 2013).

Forest plantations, comprised of exotic tree species, represent one of the most important land uses that have replaced native vegetation throughout the world, particularly in the Southern hemisphere (Overbeek et al., 2012). Plantations based on fast-growing species of the genera Pinus and Eucalyptus are usually managed as even-aged stands and harvested through clearcutting (INDUFOR, 2012). These plantations have been shown to generate significant changes in the physical environment in which they are established, including degradation and erosion of soils (Oyarzún and Peña, 1995; Turner and Lambert, 2000; Imaizumi et al., 2008; Soto et al., 2019) and an increase in water consumption (Licata et al., 2008; Scott and Prinsloo, 2008; Little et al., 2009), depending on the local environmental characteristics. In addition, management activities such as logging, weed control, fire or road construction, can have strong effects on biodiversity, for instance, facilitating the arrival of exotics or displacing organisms that are disturbances sensitive (Pauchard and Alaback, 2006; Tardif-Paradis et al., 2015; Cole et al., 2018; Speziale et al., 2018).

Although it is a long-known fact that the biota present in forest plantations may differ significantly from that of the original native forests (Estades and Temple, 1999; Proença et al., 2010; Braun and Koch, 2016; Castaño-Villa et al., 2019), the effect of these artificial forests as promoters of biotic homogenization has only recently received some attention (e.g., see Sweaney et al., 2015; Šibíková et al., 2019; Cifuentes-Croquevielle et al., 2020). One aspect that has been mostly absent from these analyses is the effect of time. Not only biotic homogenization is a process that might require time to develop, but the high variability observed in the biodiversity present in, otherwise similar (e.g., soil type, management) plantations (Simonetti et al., 2013; Trentini et al., 2017; Wang et al., 2019), suggests that the land-use history of the site (e.g., origin, time since the conversion, and number of rotations) may have a significant effect on current community composition.

The goal of this study is to evaluate the effect of land-use history on the biodiversity living in pine plantations, as a way to improve the scientific basis for the design of sustainable forestry management. We tested the hypothesis that land-use history significantly explains part of the variation in the composition of current plant and bird communities present in exotic pine plantations in Central Chile, modulating the expression of biotic homogenization. This history has two components: the time (number of rotations) during which the plantation has been in place, and the land use that preceded the plantation. In particular we tested three main predictions: (1) First, we predicted that the abundance and richness of forest specialists should be higher in plantations that directly replaced native forests, compared to those plantations established in sites that underwent a period of agricultural cultivation after deforestation, and that the richness and abundance of forest specialists should decline in plantations with a higher number of rotations. (2) We also expected that the abundance and richness of generalists and exotics should be higher in plantations that replaced agricultural lands and in plantations with a higher number of rotations. (3) Finally, as a consequence of the latter two, we also predicted that the dissimilarity in the community composition should decline among plantations with higher number of rotations, reflecting the process of biotic homogenization.



MATERIALS AND METHODS


Study Region

The study was carried out in the Coastal Range of the Maule, Ñuble, and Biobío regions (from Putú, 35.2°S, 72.2°W, to Trongol 37.6°S, 73.2°W, Figure 1), encompassing approximately 950,000 ha. These regions are considered part of a global biodiversity hotspot (Myers et al., 2000), but hold some of the oldest and most extensive commercial Pinus radiata plantations in Chile (Rogers et al., 1955). The climate is Mediterranean with oceanic influence, with warm and dry summers, and cold and rainy winters. Precipitation ranges 650–1000 mm/year (Pizarro et al., 2012; Sarricolea et al., 2016).
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FIGURE 1. Study region and location of sample units classified as: native forest (N), first rotation pine plantation that replaced native forest (NP1), second rotation pine plantation that replaced native forest (NP2), first rotation pine plantation that replaced agricultural lands (AP1), second rotation pine plantation that replaced agricultural lands and third rotation pine plantation of unknown previous land use (UP3).


