
Native Forest Regeneration in Abandoned Pastures and Tree Plantations: 
Implications for Economic and Restoration Opportunities in Southern Brazil




A Thesis presented to the Center for Environmental Studies at Brown University
In Partial Fulfillment of the Requirements for the Degree 

Bachelor Of Science

By 
Megan Whelan






Dov Sax, Thesis Advisor


Thesis Committee
Dov Sax
Stephen Porder
Gracie Abad Maximiano










December 2009



Abstract

The restoration of natural forest in the subtropical state of Paraná, Brazil was evaluated under four distinct restoration approaches: eucalypt plantations, native tree plantations, mixed native-exotic tree plantations, and abandoned pastures.  The study had three principle aims: to determine the best approach to native forest restoration; to examine exotic-native plant dynamics on regenerating areas in the subtropics; and to investigate the economic feasibility of the use of eucalypt as a means for forest restoration. Multiple linear regression models and bivariate analyses utilizing the vegetation data and soil characteristics of the sites were constructed to better understand the variation across sites in the seven success indicators – total number of plant species, number of native species, number of exotic species, frequency of native species, frequency of exotic species, number of re-colonizing woody tree species (volunteers), and maximum DBH of volunteers.  Results showed that mixed exotic-native tree plantations recruited significantly higher total numbers of plant species than both native and eucalypt tree stands, while abandoned pastures recruited significantly higher numbers of volunteer tree species and significantly larger volunteers than eucalypt stands.  Similar to observations made in temperate zones, the richness of native and exotic species were positively correlated across sites, while the abundance of exotic species was negatively correlated with native abundance and native species richness.  Despite the relatively poor restoration potential of eucalypt sites in comparison to the other approaches, the size and density of the eucalypt trunks did demonstrate the economic incentive for small producers: cultivation of eucalypt could provide an average potential income of USD $33,000 per hectare for the first harvest. The results reveal the complexities in land-use management for these degraded, subtropical zones where both the ecological and economic issues are of dire importance, and the study encourages further investigation of other income-generating practices, beyond that of eucalypt, which may be more effective for the restoration of natural forests in the region.

Resúmen

A restauração de floresta natural no estado do Paraná, Brasil, foi avaliada sob quatro enfoques distintos: plantios do eucalipto, plantios de arvores nativas, plantios de arvores nativas e exóticas, e pastagens abandonadas.  O estudo tem três objetivos principais: determinar o melhor enfoque para a restauração de floresta natural; examinar os dinâmicos entre plantas exóticas e nativas nas áreas de regeneração nas zonas subtropicais; e investigar a viabilidade econômica do uso de eucalipto para a restauração da floresta.  Modelos de regressão linear múltipla e análise bivariado, que utilizaram os dados de vegetação e dos solos, foram construídos para entender melhor a variação das sete indicadores de êxito dos lotes:  o número total das espécies de plantas, número das espécies nativas, número das espécies exóticas, freqüência das espécies nativas, freqüência das espécies exóticas, número das espécies de arvores que re-colonizaram o lote (voluntários), i o diâmetro máximo do nível do peito dos voluntários.  Os resultados mostraram que os plantios de arvores exóticas e nativas atraíram números de espécies maiores que os plantios só de arvores nativas e os plantios de eucalipto.  Também, as pastagens abandonadas resultaram em mais espécies voluntários e maiores voluntários que os plantios de eucalipto.  Parecido com as observações das zonas temperadas, a riqueza de espécies nativas e exóticas foram correlacionadas positivamente, enquanto a abundância de espécies exóticas foi correlacionada negativamente com a abundância e riqueza de espécies nativas.  Apesar do potencial baixa de eucalipto para a restauração da floresta em comparação com as outras enfoques, o tamanho e densidade dos troncos de eucalipto demonstraram a incentiva econômica para produtores pequenos: a cultivação de eucalipto puder gerar uma extra USD $33,000 por hectare pela colheita primeira. Os resultados revelaram as complexidades do manejo do uso da terra para estas zonas degradadas onde os assuntos ecológicos e econômicos são de grande importância, e o estudo encoraja mais investigação em outras maneiras de gerar renda além do eucalipto, que podem ser mais efetivos para a restauração de florestas naturais na região.








1. Introduction

1.1 The Rise of Forest Plantations 

With 90 percent of the earth’s terrestrial species bound to forest ecosystems, the estimated loss of 13 million hectares per year of primary forest poses a major threat to the conservation of global biodiversity (UNEP 2009). In accordance with most scholarly discussion regarding the relationship between environmental degradation and economic development, the majority of the world’s deforestation occurs in developing countries of the global south: incidentally, where the highest levels of biodiversity are encountered as well (Burns 2003, Stern 2004).

With concerns for both economic development and environmental restoration, environmental scholars and politicians alike have turned to a seemingly paradoxical solution: the cultivation of fast-growing, economically valuable, exotic tree plantations to catalyze natural forest restoration on already degraded lands.  What conservationists had once looked at with horror – large tracts of exotic, monoculture plantations for fiber, fuel, and timber – has now drawn the attention of many as a possible means to restore natural forests while at the same time guaranteeing economic productivity.  

The reasons for this shift has been twofold: land managers have been forced to recognize the growing significance of forest plantations world-wide – global coverage of tree plantations, particularly of the genera Pinus and Eucalyptus, expanded by an estimated 63 million ha in the five years spanning 1995 to 2000 (FAO 2001); and furthermore, greater scientific research has been conducted on the ecological potential of forest plantations to promote natural forest succession.

Many recent studies have shown that forest plantations have the potential to restore degraded areas in which natural regeneration has been arrested: plantation trees, exotic and native alike, are said to provide shade for native species, increase soil nutrients (through deep root uptake and litter fall), create a more favorable microclimate for understory colonization, prevent soil erosion, reduce fire hazards, provide habitat for seed dispersing agents, and suppress the dominance of grasses and ferns (Powers et al. 1997, Parrotta 1999, Lee et al. 2005, Shono et al. 2006, Butler et al. 2007).  In many instances the re-colonization by native understory species has been shown to be more successful in planted forests than in control sites abandoned for natural regeneration without intervention (Parrota 1995, Oberhauser 1997, Parotta 1997, Powers et al. 1997, Engel 2001, Galvão de Melo 2007).

However, despite the growing base of scientific literature that supports the implementation of plantation forests on degraded sites, their advantage over other restoration techniques are still widely disputed. Traditional arguments against the establishment of plantations often fall into direct contradiction with those studies that support them: plantations have also been shown to drain nutrients from the soil, be ineffective in the prevention of soil erosion, repel wildlife, and alter the chemical characteristics of the soil to be fundamentally different from that of natural forests (Tyynelä 2001).  Eucalypt in particular, has been widely criticized for its inhibiting allelopathic effects on native understory growth (Del Moral and Muller 1970).  Just as some studies have demonstrated the potentials of plantation forests for restoration efforts, others have shown how other strategies may be more successful. Low-cost and simple abandonment of a degraded area has been shown on several occasions to lead to faster regeneration of native forests than plantations (Lugo 1992, Aide et al. 2000, Duncan and Chapman 2003, Nogueira et al. 2006). 

This lack of consensus within the scientific literature reveals the importance of geographically specific research to inform local land management design.  Studies of contradicting results demonstrate that what may hold true for one set of conditions – climate, soil, land-use, etc.—do not hold true in another. 

1.2 Restoration in Southern Brazil

Despite this lack of consensus, one government that has recently invested in the cultivation of eucalypt forest plantations for its demonstrated restorative and increasingly profitable attributes has been that of the state of Paraná, Brazil, a state of major significance both in terms of rural development and global biodiversity.  Of Brazil’s southern region, Paraná is home to the largest number of poor agricultural workers: 65% of the state’s farmers earns less than the monthly minimum wage (World Bank 1996).  

