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Abstract 

 

Ulex europaeus (gorse), a perennial woody shrub native to western continental Europe and 

the British Islands, has become one of the most invasive shrubs worldwide. Despite its 

widespread impact, gorse's success in tropical ecosystems remains poorly understood. This 

study investigates if land cover has a differential effect on gorse germination and growth rate 

in the mountain ecosystems of Colombia, emphasizing the role of soil composition and 

mycorrhizal associations in different land covers. In this study we sampled six land covers: 

páramo, grasslands, burnt grasslands, a forest with a ca. 15-yr old restoration process and a 

<5 yr-old restoration effort. Soil samples had differences in terms of organic carbon, 

nitrogen, and phosphorus levels between land covers. A principal component analysis 

highlighted the significance of pH, exchange acidity, and base saturation percentage in 

explaining soil variation. Seed bank analysis uncovered viable gorse seeds in all land 

covers, showcasing its adaptability to both established ecosystems, in a restoration process 

and burned grasslands. Given that mycorrhizal associations may play a crucial role in 

nutrient uptake, contributing to gorse's ecological success, we used DNA-based analysis 

and qualitative methods to explore the arbuscular mycorrhizae associated with gorse. We 

found 11 different species, three of which belong to Diversispora. Our study sheds light on 

the complex interactions that could aid in gorse’s spread in the mountain ecosystems of 

Colombia. Understanding the impacts of soil composition, seed banks, and mycorrhizal 

associations on gorse colonization contributes to broader knowledge of invasive species 

dynamics. This knowledge is crucial for informing targeted conservation efforts in tropical 

environments, ultimately aiding in the conservation of biodiversity and ecosystem resilience.  
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Introduction 

 

Invasive species are a conservation threat that have caused species extinctions worldwide 

(Sodhi & Ehrlich, 2010). Most invasive species establish populations and significantly impact 

ecosystems. They also compete with native species, often escaping from their native 

herbivores, pathogens, and parasites in their new geographic ranges. Given that species 

invasions can have damaging consequences for the local flora and fauna, deepening our 

understanding of their biology is strategical to deal with them effectively (Foxcroft et al., 

2013). One of the most invasive shrubs in the world is Ulex europaeus (gorse) (Broadfield & 

McHenry, 2019; Lowe et al., 2000); native to western continental Europe and the British 

Islands, it is now found in 50 temperate and tropical countries, causing important economic 

and environmental impacts (Christina et al., 2020; Roberts & Florentine, 2021). Gorse is a 

perennial woody shrub from the legume family (Fabaceae), that can grow up to 7 m, with 

spines along its branches, and can form nitrogen fixing nodules (Díaz & Vargas, 2009; 

Clements et al., 2001). Although gorse has reached all continents, it has been most 

successful in regions where temperature oscillates between 4 °C and 22 °C (Atlan et al., 

2015a; Fenner, 1995) and annual rainfall between 500 and 1500 mm (Broadfield & 

McHenry, 2019).  

 

Several life history traits have contributed to gorse’s successful establishment. Gorse can 

produce up to 18,000 viable seeds annually (Markin et al., 1996), and is able to survive and 

germinate after many decades (> 30 years) in seed banks (Clements et al., 2001; Hill et al., 

2001; Udo et al., 2017). Gorse also has few constraints on recruitment, such as low seed 

predation and herbivory (Mason et al., 2016); it reaches maturity in ca. 18 months; 

germinates and grows quickly; and easily establishes mutualisms with pollinators and soil 

microorganisms (i.e., nitrogen-fixing bacteria). Moreover, above and belowground dispersal 

has been aided by livestock, birds and water, which has increased gorse’s expansion in the 

naturalized range (Bowman et al., 2008; Broadfield & McHenry, 2019; Christina et al., 2020; 

Clements et al., 2001; Hill et al.,1996, 2001; Kariyawasam & Ratnayake, 2019; Sixtus et al., 

2013; Udo et al., 2017). Germination is induced by scarification, heat exposure from fire and 

soil acidity (Ivens, 1983; Udo et al., 2017). Therefore, agroecological disturbances have also 

fostered environments that encourage further invasions. For instance, soil disruptions, fire 

and modifying the vegetation cover are related to an increase in seed germination (Hornoy 

et al., 2012). Fire has not been related with a destruction of the seed bank (e.g., Mason et 

al., 2016; Udo et al., 2017).  

 

https://www.zotero.org/google-docs/?Powvhf
https://www.zotero.org/google-docs/?cadDBz
https://www.zotero.org/google-docs/?cadDBz
https://www.zotero.org/google-docs/?XVQNE1
https://www.zotero.org/google-docs/?XVQNE1
https://www.zotero.org/google-docs/?wyU8Sc
https://www.zotero.org/google-docs/?Jho98W
https://www.zotero.org/google-docs/?Jho98W
https://www.zotero.org/google-docs/?S10A09
https://www.zotero.org/google-docs/?S10A09
https://www.zotero.org/google-docs/?VrlDCP
https://www.zotero.org/google-docs/?qnSDZ2
https://www.zotero.org/google-docs/?qnSDZ2
https://www.zotero.org/google-docs/?juCp3d
https://www.zotero.org/google-docs/?vAxlq0
https://www.zotero.org/google-docs/?vAxlq0
https://www.zotero.org/google-docs/?vAxlq0
https://www.zotero.org/google-docs/?vAxlq0
https://www.zotero.org/google-docs/?vAxlq0
https://www.zotero.org/google-docs/?CHcirM
https://www.zotero.org/google-docs/?VCNXI0
https://www.zotero.org/google-docs/?XK1nlK
https://www.zotero.org/google-docs/?XK1nlK


