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Restoring the threatened Scalesia forest: insights from a decade of invasive plant management in Galapagos
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Island forests are becoming increasingly fragmented and colonized by invasive species, which can eventually lead to local species extinctions. In the Galapagos Islands, invasive species pose a serious extinction threat to the endemic daisy tree Scalesia pedunculata, formerly the dominant habitat-forming species of the unique Scalesia forest. This forest has been reduced to fragments due to land use changes in the past and is now increasingly invaded by introduced plants. We conducted a field experiment on Santa Cruz Island to assess the impacts of blackberry (Rubus niveus) and two other invasive plant species, Cestrum auriculatum and Tradescantia fluminensis, as well as the effects of the removal of two of these (R. niveus and C. auriculatum) on cover, composition and diversity of the resident plant communities. Particular attention was paid to effects of the invasive species on the S. pedunculata population. Annual vegetation monitoring was carried out in a total of 34 permanent plots (10 m × 10 m) over 10 years (2014–2023), using the line-intercept method. Seventeen of these plots were established in an invaded area and 17 plots in an area with continuous invasive plant removal since 2014. Results indicated that there were significant changes in both the species composition of the plant communities and average percent cover of species over time, comparing removal plots with invaded plots. Species composition in removal plots changed significantly more than in invaded plots, towards a plant community with greater percent cover of endemic species. A significant negative relationship between the three invasive species and cover of S. pedunculata suggested that multiple invader species may have additive negative impacts. Natural recruitment of S. pedunculata by seeds was observed in the removal but not in the invaded plots. These results, as well as the striking decrease of 71% in cover of adult S. pedunculata in the invaded plots indicate that this threatened species will be driven to local extinction on Santa Cruz Island, Galapagos, in less than 20 years if invasive plant species are not removed on a large scale.
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Introduction

Biological invasions threaten global ecosystem structure, function and delivery of ecosystem services, and they are increasing geographically and in frequency (Vilà and Hulme, 2017; Pyšek et al., 2020). This is especially the case on islands, which are hotspots of both endemic and alien species richness (Lenzner et al., 2020). Geographic isolation and vacant niches that promoted evolutionary speciation on oceanic islands are the same features that make endemic species on islands highly vulnerable to anthropogenic impacts (Fordham and Brook, 2010; Fernández-Palacios et al., 2021). Land-use change and invasive species are the primary drivers of the decline of oceanic island biota; they can result in extinctions of island endemics (Harter et al., 2015). Invasive species are also a major problem in native forests, which are increasingly perturbed by anthropogenic disturbances (Waddell et al., 2020), including the long-term press disturbance of climate change (Seidl et al., 2017). In response to this situation, ecosystem restoration, defined as the process of assisting the recovery of ecosystems that have been degraded, damaged or destroyed, has become a global priority (SER, 2004; Löf et al., 2019). Long-term monitoring of the plant communities under restoration can provide important insight about the success or failure of management practices (Lindenmayer et al., 2012). A large number of invasive plant removal experiments have been short term, involved only a few species in small plots and have been conducted mainly in grassland and herbaceous communities (Kettenring and Adams, 2011 and citations herein). Long-term data are essential for providing a baseline to evaluate the effects of disturbance and climate change effects on community structure and function because they allow enough time for the effects of species interactions to play out (Hanski and Ovaskainen, 2002; Lindenmayer et al., 2012).

Despite global recognition of the Galapagos Islands as locus of adaptive radiation and speciation, it is not widely known that endemic species are threatened in Galapagos terrestrial ecosystems (Jäger et al., 2009; Rentería et al., 2012; Riegl et al., 2023). This situation occurs especially in the unique humid highland ecosystems, which have undergone massive losses of plant biodiversity and abundance due to their transformation into pastures and agricultural lands (Watson et al., 2009). The remaining forest fragments are exposed to progressive degradation due to the synergistic effects of invasive plant species and climate change (Trueman et al., 2010; Gardener et al., 2013). For example, the extent of the native forest in the humid zone of Santa Cruz formed by Scalesia pedunculata is now only 3% (ca. 300 ha) of its historical distribution, due to past land use change and more recently, to invasions of non-native plant species (Riegl et al., 2023). The worst invasive plant is Rubus niveus (blackberry, Rosaceae), which grows vigorously and prevents recruitment of native species, thus changing the surrounding plant community (Rentería et al., 2012). However, other invasive species such as Cestrum auriculatum and Tradescantia fluminensis are also very abundant in the highlands. Over more than two decades, the Galapagos National Park Directorate (GNPD) has manually and chemically controlled invasive plant species at Los Gemelos, a site in the highlands of Santa Cruz Island. An experimental removal program was established at Los Gemelos in 2014 (Figure 1) to study the effects of R. niveus and other invasive plant species as well as the effects of the intensive management on resident plant community recovery.
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FIGURE 1
 Map of the study site at Los Gemelos on Santa Cruz Island, Galapagos, with 34 (10 m × 10 m) plots: 17 plots in the invaded area (purple squares) and 17 plots where invasive plant species removal is been continuously carried out since 2014 (orange squares).