At the same time, Paraná, represents one of Brazil’s most critical ecological regions. Prior to government incentives for intensive agriculture, grazing, and silviculture, Paraná was almost completely covered by the seasonal semi-deciduous ecosystems of the Atlantic Forest.  While only seven percent of the biome remains throughout South America, it still boasts biodiversity comparable to the Amazon rainforest (Nature Conservancy 2010). Today, natural vegetation in the state of Paraná has been reduced to just five percent, scattered in undersized fragments within a larger production-based land mosaic (Amado et al. 1999).  

In the last decade, there has been a recent effort by the government of Parana to enforce federal Brazilian laws to restore natural vegetation in riparian zones and set aside 20% of all rural properties for natural vegetation in legal reserves.  A number of procedures to restore natural forests have already been implemented.  Areas along river margins have been isolated from human uses (Image 1).  Many have been planted with native trees, others with exotic trees. More recently, in an effort to reconcile both its pressing socioeconomic and environmental concerns, the state of Paraná has actively begun to encourage small land-holders to cultivate plantation forests in their legal reserves (Image 2), with the hope that producers will be able to earn money from carbon sequestration credits as well as timber sales, while at the same time restoring the native forests to targeted regions of the state (Paraná Biodiversidade 1998).  Though larger agro-forestry businesses have capitalized on the profitability of eucalypt on the global market, and Brazil has seen spikes in eucalypt production (Fearnside 1998), the profitability of sustainably-managed eucalypt on a small-scale has yet to be established.

The multi-pronged actions by the government of Parana create a unique opportunity to study and compare a number of restoration approaches under similar conditions: most of the targeted areas lie within riparian zones with similar land-use histories (former pasture lands).  It is important to note, however, that the length of time since a piece of land was converted to pasture would affect the restorative success of a given site: the preparation of a parcel of land for pasture entails an intensive fertilization process in order to cultivate the grasses. Unfortunately, a detailed land-use history is not available for the state, though it is assumed that much of the region went through the same land-use trajectory within similar timelines, in which native forest was cleared for coffee production, which then was converted to pasture lands. Furthermore, Paraná’s subtropical location also makes it of special interest to the field of restoration ecology as little is known about the exotic-native dynamics on subtropical restoration sites.  While relationships between species richness and the invasibility of a site have been established in temperate zones (Levine 2000, Stohlgren et al. 2003, Gilbert and Lechowicz 2005), further research must take place to understand exotic-native ecology in subtropical zones and specifically what their relationships are on regenerating sites.  

1.3 Study Aims and Hypotheses

The aim of this study is to combine these opportunities to examine three questions: 1) What is the best approach to native forest restoration on prior pasture sites in southern Brazil, 2) What are the exotic-native plant dynamics in regenerating areas in the subtropics, and 3) Can eucalypt trees truly be managed in such a way that is both economically and ecologically viable for the livelihoods of small-producers? An investigation of vegetation and soil dynamics under four different restoration approaches – the cultivation of eucalypt, native tree plantations, mixed native and exotic tree stands, and abandoned pastures – was designed to further examine and answer these questions.

Based on the prior literature supporting the cultivation of forest plantations as well as the hopeful actions of the government of Paraná, we hypothesized that the cultivation of eucalypt trees would provide a unique solution to both restoration and economic needs in the region, by accelerating native forest regeneration and providing income for local landowners. 

2. Methodology

2.1 Study Area

The study took place in the municipality of Diamante do Norte, Paraná, in the southern region of Brazil (22˚ S, 52˚ W, Figure 1).  Located on Parana’s third plateau in the hydrological basin of the River Paranapanema. The area is situated within a humid subtropical climate zone (Cfa).  Average temperatures range from less than 18˚C in the winter months to greater than 22˚C in the summer, with average annual precipitation between 160-190cm.  Once dominated by a seasonal semi-deciduous forest, only 4.1% of the original forest cover remains in small and widely dispersed fragments within a land-use matrix of intensive agriculture and pastures (Schaitza et. Al 2008).  The red-yellow, sandy latosol soils have been heavily degraded by intensive agricultural practices and are considered to be particularly vulnerable to erosion and the leaching of nutrients (Schaitza et al 2008).  

2.2 Sampling Procedures

Data collection took place on 49, 5m x 50m belt-transect plots on 40 different private properties throughout the municipality.  Sampling occurred over four distinct land-use treatments: eucalypt forest plantation, native forest plantation, mixed native and exotic forest plantation, and abandoned pasture.  A total of 28 native tree species were planted across the ten native sites and a total of 39 introduced and native tree species were planted on the seven mixed plantations (Tables 1 A&B).  Most eucalypt plots were planted with one or two of the following four species: E. Citriodora, E. Camadulensis, E. Saligna, or E. Viminalis.  Plots were located parallel to and at varying distances –15m to 215m – from the seven principal rivers of the municipality.  Exact belt-transect locations were determined by first dividing the length of the treatment area along the river into segments and then using random number generation to determine the starting point.  In order to minimize edge effects, each plot had a minimum 5-meter buffer from any treatment-type edge.  All sites were located within 20km from one another.  

In each of the 49 plots, the identities of all plant species encountered were determined or collected for later identification at the Botanical Garden of Curitiba.  Introduced or native status was assigned based on determinations in Zuloaga (2008).  In addition, the diameter at breast height (DBH) for all woody species with DBH greater than one centimeter was recorded as an indicator for the success of that particular stand.  Re-colonizing individuals greater than one centimeter DBH that had regenerated on abandoned or eucalypt sites were labeled as volunteers for purpose of further analysis. Point-transect data were also collected to determine the vegetation coverage of the plot: at every 10cm point along the 50m transect tape, which ran along the midline of the belt transect, the identities of any intersecting species were recorded. 

The total number of species at each site was determined using a conservative approach to deal with the number of taxa that could not be identified to the species level.  First, all species that were able to be identified to the species level were counted in each site. Any specimen identified only to the genus level, was labeled as “genus sp.” and added to the total number of species in the site.  If there were multiple unidentified specimens within a particular genus, which could not be distinguished as different from one another, then all specimens were treated as a single species, labeled “genus spp.” I made the assumption that any undistinguishable, unidentified specimens within a single genus at a site were the same species and only counted once (see Appendix I).  Any specimen identified only to the family level was labeled as “family #” and added to the total number of species in the site.  Again, if there were multiple unidentified specimens within a family, which could not be distinguished as different from one another, then all specimens were treated as a single species, labeled “family spp.” Again, I made the assumption that any undistinguishable, unidentified specimens within a single family at a single site were the same species and only counted once (see Appendix I).  Finally, all specimens within a site that could not be identified to the family level and that could not be determined as different from species already identified in the site were treated as a single species, labeled “unknown spp.” and counted only once. Specimens that could not be fully identified to the species level but could be determined as distinct from all other species already identified in the single site, were counted as distinct species and numbered accordingly (see Appendix I).

This procedure aims to balance concerns for under and over-estimating the number of species at each site.  In the end, 306 taxa were identified to the level of species, with an additional 103 taxa identified to the generic or familial levels (Appendix I).  The fully identified species included the vast majority of frequently distributed species at these sites, with most taxa identified only to the generic or familial level being relatively infrequent (Appendix I). Analyses presented here were also examined by just using the minimum number of species present per site (i.e., excluding all taxa that could not be distinguished as different from a species already identified in the site,), and only a few minor differences in the results were observed. Consequently, I only present analyses here that include the number of “species” as described in the procedures above. 

2.3 Soil Data Collection

Soil characteristics were measured as possible factors influencing the regenerative success of the stand as well as indicators of changing conditions induced by treatment type.  The average depth of the organic matter for each site was calculated from measurements taken at 5, 15, 25, 35, and 45-meter marks along the transect tape.  Soil samples of the A and O horizons were taken at the same points; the samples were mixed together and an aggregate sample for each horizon was collected for analysis at the Laboratório de Análises Agronômicas  (LAGRO) in Paranavaí, Paraná.  The soil was analyzed for pH (CaCl2 0.01M solution), phosphorous (Mehlich I extractor, 1:10 soil/extractor), organic carbon (Walkley-Black method), total nitrogen (Kjedahl method), cation exchange capacity (KCl 1 extractor, 1:10 soil/extractor), and base saturation.  Finally, the color of the aggregated A-Horizon sample was determined using Munsell Soil Color Charts.  