Gorse was introduced into the highland ecosystems of Colombia and has threatened these 

ecosystems for decades, just as it has in many other countries (Atlan et al., 2015b). The goal 

of introducing gorse was to enclose a water reservoir close to Bogotá, as a cost-effective 

fencing measure (Bagge, 2014; Camargo Joya, 2020; Díaz & Vargas, 2009), but a few years 

later it was found in Andean forests and the páramos (cold weathered ecosystems) of 

Sumapaz, Chingaza and Pisba. The páramo is unique for its high biodiversity (Diazgranados 

& Castellanos Castro, 2021; Diazgranados & Castellanos-Castro, 2017; Hernández-

Lambraño et al., 2017) and for being a natural reservoir (Buytaert et al., 2006; Rada et al., 

2019). However, it is also one of the most fragile, threatened ecosystems by climate change, 

land use cover change and invasive species (Buytaert et al., 2006; Hernández-Lambraño 

et al., 2017; Mollot et al., 2017; Mooney, 2005). Therefore, managing gorse’s expansion into 

highland ecosystems has become one of the top environmental priorities of Colombia due to 

its threat to páramo biodiversity. In addition, the widespread use of fire for the expansion of 

agriculture in the páramo has aided in gorse’s dispersal, while having long lasting seed 

viability makes gorse hard to eradicate (Richardson & Hill, 1998; Roberts & Florentine, 2021; 

Tarayre et al., 2007; Udo et al., 2017).  

 

The invasive ecology of gorse has been well documented in temperate first-world countries 

(Bateman & Vitousek, 2018; Udo et al., 2017). However, very little is known about the 

ecological factors that have aided the establishment and spread of gorse in the tropics. 

Gorse has successfully invaded tropical ecosystems that have climatic conditions that 

resemble its native range. In addition, the high biodiversity of the tropics and the high 

endemicity of ecosystems such as the páramo (Podwojewski & Poulenard, 2005; Waltert 

et al., 2011) has exacerbated the severity of the risk posed by gorse. As far as we are aware 

of, there is only one study that has explored seed morphology and germination patterns of 

gorse in Colombia across an elevational gradient (Osorio Castiblanco, 2019). However, we 

currently do not know if land cover type (e.g., native forest vs. pastures) affects gorse’s 

germination, and if there are any differences between establishment in the Andean Forest 

(lower elevation) versus páramo (higher elevation). In this study, we examined six land 

covers with different degrees of human intervention, collecting soil samples for 

physicochemical and seed bank analyses in each land cover. We also recorded germination 

and seedling growth rate, and tested if the distance from the nearest adult individual had any 

effect. With these data we hypothesized that U. europaeus had higher germination and 

growth rate in disturbed ecosystems (e.g., grasslands, burned grasslands, forests in the 

process of restoration) compared to established ecosystems (páramo and forests). We also 

hypothesized that growing close to an adult could be beneficial due to the associations with 

nitrogen fixing bacteria. We also explored the interaction between gorse and soil 

https://www.zotero.org/google-docs/?VcJYsM
https://www.zotero.org/google-docs/?lI3AHX
https://www.zotero.org/google-docs/?l5ZtoJ
https://www.zotero.org/google-docs/?l5ZtoJ
https://www.zotero.org/google-docs/?l5ZtoJ
https://www.zotero.org/google-docs/?W97UMP
https://www.zotero.org/google-docs/?W97UMP
https://www.zotero.org/google-docs/?MrYX10
https://www.zotero.org/google-docs/?MrYX10
https://www.zotero.org/google-docs/?nIwt39
https://www.zotero.org/google-docs/?nIwt39
https://www.zotero.org/google-docs/?pH3kNW
https://www.zotero.org/google-docs/?XuLOKW
https://www.zotero.org/google-docs/?XuLOKW
https://www.zotero.org/google-docs/?zl2jRk


microorganisms such as mycorrhizae in three of the disturbed land covers. Our hypothesis 

was that gorse associates with a wide diversity of arbuscular mycorrhizae fungi, which could 

aid in its establishment (Aslani et al., 2019; Bunn et al., 2015; Zubek et al., 2016). 

 

Materials and methods 

 

Study site 

Samples were collected in Encenillo Natural Reserve, located in Guasca, Colombia (Fig. 1). 

This reserve has 206 ha, between the elevations of 2800 to 3200 m, with an annual mean 

temperature of 12 ºC (between 4 to 21 ºC), and an annual mean rainfall of 1300 mm (Porras 

Rey, s. f.). The reserve used to be a quarry, but later converted into a protected area in 2006 

(Gutiérrez-Fernandez et al., 2021). There are two main ecosystems in Encenillo: Andean 

Forests and páramo. There are also several areas where active restoration of Andean 

Forest is underway. In these areas, some companies from the private sector have financially 

compensated for their industrial activities by planting designated areas with native plants, as 

well as supporting control plans against invasive species, including gorse (see below).  