This part of the country has a long history of human use that predates the arrival of European settlers (Bengoa, 2000), but the strongest transformations occurred during the 19th and 20th centuries, first as the result of economic incentives for clearing land for crop production and, later, for the establishment of forest plantations (Bauer, 1970; Camus, 2006; Chateauneuf et al., 2011).

The conversion of the landscape into forest plantations began in the mid 20th century, as part of a government program to control soil erosion caused by unsustainable wheat production (Rogers et al., 1955; IREN-CORFO, 1965; Bauer, 1970). Subsidies and environmentally weak regulations further promoted the proliferation of P. radiata plantations that, not only were established in eroded lands, but also replaced an important amount of native forests (Echeverría et al., 2006; Nahuelhual et al., 2012; Miranda et al., 2017). Currently, a 37% of the study region is covered by pine plantations while native forests represent only a 13% (Uribe et al., 2020). Most of these remnant native forests correspond to secondary forests, mainly dominated by deciduous species, such as Nothofagus glauca and Nothofagus obliqua, and also by evergreen species such as Cryptocarya alba and Aextoxicon punctatum, belonging to the Coastal Mediterranean Sclerophyllous and coastal Mediterranean Deciduous Forests (Luebert and Pliscoff, 2017).



Historical Land Use Classification

We determined the land-use history of pine plantations using aerial photographs (Hycon flight, 1955, OAS project, 1960), Landsat images (1975, 1985, and 1998) and Google Earth Pro images for more recent land covers. For a detailed account of the methods used in this analysis, refer to Uribe et al. (2020).

We classified current pine plantations in relation to their origin (agricultural land or native forest) and the number of rotations that had taken place since their establishment. On average, in Central Chile, pine plantations are harvested at 20 years of age (Lima, 2016), so we used that figure as a reference during the historical reconstruction. Plantations that directly replaced native forests, and were in their first and second rotation, were named NP1 and NP2, respectively. For plantations that were established in agricultural areas we used the codes AP1 for the first, and AP2, for the second rotation. We also found a proportion of plantations in their third rotation, but because the aerial photographs did not allow us to determine the land cover that preceded the plantations, we coded them UP3 (unknown origin and third rotation). However, for interpretation and analysis purposes we consider these sites most likely as pine plantations that replaced agricultural lands since during the early stages of the afforestation program all incentives were for establishing plantations in degraded lands due to intensive and unsuitable agricultural production (Camus, 2006). Finally, in this work we use N as the code to represent native forests. Native forests that were replaced by pine plantations included secondary and degraded forests (Elizalde, 1970; Luebert and Pliscoff, 2017). Agricultural lands replaced by pine plantations were mostly used for wheat production from the middle of the 19th to the middle of 20th century, but also include some vineyards, legumes and small-scale cattle production (Bauer, 1970; Saldivia and De la Jara, 2001). A summary of the evaluated conditions (treatments) stands is presented in Figure 2.
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FIGURE 2. Representation of the conditions (treatments) evaluated. Native forest (N) and pine plantations following the sequence of changes experienced by stands. First rotation pine plantation that replaced native forest (NP1), second rotation pine plantation that replaced native forest (NP2), first rotation pine plantation that replaced agricultural lands (AP1), second rotation pine plantation that replaced agricultural lands and third rotation pine plantation of unknown previous land use (UP3). Agricultural lands (A), unknown previous cover (U). Pine plantation rotations of approximately 20 years. Red rectangle represents the time when samples were collected in each stand class.




Field Data

We established a total of 108 sample units throughout the study region, trying to cover the entire range of conditions detected in the previous classification. The sample size per class was the following: NP1 (12), NP2 (21), AP1 (17), AP2 (13) and UP3 (30). In addition, we included 15 units in native forests (N) to serve as references of community composition. Forty nine units were sampled during 2008–2013, whereas the remaining 59 were assessed in 2016–2018. In all units we sampled woody plants and diurnal birds. Additionally, during the Austral spring and summer of 2017–2018 we collected data on herbaceous plants in 53 of the sample plots (8 NP1, 5 NP2, 12 AP1, 6 AP2, 12 UP3, and 10 N).