2.4 Data Analysis

The following seven terms were selected as indicators for the success of natural forest restoration: total number of species, number and abundance of native species, number and abundance of exotic species, number of volunteer tree species (those woody species with individuals greater than one centimeter DBH that have regenerated under either eucalypt or abandoned stand types), and the max DBH of volunteer species (the largest observed DBH of all volunteer individuals at a given site).  We used the max DBH as the indicator for successful re-colonization of a site because the regeneration of seedlings and shrubs, would lower the mean volunteer DBH but would not necessarily indicate the failure of a site.  These seven indicators allow for the discussion of overall vegetation diversity as well as the investigation of the success and health of regenerating trees in the understories, which illustrate the natural succession of the stand.  Exotic species richness and abundance data bring insight to the invasibility of the sites and are considered negative indicators for successful forest restoration.  Finally, the DBH of eucalypt individuals were also measured to determine the economic productivity for that particular restoration approach. 

ANOVA tests were performed to determine the differences in the seven success indicators among all four stand types. Multiple linear regression models were then created using all possible models in a stepwise analysis  (JMP version 8.0.2 2009) with 26 measured parameters to explain the variation of the success indicators within the 49 plots (Table 1). Four types of regression models were built, each using a different set of parameters to help examine the indicators across sites: 1) Basic Site Conditions (STAR): parameters 1-4, 2) STAR + Vegetation Data: parameters 1-4 + 5-11, 3) STAR + Soil Characteristics: parameters 1-4 + 12-26, and 4) STAR + Vegetation Data + Soil Characteristics.  Parameters that were not independent from the success indicator under investigation were excluded from the analysis (for example when explaining the variation of the total number of species across sites, the number of native species within the site was not used as a parameter because it is merely a subset of the variable being examined).  

To create the models to predict total species richness, native species richness and abundance, and exotic species richness and abundance, all 49 sets of observations were used; to maintain the statistical power of the model, a limit of five variables were used to fit the model: probability to enter was 0.15; probability to leave was 0.1.  Lowest AICc values were used to select for the best models.  For the analyses that predicted volunteer species size and richness, only 20 observations were used: 11 eucalypt sites and 9 abandoned sites – all within 50m of the rivers and excluding those sites along the reservoir created by hydroelectric dam, Rosana.  To maintain statistical power, a limit of three variables were used to fit these models.

Finally, to examine the success of eucalypt cultivation, the four multiple linear regression models using all possible models in a stepwise analysis were also used to examine the variation of the size of eucalypt trees across plots.  Residuals of the relationship between eucalypt size and age were used to compare among eucalypt species as well as among soil characteristics.  

3. Results and Discussion

3.1 Native Forest Restoration	

3.1.1 Richness of Species Across Stand Types

A total of 334 taxa from 81 plant families were identified to species or generic levels within the 49 plots (Appendix 1); 75 taxa could not be identified beyond the familial level.  Differences in species richness were found among the four stand types (Table 3).  To control for the effects of habitat age (i.e. the time since a site was planted or allowed to revert from pasture), which varied among habitats, residuals of the regression between site age versus the number of species per site were analyzed with ANOVA.  This test revealed significant differences among treatments (p-value < 0.03).  Statistical t-tests between stand types revealed that the mixed exotic-native plantations had significantly higher age-species residuals than both the eucalypt plantations (p-value < 0.01) and native plantations (p-value < 0.02).  There was no significant difference in age-species residuals between the mixed sites and abandoned pastures or the native and eucalypt plantations.  Likewise, without controlling for habitat age, the total number of species differed among habitat types in the same way as the age-species residuals: mixed plantations yielded higher total richness values than eucalypt and native sites (p-values < 0.01 for both comparisons), and no other significant differences for total species richness were found among the stand types. 

Native and exotic species richness varied among stand-types as well. ANOVA revealed that mixed stand-types had significantly higher numbers of exotic species than eucalypt, native, and abandoned stand types ( p-values < 0.01 for all tests). There were no other significant differences among stand-types for native and exotic species richness. 

The four classes of multiple linear regression models, each based on a different subset of measured site variables (see methods 2.4) reveal the relationship between site characteristics and species richness across sites. The basic site parameters alone (stand type, stand age, distance from river, and river identity) are poor predictors of richness, with only stand type identified as a significant variable: abandoned and mixed versus eucalypt and native stand types (Table 4A). The addition of vegetation characteristics improves model quality, with over 50% of the variation in species richness explained by a mixture of site and vegetation characteristics (Table 4B). This model shows that sites that support high abundances of species also support many species; this model also shows that species richness varies with river identity. The substitution of soil for vegetation characteristics produced a model that explained a similar level of variation, with cation exchange capacity (a measure of soil fertility) having a strong positive relationship with species richness (Table 4C).  Finally, a model constructed with all possible mixed vegetation and soil variables explains approximately 63% of the variation in species richness, for which soil characteristics were found to be more important than vegetation parameters (Table 4D).

Because the introduced or native status for certain key pasture species could not be determined, grass coverage was not included as an independent parameter in the multiple linear regressions analyses: ultimately, the abundance of grass species are simply subsets of the abundance of native or exotic species and could not be separated because of their undetermined native-exotic status.  However, a bivariate analysis did reveal a negative correlation between the frequency of grass species and species richness (R2= 0.30; p-value < 0.001, Figure 3).  Grass species, which are remnants of the prior pasture land-use, were present at all but six of the sites. There was only a slight relationship between habitat-age and grass abundance (R2 = 0.07; p < 0.08), affirming that the frequency of grasses is not simply a function of time since the prior land-use and may not easily disappear as the canopies close further over time.  The negative relationship between grass abundance and species richness is consistent with prior findings that grasses do indeed act as a barrier to forest restoration in tropical and subtropical zones (Lee et. Al. 2005, Otsamo 2000, Parotta 1999, Powers 1997, Shono 2006).  

In order to determine if particular grass species were promoting or inhibiting forest regeneration, grass coverage was broken down into the frequencies of the six most common pasture taxa encountered across the sites (Brachiaria decumbens, Panicum maximum, Digitaria insularis, Cynodon dactylon, Paspalum sp.*, and poaceae *, see appendix 1). Brachiaria decumbens was the only taxa that retained a significant negative relationship with the total number of species across sites (R2=0.17; p-value < 0.02), while all other bivariate species-richness relationships were not found to be significant. Thus, Brachiaria decumbens, in particular, was found to be negatively correlated with the successful regeneration of native species; though, the abundance of Brachiaria decumbens was not found to differ significantly across stand-age, stand-type, distance from the river, or river identity. 

The regression models reveal the generally positive relationship between measures of soil fertility and species richness.  This is most apparent with total nitrogen availability in the A-horizon, as well as the cation exchange capacity (CEC) and the depth of the O-horizon (Tables 2C & D). Soil characteristics, like CEC, are often considered an indicator of fertility (Tan 1998). One surprising result, however, is the negative relationship that organic carbon has with richness.  This occurs despite the particularly strong positive relationship between the CEC and organic carbon in the O-horizon (R2 = 0.58; p-value < 0.01): this relationship is especially strong in these sandy soils where there are low levels of clay content to influence the CEC.  It is likely that the residual variation in the bivariate relationship between CEC and species richness is explained by some characteristics of the sites that are negatively related to species richness.  Though the distance from the river was expected to influence the dynamics between CEC, organic carbon and species richness, no significant differences were found between sites within 30 meters of a river’s edge and those greater than 50 meter from a river. 