 

We sampled six land covers: a forest with a 15-yr old restoration process (RF), forest with 

recent (< 5 yr) restoration (IRF), grassland (GL), forest border (BF), burned grasslands 

(BGL) and páramo ecosystem (PR) (Fig. 1). The highest site was PR at an elevation of 3205 

m. Most sites, except for IRF (at 2931 m.a.s.l.), were at or above 3000 m.a.s.l. In each land 

cover, we chose three sexually mature flowering adult individuals, with a height of at least 50 

cm (except for BGL as there were no individuals; see below for sampling used in this land 

cover). We made a 5 m long transect starting from the base of the individual (Fig. 2). For the 

transects we did not use a set direction. The priority was to sample within the chosen land 

cover, avoiding a cluster of gorse individuals. Gorse growing in the PR site occurred at the 

edge of the land cover, separating the páramo from a grassland. The case of the BGL land 

cover was different from the other five sites. The reserve has been trying to eradicate gorse 

by uprooting adult individuals and burning them afterward. To understand if this measure is 

effective, we sampled three areas where adults were uprooted and started the transects 

from those points randomly. All samples were collected during the rainy season (March-May 

2022). 

https://www.zotero.org/google-docs/?tSKoVW
https://www.zotero.org/google-docs/?kEUmxE
https://www.zotero.org/google-docs/?kEUmxE
https://www.zotero.org/google-docs/?soNbBp


 

Fig. 1. Map of the study area. The natural reserve Encenillo is located in the Cundinamarca 

Department of Colombia. The reserve is delimited by a yellow line, and the sampled land 

covers are labeled with blue dots corresponding to: Grassland (GL), Burnt grassland (BGL), 



Forest with a 15-yr old restoration process (RF), Forest with recent (<5 yr) restoration (IRF), 

Forest border (BF) and Páramo (PR).  

 

Soil samples 

We collected and analyzed one compound soil sample on each land cover. We measured P, 

N, and organic carbon (OC), pH, exchange acidity saturation percentage (EAS, %), base 

saturation percentage (BS, %) and effective cation exchange capacity (ECEC). To 

understand if there is an increased input in OC under gorse, we analyzed an additional 36 

samples: six sampling locations, three adult individuals, and two points per individual (below 

the adult plant at 0 m and at 5 m)(Fig. 2). Given that gorse has associations with nitrogen-

fixing bacteria, we analyzed 15 soil samples for total N content. These samples were 

collected below the adult individuals, except for the BGL site (no adults). To analyze soil 

composition, we used a Principal Component Analysis (PCA) using RStudio (RStudio Team, 

2020) and the packages FactoMineR (Lê et al., 2008) and factoextra (Kassambara, 2016). 

Organic carbon and nitrogen were compared using an ANOVA.  

 

Seed banks 

We collected three soil samples along the transects: right below the adult individual (0 m), at 

2.5 and at 5 m (Fig. 2). We wanted to understand if there was an influence (positive or 

negative) of the closest adult individual on seed density and/or germination. Before potting 

the soil samples in a greenhouse (Manigua Foundation, at ca. 2700 masl), we removed 

roots and litter and used a soil mixture of 40% rice husk and 60% black soil (soil with a high 

percentage of humus, P and ammonia). In the greenhouse, soil samples were kept at the 

same temperature and humidity. Every week we checked for germinated seeds. As soon as 

we identified gorse seedlings, we measured growth rate every week, for a total of 15 weeks. 

Growth rate (cm week-1) was defined as the total height of the individual (cm), from the 

bottom to the highest leaf, divided by the total number of weeks. We measured growth rate 

in a subset of germinated seedlings, as many died. Additionally, given that not all seedlings 

germinated at the same time, the number of weeks was not the same for each seedling.  

https://www.zotero.org/google-docs/?6tYNp8
https://www.zotero.org/google-docs/?UF1glI


 

Fig 2. Illustration of the sample collection on each of the six land covers. For each land 

cover we made three transects, each one starting at the base of an adult gorse individual. 

The transect consisted of three sample points, one below an adult individual plant (next to 

the trunk), another at 2.5 m from the adult and the last one at 5 m. Soil samples were 

analyzed for organic carbon content.  

 

For the data analysis, we used an NMDS including the soil variables, growth rate and 

germination. This analysis was made in RStudio using the package vegan and setting a 

seed of six for the analysis (Oksanen et al., 2018). For the germination and growth data, we 

tested all data for normality (Shapiro-Wilk test) and equality of variances (Levene’s test) and 

used an ANOVA or Kruskal-Wallis test in the software JASP (JASP Team, 2024). A posthoc 

test (Tukey or Dunn) was applied when necessary. For these data, we compared the 

germination between different land covers and within each land cover, we compared the 

three distance points (0, 2.5 and 5 m).  

 

Root samples 

To study the associations between gorse and arbuscular mycorrhizae (AM), we carefully 

excavated two fine root (< 2 mm) samples of each adult individual used in the transects. One 

sample was used for DNA analysis and the other to calculate mycorrhizal colonization.  

 

DNA analysis 



We conducted an exploratory DNA analysis from three land covers (RF, IRF and GL) in a 

successional trajectory. Given that site heterogeneity may lead to differences in AM 

composition (Ettema & Wardle 2002), we sampled two replicates in the restoration land 

covers, IRF and RF (refered to as IRF 1 and IRF 2 and RF 1 and RF 2). We extracted the 

DNA using the NucleoSpin soil kit (Rischer et al., 2016) and analyzed concentration and 

quality in a Nanodrop. To screen for mycorrhizae, we used the SSU515F & LR5-R primers 

(D’Andreano et al., 2020) which amplify the regions from 18S to 28S, more specifically from 

the V3 region of 18S until the D3 region of 28S. These included the ITS section used to 

identify arbuscular mycorrhizae. The length of this amplification was of 1kb for which we 

used the Q5 (BioLab) enzyme, specialized in long fragments. 