Sample units corresponded to 4-ha plots of adult (17–20 year) pine plantations or native forest (Figure 3). We selected plantations that had been subjected to a similar management scheme (i.e., pruning and thinning for knot-free wood). This allowed us to control for the effect of canopy closure on understory development (Harrington and Edwards, 1999; Trentini et al., 2017). Also, by working only with mature stands, we reduced the impact of successional changes within each plantation on community composition (Berndt et al., 2008; Uribe and Estades, 2014; Heinrichs et al., 2018). Each sample unit included four 25-m radius circular plots for the evaluation of woody plants, and four 50-m radius point count plots for birds (Figure 3). For the assessment of herbs, we used four 10 × 10-m square sub-plots (Figure 3).
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FIGURE 3. Diagram of one sample unit, showing the sub-plots for the different studied organisms.


To estimate the abundance of woody plants in a site, we conducted a visual assessment of the foliage volume in each sub-plot, following the general method used by Estades and Temple (1999) originally designed for the description bird habitat. For this purpose, each sub-plot was divided into four quarters (each evaluated by at least two people from different positions) and vertically sub-divided in three “layers” (0–0.3 m, >0.3–2 m, and >2–6 m), within which we estimated the foliage volume (m3) of each species. With the data for each layer and quarter for all subplots, we averaged and projected the numbers to estimate the total foliage volume (m3/ha) for each species. For herbaceous plants we conducted a simple visual estimation of the bi-dimensional cover in the 10 × 10 m plots (Gómez-García, 2008). Any unknown species was collected and/or photographed for later identification. We averaged the percentage cover for all species in the four subplots to produce a single estimate for each sample unit. Although this approach can have some limitations due to subjectivity of the observer, there is evidence that, compared to other more objective techniques, visual evaluation can detect more plant species, including rare ones (Dethier et al., 1993; Chmura and Salachna, 2016). Besides, in this work, potential individual observer effects were likely minimal, as the field team was roughly the same during the entire evaluation period, thus making data comparable among plots.

We estimated the absolute abundance (ind/ha) of diurnal birds using variable-distance point counts, to allow correction for detectability (Buckland et al., 2001). At each of the four subplots we conducted two 5-min counts (separated by a 5 min waiting period) of all birds seen or heard within the maximum observation radius (50 m). All counts were conducted during the breeding season (October–January), between sunrise and noon, during non-rainy and non-windy days (Bibby et al., 2000). We averaged the results of the eight point counts to produce an estimate of the abundance of each bird species at each sample unit.



Data Analysis

In order to produce the variables required to test the proposed predictions, we conducted the following data classifications and calculations:

To represent forest specialists, we selected all woody plants classified as hygrophiles (following Donoso, 2006), because these species are particularly sensitive to environmental changes such as those imposed by fast growing plantations with high water consumption (e.g., Little et al., 2009; Huber et al., 2010). Due to limited ecological information to assess forest specialization or habitat requirement for many herbaceous plants, we decided to include all native species in this category (in contrast to exotic species), following Rodríguez et al. (2018). Finally, for birds we selected all species classified as forest specialists in the literature (Díaz et al., 2005; Cofré et al., 2007; Ibarra and Martin, 2015).

Generalist and disturbance-tolerant plants were represented by exotic species (both for woody and herbaceous plants) following Rodríguez et al. (2018). Because there is only one exotic bird in the area (Callipepla californica), in order to represent disturbance-tolerant birds, we used all species classified as habitat-generalists (Díaz et al., 2005; Cofré et al., 2007; Ibarra and Martin, 2015).

The abundance estimates for woody plant species were produced by adding the foliage volume of all corresponding species, expressed as percentage of total foliage volume (%). In the case of herbaceous plants, their abundance was estimated by adding the percent cover (%) of all corresponding species. Finally, the abundance of birds of each category was generated by adding the density of all corresponding bird species (ind/ha). The richness estimates were produced for each group by counting the number of corresponding species recorded within each sample unit (n). In the case of herbaceous plants, because some species could only be classified to the genus level, we did not use species richness as a response variable.