One difficult aspect of interpreting the importance of soil variables in predicting species richness is distinguishing between the role that existing soils have played on site development versus the role of planted vegetation in subsequently modifying those soils. For example, residuals from total nitrogen availability in the A-horizon and site age reveal higher values in abandoned pastures than either planted native or eucalypt sites (standard t-test: p-values < 0.02 and < 0.03 respectively); this could be due to differences in vegetation between site types that drive differences in nitrogen availability over time or due to differences in prior soil conditions between these stand-types. Among the examined site types, eucalypt plots appeared to have the most obvious influences on soil characteristics over time. Total nitrogen and ph-levels in the A-horizon both decrease with eucalypt stand age (Figure 2 A&B); decreases in total nitrogen and rising acidity are indicators for diminishing soil fertility.  These same trends are not found to be significant in any of the other stand types despite the expectation that plantation forests will deplete the soil of its nitrogen content over time.

3.1.2 Re-colonizing Woody Species: Volunteers

Another indicator for the success of native forest restoration is the richness and size of re-colonizing woody species (i.e., volunteer species).  Data on volunteer species were only recorded for abandoned and eucalypt stand types because of the difficulty in distinguishing between planted trees and volunteers in mixed and native plantations.  Nonetheless, significant differences in the recruitment of volunteers were found between eucalypt and abandoned stand types. An ANOVA test between eucalypt plots and abandoned pastures revealed that the abandoned pastures had significantly higher residuals of site-age versus number of volunteer species (p-value < 0.03) and higher residuals of site-age versus maximum DBH of volunteer species (p-value < 0.03).   Without controlling for age, the stand types were still found to be significantly different for volunteer tree diversity and max DBH of volunteer species (p-values < 0.02 for both analyses).  

Four multiple linear regression models were constructed to investigate factors that best predicted the differences in the number of volunteer tree species re-colonizing a given site.  Of the basic site characteristics, stand type and age explained more than 40% of the variation of volunteer species richness, with abandoned pastures recruiting a greater number of volunteer species than eucalypt sites (Table 5A).  The addition of vegetation parameters to the basic site characteristics increased the model’s predictive power to explain 70% of the variation: relatively high understory plant diversity correlated with a higher diversity of re-colonizing woody volunteers (Table 5B). Soil characteristics were less indicative of volunteer species recruitment than vegetation data, yet they could still predict more than 60% of the differences across sites: the chroma of the soil color as well as the CEC in the O-horizon in particular were significant variables in the model  (Table 5C).  The final model, including both soil and vegetation terms improved the model to explain 75% of the variation in volunteer species recruitment, and the depth of the O-horizon surfaced as a significant parameter when combined with the plant diversity in the understory (Table 5D).

The four multiple linear regression models also helped to explain the variation of max DBH of the volunteer trees. Basic site parameters had weaker predictive power in this analysis in comparison to that of volunteer richness.  In this case, stand-type explained only about a quarter of the variation (Table 6A): abandoned pastures tended to yield larger volunteers than eucalypt plantations.  However, with the addition of vegetation parameters, the predictive power increased significantly to explain more than 70% of differences: landscape characteristics and the number of native species were selected for in the model (Table 6B): sites successful in terms of overall native species richness also predicted larger volunteer individuals.  On the other hand, soil data was not as good of an indicator and was even excluded from the final model (Tables 6C&D).

Site vegetation parameters proved to be indicative of successful recruitment of volunteer species in both abandoned pastures and eucalypt plantations.  Sites with high plant diversity in the understory correlated with more diverse re-colonization by woody volunteer tree species.  This relationship alone explained nearly 60% of the variation of the volunteer diversity (p-value <0.01).  Likewise, sites that supported high native species richness also supported larger, more successful volunteers (R2 = 0.58; p-value < 0.01).  

The regression models for both volunteer richness and volunteer size also revealed the importance of the heterogeneity of the landscape.  Sites along the Tigre and Maracanã rivers show significantly higher re-colonization rates than sites along the Diamante, Chibiu, and Maria Koos. Re-colonizing volunteers were smaller along the Arapongas than the Tigre.  Likewise, sites further from the rivers were found to possess smaller volunteer individuals. 

Though soil properties had less predictive power than vegetation dynamics for the success of volunteer recruitment, the CEC, again, indicative of soil fertility, did demonstrate significant positive relationships with both volunteer richness and max DBH.  Furthermore, total nitrogen in the O-horizon was negatively correlated with the successful recruitment of volunteer species across sites.  The chroma of the soil color, which indicates its location along a gray to “true color” spectrum, emerged as a significant parameter and showed that grayer soils did not recruit as many volunteer species as did “truer” colored soils.  In general, grayer soils are a result of anaerobic conditions due to insufficient water drainage (MCSS 2010).  The differences in drainage class is another example of the importance of heterogeneity over the landscape: in this case, sites that had been saturated with water yielded lower volunteer species richness. 

3.1.3 Interpreting ‘Best Practices’ for Native Forest Regeneration

Examining the influence of treatment type on the success of restoration enables us to address our first aim: what is the best approach to restore natural forest on degraded lands?  The results reveal a striking contrast to many prior studies that encourage the restoration of natural forests through the cultivation of plantation trees.  In the three measures of success – total species richness, number of woody volunteer species, max DBH of volunteers – abandoned pastures out-performed eucalypt plantations.  Eucalypt trees showed the expected signs of decreasing the soil fertility over time (lower pH and less available nitrogen in the A-Horizon).  With an average of only 2.5 woody volunteers re-colonizing the eucalypt stands, the poor performance of the eucalypt plots suggest that the use of exotic forest plantations is not the optimal approach to restore natural forests, and simply isolating sites for natural forest regeneration may be the best ecological practice for small-producers in Paraná.  Indeed, the performance of the eucalypt stands is not consistent with our hypothesis that eucalypt trees would accelerate native forest restoration.

Analysis of the native and mixed plot stand types for native forest restoration was limited because data on the volunteer species were not available. Nonetheless, mixed stand types did demonstrate higher numbers of total species than all of other stand types and showed great potential for the restoration of species diversity on degraded lands. Unfortunately, the small sample size of mixed-planted plots (N=7) and their geographic confinement to a single river, temper the strength of these findings.  Likewise, though native-planted plots had lower species richness than either the mixed or abandoned stand types, their potential for native forest restoration cannot be fully determined without data on re-colonizing woody species. Further investigation for both mixed and native plantations is needed to conclusively determine best practices for native forest restoration.

Finally, the influence of spatial heterogeneity across the landscape – simply location, at what distance from which river, etc. – was found to be important in determining the regenerative potential of a site.  These environmental factors, which are more difficult to control for during restoration interventions, must be further examined in order to maximize the potential of a land-management strategy in the area. The significance of river identity and distance from a river as factors to the success of a restoration effort exemplifies macro-level conditions that are largely out of the control of private land-owners and should be taken into account for land-management strategies.    

3.2 Exotic-Native Relationships in Subtropical Zones

3.2.1 Exotic-Native Dynamics

To address the second aim, we examine the relationships between native and exotic plant communities to better understand their dynamics in subtropical zones. Native species predominate at the studied sites, but a relatively rich assemblage (39 species) of exotics is also present (Appendix I). Native and exotic species richness are positively correlated across sites (Fig. 4). In contrast, the point-transect frequencies of native and exotic species are negatively correlated (Fig. 5). This relationship between native and exotic frequencies is constrained by a zero-sum line, for which nearly all sites fall below the 1:1 line (Fig. 5). Similarly, there is a negative relationship between the frequency of exotic species and the richness of native species (R2 < 0.08, P-value < 0.05), which is again constrained by a zero-sum line: an increase in exotic abundance correlates to a decrease in native richness.

These bivariate relationships are largely consistent with those observed elsewhere in the world, predominately in temperate ecosystems (Levine 2000, Stohlgren et al. 2003, Gilbert and Lechowicz 2005). On the one hand, sites that supported high native diversity also supported high exotic diversity.  On the other hand, sites with high exotic plant coverage corresponded with lower native abundance and lower native species richness.  Because the data demonstrate correlated and not causal relationships, we cannot determine whether it is exotic plant abundance that limits native plant abundance and richness or if it is the native species richness and coverage that decreases the invasibility of a particular site.