Our study aimed to investigate the effects of invasive plant species, mainly R. niveus, and the ecological consequences of invasive species management on plant communities, with emphasis on their impact on endemic habitat forming species, specifically Scalesia pedunculata. To achieve this, we conducted a comprehensive assessment that included temporal changes in plant species cover, composition and diversity. We examined how the presence of invasive species, particularly R. niveus, and their subsequent removal, influenced resident plant species over time in both invaded and removal plots. Secondly, the impacts of invasive plant species and impacts of their removal on cover and recruitment of the endemic tree S. pedunculata were studied. Examining both of these aspects will allow us to better understand interactions between invasive, native and endemic plant species within the plant community structure. We predicted that R. niveus (and other invasive plant species) would suppress S. pedunculata and its natural regeneration, and that removal of these plants would increase the cover and diversity of native and endemic plant species. This study assesses the effect of multi-species plant invasions, which while common in nature, are less commonly studied (Brandt et al., 2023).



Materials and methods


Study site

Field work was carried out in one of the only two remaining Scalesia forest patches in the highlands of Santa Cruz Island, Galapagos, Ecuador; at an altitude of about 400–550 m a.s.l., near the twin volcanic sinkholes “Los Gemelos” (00°37′ 20′′ S, 90°23′00′′ W) within the Galapagos National Park (Figure 1). Annual precipitation during the 10-year study period ranged from 1,036 mm in 2014 to 745 mm in 2022. The mean for 2014–2022 was lower (854 mm) than the yearly average from 1987 to 2022 (1,326 mm) (Supplementary Figure S1). Average annual temperature in the study area from 1987 to 2022 was 22.0°C and during the study period (2014–2022), was 20.7°C (Supplementary Figure S1). The remnants of the Scalesia forest on Santa Cruz are composed of the endemic tree species Scalesia pedunculata, which grows up to 15 m in height (Hamann, 2001). It is no longer the dominant species and it competes with aggressive invasive plants, like Rubus niveus (blackberry), Cedrela odorata (Cuban cedar), Cestrum auriculatum (sauco) and Tradescantia fluminensis. To protect S. pedunculata, the Galapagos National Park Directorate (GNPD) has been applying manual and chemical measures to control these invasive plant species for more than 20 years (Jäger et al., 2017; Riegl et al., 2023).

To study the impacts of invasive plant species and the impacts of the removal of these species on the plant communities, we defined two study areas at Los Gemelos. In 2014, we established 34 permanent 10 m × 10 m plots in collaboration with the GNPD. All plots contained R. niveus and other dominant invaders, such as C. auriculatum and T. fluminensis at the onset. Of the 34 plots, 17 were within a 6-ha area where R. niveus and C. auriculatum were continuously removed (removal plots) and 17 were within an 8-ha area that was left untouched (invaded plots). In the removal plots, R. niveus (starting in 2014) and C. auriculatum (starting in 2017) were manually cut down to 5 cm above the ground with a machete and one month later, the regrowth was sprayed with a mixture of the herbicides glyphosate and a combination of metsulfuron-methyl and picloram, a standard control procedure carried out by the GNPD (Jäger et al., 2017). This same treatment was repeated twice more in one-month intervals (three herbicide applications in total). Thereafter, resprouts and germinated blackberry seedlings were manually removed every 3 months from 2015 to 2018 and every 6 months from 2019 on.