Finally, we calculated the dissimilarity in the composition of the communities within each forest class (N, NP1, NP2, AP1, AP2, and UP3) by averaging the Euclidean distance (Johnston, 1976) between the abundance of all species (all woody plants, all herbs and all bird species), for all pairs of sample units within the class. For this purpose, we worked with the relative abundance of each species of plants (woody and herbs) and the density of each bird species.

We used two approaches to study the response of species abundance and richness and community dissimilarity to plantation origin and rotation number. First, we conducted multiple comparisons using the method of Benjamini and Hochberg (1995) to test for differences between the studied forest classes (Native forests and plantations of different origin and rotation number). Second, in order to directly account for the effect of time (rotation number: 1, 2, or 3) on the relative abundance and richness of the studied species categories, we used generalized linear models with Poisson or Negative Binomial distribution (Navarro et al., 2001; Zipkin et al., 2014). In these models we excluded the data from native forest sites, in order to focus on the changes occurred during the existence of the pine plantations. For origin we assigned a value of 0 for native forest and 1 for agricultural lands.

We included the following physical covariates in the models: altitude, latitude (UTM) and terrain ruggedness. Because slope was highly correlated (r > 0.9) with terrain ruggedness, we only used this latter variable because it is usually considered more informative than slope (Riley et al., 1999). For this purpose we used an Aster Digital Elevation Model (METI and NASA products) available from the Earth Explorer server1. For birds, we also included information of the understory, using the foliage volume of woody hygrophiles, exotics, and an additional category: sclerophyllous species, a group of native plants more associated to scrub-type mediterranean ecosystems (Axelrod, 1975; Prentice et al., 1992; Luebert and Pliscoff, 2017). To account for a potential effect of the landscape attributes (Deconchat et al., 2009; Muñoz-Sáez et al., 2020), we also included the percentage of native vegetation and open areas (including forest clearcuts and agriculture-livestock land) in a 500-m radius around each sample unit. This information was obtained using Google Earth Pro 7.3.2., and selecting the images that better represented the condition of the landscape at the time of the field assessment of each unit. All geospatial processes were carried out using the free software QGIS 2.14 Essen.

All explanatory variables were standardized before the analyses. For each case we selected the best model using backward-forward stepwise, based on the Akaike Information Criterion (AIC) (Cavanaugh, 1997) and Model Selection and Multimodel Inference (Calcagno and De Mazancourt, 2010). All statistical procedures were carried out in RStudio 1.2.5033 (RStudio Team, 2019).




RESULTS


Plant Richness and Abundance

We recorded a total of 96 woody plant species in the sample plots (see Supplementary Table 1). Fifteen (16%) were exotic species and 81 were native from Chile, 36 (38%) of which were endemic to the Country. Out of 73 identified herbaceous species (see Supplementary Table 2), 30 (41%) were exotic, 43 were native species and of these, 19 were endemic to Chile (Rodríguez et al., 2018).

The abundance and richness of hygrophilous woody plants were significantly lower in all pine plantations compared with native forests, although we found no significant differences among plantations of different origin and number of rotations (Figures 4A,B). The best models for the abundance and richness of hygrophilous woody plants showed a negative effect of the agricultural origin (Table 1). The model for hygrophile richness also included a positive effect of rotation number (Table 1).
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FIGURE 4. Relative abundance and richness of plants in the understory of native forests and pine plantations with different origin and number of rotations. (A) Abundance of hygrophilous woody plants. (B) Richness of hygrophilous woody plants. (C) Abundance of exotic woody plants. (D) Richness of exotic woody plants. (E) Abundance of native herbs. (F) Abundance of exotic herbs. N in x-axis is Native forest. NP, native forest transformed into pine plantation, AP, agricultural land transformed into pine plantation, UP, unknown previous land use (assumed as agricultural land) transformed into pine plantation. Lower case letters indicate the significance of differences among categories obtained by BH multiple comparisons.