In order to understand with greater detail the factors influencing these native-exotic relationships, multiple linear regression models, exploring the same four sets of variables described in previous sections, were constructed to predict the numbers of native and exotic species across sites.  Basic STAR parameters predicted little of the variation of native species richness (Table 7A), with only stand type selected for in the model. The addition of vegetation data allowed for the prediction of 62% of the differences across sites (Table 7B); native frequency data alone could predict 40% of the variation of the diversity of native species.  Soil data was not as effective, explaining only 44% of the variation (Table 7C), though the color of the soil did surface as an interesting indicator for the number of exotic species on a site.  Darker and yellower soils, value and hue measurements, correlated with higher exotic species richness.  All parameters combined provided a model that was able to predict 63% of the variation of native species richness across sites (Table 7D).

The measured parameters were less effective in constructing a model to predict exotic species richness. Nonetheless, of the STAR characteristics, stand-type was able to predict a greater variation in the richness of exotic species (Table 8A).  However, given that the number of exotic species per site were relatively few, the greater number of exotic species found in mixed plantations than in any other stand-type may most likely be attributed to the diversity of exotic trees planted, rather than the invasibility of the plots.  Interestingly, soil properties proved to be more indicative of exotic species richness than vegetation data (Table 8B & C).  However, with the addition of vegetation parameters an interesting relationship between habitat-age and the diversity of exotic species surfaced: older stands were associated with fewer exotic species (Table 8C).  The final model with combined terms explained nearly 50% of the variation of exotic species richness (Table 8D).

The regression models with vegetation terms echoed the results of the aforementioned bivariate analyses, again revealing the positive correlation between exotic and native species richness.  Furthermore, the vegetation parameters also showed that abundance was highly correlated with diversity: high native frequencies predicted high native richness; and likewise, high exotic frequencies predicted high exotic richness. Similar to the total species richness analysis, the effects of grass coverage had to be examined separate from the other vegetation data because of the unknown exotic-native status of certain taxa of grasses.  A simple bivariate regression showed the negative correlation between the number of native species and the frequency of grass species (R2 = 0.27, p-value < 0.01), revealing again, the relationship between of grass abundance and successful regeneration of plant species.

Soil properties indicative of fertility such as CEC, nitrogen, and phosphorous levels were able to improve the models for predicting the number of native and exotic species (Tables 7C & 8C).  Interestingly, nitrogen content had a negative relationship with the number of native species (Table 7C) while phosphorous content was positively correlated with the number of exotic species (Table 8C).  The same surprising negative relationship between soil organic carbon and total species richness was observed again when examining only native species richness, despite the sustained positive relationship with CEC. 

Interpreting these regressions leads to better understanding of the dynamics of native and exotic species regeneration.  Most strikingly, the invasibility patterns across these subtropical sites are similar to those that have been observed in temperate climates.  The soil and vegetation measurements that were taken help to further understand the differences of native and exotic species richness across sites.  Nonetheless, it is difficult to determine the forces driving these patterns: do the vegetation and soil site conditions cause the native-exotic patterns, or do the patterns drive the differences in physical and growth parameters? These questions must be further investigated to fully determine causality in native-exotic relationships observed in this subtropical zone.

3.3 The Ecological-Economic Tradeoffs of Eucalyptus Production

In addressing the third aim of the paper, we examine the socio-economic aspects behind the restoration efforts.  Though the cultivation of Eucalyptus spp. has been demonstrated in this study to hinder natural regeneration to a degraded site and may not be the best approach for the restoration of natural forests, the ecological-economic trade-offs must be further examined in order to fully address the matter of sustainable rural development.  The question persists: if eucalypt trees will be planted for income generating means, what are the economic gains and what are the ecological costs?  

3.3.1 Dynamics of Eucalypt Growth

Of the four types of multiple linear regression models, basic site information combined with soil characteristics explained nearly 90% of the variation of eucalypt growth across the sites (Table 9).  In fact, with both vegetation and soil data added to the final model, no vegetation parameters surfaced as significant (Table 9D).  Soil color properties, were surprisingly powerful in predicting the variance of eucalypt DBH across plots.  The darker the soil as well as the yellower (the same qualities that predicted higher exotic species richness) predicted larger mean DBH of the eucalypt stands.  A model with only the three color parameters (value, chroma, and hue), which may be acting as a proxy for moisture content in the sites, explained 87% of the variation in eucalypt size (p-value < 0.01).  In a simple bivariate regression, age is only shown to predict 40% of the variation in size (Figure 6).   Thus soil color is a stronger indicator for the average DBH of the stand than age, and must be investigated further to determine what properties soil color is acting as a proxy for.  

3.3.2 Economic Potential

Crop rotation usually occurs in 5-9-year cycles in Brazil (Balteiro  and Rodriguez 2006).  The average DBH of Eucalypt between the ages of 5-9 in the study was 11.45cm. The Paraná government predicted that producers could earn approximately $USD 20.00 per eucalypt log between 10-20cm DBH – the smallest size class for eucalypt sales (Shaitza et al. 2008), with a cost per seedling estimated at $USD 0.13 (SEAB 2009).  With these profit margins and at a spacing of 2m x 3m (the average that was observed across the plots), producers could presumably earn more than $33,000/ha per rotation in profit (without the cost of labor).  This income is equal to about eleven years working minimum wage in Brazil, and apart from the initial labor to plant the trees, the investment in forest plantations requires very low labor input.  

Given that the overall goal for these eucalypt plantations is the economically feasible restoration of natural forests on private properties, second or third eucalypt rotations are unlikely and would certainly be less profitable than the first because of the competition for nutrients and sunlight by the regenerated native forest.  Thus, income generation is only considered for the first rotation.  However, forest restoration is likely to be more successful if the single harvest is staggered over multiple years.  The harvesting schedule proposed by the government of Paraná to minimize disruption of the site would allow for income generation at multiple time intervals, in effect prolonging the economic incentives for eucalypt producers and allowing for a fraction of the rotation to continue growing (Shaitza et al. 2008).  

Of course, these numbers do not take into account the ecological costs of planting eucalypt: abandoned pastures faired significantly better in recruiting volunteer species than the eucalypt plantations.  Results even showed the detrimental impact of eucalypt land-use on soil fertility, increasing soil acidity and decreasing available nitrogen.  Furthermore, because there were no significant, positive trends between eucalypt stand-age and volunteer recruitment or species richness across the sites, it is unclear whether or not eucalypt sites would approach the same restorative success as abandoned pastures even after a temporal delay. 

Nonetheless, in terms of overall species richness, it is important to note that eucalypt plots did not differ significantly (at least at the =0.05 level) from either abandoned sites or native plantations and still possessed an average of 23.4 species per site (Table 3).  Though further examination of the dynamics of volunteer species re-colonization must take place in order to best understand natural forest restoration across the landscape, based solely on total species richness indicators, eucalypt may be favored over native forest plantation land-management plans because of their income-generating potential.

4. Conclusions

Regarding the initial question of which land-management approach yielded the best outcome for natural forest restoration, results clearly indicated that mixed native-exotic tree plantations and abandoned pastures faired significantly better in terms of total species richness than either native tree or eucalypt plantations.  However, though mixed exotic-native tree stands did yield the highest numbers of native species, they also contained the highest number of exotic species as well.  When examining richness and size of volunteer tree species (i.e., natural colonists), abandoned pastures were more successful at recruiting diverse and larger volunteers than the eucalypt sites; further, eucalypt sites were shown to alter the soil properties to be more acidic and have less nitrogen over time.  

It is unclear what causes the differences in the relative success of naturally colonizing tree species between eucalypt stands and abandoned pastures. Differences are probably not due to alleopathic chemical production in eucalypt trees, as a number of studies have demonstrated that the allelopathic effects of eucalypt are largely insignificant in the regeneration of a natural understory (Parrotta 1995, Michelsen and Holst 1996, Feyera et al. 2001).  Differences could be due to changes in soil fertility caused by eucalypt plantations, as described above. In the end, regardless of the mechanism, it is clear that at the sites studied in Parana, that simple site abandonment surfaced as a more successful approach to restore natural forest than planting eucalypt trees. Further investigation of the potential of mixed exotic-native tree plantations, which seemed to fair best at recruiting high numbers of regenerating species, is needed to evaluate their success in promoting the natural colonization of tree species.