 

Once the fragments were amplified, we prepared the libraries, adapters and barcodes for 

sequencing using Nanopore (MinION MK1B). We demultiplexed to discard sequences with a 

quality lower than seven, as Nanostat recommended (Lee & Burke, 2022). We created the 

reference database using AM sequences from the website database MarjAM (Öpik et al., 

2010) and the Centrifuge software. Once the taxonomic assignment was done, we used 

Rstudio Pavian (Breitwieser & Salzberg, 2020) to graph the relative abundance and we 

calculate the alpha diversity using the Hill numbers with the package iNEXT (Hsieh et al., 

2016; Jost, 2019). 

 

Staining analysis  

To study mycorrhizal colonization, we stained the roots using the methodology described in 

Manoharachary and Kunwar (2002). We analyzed the roots by cutting sections of 0.5 cm at 

each end of the root (tip and end). Root colonization quantification was done by estimating 

the presence or absence of colonization in root segments (hyphae, arbuscules, vesicles and 

internal spores). The percentage of colonization was calculated as: 

 

% 𝐶𝑜𝑙𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑧𝑒𝑑 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠 𝑒𝑥𝑎𝑚𝑖𝑛𝑒𝑑
× 100 

 

Using a LEICA-DM750 4-100x microscope with an eyepiece graticule, we counted the 

number of colonized segments in each unit. After checking for normality and equality of 

variances, we compared the colonization percentage from all samples using a t-test 

(comparing the base and end of the root tip) and an ANOVA (comparing colonization 

between five land covers). Colonization was not conducted for the BGL land cover (no adult 

individuals).  

 

https://www.zotero.org/google-docs/?vjGHjU
https://www.zotero.org/google-docs/?XLEfgJ
https://www.zotero.org/google-docs/?fdW9ro
https://www.zotero.org/google-docs/?KPvhZa
https://www.zotero.org/google-docs/?KPvhZa
https://www.zotero.org/google-docs/?4u1xXe
https://link.springer.com/chapter/10.1007/978-94-017-3209-3_12


Results 

 

Soil composition 

We found that P concentration was higher than 40 mg kg-1 for BGL, GL and IRF, while BF, 

PR, RF had a concentration below 15 mg kg-1 (Table S1). The OC analysis revealed that BF 

was lower than the rest of the land covers (< 7.5%), but there were no differences between 0 

and 5 m (Table S2). BF, IRF and RF had the most acidic pH (lower than 4.5). The exchange 

acidity saturation was higher (> 60%) on five land covers (RF, IRF, GL, BGL and BF) 

compared to PR (30%) (Table S1). In the soil composition PCA (Fig. 3A), we found that 

PCA1 explained 67.4% of the variation and pH, EAS and BS were the principal drivers of 

this axis. Phosphorus was the only variable close to PCA2, which explained 15.6%. 

 

 

Fig. 3. Principal component analysis for A: soil variables, and B: Non-metric 

Multidimensional Scaling analysis (NMDS) with soil variables, and gorse growth rate and 

germination. Abbreviations: Burned grassland (BGL), Grassland (GL), Forest with a 15-yr old 

restoration process (RF), Forest with recent (< 5 yr) restoration (IRF), Forest border (BF), 

Páramo (PR), Cation exchange capacity (ECEC), Base Saturation (BS, %), and 

exchangeable acidity saturation (EAS, %).  

 

For the NMDS analysis (Fig. 3B), the variables closer to NMDS1 were P (99.6%) and BS 

(97.8). NMDS2 had growth (96.8%) and germination (90.4%) (Table S3). We also found that 

RF and BF, and GL and BGL were closer, whereas P and IRF were separated from the 

other land covers. Nitrogen, OC, and pH grouped together, as well as EAS (%) and ECEC. 

Other variables such as germination, growth rate, BS (%) and P were separated from the 

others. Interestingly, growth rate and germination were placed far from P. For the OC 

analysis, we found that BF was significantly different from the other land covers (p < 0.01) 

and had the lowest concentration (mean 6.63 ± 1.22 mg kg-1). There were also no 



differences between distance from the adult individual (0 and 5 m; p > 0.05) in the same land 

cover. For the N analysis, BF had significantly lower values compared to IRF, PR and GL 

(Table S4).  

 

Seed banks 

A total of 134 gorse seeds germinated in all six land covers (Fig S1). Most seeds germinated 

in PR (62), followed by the forest covers (30 in BF, 21 in RF, 16 in IRF) and very few 

germinated in the pastures (4 in GL and 1 in BGL). Seeds started sprouting in week one, 

and the first set of leaves appeared in week six. The RF and BF had a germination peak in 

the 10th week, GL and BGL peaked in the 9th, whereas PR and IRF had their peak on the 

7th and 8th week, respectively. Gorse germination was significantly different between land 

covers (H = 14.76; p = 0.011). Germination in PR and BF was significantly higher than GL 

and BGL (p < 0.001 and p < 0.05, respectively) (Fig S1). Although most seeds tended to 

germinated under the adult individuals (0 m; except for BGL), when comparing within each 

land cover (at 0, 2.5 and 5 m) and distances between all land covers, we found no significant 

differences (p > 0.05) (Tables S4, S5). Therefore, germination was not affected by the 

distance from an adult.  