TABLE 1. Coefficients of the best generalized linear models for the abundance and richness of plants in pine plantations with different origin and number of rotations.
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The abundance of woody exotics increased significantly only in AP1 plantations (Figure 4C). The richness of exotics was significantly higher in plantations of agricultural origin, but did not differ among rotations; while in plantations that replaced native forest, the richness of exotics was only higher in NP1 sites (Figure 4D). In the case of herbs, only AP1 plantations had a significantly lower cover of native species and a higher cover of exotics (Figures 4E,F). Both the abundance and richness of exotic woody plants were positively associated to an agricultural origin (Table 1). The abundance of native herbs increased with the number of rotations, while the opposite was true for exotic herbs, which were also positively affected by the agricultural origin. Among the most consistent effects of the covariates were an increased abundance and richness of hygrophilous and exotic woody plants in more southern locations, and a positive effect of open areas in the surrounding landscape on the abundance and richness of exotic woody plants (Table 1).



Bird Richness and Abundance

We recorded a total of 32 bird species during our field sampling. Thirty one species were native, including two Chilean endemics. Eight species could be classified as forest-specialists, whereas 10 were considered as habitat-generalists (Supplementary Table 3).

The abundance and richness of forest-specialist birds declined significantly in pine plantations in relation to the reference native forests (Figures 5A,B). However, no significant differences were observed between plantations with different origin and rotation number (Figures 5A,B). Some of the significant effects of the studied covariates included a positive impact of the native forest in the surrounding landscape on the abundance and richness of forests specialists in pine plantations (Table 2).
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FIGURE 5. Abundance and species richness of diurnal birds in native forests and pine plantations with different origin and number of rotations. (A) Abundance of forest-specialist birds. (B) Richness of Richness of forest-specialist birds. (C) Abundance of habitat-generalist birds. (D) Richness of habitat-generalist birds. N in x-axis is Native forest. NP, native forest transformed into pine plantation, AP, agricultural land transformed into pine plantation, UP, unknown previous land use (assumed as agricultural land) transformed into pine plantation. Lower case letters indicate the significance of differences among categories obtained by BH multiple comparisons.



TABLE 2. Coefficients of the best generalized linear models for the relative abundance and richness of birds in pine plantations with different origin and number of rotations.
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In the case of generalist species, no statistical differences were found for any of the studied cases (Figures 5C,D). When including the effect of various covariates, the best models for all dependent variables showed only a positive effect of the agricultural origin on the richness of habitat-generalists, and no effect of the rotation number (Table 2). Habitat generalists showed a positive association with understory vegetation containing more xerophytic (i.e., +sclerophyllous, −hygrophilous) species (Table 2).



Community Dissimilarity

The dissimilarity index of woody plants showed a significant increase in AP1 plantations in relation to that of native forests (Figure 6A). Although the index declined in the subsequent rotations, UP3 plantations still had a higher dissimilarity index than N (Figure 6A). The woody plant communities in NP2 plantations were significantly more dissimilar than that of native forest sites (Figure 6A).
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FIGURE 6. Dissimilarity index for the community of woody plants (A), herbs (B), and birds (C) between sites of the same forest class. N in x-axis is Native forest. NP, native forest transformed into pine plantation, AP, agricultural land transformed into pine plantation, UP, unknown previous land use (assumed as agricultural land) transformed into pine plantation. Lower case letters indicate the significance of differences among categories obtained by BH multiple comparisons.


In the case of herbaceous plants there was a clear increase in the dissimilarity index in first-rotation plantations, with both AP1 and NP1 being significantly more heterogeneous than any of the other analyzed forest classes (Figure 6B). The dissimilarity of bird communities declined from native forests to AP1 and NP1, and to AP2 and NP2 (Figure 6C). However, UP3 sites had bird communities as heterogeneous as native forests (Figure 6C).




DISCUSSION

This study is one of the first to directly assess the effect of previous land-use history on current biodiversity in an intensive forestry system. Our data showed that the composition of the understory of pine plantations in Central Chile was strongly influenced by the type of land use that preceded the plantation, and that these legacies may last for several decades. Similarly persistent effects of agriculture have been observed in many other systems (Fraterrigo, 2013; Munteanu et al., 2015; Neumann et al., 2017).