Examining the second objective of the study, provided insights on exotic-native species dynamics in this subtropical zone.  Interestingly, there existed a positive relationship between native and exotic species richness across sites, while simultaneously, native and exotic abundance were negatively correlated.  These patterns are consistent with those typically observed in temperate regions, but provide some of the first documentation of these patterns in the subtropics.

Finally, regarding the final concern, that of economic feasibility, the growth patterns of the Eucalyptus stands did demonstrate the economic incentive to implement eucalypt plantations for restoration purposes.  Though on average the eucalypt trunks fell into the smallest size category for economic analysis, the investment in eucalypt plantations on a small scale would still generate an income greater than that of the minimum wage for relatively little work, and this calculation excluded the potential for carbon sequestration credits as promoted by the government of Paraná.  Therefore, though eucalypt plantations may not be the fastest way to restore native forest, it may be the most feasible land-use option for small producers while still aiming to eventually restore their land to natural forests.

These results reveal the complexities in land-use management for these degraded, subtropical zones where both the ecological and economic issues are of importance.  Land management decisions will have to balance the needs of the communities with the ecological needs.  This study encourages further investigation of other income-generating practices, beyond that of eucalypt plantations, which may be more effective for the restoration of natural forests in the region. 
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Appendices:

	Table 1A. Tree species planted in native plantations with native/exotic status.
	Table 1B. Tree species planted in mixed plantations with native/exotic status.

	Native Tree Plantations
	Family
	N/E
	Mixed Tree Plantations
	Family
	N/E

	Albizia hassleri
	Mimosaceae 
	N
	Alchornea iricurana
	Euphorbiaceae
	N

	Alchornea iricurana
	Euphorbiaceae 
	N
	Anadenanthera peregrina
	Mimosaceae 
	N

	Alloyphylus edulis
	Sapindaceae
	N
	Astronium graveolens
	Anacaroliaceae 
	N

	Astronium graveolens
	Anacardiaceae 
	N
	Bauhinia variegata
	Caesalpiniaceae 
	E

	Cedrela fissilis
	Meliaceae 
	N
	Cajanus cajan
	Fabaceae
	E

	Cestrum bracteatum
	Solanaceae
	N
	Cariniana estrellensis
	Lecythidaceae 
	N

	Citharexylum myrianthum
	Verbenaceae 
	N
	Cedrela fissilis
	Meliaceae
	N

	Croton urucurana 
	Euphorbiaceae 
	N
	Cestrum bracteatum
	Solanaceae
	N

	Enterolobium contortisiliquum
	Mimosaceae 
	N
	Citrus limon
	Rutaceae
	N

	Ficus obtusiuscula 
	Moraceae
	N
	Colubrina glandulosa
	Rhamnaceae 
	N

	Guazuma ulmifolia
	Sterculiaceae
	N
	Croton floribundus
	Euphorbiaceae 
	N

	Heliocarpus americanus
	Tiliaceae
	N
	Croton urucurana 
	Euphorbiaceae
	N

	Hymenaea courbaril
	Caesalpiniaceae
	N
	Eriobotrya japonica
	Rosaceae 
	E

	Inga laurina
	Mimosaceae
	N
	Galesia integrifolia
	Phytolaccaceae 
	N

	Inga sessilis
	Mimosaceae
	N
	Genipa americana
	Rubiaceae 
	N

	Lantana camara
	Verbenaceae
	N
	Guazuma ulmifolia
	Sterculiaceae 
	N

	Lueheae divaricata
	Tiliaceae
	N
	Hovenia dulcis
	Rhamnaceae 
	E

	Mabea fistulifera
	Euphorbiaceae
	N
	Hymenaea courbaril
	Caesalpiniaceae
	N

	Nectandra megapotamica
	Lauraceae
	N
	Inga laurina
	Mimosaceae
	N

	Parapiptadenia rigida
	Mimosaceae 
	N
	Inga sessilis
	Mimosaceae 
	N

	Peltophorum dubium
	Caesalpiniaceae
	N
	Jacaranda puberula
	Bignoniaceae
	N

	Phytolacca dioica
	Phytolaccaceae
	N
	Lueheae divaricata
	Tiliaceae
	N

	Pterogyne nitens
	Fabaceae
	N
	Mangifera indica
	Anacardiaceae 
	E

	Schinus terebinthifolius
	Anacardiaceae
	N
	Morus nigra
	Moraceae
	E

	Solanum mauritianum
	Solanaceae
	N
	Myracrodruon urundeuva
	Anacardiaceae 
	N

	Tabebuia heptaphylla 
	Bignoniaceae 
	N
	Parapiptadenia rigida
	Mimosaceae 
	N

	Tabebuia roseo-alba
	Bignoniaceae
	N
	Patagonula americana
	Boraginaceae
	N

	Tabebuia Spp.
	Bignoniaceae
	?
	Peltophorum dubium
	Caesalpiniaceae 
	N

	
	
	
	Psidium cattleianum
	Myrtaceae 
	N

	
	
	
	Psidium gunjava
	Myrtaceae 
	E

	
	
	
	Pterogyne nitens
	Fabaceae
	N

	
	
	
	Schinus molle
	Anacardiaceae
	N

	
	
	
	Syzygium jambos
	Myrtaceae 
	E

	
	
	
	Tabebuia alba
	Bignoniaceae
	N

	
	
	
	Tabebuia heptaphylla
	Bignoniaceae 
	N

	
	
	
	Tabebuia heterophylla
	Bignoniaceae
	N

	
	
	
	Tabebuia roseo-alba
	Bignoniaceae
	N

	
	
	
	Tabebuia serratifolia
	Bignoniaceae 
	E

	
	
	
	Tabebuia Spp.
	Bignoniaceae 
	?








	Table 2. Parameters in Linear Regression Analyses.  
The first parameter refers to the land-use of the site: eucalypt plantation (E), native plantation (N), mixed exotic-native plantation (M), and abandoned pasture (A).

	1
	Stand Type (E, N, M, A)
	12
	Soil Color Value

	2
	Distance from River
	13
	Soil Color Chroma

	3
	Age
	14
	Soil Color Hue (YR)

	4
	River Identity
	15
	Depth of the O-Horizon

	5
	Total Number of Species
	16-17
	pH of the A and O - Horizons

	6
	Number of Native Species
	18-19
	Phosphorous of the A and O-Horizons

	7
	Number of Exotic Species
	20-21
	Organic Carbon of the A and O-Horizons

	8
	Number of Species with DBH < 1cm 
	22-23
	Total Nitrogen of the A and O-Horizons

	9
	Exotic Species Frequency
	23-24

	Cation Exchange Capacity of the A and O-Horizons

	10
	Native Species Frequency
	25-26
	Base Saturation of the A and O-Horizons

	11
	Stem Density (No. of Stems > 1cm DBH)
	
	






	Table 3.
Site Characteristics for the four stand types.  Volunteer species are defined as any re-colonizing woody species > 1cm DBH. Volunteer Species data is limited to eucalypt and abandoned pasture sites because of the difficulty in distinguishing between planted and re-colonizing individuals. Mean Max DBH is the mean of the maximum DBH observed for individual species within plots (see methods).

	Stand Type
	Number of Plots
	Age Range  (years)
	Mean Age
	Mean No. of Species (Std. Err.)
	Mean No. of Volunteer Species
	Mean Max DBH for Volunteer Species
(Std. Err.)