Since the GNPD needed to focus removal efforts in a specific area, we were limited in the area where we could set up permanent plots. This led to spatial clustering of removal plots rather than random interspersion of removal and control plots. The two groups of plots were only ~500 m apart and had comparable biotic and abiotic conditions (slopes, tree densities, sun exposure, etc.), thus there was no indication of confounding factors such as differences in microclimate or soil-type (Jäger et al., 2017; Filek et al., 2018; Cimadom et al., 2019). In addition, at the onset of this experiment, the mean combined percent cover of all plant species in the removal and invaded plots was nearly identical and up to 160% of this was comprised of invasive species (Figure 2).
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FIGURE 2
 Mean plant species cover (%) of the 13 most common species across years in invaded and removal plots. Origin of species: EN, endemic; NA, native; IN, introduced; CR, cryptogenic. Rubus niveus removal started after vegetation sampling in 2014, and Cestrum auriculatum removal after vegetation monitoring in 2017. Please note that several vegetation strata were measured and therefore, total cover can exceed 100%.




Vegetation monitoring

Vegetation monitoring was carried out once before the removal of invasive plant species commenced (February 2014), and then again annually from 2015 to 2023, always in February/March, at the invaded and removal plots. Monitoring of the vascular plant species was carried out along three parallel 10-m transects, 5 m apart, in each of the 34 permanent plots. The vegetation cover for each species was estimated using the line-intercept method and was always conducted by the same investigator. To account for rare species, the areas between transects were searched and species not recorded along the transects were assigned the minimum cover value (10 cm) (Jäger et al., 2009). The species percentage cover of each plot was calculated by averaging the three transect covers. Since cover was combined across several vegetation strata, cover of grouped species may exceed 100%. Plant species nomenclature and origin follows the database of the Charles Darwin Foundation (CDF, 2023) and the World Flora Online (WFO, 2023).



Statistical analyses

All analyses were performed in R statistical software version 4.2.1 (R Development Core Team, 2022). To show the mean cover of dominant species and to visualize changes by site (invaded vs. removal plots) and year, we first selected the five species with the highest cover per site and year. We obtained a list of 13 species and plotted their mean percent cover stacked per year, separately for invaded and removal plots. To quantify changes in species composition and relative percent cover between treatments across years, we used the codyn package (Hallett et al., 2016) for comparisons of rank abundance curves. We used the multivariate_change() function to quantify dissimilarity between the composition of a sampling over time, which compares and quantifies shifts in the centroids of the community (i.e., compositional change). Finally, we compared the compositional change between sites with a Wilcoxon test.

To assess the community trajectories in invaded and removal plots, we used changes in multivariate dispersion, following Matthews and Spyreas (2010) and Catano et al. (2022). Multivariate dispersion measures the distance from each plot to the centroid (spatial median in principal coordinate space) of all plots in a given year (Anderson et al., 2006). We first calculated Bray–Curtis dissimilarity, using the vegdist() function in vegan package (Oksanen et al., 2022). Species relative cover values were used for pairs of invaded and removal plots, separately for each year. Then, changes in vegetation composition in invaded and removal plots were displayed using non-metric multidimensional scaling (NMDS) of Bray–Curtis dissimilarity matrices through metaMDS() function. We tested whether the centroids for the groups of invaded and removal plots changed over time relative to one another, using Permutational Multivariate Analysis of Variance (PERMANOVA) (McArdle and Anderson, 2001). Also, we used the envfit() function to identify species that may be driving the distribution pattern of the sites.

We assessed the effect of invasive plant species removal on the percent cover of plant species across years, comparing the mean percent cover of endemic, native (non-endemic) and introduced species in invaded and removal plots. Due to the segregated sampling design and to avoid pseudoreplication, we tested differences in endemic plant species cover and number of species in 2014 and in 2023 with generalized linear mixed models (GLMM) in glmmTMB package (Brooks et al., 2023) in invaded and removal plots. For all models, we included plot nested within site as random effects to control for spatial autocorrelation. We determined the effect of treatment and year on the log percentage cover of endemic plant species with a type-II ANOVA, performed on a mixed-effects Gaussian regression. We included random effects for plot/site and species. Due to nesting, the random effects variance was close to zero, so we adjusted the tolerance to 1−10 to get the conditional R2. We used a similar approach for the number of endemic species but fitted a GLMM with a Poisson error distribution with counts of endemic species observed in a plot as the response. We included the site and the year as fixed-effects predictors. Plot number nested in treatment was included as a random effect. To assess the variation explained by each model, we obtained marginal (R2
m
; fixed effects) and conditional (R2
c
; fixed and random effects) R2 values for both models.