Our work is also among the few that have analyzed the occurrence of biotic homogenization in intensively managed forest systems (Sweaney et al., 2015; Šibíková et al., 2019; Cifuentes-Croquevielle et al., 2020). Studying a six-decade period of pine plantation forestry in Central Chile we assessed the effect of time (i.e., rotations) on the loss of heterogeneity (i.e., community dissimilarity) and the main mechanisms behind biotic homogenization: loss of habitat specialists and colonization by habitat generalists. To the best of our knowledge, this is the first study to take such a comprehensive approach.


Forest-Specialist Species

Although data on forest-specialist woody plants and birds showed the expected decline in richness and abundance from the reference native forests to plantations (Estades and Temple, 1999; Vergara and Simonetti, 2006; Gómez et al., 2009; Braun and Koch, 2016), the trend was not observed among plantations of different rotation number (Figures 4A,B, 5A,B).

The relative abundance and species richness of hygrophiles were higher in pine plantations that directly replaced native forests than in those that were established in agricultural areas (Table 1). There are management-related explanations for the latter result. For example, the persistence of many shrub species after the conversion into pine plantations may be possible due to the resprouting abilities of many species (Ross et al., 1986; O’Hara et al., 2007). However, preparation of the land for crop cultivation usually requires the removal of stumps and main roots of woody species, which impedes vegetative reproduction of many native plants (FAO, 1977; Jorquera, 2001).

Although we predicted that the abundance and richness of habitat specialists should decline over time, due to the gradual extinction of species not adapted to the environmental conditions imposed by the new land use (Ranius and Roberge, 2011; Auffret et al., 2018), the trend was not observed among plantations of different rotation number (Figures 4A,B, 5A,B). And not only forest specialists did not decline over time, but the richness of hygrophilous woody plants and native herbs increased in plantations with more rotations (Table 1). The effect on hygrophiles is particularly interesting since the reduction of water availability is considered one of the main environmental changes produced by pine plantations (Huber et al., 2008; Álvarez-Garretón et al., 2019). Nevertheless, our results suggest that plantations may provide a relatively suitable habitat for some sensitive species, which might be able to recolonize the area after being extirpated during the initial stages of deforestation (Onaindia and Mitxelena, 2009; Jeffries et al., 2010; Becerra and Montenegro, 2013).



Generalist Species

As expected, exotic herbaceous and woody plants were more diverse and abundant in plantations that replaced agricultural areas (Table 1). The ubiquitous presence of humans in agricultural areas and the frequent and intense disturbances to which crop fields are subjected, promote, respectively, the arrival and establishment of exotic plants, including undesirable weeds (e.g., Genista monspessulana), and naturalized useful plants (e.g., Rubus ulmifolius, Rosa moschata). The positive effect of the amount of open areas in the surrounding landscape on woody exotics (Table 1), indirectly highlights the importance of the distance to propagule source as a factor of invasibility (González-Moreno et al., 2013; Altamirano et al., 2016). The abundance of habitat generalist birds was also higher in plantations established in agricultural areas (Table 2), which agrees with our prediction.

Our second prediction stated that exotics and habitat generalists should increase their abundance and richness in plantations with more rotations, reflecting the gradual invasion of species more adapted to the disturbances associated to the management of plantations (Pawson et al., 2009; Moreira et al., 2013; Stokely et al., 2020). As occurred with specialists, the data did not support our expectations. While the richness and abundance of generalist birds did not differ between native forest and any of the studied plantation classes (Figures 5C,D), both woody and herbaceous exotics increased their richness and abundance in relation to native forests. However, the latter did not continue increasing in plantations with more rotations (Figures 4C,D,F). Moreover, the best model for the abundance of exotic herbs showed a significant decrease with rotation number (Table 1).