	1. (E)
Eucalyptus Plantation 
	20
	1.5-15
	6.8
	23.40
(3.37)
	2.50
(0.83)
	6.69
(1.65)

	2. (N)
Native Plantation 
	10
	1.5-12
	6.0
	24.60
(5.70)
	--
	--

	3. (M)
Mixed Plantation
	7
	3-9
	6.7
	45.14
(4.26)
	--
	--

	4. (A) Abandoned Pasture
	12
	5-16
	8.7
	34.08
(5.27)
	7.08
(1.47)
	16.32
(3.35)






	Table 4. Multiple linear regression models to predict total species richness.  Abbrev. STAR refers to the basic site parameters: stand type, transect distance from river, age, and river identity. Rivers: 1= Tigre; 2= Diamante; 3= Chibiu; 4= Maracanã; 5= Corvo; 6= Arapongas; 7= Maria Koos

	Parameter
	Estimate
	Std. Error
	t Ratio
	Prob> ltl

	4A. STAR.  R2 = 0.1639; p-value < 0.01

	Intercept
	30.9789
	2.3645
	13.1
	<.0001

	Stand Type (E&N - A&M)
	-7.7179
	2.3645
	-3.04
	0.0039

	4B. STAR + Vegetation Data.  Adj. R2 = 0.52; P-value < 0.01

	Intercept
	15.0056
	3.1978
	5.01
	<.0001

	Stand Type (E&N - A&M)
	-4.8845
	1.8470
	-2.64
	0.0113

	River (7&1&4&2&3-5&6)
	-4.5149
	1.8008
	-2.51
	0.0159

	Native Frequency
	0.0298
	0.0082
	3.65
	0.0007

	Stem Density
	0.1268
	0.0399
	3.18
	0.0027

	4C. STAR + Soil Data .  Adj. R2 = 0.49; p-value < 0.01

	Intercept
	-1.2198
	7.6735
	-0.16
	0.8744

	Stand Type (E&N-A&M)
	-4.9921
	2.0108
	-2.48
	0.0170

	Stand Type (A-M)
	-5.7674
	3.4251
	-1.68
	0.0995

	River{7&1&4&2&3-5&6}
	-3.9940
	2.2746
	-1.76
	0.0862

	Organic Carbon O-Horizon
	-1.1042
	0.2664
	-4.15
	0.0002

	Cation Exchange Capacity O-Hor
	7.6891
	1.3986
	5.50
	0.0000

	4D. STAR + Vegetation Data + Soil Data.  Adj. R2 = 0.60; p-value < 0.01

	Intercept
	-7.8985
	6.6623
	-1.1855
	0.2423

	River{7&1&4&2&3-5&6}
	-6.6838
	1.8305
	-3.6513
	0.0007

	Native Frequency
	0.0324
	0.0077
	4.2277
	0.0001

	Total Nitrogen A-Hor
	12.3221
	4.8026
	2.5657
	0.0139

	Organic Carbon O-Hor
	-0.7429
	0.2533
	-2.9328
	0.0054

	Cation Exchange Capacity O-Hor
	4.9275
	1.3829
	3.5631
	0.0009






















	Table 5.  Multiple linear regression models to predict volunteer species richness. Abbrev. STAR refers to the basic site parameters: stand type, transect distance from river, age, and river identity.
Rivers: 1= Tigre; 2= Diamante; 3= Chibiu; 4= Maracanã; 5= Corvo; 6= Arapongas; 7= Maria Koos

	Parameter
	Estimate
	Std. Error
	t Ratio
	Prob> ltl

	5A. STAR. Adj. R2 = 0.41; P-value < 0.02

	Intercept
	1.5532
	2.1833
	0.71
	0.4865

	Stand Type (E-A)
	-2.4181
	1.0289
	-2.35
	0.0311

	Age
	0.5098
	0.2480
	2.06
	0.0555

	5B. STAR + Vegetation Data. Adj. R2 = 0.70; p-value < 0.01

	Intercept
	-2.3192
	1.3166
	-1.76
	0.0961

	River (2&3&7 - 1&4)
	-2.2864
	0.7924
	-2.89
	0.0103

	Species <1cm DBH
	0.2933
	0.0471
	6.23
	<.0001

	5C. STAR + Soil Data.  Adj. R2 = 0.64; p-value < 0.01

	Intercept
	1.1767
	3.1966
	0.37
	0.7176

	River (2&3&7&1&4-6)
	-6.7963
	1.7575
	-3.87
	0.014

	Soil Chroma (4-7)
	-3.8884
	1.3468
	-2.89
	0.0107

	Cation Exchange Capacity of the O-Horizon
	1.4914
	0.3337
	4.47
	0.0004

	5D. STAR + Vegetation Data + Soil Data. Adj. R2 = 0.75; p-value < 0.01

	Intercept
	-9.5241
	2.5339
	-3.76
	0.0017

	Species<1cm DBH
	0.3760
	0.0487
	7.72
	0.0000

	Depth of the O-Horizon
	3.3248
	0.8506
	3.91
	0.0013

	Total Nitrogen O-Horizon
	-2.5002
	0.9977
	-2.51
	0.0234




	Table 6. Multiple linear regression models to predict maximum volunteer DBH. Abbrev. STAR refers to the basic site parameters: stand type, transect distance from river, age, and river identity. Rivers: 1= Tigre; 2= Diamante; 3= Chibiu; 4= Maracanã; 5= Corvo; 6= Arapongas; 7= Maria Koos

	Parameter
	Estimate
	Std. Error
	t Ratio
	Prob> ltl

	6A. STAR Adj. R2 = 0.25; p-value < 0.01

	Intercept
	11.4848
	2.0175
	5.69
	<.0001

	Stand Type (E&N – A&M)
	5.4485
	2.0175
	-2.7
	0.0146

	6B. STAR + Vegetation Data. Adj. R2 = 0.73; p-value < 0.01

	Intercept
	6.0151
	3.7142
	1.63
	0.1249

	Native Species
	0.5388
	0.0828
	6.51
	0.0000

	Distance from River
	-0.2228
	0.0894
	-2.49
	0.0240

	River{1-6}
	9.8106
	3.2854
	2.99
	0.0087

	6C. STAR + Soil Data. Adj. R2 = 0.43; p-value < 0.01

	Intercept
	0.8645
	7.4181
	0.12
	0.9087

	Distance from River
	-0.3077
	0.1276
	-2.41
	0.0282

	Total Nitrogen O-Horizon
	-5.2916
	2.7252
	-1.94
	0.07

	
	
	
	
	

	6D. STAR + Vegetation Data + Soil Data. Adj. R2 = 0.73 p-value < 0.01

	Intercept
	6.0151
	3.7142
	1.63
	0.1249

	Native Species
	0.5388
	0.0828
	6.51
	0.0000

	Distance from River
	-0.2228
	0.0894
	-2.49
	0.0240

	River{1-6}
	9.8106
	3.2854
	2.99
	0.0087




	Table 7. Multiple linear regression models to predict the number of native species. Abbrev. STAR refers to the basic site parameters: stand type, transect distance from river, age, and river identity.
Rivers: 1= Tigre; 2= Diamante; 3= Chibiu; 4= Maracanã; 5= Corvo; 6= Arapongas; 7= Maria Koos