 

We measured growth rate in 28 seedlings in PR, 15 BF, 8 RF, 10 IRF and 2 in GL. Growth 

rate did not significantly change when comparing land cover and distance from the adult (p > 

0.01) (Tables S4, S6).  

 

Roots samples 

Mycorrhizal diversity 

We identified 11 species of arbuscular mycorrhizae, of which three belonged to the genus 

Diversispora (Fig. 4). In almost all samples we found Gigaspora margarita and Geosiphon 

pyriformis. Paraglomus occultum was found in the RF and GL, whereas Acaulospora 

brasiliensis, Diversispora spp., Funneliformis mossaea and Rhizophagus cf. irregularis were 

only found in the RF. Interestingly, there were composition differences between the samples 

in the RF land cover, where RF 2 was more similar to IRF 2. Based on these preliminary 

results, the Hill numbers in all the samples did not differ much except for the richness in RF 

2, which was 10 effective species (the other samples had 2-3 species; Table 1). With regard 

to the variance (Shannon) and dominance (Simpson) the number of effective species was 

2.13 ± 0.41 for Shannon and 1.81 ± 0.29 for Simpson.  

 



 

Fig 4. Relative abundance and taxonomic classification of arbuscular mycorrhizae found in 

gorse roots samples. We sampled three land covers: Forest with recent (< 5 yr) restoration 

(IRF), Forest with a 15-yr old restoration process (RF), and Grassland (GL). Two samples 

were collected from IRF and RF, which refer to IRF 1 and IRF 2 and RF 1 and RF 2, 

respectively. 

 

Table 1. Alpha diversity calculated for each sample using the Hill numbers (Richness q=0, 

Shannon q=1 and Simpson q=2). Land covers: Forest with recent (< 5 yr) restoration (IRF), 

Forest with a 15-yr old restoration process (RF), and Grassland (GL). 

Land cover Shannon (q=1) Simpson (q=2) Richness (q=0) 

 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 

IRF 1.89  2.25  1.80  2.10  2 3 

RF 2  2.60  2  1.83  2 10 

GL  1.65  1.34  3  

 

Mycorrhizal colonization 

Percent colonization was generally lower at the root base (7.83 ± 7.69) than the root tip 

(13.31 ± 10.44) but there were no significant differences between sections (p > 0.01). There 

were also no significant differences in colonization between land covers (p > 0.01) (Table 2; 

Tables S4, S6). Arbuscular mycorrhizae colonized roots in the five land covers sampled.  



 

Table 2. Colonization percentage for each land cover: Grassland (GL), Forest with a 15-yr 

old restoration process (RF), Forest with recent (< 5 yr) restoration (IRF), Forest border (BF), 

Páramo (PR). Standard deviation (SD). 

Root 

segment 

GL 

Mean +/- SD 

RF 

Mean +/- SD 

IRF 

Mean +/- SD 

BF 

Mean +/- SD 

PR 

Mean +/- SD 

Root base 15.44 ± 12.32 0.91 ± 0.82 6.32 ± 5.07 7.1 ± 6.92 9.37 ± 4.65 

Root tip 7.66 ± 6.0 14.29 ± 20.39 13 ± 1.90 18.37 ± 11.33 13.23 ± 9.55 

 

Discussion 

 

The invasion of gorse (Ulex europaeus) has raised concerns around the world due to its 

speed of colonization and its impact on native biodiversity (Hernández-Lambraño et al., 

2017; Lowe et al., 2000; Roberts & Florentine, 2021). Our study wanted to elucidate the 

mechanisms contributing to gorse's success as an invasive species in Colombia by 

investigating gorse germination and seedling growth, as well as mycorrhizal associations in 

six land covers. Our first hypothesis, stating that there would be higher germination and 

growth rate in disturbed ecosystems was not supported by our results. Seeds were found in 

all land covers, with significantly higher germination in páramo ecosystem (PR) and forest 

border (BF) and lower in grasslands (GL) and burned grasslands (BGL). Soil characteristics, 

such as OC and N do not seem to have an effect on seed germination, given that OC and N 

were lowest in the BF land cover. Distance from the adult individual did not contribute to 

higher germination or growth rate. For our second hypothesis, we found that gorse 

associated with several species of arbuscular mycorrhizae (AM) and Gigaspora margarita 

and Geosiphon pyriformis were the most common and abundant. This is the first 

approximation to identify the AM associated with gorse, at least in the tropics. 

 

Soil Composition and Seed banks 

The principal component analysis (PCA) highlighted the importance of pH, exchange acidity, 

and base saturation percentage in explaining soil variation (Bateman & Vitousek, 2018; 

Neina, 2019). These variations may influence gorse establishment and growth, since despite 

its adaptation to a wide range of acidity, gorse may benefit from less acidic soils (Grime 

et al., 2014). Soil composition analyses revealed differences in OC, N, and P levels between 

different land covers as found in other studies (e.g., Kooch & Noghre, 2020; Ngo-Mbogba 

et al., 2015). The site located at the border of the mature forest exhibited significantly lower 

https://www.zotero.org/google-docs/?NZJ3Vd
https://www.zotero.org/google-docs/?NZJ3Vd
https://www.zotero.org/google-docs/?uTUVwA
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https://www.zotero.org/google-docs/?m2xR5Y
https://www.zotero.org/google-docs/?m2xR5Y
https://www.zotero.org/google-docs/?iqQrc0
https://www.zotero.org/google-docs/?iqQrc0


OC and N concentrations. It has been shown that higher OC availability may facilitate 

nutrient uptake by symbionts, such as N or phosphorus, which in turn may help gorse 

establish in different ecosystems (Aslani et al., 2019; Soong et al., 2019). Therefore, we 

need further studies exploring the  AM mycorrhizae associated with gorse and evaluate if 

they have any effect in seedling establishment. 