We also assessed the changes in mean cover of Scalesia pedunculata in invaded and removal plots, taking into account the cover of adults and recruits (i.e., new individuals since 2014) separately. To assess the effects of invasive plant species on the percent cover of the endemic S. pedunculata over years, we arcsine-square-root transformed the mean percent covers and then performed linear models separately for each year. First, we assessed the effects of two invasive and widespread plant species (the shrub R. niveus and the tree C. auriculatum) on S. pedunculata adult trees in invaded plots. Then, using data from the removal plots, we evaluated the effect of the invasive herb Tradescantia fluminensis on the percent cover of S. pedunculata recruits.




Results

We recorded a total of 115 plant species in the 34 permanent plots from 2014–2023. The majority were of native origin (56 species), followed by introduced (31 species), endemic (20 species), and eight cryptogenic species. At the site of the removal plots, 20 endemic plant species were recorded, 75% of which were also recorded at the site of the invaded plots (15 species). More information on these species is provided in the Supplementary Table S1.


Temporal changes in plant species cover, composition and diversity

There were pronounced differences in the abundance of plant species between the invaded and removal plots (Figure 2). In 2023, the most abundant species in the invaded plots were Rubus niveus (shrub, introduced), Tradescantia fluminensis (herb, introduced), Cestrum auriculatum (tree, introduced) and Dennstaedtia globulifera (fern, native); while in the removal plots, T. fluminensis, Scalesia pedunculata (tree, endemic), Chioccoca alba (shrub, native) and Tournefortia rufo-sericea (shrub, endemic) were the most abundant. As a consequence of the removal of R. niveus and C. auriculatum, invaded and removal plots showed opposite patterns for the percent cover of these species. For example, both sites had similar R. niveus cover in 2014, but after invasive species control, R. niveus cover was maintained below 14% in removal plots from 2015 on. In the invaded plots, R. niveus maintained a mean cover of around 60% (reaching a maximum percent cover of 98% for one of the plots in 2023). The invasive C. auriculatum had not been a target of removal until 2017 and therefore, mean percent cover in 2017 was 20%, whereas in 2023, it was only 1.8%; but in invaded plots it covered 33% on average in 2023 (up to 57% in one of the plots). Invasive T. fluminensis had never been removed, however, mean cover was significantly higher in invaded plots compared to removal plots (57.4% vs. 36.5% in 2023, W = 212, p = 0.02). Cover of some shrub species, like the native C. alba, the endemic Psychotria rufipes, and the endemic T. rufo-sericea, significantly increased over time in the removal plots, whereas in the invaded plots, cover of some native ferns, such as D. globulifera, significantly increased over time (Figure 2).

Plant species of different origins were differently affected by ongoing invasive plant species control since 2014. As a logical result of the control of invasive R. niveus and C. auriculatum, mean percent cover of all introduced species decreased significantly in the removal plots from 135.8% in 2014 to 46.4% in 2023 (Figure 3A). In the invaded plots, mean percent cover of all introduced species did not change significantly over time and oscillated between 147% in 2019 and 166% in 2020. According to GLMM results, mean endemic plant species cover changed differently over time at invaded and removal plots (R2c = 0.491, R2m = 0.044, p < 0.001). The sites (plot types) had a similar total cover of all endemic species in 2014 (p = 0.38) but in 2023, it was significantly different (p < 0.001). There was a significant interaction between site and year (p < 0.001), indicating that in removal plots, the endemic species cover increased significantly from 53.7% in 2014 to 86.2% in 2023, while it decreased significantly in the invaded plots from 47.5% in 2014 to 17.3% in 2023 (Figure 3B). Mean cover of endemic plant species mainly increased because of an increase in the naturally recruited S. pedunculata from 0% in 2014 to 23.2% in 2023 (see detailed information in the following section). On the other hand, the reduction of endemic plant species cover in invaded plots was mainly caused by the decrease in adult S. pedunculata cover by almost 26%. Mean native species cover did not change much, neither over time nor between sites (Figure 3C).
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FIGURE 3
 Mean percent cover (±95% CI) of all (A) introduced, (B) endemic, and (C) native plant species in invaded (purple) and removal (orange) plots at Los Gemelos, Santa Cruz, Galapagos. Vertical gray bar indicates when invasive plant species removal started (after first vegetation monitoring in 2014).


