Introduction
1)Interactions between plants, together with factors such as environmental conditions and dispersal, determine community structure. Negative interactions include resource and non-resource (allelopathy) competition. Positive interactions include facilitation (microclimate improvement, nitrogen fixation). Resource and non-resource competition, as well as positive interactions may act simultaneously, but their importance and intensity vary depending on the context.
2)The interactions between the plants influence how a community recovers from disturbance events. The presence of pioneer species, for example has been suggested to facilitate the establishment of seedlings of other species, especially in stressful environments, such as dry ecosystems. Nevertheless, some species may have a disproportional role on the balance of interactions. Introduced species may unbalance the outcome of interactions and become dominant components in the place of introduction. In these cases, instead of facilitating the establishment of seedlings, the pioneer species may inhibit new arrivals. Advantages in competition for resources and production of allelochemicals (which can act through root exudation or litter incorporation in the soil) are among the possible explanations to the remarkable success of exotic species.
3)In oceanic islands the effect of a novel species in the balance of interactions may be potentiated, due to the lack of natural enemies of the exotics and tighter relationships between native species in these closed communities. Fernando de Noronha, an oceanic archipelago in Brazil, had great part of its vegetation removed two centuries ago. In 1940s the exotic Leucaena leucocephala (Leguminosae) has been introduced in the island, and now occupies extensive areas. It forms monospecific stands, or mixed stands with the native Capparis flexuosa (Capparaceae). When is not associated with L. leucocephala, C. flexuosa co-occurs with many other species in the native forests of the island.
 4)The influences of the exotic L. leucocephala and the native C. flexuosa, both pioneer species, on the establishment of other native species is unknown. Allelopathic effects on germination have been reported to L. leucocephala, but the studies focused mainly on crop species and petri dishes bioassays. Our objectives are (1)To evaluate the effect of the exotic L. leucocephala and the native C. flexuosa on the performance of the native Erythrina velutina (Leguminosae) in field experiments in Fernando de Noronha and (2) to investigate allelopathic effects in the soil or in the litter from L. leucocephala forests as possible mechanisms of reduction of germination of the native E. velutina through greenhouse experiments.
Material and methods
Study site

-Fernando de Noronha: a 17 km2 volcanic oceanic island distant 360km from the coast.  Seasonal deciduous vegetation (caatinga), with 331 vascular plants, being 14 endemic.
-Great part of the vegetation removed 200 years ago

-Dry season lasts about 7 months, mean annual rainfall 1300mm, mean annual temperature 27°C.
Focal species
Leucaena leucocephala (hereafter Leucaena) is a shrub or tree native to Mexico and Central America which may grow to heights of 7-18 m. It has been introduced in Fernando de Noronha to serve as an alternative source of food supply for livestock. It is a fast growing, drought tolerant and nitrogen fixing species. 
Capparis flexuosa (hereafter Capparis) is a  a 2–4 meter high pioneer shrub species. It is one of the few species in Fernando de Noronha that doesn´t lose leaves in the dry season. It can be found in most vegetation types of the island, especially in the coastal areas. Capparis is practically the only species that is observed growing under the trees of Leucaena in the areas dominated by the exotic species in Fernando de Noronha. However, when is not associated with Leucaena, Capparis co-occurs with many other species in the native forests of the island, including Erythrina velutina. 
 Erythrina velutina (hereafter Erythrina) is a pioneer species and is one of the most frequent trees in Fernando de Noronha. It occurs in all the vegetation types of the island, from the beaches to the high woody forests. Although it is a tree that reaches 30 feet, has great phenotypic plasticity depending on the environment where it grows. If L. leucocephala had not been introduced in the island, Erythrina would probably be  one of the key species to start the secondary succession in the disturbed areas. This species was used as model of native species in all the experiments.  We collected seeds from several matrices across the island  at the end of the fruiting period.  
Greenhouse experiments

To examine the effects of soil from Leucaena forests on the germination of Erythrina seeds, we collected soil samples in 10 Leucaena forests and 10 native forests. The samples in each group were homogenized, and 10 trays were filled with soil from each origin. In the nursery, we sow 35 seeds of Erythrina each tray. The 20 trays were arranged randomly in an area with homogeneous environmental conditions in the nursery. We recorded seed germination after 10 days.