 

In our seed bank analysis, we found viable gorse seeds in most land covers. However, 

seeds germinated less in burned grasslands. This highlights the plant's resilience to various 

environments outside its native range, just like other invasive plants such as french groom 

(Herrera et al., 2011). However, it also highlights that burning is an effective way to control 

gorse’s spread. In addition, these findings may also suggest that gorse may be using both 

methods of seed dispersal (shorter- and longer distance) as there were no differences on the 

gorse germination when comparing distances (Fenner, 1995). This would allow gorse to 

establish seed banks in different habitats.  

 

Portilla Yela (2019) found that gorse produces fewer seeds at lower elevations but has a 

higher germination rate than at higher elevations. We found a different pattern where more 

seeds germinated at higher elevations, such as in the páramo site. It is widely recognized 

that higher biodiversity in an ecosystem contributes to resistance against invasive species 

(Gamfeldt et al., 2008). Nevertheless, we found that gorse exhibited consistent germination 

in páramo and forests with different restoration processes. This adaptability may be 

attributed to the ca. 80 years of gorse in these land covers, allowing populations to establish 

over time. The presence of viable gorse seeds in diverse land covers suggests the 

importance of understanding and managing seed banks to control proliferation.  

 

Mycorrhizal Associations 

Mycorrhizal associations play a crucial role in plant nutrient uptake and contribute 

significantly to ecosystem functioning (Philippot et al., 2013). The mycorrhizal diversity DNA 

analysis revealed multiple species associated with gorse roots, especially in the genus 

Diversispora. Associations with AM were suggested by several authors (Grime et al., 2014; 

Hume, 1993; Reid, 1973) but the information on this topic is limited and needs further 

research. The restored forest exhibited the highest mycorrhizal diversity, which emphasizes 

the importance of land covers in shaping belowground interactions (Bonfim et al., 2013). 

Interestingly, one of the most common species, Gigaspora margarita is widespread, 

colonizes different land covers (Fernandes et al., 2016), had not been reported in Colombia 

(https://redlist.info/iucn/species_view/314488/), and also associates with agricultural plants 

(Schenck & Kinloch, 1980). In this study we provide a first exploration of AM fungi 

https://www.zotero.org/google-docs/?DPoIQK
https://www.zotero.org/google-docs/?KnkRIO
https://www.zotero.org/google-docs/?YaQUhk
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associated with gorse. We need further studies exploring the AM relationships in more land 

covers and understand if gorse associates with whichever AM is present in a given land 

cover. There was also high heterogeneity in the AM diversity (Fig. 4). Sampling effort and 

soil heterogeneity can affect AM diversity (Ettema & Wardle 2002; Whitcomb & Stutz, 2007). 

A study conducted in Arizona estimated that 15 samples would be needed to detect 70-80% 

of the AM species in a given plot (Whitcomb & Stutz, 2007).  

 

While no significant differences were observed in mycorrhizal colonization between land 

covers or root segments, the consistent presence of mycorrhizae across all sites suggests a 

potential role in facilitating gorse establishment. In particular, the hypothesis of tripartite 

symbiosis, involving plant's associations with both mycorrhizae and nitrogen-fixing bacteria 

in nodules, could explain the uniformity in mycorrhizal abundance and diversity observed 

among different land covers (Herrera et al., 2022; Kafle, 2018; Wilgan, 2021). We also need 

further studies exploring AM associations in seedlings to understand if this association could 

be aiding in their establishment and colonization.  

 

Our investigation sheds light on some of the complex interactions which may be influencing 

gorse spread in the mountain ecosystems of Colombia. While the factors driving gorse 

success globally are known (Hill et al., 2008), our study reveals that we need region-specific 

studies to guide conservation practices. Future research is recommended to study the 

persistence of seed banks and its implications. This exploration might delve into factors such 

as the protective role of the seed coat and the response of seed dormancy to environmental 

changes, as suggested by Lacerda et al. (2004). Additionally, examining gorse's 

associations with bacteria and fungi, could uncover new species associated with gorse and 

elucidate whether gorse introduces novel microorganisms to ecosystems or associates with 

existing ones. We highly encourage further explorations on interactions and their 

implications for biodiversity conservation and ecosystem resilience. The presence of viable 

seeds in diverse land covers and associations with AM highlights the importance of 

understanding and managing seed banks to control the invasion, given that AM associations 

could be helping gorse colonize habitats. Finally, conducting comparative studies on a larger 

scale, and contrasting undisturbed with disturbed ecosystems, could provide valuable 

insights into the broader ecological implications of gorse invasion.  

 

Data Availability  

The raw dataset and scripts to reproduce the analyses are available at:  

https://osf.io/4hwxd/?view_only=141a207c444947e8abb1082efb48b27d  

 

https://www.zotero.org/google-docs/?c1LHoT
https://www.zotero.org/google-docs/?kREdH4


References 

1. ArcGIS [GIS software]. Version 10.0. Redlands, CA: Environmental Systems 

Research Institute, Inc., 2010. 