These results show that pine plantations in Central Chile do not seem to be promoting the invasion of exotic species beyond the effects of the initial stages of land use change. Moreover, the studied plantations might be excluding some exotic plants species over time. We can think of, at least, two potential mechanisms for the latter. First, because the transformation of agricultural land into pine plantations involves a significant reduction in the human population (Tropp, 2003; Rudel, 2009), the persistence of weeds with human-mediated dispersal (Hansen et al., 2005; Pickering and Mount, 2010; Ansong and Pickering, 2014) could have been compromised. Second, the change from a horse and oxen-based logging in the early plantations, to mostly mechanized harvesting operations (Carey and Soto, 2005), has likely reduced the abundance of many alien plants whose seeds are dispersed in ungulate dung (Chuong et al., 2016).



Biotic Homogenization

One of the expected outcomes of the widespread use of production systems such as forest plantations is the process of biotic homogenization (Manor et al., 2008; Sweaney et al., 2015; Kirkpatrick et al., 2018). We predicted that the community dissimilarity between sites in our study region should decline in plantations with higher number of rotations, reflecting the occurrence of biotic homogenization (Kirkpatrick et al., 2018). Having failed to obtain support for the occurrence of any of its mechanisms (i.e., a reduction of habitat specialists and an increase in habitat generalists), it is not surprising that this prediction also proved incorrect.

Interestingly, the plant communities in first-rotation plantations had a higher dissimilarity among themselves than in the reference native forests (Figures 6A,B). There are two potential explanations for this pattern. First, the high intersite heterogeneity may arise from the legacies of the different agricultural uses in different areas. Although wheat was the dominant crop before the advent of pine plantations, other uses included legumes, vineyards, and small-scale cattle ranching (Bauer, 1970; Saldivia and De la Jara, 2001), all of which may promote different sets of accompanying plant communities. Second, although we made an effort to locate native forests in good conditions to act as appropriate references, the studied stands might have already been affected by disturbances, fragmentation and decades of being surrounded by pine plantations (Estades and Temple, 1999; Sweaney et al., 2015; Miranda et al., 2017), likely reducing intersite heterogeneity. A potential sign of the latter is the high proportion of generalist vs. specialist birds recorded in our samples in native forests (Figures 5A,C). However, we are confident that the lack of pristine forest sites in the study region (Donoso and Lara, 1995; Bustamante and Simonetti, 2005; Gómez et al., 2011), and in our sample, in no way affects the main results of this study.

Although in most situations the dissimilarity of plant communities declined in the second and third rotation, in no case it reached values lower than in the native forests (Figures 6A,B). Moreover, the dissimilarity of woody plants in plantations that replaced native forests actually increased in the second rotation (Figure 6A). Although these results do not support the hypothesis of biotic homogenization among plants in the studied pine plantations, it is important to keep in mind that there might still exist an extinction debt that has not yet been paid. The ability of many woody plant species to resprout from stumps may extend their presence even in the absence of sexual reproduction (Ross et al., 1986; O’Hara et al., 2007). Interestingly, there were different trends in herbs and woody plants that might relate to the latter phenomenon (Figures 6A,B). Studies on the seed bank and vegetative reproduction abilities in the understory of plantations with different rotations would shed some light on this topic.

Up to the second rotation, the dissimilarity indexes of birds showed the predicted decline in the case of biotic homogenization (Figure 6C). However, the trend reversed in the third rotation with an increase in intersite heterogeneity. This result cannot be explained by changes in bird abundance or richness, because none of these variables changed with rotation number (Table 2). Instead, this increase in heterogeneity might be due to different relative changes in the abundance of individual bird species in different sites, likely associated to a higher diversity of forest-specialist plants in plantations with more rotations (Table 1).

Exploratory Non-metric Multidimensional Scaling (NMDS) analyses for woody plants, herbs and birds (based on Bray-Curtis dissimilarity), support the general patterns described in the previous paragraphs (Supplementary Figure 1).