With the exception of 2015, when plant species richness was higher in the invaded plots, the number of plant species was similar over time in invaded compared to removal plots (Figure 4). Invaded plots averaged 26.3 species per 100 m2 in 2014 and 26.9 species in 2023, meanwhile removal plots averaged 27.6 species in 2014 and 26.4 species in 2023. There was a decrease in the number of species at both sites in 2017. Although the diversity remained higher in the removal plots, the Shannon Diversity Index (H) exhibited no significant differences between invaded and removal plots over most of the years. However, in 2015, it was significantly higher in invaded plots (W = 47, p < 0.001), probably due to the removal of almost the entire understory by manual and chemical control in removal plots in 2014 (W = 04, p = 0.041, Figure 5). In 2019 and 2020, H was significantly higher in removal plots (W = 219, p = 0.009, Figure 5), which could be an indication of recovery of the plant species community in the removal plots, since in 2021–2023, H was also higher here, but not significantly so.
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FIGURE 4
 Mean number of all plant species in invaded (purple) and removal (orange) plots from 2014 to 2023. Bars indicate 95% confidence intervals.
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FIGURE 5
 Mean Shannon Diversity Index (H) for all plant species (including dominant invasive species and Scalesia pedunculata) in invaded (purple) and removal (orange) plots. Bars indicate 95% confidence intervals.


Comparison of the multivariate changes in plant species composition for invaded and removal plots from 2014 to 2023, using a Wilcoxon test, showed that species composition over time changed significantly more in removal plots compared to invaded plots (W = 11, p = 0.008, Figure 6). When assessing the plant species community trajectories, invaded and removal plots were well-separated along the first NMDS axis over time (Figure 7). The PERMANOVA showed that the central tendency (centroid; i.e. spatial median in multivariate space) of species composition differed between invaded and removal sites (R2 = 0.22, p = 0.001) and the composition of both groups shifted over time (R2 = 0.11, p = 0.001); with an interaction between plots and year (R2 = 0.10, p = 0.001; Supplementary Table S2). The species that seemed to be driving the site distribution pattern in invaded plots were the invasive species R. niveus, C. auriculatum, T. fluminensis and native ferns, like D. globulifera. In the removal plots, it seemed that endemic species, like S. pedunculata, P. rufipes, T. rufo-sericea, T. pubescens (shrub), and native species like C. alba and Commelina diffusa were mainly driving the site distribution pattern (R2 > 0.25 and p < 0.05, Supplementary Table S3).
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FIGURE 6
 Wilcoxon test for the comparison of the multivariate changes in plant species composition for invaded (purple) and removal (orange) plots at Los Gemelos, Santa Cruz, Galapagos from 2014–2023. Species composition over time changed significantly more in removal plots compared to invaded plots (W = 11, p = 0.008). Median (horizontal line) and 1st and 3rd quartiles (box) shown.
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FIGURE 7
 Non-metric multidimensional scaling (NMDS) of plant species composition for each of the 34 permanent plots (17 invaded plots in purple, 17 removal plots in orange) on Santa Cruz, Galapagos (stress = 0.14). Circles represent the communities before removal of invasive species started (2014) and triangles represent the same communities 10 years later (2023). Species composition significantly changed over time only in the removal plots. Species shown are those mainly driving the composition patterns (R2 > 0.25 and p < 0.05). R_ni, Rubus niveus; D_gl, Dennstaedtia globulifera; C_au, Cestrum auriculatum; T_fl, Tradescantia fluminensis; T_ru, Tournefortia rufo-sericea; C_al, Chioccoca alba; P_co, Paspalum conjugatum; T_pu, Tournefortia pubescens; C_di, Commelina diffusa; P_ru, Psychotria rufipes; S_pe, Scalesia pedunculata.




Impacts of invasive plant species and impacts of their control on cover and recruitment of the endemic tree Scalesia pedunculata

The mean cover of adult S. pedunculata trees, which had been present since the onset of the study, decreased significantly from 36.2% in 2014 to 10.5% in 2023 in the invaded plots (R2c = 0.624, R2m = 0.184, p < 0.001) and from 31.9 to 18.5% in the removal plots (R2c = 0.702, R2m = 0.121, p < 0.001, Figures 2, 8). The decrease in adult S. pedunculata cover was lower in the removal plots, compared to the invaded plots. Cover of the naturally recruited S. pedunculata in the removal plots greatly increased over time after the initial invasive plant species removal actions in 2014, from 0% in 2015 to 23.2% in 2023 (Figures 2, 8). In the invaded plots, S. pedunculata seeds were only able to germinate on the trails that had been cut into the R. niveus thicket to access the plots, and consequently, only few S. pedunculata recruits emerged there, barely reaching a cover of 0.5% (Figure 8).
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FIGURE 8
 Mean cover of Scalesia pedunculata from 2014 to 2023 in invaded (purple) and removal (orange) plots. Continuous lines indicate cover of adult trees and dotted lines indicate the sum of cover of adult trees and recruits (bars indicate 95% confidence intervals).