	Parameter
	Estimate
	Std. Error
	t Ratio
	Prob> ltl

	7A. STAR.  Adj. R2 = 0.11; p-value < 0.01

	Intercept
	23.3079
	1.9038
	12.24
	<.00001

	Stand Type (E&N-A&M)
	-5.0079
	1.9038
	-2.63
	0.0115

	7B. STAR + Vegetation Data.  Adj. R2 = 0.62; p-value < 0.01

	Intercept
	1.5967
	3.4151
	0.4676
	0.6425

	Exotic Species
	1.9709
	0.6476
	3.0435
	0.0040

	Native Frequency
	0.0319
	0.0060
	5.2981
	0.0000

	Stem Density
	0.0714
	0.0297
	2.4036
	0.0206

	Stand Type{A-M}
	5.7821
	2.4646
	2.3460
	0.0237

	River{7&1&2&4&3-5&6}
	-3.0680
	1.4579
	-2.1043
	0.0412

	7C. STAR + Soil Data.  Adj. R2 = 0.44; p-value < 0.01

	Intercept
	-4.8690
	6.4317
	-0.76
	0.4532

	Stand Type (E&N-A&M)
	-2.6709
	1.5852
	-1.68
	0.0993

	River{2-4&1&3}
	6.0461
	2.7626
	2.19
	0.0341

	Organic Carbon O-Horizon
	-0.7542
	0.2336
	-3.23
	0.0024

	Total Nitrogen O-Horizon
	-5.2041
	3.1656
	-1.64
	0.1075

	Cation Exchange Capacity O-Horizon
	7.3788
	1.3622
	5.42
	<.0001

	7D. STAR + Vegetation Data + Soil Data.  Adj. R2 = 0.63; p-value < 0.01

	Intercept
	-11.7494
	5.5498
	-2.1171
	0.0401

	Exotic Species
	1.4871
	0.5828
	2.5516
	0.0144

	Native Frequency
	0.0293
	0.0055
	5.3327
	0.0000

	River{7&2&4&1&3-5&6}
	-3.6393
	1.3993
	-2.6009
	0.0127

	Total Nitrogen O-Horizon
	-6.2575
	2.3888
	-2.6195
	0.0121

	Cation Exchange Capacity O-Horizon
	4.3080
	0.9704
	4.4396
	0.0001
























	Table 8. Multiple linear regression models to predict the number of exotic species. Abbrev. STAR refers to the basic site parameters: stand type, transect distance from river, age, and river identity.
Rivers: 1= Tigre; 2= Diamante; 3= Chibiu; 4= Maracanã; 5= Corvo; 6= Arapongas; 7= Maria Koos. Soil  color value is measured on a light to dark spectrum assigned values one (the lightest) to ten (the darkest).  Soil color hues in this study lie on a yellow-red (YR) continuum : 5YR signifies the most red, 10 YR the most yellow. 

	Parameter
	Estimate
	Std. Error
	t Ratio
	Prob> ltl

	8A. STAR. Adj. R2=0.26; p-value < 0.01

	Intercept
	5.4405
	.4028
	13.51
	<.0001

	Stand Type{A&E&N-M}
	-1.7024
	.4028
	-4.23
	0.0027

	8B. STAR + Vegetation Data. Adj. R2 = 0.39; p-value < 0.01

	Intercept
	4.1356
	0.8712
	4.75
	0.0000

	Native Species
	0.0681
	0.0212
	3.21
	0.0025

	Exotic Frequency
	0.0021
	0.0011
	1.81
	0.0766

	Stand Type (A&E&N-M)
	-1.3376
	0.3839
	-3.48
	0.0011

	Age
	-0.1667
	0.0746
	-2.23
	0.0306

	8C. STAR + Soil Data. Adj. R2 = 0.44; p-value < 0.01

	Intercept
	4.3275
	0.5089
	8.50
	<.0001

	Stand Type (E&N&A-M)
	-1.5642
	0.3654
	-4.28
	0.0001

	Soil Value{3-4}
	-1.2266
	0.4255
	-2.88
	0.0061

	SoilHue {5&7.5-10YR}
	-1.1216
	0.3596
	-3.12
	0.0032

	Phosphorous A-Horizon
	0.0908
	0.0391
	2.32
	0.0251

	8D. STAR + Vegetation Data + Soil Data. Adj. R2=0.49; p-value < 0.01

	Intercept
	3.3872
	0.6286
	5.39
	<.0001

	Stem Density
	0.0128
	0.0055
	2.35
	0.0238

	Stand Type (E&N&A-M)
	-1.5680
	0.3476
	-4.51
	0.0001

	Soil Value{3-4}
	-1.2071
	0.4049
	-2.98
	0.0048

	SoilHue{5&7.5-10YR}
	-1.3566
	0.3565
	-3.81
	0.0005

	Phosphorous A-Horizon
	0.1129
	0.0384
	2.94
	0.0053

















	Table 9. Multiple linear regression models to predict mean eucalypt DBH.  Abbrev. STAR refers to the basic site parameters: stand type, transect distance from river, age, and river identity.
Rivers: 1= Tigre; 2= Diamante; 3= Chibiu; 4= Maracanã; 5= Corvo; 6= Arapongas; 7= Maria Koos. Soil  color value is measured on a light to dark spectrum: one (the lightest to ten (the darkest).  Soil color chroma lies on a gray to true color spectrum: the higher the number, the truer the color.

	Parameter
	Estimate
	Std. Error
	t Ratio
	Prob> ltl

	9A. STAR. Adj. R2=0.53; p-value < 0.01

	Intercept
	6.5427
	1.6299
	4.0140
	0.0009

	Age
	0.4231
	0.2078
	2.0358
	0.0577

	River{2&1&6&3-5&4}
	-2.5462
	0.8265
	-3.0806
	0.0068

	9B. STAR + Vegetation Data. Adj. R2 = 0..71; p-value < 0.01

	Intercept
	7.4616
	1.619
	4.6088
	0.0004

	Transect
	-0.0188
	0.0090
	-2.0860
	0.0557

	River{2&1&6&3-5&4}
	-2.3783
	0.7348
	-3.2360
	0.0061

	Age
	0.6194
	0.1884
	3.2867
	0.0054

	9C. STAR + Soil Data. Adj. R2 = 0.88; p-value < 0.01

	Intercept
	6.4594
	1.0591
	6.0987
	<.0001

	Age
	0.2697
	0.1118
	2.4124
	<.0001

	Soil Value{3&4-6&7}
	-3.8320
	0.4946
	-7.7479
	<.0001

	Soil Chroma{4-7}
	3.8335
	0.6812
	5.6278
	<.0001

	9D. STAR + Vegetation Data + Soil Data. Adj. R2=0.88; p-value < 0.01

	Intercept
	6.4594
	1.0591
	6.0987
	<.0001

	Age
	0.2697
	0.1118
	2.4124
	<.0001

	Soil Value{3&4-6&7}
	-3.8320
	0.4946
	-7.7479
	<.0001

	Soil Chroma{4-7}
	3.8335
	0.6812
	5.6278
	<.0001

























Figures Legends:

Figure 1 The red circle on the map depicts the study location in the state of Paraná (highlighted in green) in southern Brazil.

Figure 2 A.) Nitrogen levels in the A-horizon of the soil decreases with eucalypt stand-age.  Linear Regression: R2 = 0.21, p-value < 0.04. B.) PH levels decrease with eucalypt stand-age. Linear Regression: R2 = 0.15, p-value < 0.09).

Figure 3. Grass point-transect frequency (the number of times a grass species intersects the transect tape for every 10 centimeters along the midline of the belt transect) is negatively associated with species richness.  Linear Regression:,R2 = 0.30, p-value < 0.01)

Figure 4. The number of native species and the number of exotic species of plants are positively correlated across sites. Linear Regression: R2 = 0.17, p-value < 0.01.  

Figure 5. The relationship between native frequency and exotic frequency is largely contained below a zero-sum line.  All but six sites lie below the 1:1 ratio. Linear Regression: R2 = 0.28, p-value < 0.01.  The frequency is defined by the number of intersects of native or exotic plants along the transect midline at any of the ten centimeter intervals.

Figure 6.  There is a strong positive relationship between stand-age and mean eucalypt DBH, revealing the relatively successful cultivation of eucalypt in the region.  Linear Regression: mean eucalypt DBH = 4.42 +0.70*Age.  R2 = 0.34, p-value < 0.01.

Appendix 1.  Point frequency data is recorded for identified species at each site.  Zeros indicate those species present at a given site which did not intersect the transect midline line at any of the ten centimeter intervals. “*” Indicate taxa that were found at multiple sites but could not be identified to the species level.

Appendix 2.  Soil properties are recorded for each site.  These properties are used in the construction of the multiple linear regression models.
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Image 1 Areas along river margins have been abandoned and isolated from human use.  These riparian zones are often targeted for reforestation efforts. 

Image 2 Eucalypt plantations within private legal reserves may be found along river margins, buffering the riparian zone from the surrounding pasturelands
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Appendix I Continued.
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