To examine the effects of the litter of Leucaena on the germination of Erythrina  we filled 20 trays with vermiculite (mineral substrate), and 35 Erythrina seeds were sown in each tray. Ten of the trays were covered with Leucaena litter and 10 trays were covered with shredded filter paper. Shredded filter paper was used to retain moisture as the litter does, but without releasing chemicals. The trays were arranged randomly in an area with homogeneous environmental conditions in the nursery. We recorded seed germination after 10 days.
Field experiment

We selected an area in the north coast of the island where the vegetation is composed mainly by the association of Leucaena and Capparis. In this area, we installed 10 experimental blocks over a range of 1500m, with minimum distance between blocks of 30m. The experimental design consisted of removing Leucaena and/or Capparis (uprooting the plants) to open clearings of 9 m²  in the vegetation to create blocks with the following combinations of presence / absence of Leucaena and Capparis: 1)Bare soil; 2) Capparis; 3) Leucaena; 4) Leucaena + Capparis (figure 1). 

In the beginning of the rainy season (April 2012) we planted 50 seeds of Erythrina in each treatment and  covered half of the seeds in each plot with Leucaena litter. With this design we tested the influence of the following combination on the germination of Erythrina seeds: (1)control, (2)litter, (3)Capparis, (4)Capparis + litter, (5)Leucaena, (6) Leucaena + litter, (7) Leucaena + Capparis (8) Leucaena + Capparis + litter. We identified each seed with a flag, so we could know the fate of individual seeds. We recorded germination one week after planting. 
After germination, we identified each seedling with a flag. We monitored survival monthly for 9 months, and  measured seedlings height and diameter at ground height (DGH) 9 months after planting. We tested the influence of (1)Control, (2) Capparis, (3) Leucaena, (4) Leucaena + Capparis in the survival and growth of Erythrina seedlings. We did not include the "litter" variable in the survival and growth analysis, since it would not be possible to control the amount of litter in the plots throughout the experiment.
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Figure 1: Schematic representation of the experimental block and of the treatments that compose it. For the germination analysis we included (1)control, (2)litter, (3)Capparis, (4)Capparis + litter, (5)Leucaena, (6) Leucaena + litter, (7) Leucaena + Capparis (8) Leucaena + Capparis + litter. For survival and growth analysis we included (1)Control, (2) Capparis, (3) Leucaena, (4) Leucaena + Capparis.
Data analysis

To evaluate the effects of the soil from Leucaena forests and the cover with Leucaena litter on the germination of the seeds, we used generalized linear mixed model (GLMM). Mixed models provide an approach for analyzing data when random effects (temporal or spatial pseudoreplication, for example) are present. We compared  binomial models that included presence of Leucaena as fixed effect and tray as random effect with null models that included only the random effect of the trays. We made statistical inferences using Akaike’s Information Criterion (AIC), and considered models with ∆AIC<2 to be equally plausible.
We used a model selection approach to ﬁnd the best model to describe the effects of the treatments on the germination and survival of Erythrina. For the germination, the models were binomial generalized linear mixed models (GLMM) with presence of Leucaena, Capparis, litter and second and third order interactions as fixed effects, and block as a random effect. For the survival, the models were binomial generalized linear mixed models (GLMM) with Leucaena, Capparis, seedling age and second and third order interactions as fixed effects, and block, seedling identity and interval between census as random effects. We made statistical inferences using Akaike’s Information Criterion (AIC), and considered models with ∆AIC<2 to be equally plausible.
Results

Greenhouse experiments
In the soil experiment, the mean germination was higher in the trays with soil from Leucaena forests than in the trays with soil from native forests. In the type of cover experiment, the germination was higher in the trays covered with Leucaena litter than in the trays covered with shredded filter paper (Figure 2). 
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Figure 2: Mean germination of Erythrina velutina in soil origin experiment (trays filled with soil from Leucaena leucocephala or native forests) and type of cover experiment (trays covered with shredded filter paper or Leucaena leucocephala litter). Error bars represent ± 1 standard deviation.
The AIC difference between the models including Leucaena effects with the null models was smaller than two, so we considered them to be equally plausible, in both experiments. Regardless of that, the Leucaena coefficient in the model that included the effect of the soil collected in Leucaena  forests was significant, with a positive effect on the germination (Table 1).  According to this model, the odds of germinating increases by 1.68 (95% confidence limit ±0.43) when the seed is sown in soil collected in  Leucaena  forests. 

Table 1: Model selection results for the effect of soil from Leucaena leucocephala forests and litter on the germination of Erythrina velutina seeds. The models were binomial generalized linear mixed models (GLMM) with germination as response variable; soil from L. leucocephala forests and cover with L. leucocephala litter as fixed predictor variables, and tray as a random variable. AIC = Akaike’s Information Criterion; ΔAIC = AIC of each model – AIC best model; leu=L. leucocephala.
	Experiment
	Models 
	∆AIC
	Estimate
	Std. Error
	Pr(>|z|)

	Soil 
	Leucaena 
	0.0
	0.52
	0.30
	0.08

	
	Null 
	0.9
	
	
	

	Cover 
	Leucaena 
	1.0
	0.21
	0.22
	0.33

	
	Null 
	0.0
	
	
	


Field experiments
Germination

The mean number of seeds that germinated in the field experiment varied little among all treatments (Figure 3), but varied greatly among the blocks. The highest mean of seeds that germinated was observed in the Leucaena treatment (18.3 ± 4.3). There was no difference between the germination on the control and litter experiments, where the lowest means of germination were observed (15.1 ± 6.9).
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Figure 3: Mean germination observed in the treatments in the field experiment. Error bars represent ± 1 standard deviation. cap=C.flexuosa, lit=litter, leu=L. leucocephala.