In the invaded plots, linear model analyses by year indicated that the combined cover of two dominant invasive plant species (C. auriculatum and R. niveus) had significant negative effects (R2 > 0.27, p < 0.03) on the cover of the endemic S. pedunculata during half of the study years: in 2016, 2017, 2018, 2022, and 2023 (Figure 9; Supplementary Table S4). In the remaining years, there were also negative effects but they were not significantly different from zero. The cover of the invasive ground-covering herb T. fluminensis had a significantly negative effect on the cover of S. pedunculata recruits from 2016 to 2018 (R2 > 0.38, p < 0.008), but not in the other years of the investigation (Figure 9; Supplementary Table S5).
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FIGURE 9
 Linear models of the annual effect of (A) cover of two woody dominant invasive plant species combined (Cestrum auriculatum, Rubus niveus) on cover of the endemic Scalesia pedunculata in 17 invaded plots, and (B) effect of the cover of the invasive herb Tradescantia fluminensis on cover of Scalesia pedunculata recruits in removal plots. Axes show the arcsine-sqrt transformed percentage cover. Details of significant relationships are indicated as p-values (p < 0.05) in the top right corner along with R2, variance explained by the model.





Discussion


Temporal changes in plant species cover, composition and diversity

At the end of the 10-year monitoring period, the percent cover of all introduced plant species in the invaded plots had not changed (157% in 2014 vs. 148% in 2023) and the plant community was dominated by the same introduced and invasive species, mainly Rubus niveus, Cestrum auriculatum and Tradescantia fluminensis. Over the same period in the removal plots, percent cover of all introduced species decreased significantly from 136 to 46% due to continuous control actions, with cover of R. niveus decreasing from 60 to 14% and that of Cestrum auriculatum from 20 to 1.8%. The vegetation there was dominated by the native and endemic species Scalesia pedunculata, Chioccoca alba, Tournefortia rufo-sericea and Psychotria rufipes, but also by T. fluminensis (Figures 2, 3). These results contrasted with those of a comprehensive meta-study on the success and impacts of controlling invasive species on the resident plant community, which indicated that gains in native species were mainly small (Kettenring and Adams, 2011). Few of these studies evaluated results over more than 2 years, which could have contributed to limited knowledge about resident species recovery (Kettenring and Adams, 2011). However, in a decade long study in a Hawaiian lowland wet forest, researchers also found little recovery of the native biodiversity despite a constant control of invasive plant species (Cordell et al., 2016). Potential explanations for the success of control actions in the Scalesia forest remnant could be related to the abundant seed production and fast growth of endemic and native species, especially S. pedunculata (Walentowitz et al., 2021), allowing fast regeneration.

Our results indicated that invasive plants and their removal affected plant species differently depending on their origin, with endemic species being the most affected. The cover of all endemic species increased significantly from 54 to 86% in the removal plots, while it decreased significantly from 48 to 17% in invaded plots over the 10-year study. In comparison, cover of native plant species did not change, suggesting that endemic species had been most suppressed by the invaders. The reduction of endemic plant species cover in invaded plots was mainly driven by the decrease in adult S. pedunculata cover by almost 26%. There was a decrease in cover of native and endemic species right after the initial removal event in 2015, which could have been caused by the use of herbicides and manual control methods. However, cover increased again and negative effects seemed ephemeral, which coincides with a restoration study from the Seychelles that documented short-term detrimental effects of herbicides on native plant species (Kaiser-Bunbury et al., 2015).