We can summarize our findings with a conceptual model that may serve as a hypothesis for future studies on this topic (Figure 7). If we consider that the native forest (N) has the highest level of naturalness (e.g., the difference or ratio between specialists vs. generalist-exotic species), any land-use change (e.g., conversion into forest plantation) will reduce this level to a point that reflects the long-term level of naturalness allowed by the new land use (in this case, the plantation naturalness level, PNL, Figure 7). Depending on the severity of the disturbance involved in the transformation, the community may follow different trajectories toward the new equilibrium. For example, the direct replacement of a native forest by a plantation may be considered a “soft” conversion, in which most sensitive species will disappear gradually from the system (black line, Figure 7). Alternatively, the native forest may undergo a “hard” conversion by, as in the present study, being first transformed into agricultural use, before the establishment of the plantation (gray line, Figure 7). In the latter case, the level of naturalness will drop abruptly, driven by the rapid extinction of many habitat specialists and the invasion of many exotic and disturbance-adapted species. This decline may cause the system to reach naturalness levels lower than PNL, which will later increase as some native species recolonize the area and some of the alien species disappear, converging to the equilibrium point.


[image: image]

FIGURE 7. Model for the effect of the conversion of native forests (N) into pine plantations in Central Chile on the level of naturalness of the systems. The black and gray lines represent “soft” and “hard” conversions, respectively. See text for further explanation. PNL and the dashed line represent the plantation naturalness level.




Management Implications

Over the past two decades an important number of studies have explored ways of improving the compatibility of pine plantation forestry with biodiversity conservation in Central Chile. Authors have highlighted the key importance of promoting a well-developed understory (Tomasevic and Estades, 2008; Taki et al., 2010; Simonetti et al., 2013), the maintenance of woody debris (Rudolphi and Gustafsson, 2011; Uribe and Estades, 2014; Fierro and Vergara, 2019), or the design of landscapes that promote biological connectivity (Acuña and Estades, 2011; Mortelliti et al., 2015; Castillo et al., 2018). The current study provides an additional perspective over which to design the management of these industrial forests, in order to reduce their long-term negative impacts, and to enhance their potential benefits on biodiversity. From the perspective of reducing biotic homogenization, the latter implies reducing the loss of habitat specialists and preventing the invasion of exotic species.

There is strong evidence that the presence of nearby native forest patches increases the abundance of forest-specialist birds in pine plantations in Chile (Estades and Temple, 1999; this study). Although we did not find such an effect for habitat-specialist plants, we can speculate that the movement of birds between native forest fragments and the pine plantations may play a role in the recolonization of plantations by ornithocorous plants (Whittaker and Jones, 1994; Ponce et al., 2012; Spennemann, 2020). The ruggedness of the terrain in most of the study region implies that most plantations are located close to a creek with some native vegetation. Protecting creeks and native forest fragments may play a significant role in the conservation of biodiversity in pine plantation landscape (Estades and Temple, 1999; Lindenmayer et al., 2003).

One factor that might have contributed to the persistence of some forest specialist species in pine plantations in Central Chile, is the relatively low frequency of disturbances involved in their management. Any management decision leading to changes in rotation length could certainly affect the long term composition of the community, by influencing the likelihood of forest specialists to find suitable habitat (Sullivan et al., 2009; Gallé et al., 2016; Castaño-Villa et al., 2019) and by affecting the invasion rate of disturbance-adapted exotics (Zhou et al., 2019).

The main assumptions of the model that we proposed (Figure 7) are that there exists an equilibrium point in the composition of the biota that can be found in pine plantations in Central Chile, and that the trajectories of plantations with different histories will tend to converge to this equilibrium over time. It is important to consider that the level of naturalness that can be achieved in pine plantations may depend strongly on the management of these industrial forests, many aspects of which are still not clear, particularly in relation to their long-term effects (Castaño-Villa et al., 2019). One example of the latter is the impact of biomass extraction and soil amendments on the long-term fertility of tree plantations (Woods, 1990; Smaill and Garrett, 2016; Addison et al., 2019). Thus, although our study considered a period of more than six decades, more time and research are certainly needed to confirm or reject our hypotheses.
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