In the comparison of the germination models (Table 2), models that included interactions between Capparis and litter and between Leucaena and litter and a model that didn´t include the effect of Capparis were equally plausible. The only parameters present in all models with ∆AIC<2 were Leucaena and litter, indicating that there is uncertainty about the importance of the effects of Capparis and secondary interactions on the germination.
Table 2: Model selection results for the effect of the treatments on the germination of Erythrina velutina in the field experiment. The models were binomial generalized linear mixed models (GLMM) with germination as response variable; presence of L. leucocephala, C.flexuosa, litter and interactions as fixed predictor variables, and block as a random variable. The selected models ((AIC < 2) are bolded. AIC = Akaike’s Information Criterion; ΔAIC = AIC of each model – AIC best model; leu=L. leucocephala; cap=C.flexuosa; lit=litter.
	Models
	Parameters
	∆AIC

	
	leu 
	cap 
	lit 
	leu:cap 
	cap:lit 
	leu:lit 
	leu:cap:lit 
	

	full 
	■
	■
	■
	■
	■
	■
	■
	4.4 

	01 
	■
	■
	■
	■
	■
	■
	
	3.0 

	02 
	■
	■
	■
	■
	■
	
	
	1.1 

	03 
	■
	■
	■
	■
	
	■
	
	1.9 

	04 
	■
	■
	■
	
	■
	■
	
	4.6 

	05 
	■
	■
	■
	■
	
	
	
	0.0 

	06 
	■
	■
	■
	
	
	■
	
	3.6 

	07 
	■
	■
	■
	
	■
	
	
	2.8 

	08 
	■
	■
	■
	
	
	
	
	1.7 

	09 
	■
	■
	
	
	
	
	
	3.5 

	10 
	■
	
	■
	
	
	
	
	0.3 

	11 
	
	■
	■
	
	
	
	
	11.6 

	12 
	
	
	■
	
	
	
	
	10.2 

	13 
	
	■
	
	
	
	
	
	13.4 

	14 
	■
	
	
	
	
	
	
	2.1 

	null 
	
	
	
	
	
	
	
	12.0 

	
	
	
	
	
	
	
	
	


The model with the lowest AIC (Model 5) included all main effects and the interaction between Leucaena and Capparis. However, the only significant effect in this model was Leucaena (Figure 4). According to this model, the odds of germinating increases by 1.71 (±0.28) when the seed is sown in the treatment with  Leucaena. 
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Figure 4: Odds ratios of model 5  in Table 2. Circles show odds ratios for each parameter, with 95 % confidence limits indicated by horizontal lines. Odds ratios significantly different from 1 (95 % CL do not overlap 1) are indicated by filled circles. leu= L. leucocephala; cap= C.flexuosa; lit= litter.
Survival


The mean percentual cumulative survival of seedlings under different treatments in each census is shown in Figure 5. From the third census on, it can be seen clearly that the survival was lower for the seedlings in the treatment with Leucaena when compared to the control. On the other hand, there was no difference in the survival of the seedlings under Capparis and in the control. The lowest survival was observed for the seedlings under Leucaena plus Capparis. After 9 months, the survival was around 70% on the control and Capparis treatments, around 20% on the Leucaena treatment and around 10% under Leucaena plus Capparis treatment. 
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Figure 5: Mean percentual cumulative survival of seedlings under different treatments in each census. Circles show mean values with 95% confidence interval indicated by vertical lines. Cap=C.flexuosa, Leu=L. leucocephala, LeuCap=L. leucocephala and C.flexuosa.