Contrary to our expectations, the number of plant species as well as the Shannon Diversity index (H) were similar over time in invaded compared to removal plots (Figures 4, 5). Both the number of species and H were significantly lower in the removal plots compared to the invaded plots in 2015, likely as a result of the removal of almost the entire understory (Cimadom et al., 2019). In 2017, number of species and H were lower compared to the previous year in both the invaded and removal plots, which coincided with a dry year in 2016 (average 794 mm, Supplementary Figure S1). The Shannon Diversity was always higher in removal plots compared to invaded plots, except in 2015, but only significantly so in 2019 and 2020. While there were more endemic species present in the removal plots compared to the invaded plots in 2023 (20 vs. 15), the invaded plots accounted for a larger number of native fern species that seemed to manage to grow and even thrive under the thick R. niveus bush. In addition, we recorded annual, ephemeral species that thrive in disturbed areas, like Conyza bonariensis, Adenostemma platyphyllum and other introduced species, which probably contributed to keeping H in the invaded plots at a level similar compared to the removal plots. This underscores the importance of taking species identification into account, which otherwise can mask changes in the communities (Hillebrand et al., 2018). The increased number of fern species under the invasive cover thicket could be an indication that R. niveus facilitates the establishment and growth of fern species by providing a constantly moist environment, a similar effect observed under the invasive quinine tree Cinchona pubescens in Galapagos (Jäger et al., 2009).

Non-metric multidimensional scaling analysis showed that species composition changed significantly over the study period only in the removal plots (Figure 6). Successional trajectories in the removal plots were altered and might be shifting towards a plant community more typical of the original Scalesia forest structure. Here, S. pedunculata, T. rufo-sericea and C. alba, which were the most abundant species, were also the main species driving the plant composition patterns in these plots (Figure 7). In the invaded plots, the most abundant species were also the species driving the plant composition change patterns, namely R. niveus, T. fluminensis and C. auriculatum, as well as the native fern Dennstaedtia globulifera (Figure 7). A study in a different S. pedunculata forest remnant invaded by the introduced Cedrela odorata (Cuban cedar) revealed similar results in the way that this invasive tree had significantly altered the plant species assemblage and forest structural characteristics in this ecosystem (Rivas-Torres et al., 2018). In our study, apart from the dramatic decline of S. pedunculata, the remaining plant community in the invaded plots did not change much over the study period (Figure 7), which could be an indication that the species composition had already been altered by invasive plant species at the onset of this study. The description of the plant species in the Scalesia forest prior to 2001 by Hamann (2001), indicates a plant community more similar to what we now encounter in the removal plots. Importantly, this suggests that changes caused by invasive species are reversible if removal of these harmful species is carried out, as shown by our results.

Since both R. niveus and C. auriculatum were removed in the removal plots, response of plant community cannot be attributed to one or the other species but rather both taken together. Since R. niveus had always been more abundant in the invaded plots, it is likely that it is mainly responsible for the shift in the plant species composition. Despite the constant removal of R. niveus over 10 years and C. auriculatum over 6 years, these species were still present at low percent covers in the removal plots (14 and 1.8% respectively). This may be explained by several factors including the presence of viable seeds in the seedbank, vegetative resprouting by both species after cutting, or re-invasion by seed dispersal from the surrounding invaded areas, as both species are dispersed by animals, particularly birds (Buddenhagen and Jewell, 2006). In Galapagos, R. niveus produces fruits almost all year long that contain a large number of seeds and form large seedbanks of up to 7,000 seeds m2 (Landázuri, 2002). In addition to its large seedbank, a life history strategy involving more rapid and abundant germination than native species makes R. niveus a successful competitor for resources and space (Renteria et al., 2021). In terms of management, this suggests that long-term follow-up control of these invaders is needed to preserve the restored plant community.



Impacts of invasive plant species and impacts of their control on cover and recruitment of the endemic tree Scalesia pedunculata