2. Aslani, F., Juraimi, A. S., Ahmad-Hamdani, M. S., Alam, M. A., Hasan, M. M., 

Hashemi, F. S. G., & Bahram, M. (2019). The role of arbuscular mycorrhizal fungi in 

plant invasion trajectory. Plant and Soil, 441(1), 1-14. https://doi.org/10.1007/s11104-

019-04127-5 

3. Atlan, A., Hornoy, B., Delerue, F., Gonzalez, M., Pierre, J.-S., & Tarayre, M. (2015a). 

Phenotypic Plasticity in Reproductive Traits of the Perennial Shrub Ulex europaeus in 

Response to Shading: A Multi-Year Monitoring of Cultivated Clones. PLOS ONE, 

10(9), e0137500. https://doi.org/10.1371/journal.pone.0137500 

4. Atlan, A., Schermann-Legionnet, A., Udo, N., & Tarayre, M. (2015b). Self-

Incompatibility in Ulex europaeus: Variations in Native and Invaded Regions. 

International Journal of Plant Sciences, 176(6), 515-524. 

https://doi.org/10.1086/681669 

5. Bagge, M. (2014, marzo 19). Valuable ally or invading army? The ambivalence of 

gorse in New Zealand, 1835-1900. Australian & Aotearoa New Zealand 

Environmental History Network. https://www.environmentalhistory-au-

nz.org/2014/03/valuable-ally-or-invading-army-the-ambivalence-of-gorse-in-new-

zealand-1835-1900/ 

6. Bateman, J. B., & Vitousek, P. M. (2018). Soil fertility response to Ulex europaeus 

invasion and restoration efforts. Biological Invasions, 20(10), 2777-2791. 

https://doi.org/10.1007/s10530-018-1729-9 

7. Bonfim, J. A., Vasconcellos, R. L. F., Stürmer, S. L., & Cardoso, E. J. B. N. (2013). 

Arbuscular mycorrhizal fungi in the Brazilian Atlantic forest: A gradient of 

environmental restoration. Applied Soil Ecology, 71, 7-14. 

https://doi.org/10.1016/j.apsoil.2013.04.005 

8. Bowman, G., Tarayre, M., & Atlan, A. (2008). How is the invasive gorse Ulex 

europaeus pollinated during winter? A lesson from its native range. Plant Ecology, 

197(2), 197-206. https://doi.org/10.1007/s11258-007-9370-1 

9. Breitwieser, F. P., & Salzberg, S. L. (2020). Pavian: Interactive analysis of 

metagenomics data for microbiome studies and pathogen identification. 

Bioinformatics, 36(4), 1303-1304. https://doi.org/10.1093/bioinformatics/btz715 

10. Broadfield, N., & McHenry, M. T. (2019). A World of Gorse: Persistence of Ulex 

europaeus in Managed Landscapes. Plants, 8(11), Article 11. 

https://doi.org/10.3390/plants8110523 

https://doi.org/10.1007/s11104-019-04127-5
https://doi.org/10.1007/s11104-019-04127-5
https://doi.org/10.1371/journal.pone.0137500
https://doi.org/10.1086/681669
https://www.environmentalhistory-au-nz.org/2014/03/valuable-ally-or-invading-army-the-ambivalence-of-gorse-in-new-zealand-1835-1900/
https://www.environmentalhistory-au-nz.org/2014/03/valuable-ally-or-invading-army-the-ambivalence-of-gorse-in-new-zealand-1835-1900/
https://www.environmentalhistory-au-nz.org/2014/03/valuable-ally-or-invading-army-the-ambivalence-of-gorse-in-new-zealand-1835-1900/
https://doi.org/10.1007/s10530-018-1729-9
https://doi.org/10.1016/j.apsoil.2013.04.005
https://doi.org/10.1007/s11258-007-9370-1
https://doi.org/10.1093/bioinformatics/btz715
https://doi.org/10.3390/plants8110523


11. Bunn, R. A., Ramsey, P. W., & Lekberg, Y. (2015). Do native and invasive plants 

differ in their interactions with arbuscular mycorrhizal fungi? A meta-analysis. Journal 

of Ecology, 103(6), 1547-1556. https://doi.org/10.1111/1365-2745.12456 

12. Buytaert, W., Célleri, R., De Bièvre, B., Cisneros, F., Wyseure, G., Deckers, J., & 

Hofstede, R. (2006). Human impact on the hydrology of the Andean páramos. Earth-

Science Reviews, 79(1), 53-72. https://doi.org/10.1016/j.earscirev.2006.06.002 

13. Camargo Joya, A. S. (2020). Manejo de retamo espinoso (ulex europaeus) en la 

Vereda la Quinta en la ciudad de Duitama-Boyacá. 

https://repositorio.uptc.edu.co//handle/001/3419 

14. Christina, M., Limbada, F., & Atlan, A. (2020). Climatic niche shift of an invasive 

shrub (Ulex europaeus): A global scale comparison in native and introduced regions. 