In the comparison of the survival models, the selected model (model 1) includes the main effects Leucaena, Capparis and age, as well as the second order interactions between them (Table 3). According to this model Leucaena, as well as the interactions Leucaena:Capparis, Leucaena:age and Capparis:age have negative effects on the survival of the seedlings (Table 4). Age has a positive effect on the survival, and the effect of Capparis is non-significative. 
Table 3: Model selection results for the effect of the treatments on the survival of Erythrina velutina seedlings in the field experiment. The models were binomial generalized linear mixed models (GLMM) with survival as response variable; presence of L. leucocephala, presence of C.flexuosa, seedling age and interactions as fixed predictor variables, and block, seedling identity and interval between census as random variables. The selected model ((AIC < 2) is bolded. AIC = Akaike’s Information Criterion; ΔAIC = AIC of each model – AIC best model; leu=L. leucocephala; cap=C.flexuosa.
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The prediction of the selected model (Figure 6) is that the instantaneous probability of survival increases with the age of the plant for the control and for the treatments Capparis and Leucaena. However, the predicted survival probability is lower for the seedlings under Leucaena. For the seedlings under Leucaena plus Capparis the model predicts that the survival probability decreases with age. 

Table 4: Coefficient estimates, standard errors and results of marginal significance tests (Pr(>|z|) of the parameters included in the most plausible model in table 3 (model 1). Parameters in red have negative effects on the survival, parameters in black have positive effects. leu=L. leucocephala; cap=C.flexuosa.
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Figure 6: Instantaneous survival probability predicted by model 1 in Table 3. Cap=C.flexuosa; Leu=L. leucocephala, LeuCap=L. leucocephala + C.flexuosa. 
Growth

The mean diameter at soil height and height of the seedlings nine months after planting is shown at Figure 7. The seedlings in the control and under Capparis attained greater mean diameters and heights than those under Leucaena and Leucaena plus Capparis.
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Figure 7: Mean diameter at soil height (DSH) and height of the seedlings 9 months after planting at each treatment. Error bars represent ± 1 standard deviation. cap=C.flexuosa, leu=L. leucocephala, capleu=C.flexuosa+L. leucocephala.
Discussion
We didn´t detect evidence for allelopathic effects  in the soil from Leucaena forest. Indeed, contrary to what we expected, soil from Leucaena forests had a positive effect on germination. It is possible that if  Leucaena releases allelopathic substances in the soil, this chemical do not remain in the soil after it is removed from the contact with the trees. Additionally, native forests can contains allelopathic substances (in Sapium argutum, for example) with which we did not previously accounted for. Anyway, germination in general was high, so the effect does not seem to be very important. In fact, the seed of Erythrina  is relatively large, and seem to depend only on the presence of water to germinate.
 We didn´t detect evidence for allelopathic effects in Leucaena's litter either. In this experiment,  germination in general was low. It is possible that the litter and the paper acted as mechanical barries, impairing germination.
In the field experiment, there were no differences in the germination between the control and the litter treatment. Several models were tied in the model selection, indicating that there is a uncertainty about the influence of the main effects and the interactions on the germination. The only clear effect, contrary to what we expected, is that Leucaena increases the odds of germination. This facilitatory effect  may be related to a improvement of the local microclimate by the presence of Leucaena trees. The trees provide a shadow that is not too strong and act as a barrier against the wind, helping retaining moisture and facilitating the germination.
Although there was a positive effect of Leucaena on the germination of Erythrina seeds, there was a clear negative effect on the survival and growth of the seedlings. In spite of the difficulty to separate resource competition from allelopathy, allelopathy is likely to be the most important effect in this case, and it is possible that Leucaena trees relaese allelopathic substances that affect the development of the seedlings, reducing their ability to acquire resources and thus their survival and growth. If this negative effect was related mainly to resource competition (for light and water, for example) we would expect a similar or stronger effect on the plants under Capparis. The shadow produced by Capparis is stronger than Leucaena's and Capparis is a evergreen species, probably demanding plenty of water. However,  the effects of Capparis were not significantly different from the control. 
When Capparis is together with Leucaena, the effects of the two species are not additive. On the contrary, the effect of the native species change from neutral to negative. The lowest values of survival and growth were observed in the treatment that combined the exotic and the native species. This is also the only treatment in which the instantaneous survival probability predicted by the selected model decreases with time. It is possible that Leucaena debilitates the seedlings to such an extent that they cannot cope with a new competitor.  This effect seems to increase as time passes, what can be related with a greater resource demand as the seedlings grow or with a cumulative effect of the allelopathic substances.
The effect of Leucaena on Erythrina varies according to the life stage of the native plant. In spite of facilitating the germination, Leucaena prevents the development of the seedlings and reduces their survival. The situation worsens when Capparis,  practically the only native plant observed growing under Leucaena, is present. When associated with Leucaena, Capparis diminishes the probability of survival of  Erythrina. This finding indicates that the presence of Capparis under Leucaena's canopy further inhibits succession, and is an interesting case of interaction, in which the role of a native species in the community changes in the presence of a exotic. From a restoration and conservation viewpoint, this situation is alarming, as the association of Leucaena and Capparis is one of the most common physiognomies in Fernando de Noronha.
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