We also examined the effects of invasive plant species presence and removal on the endemic habitat-forming Scalesia pedunculata. In the invaded plots, linear models indicated that the combined cover of two dominant invasive plant species (C. auriculatum and R. niveus) had significant negative effects on the cover of adult S. pedunculata trees in half of the years: in 2016, 2017, 2018, 2022, and 2023 (Figure 9A; Supplementary Table S4). For the remaining years, there were also negative effects but they were not significantly different from zero. These results are in line with a meta-analysis that showed that an increasing abundance of invasive species has marked negative impacts on populations and communities of native species (Bradley et al., 2019). In fact, another study in the Scalesia forest remnant of Santa Cruz postulated that a R. niveus cover of 60% might be a threshold for adverse effects on the native plant community (Rentería et al., 2012), which is exactly what we found in our study: a mean cover of 60% in the invaded plots made it impossible for the S. pedunculata seeds to germinate (Figure 2). Cover of the invasive ground-covering herb Tradescantia fluminensis significantly decreased the cover of Scalesia pedunculata recruits from 2016 to 2018 but not in the remaining years (Figure 9B; Supplementary Table S5). The likely reason for this is that the S. pedunculata recruits are most vulnerable to shading by T. fluminensis while they are still small. Once surpassing T. fluminensis height, S. pedunculata is able to outgrow the invasive herb. Tradescantia fluminensis is known to be a severe invader elsewhere and has been shown to alter nutrient availability in temperate forests and to hinder native forest regeneration (Standish et al., 2004). We found a multi-species invader effect that could be an additive effect (Brandt et al., 2023) and suggests that more work needs to be done on the interactive effects of co-occurring invasive species (Kuebbing et al., 2013).

In the removal plots, cover of naturally recruited S. pedunculata greatly increased over time after the initial invasive plant species removal actions in 2014, from 0% in 2015 to 23.2% in 2023 (Figures 2, 8). These results are in line with the previously mentioned study that tracked the number of adult S. pedunculata trees and naturally recruited seedlings over a shorter period (8 years, Jäger et al., 2023; Riegl et al., 2023). As in these studies, natural recruitment of S. pedunculata only took place on the access trails that were cut into the R. niveus thicket to be able to access the permanent plots and thus technically grew outside the plots (but their crowns reached into the plots and therefore, cover was measured), barely reaching a cover of 0.5% (Figure 8). The applied aspect of this finding is that even cutting narrow trails into dense R. niveus can spark the germination of the light-dependent small S. pedunculata seeds (Riegl et al., 2023). This suggests that R. niveus creates shade atypical for S. pedunculata, which leads to further dominance of the invader and strong inhibition of this endangered species (Reinhart et al., 2006). To assess impacts of invasive plants and impacts of their removal on soil parameters, we took soil samples in both plot types that are currently being analyzed.

Significant loss of S. pedunculata cover within plot type over the 10-year study was more pronounced in the invaded than the removal plots (71% vs. 42% respectively, Figures 2, 8). These results are in line with a study that showed a higher mortality rate of adult S. pedunculata trees in the invaded plots at the same sites (Riegl et al., 2023). Scalesia pedunculata is a pioneer species and as such, produced numerous seeds that have a high germination rate, fast growth, a high mortality and a short life-span of 15–20 years (Hamann, 2001; Walentowitz et al., 2021; Riegl et al., 2023). Before the invasion by R. niveus, dying trees would be replaced by natural regeneration of S. pedunculata, but with shade-casting R. niveus thickets, germination of S. pedunculata seeds now has become impossible (Rentería et al., 2012; Riegl et al., 2023). In fact, not a single S. pedunculata seedling was encountered in the invaded plots over the decade of our study, which is very concerning, especially in the face of climate change. Strong El Niños events are predicted to increase in Galapagos, likely increasing precipitation, which would further exacerbate problems with invasive plant species (Paltán et al., 2021). In a meta-analysis of 273 areas of exceptional biodiversity and uniqueness of species, endemic species were shown to be 2.7 to 10 times more impacted by climate change (Manes et al., 2021).




Conclusion

The observed exclusive natural regeneration of S. pedunculata in removal plots highlights the devastating impact that invasive understory cover has on the recruitment of Scalesia pedunculata. Our results clearly indicate that R. niveus could drive a local extinction of S. pedunculata and other associated endemic plant species, especially under climate change scenarios predicted for Galapagos. This study underscores the importance of ongoing efforts to manage invasive plant species, particularly Rubus niveus, in order to preserve vulnerable native and endemic plant communities in island ecosystems. These efforts are vital not only for protecting endangered endemic species like Scalesia pedunculata but also for maintaining the overall biodiversity and ecological integrity of this unique ecosystem. The removal of R. niveus had significantly positive effects on S. pedunculata, by promoting its natural regeneration and by slowing down the death of adult trees. Without invasive plant species control we will lose the Scalesia forest in less than 20 years if no large-scale control of the invaders is carried out (Riegl et al., 2023). Insights from this study will help guide management decisions on invasive plants in Galapagos and in other island ecosystems worldwide.
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