Journal of Plant Ecology, 13(1), 42-50. https://doi.org/10.1093/jpe/rtz041 

15. Clements, D. R., Peterson, D. J., & Prasad, R. (2001). The biology of Canadian 

weeds. 112. Ulex europaeus L. Canadian Journal of Plant Science, 81(2), 325-337. 

https://doi.org/10.4141/P99-128 

16. D’Andreano, S., Cuscó, A., & Francino, O. (2020). Rapid and real-time identification 

of fungi up to species level with long amplicon nanopore sequencing from clinical 

samples. Biology Methods and Protocols, 6(1), bpaa026. 

https://doi.org/10.1093/biomethods/bpaa026 

17. Díaz, A., & Vargas, O. (2009). Rasgos de historia de vida y ecología de las 

invasiones de Ulex europaeus (pp. 59-67). 

18. Diazgranados, M., & Castellanos Castro, C. (2021). Frailejones en peligro. Instituto 

de Investigación de Recursos Biológicos Alexander von Humboldt. 

http://repository.humboldt.org.co/handle/20.500.11761/35925 

19. Diazgranados, M., & Castellanos-Castro, C. (2017). Conversatorio sobre frailejones 

de Colombia: Revisión del estado de conservación y amenaza. reponame: 

Repositorio Institucional de Documentación Científica Humboldt. 

http://repository.humboldt.org.co/handle/20.500.11761/34987 

20. Ettema, C. H., Wardle, D. A. (2002) Spatial soil ecology. Trends Ecol Evol 17:177–

183. 

21. Fenner, M. (1995). Ecology of Seed Banks. In Seed Development and Germination. 

Routledge. 

22. Fernandes, R. A., Ferreira, D. A., Saggin-Junior, O. J., Stürmer S. L., Paulino, H. B., 

Siqueira, J. O., Carbone Carneiro, M. A. (2016). Occurrence and species richness of 

mycorrhizal fungi in soil under different land use. Canadian Journal of Soil Science, 

96, 271-280. https://doi.org/10.1139/cjss-2015-0011 

https://doi.org/10.1111/1365-2745.12456
https://doi.org/10.1016/j.earscirev.2006.06.002
https://repositorio.uptc.edu.co/handle/001/3419
https://doi.org/10.1093/jpe/rtz041
https://doi.org/10.4141/P99-128
https://doi.org/10.1093/biomethods/bpaa026
http://repository.humboldt.org.co/handle/20.500.11761/35925
http://repository.humboldt.org.co/handle/20.500.11761/34987
https://doi.org/10.1139/cjss-2015-0011


23. Foxcroft, L. C., Pyšek, P., Richardson, D. M., & Genovesi, P. (2013). Plant Invasions 

in Protected Areas: Patterns, Problems and Challenges. Springer Science & 

Business Media. 

24. Gamfeldt, L., Hillebrand, H., & Jonsson, P. R. (2008). Multiple Functions Increase the 

Importance of Biodiversity for Overall Ecosystem Functioning. Ecology, 89(5), 1223-

1231. https://doi.org/10.1890/06-2091.1 

25. Grime, J. P., Hodgson, J. G., & Hunt, R. (2014). Comparative Plant Ecology: A 

Functional Approach to Common British Species. Springer. 

26. Gutiérrez-Fernandez, L. F., Martínez-Daza, S., Gómez Acosta, C., Gil Perez, V., & 

Cabezas Pinzón, L. (2021). Cálculo de la capacidad de carga y capacidad de 

acogida turística multicriterio para la reserva biológica El Encenillo, Guasca, 

Cundinamarca, Colombia. https://doi.org/10.14198/INTURI2021.21.11 

27. Hernández-Lambraño, R. E., González-Moreno, P., & Sánchez-Agudo, J. Á. (2017). 

Towards the top: Niche expansion of Taraxacum officinale and Ulex europaeus in 

mountain regions of South America. Austral Ecology, 42(5), 577-589. 

https://doi.org/10.1111/aec.12476 

28. Herrera, A. M., Carruthers, R. I., & Mills, N. J. (2011). Introduced populations of 

Genista monspessulana (French broom) are more dense and produce a greater seed 

rain in California, USA, than native populations in the Mediterranean Basin of 

Europe. Biological Invasions, 13(2), 369-380. https://doi.org/10.1007/s10530-010-

9829-1 

29. Herrera, H., Fuentes, A., Ortiz, J., Soto, J., da Silva Valadares, R. B., Salas-Eljatib, 

C., & Arriagada, C. (2022). Root-associated endophytes isolated from juvenile Ulex 

europaeus L. (Fabaceae) plants colonizing rural areas in South-Central Chile. Plant 

and Soil, 474(1), 181-193. https://doi.org/10.1007/s11104-022-05324-5 

30. Hill, R., Gourlay, A., Lee, W. G., & Wilson, J. B. (1996). Dispersal of seeds under 

isolated gorse plants and the impact of seed-feeding insects. Proceedings of the New 

Zealand Plant Protection Conference, 49, 114-118. 

https://doi.org/10.30843/nzpp.1996.49.11440 

31. Hill, R. L., Gourlay, A. H., & BARKER, R. J. (2001). Survival of Ulex europaeus seeds 

in the soil at three sites in New Zealand. New Zealand Journal of Botany, 39(2), 235-

244. https://doi.org/10.1080/0028825X.2001.9512734 

32. Hill, R. L., Ireson, J., Sheppard, A. W., Gourlay, A. H., Norambuena, H., Markin, G. 

P., Kwong, R., & Coombs, E. M. (2008). A global view of the future for biological 

control of gorse, Ulex europaeus L. Proceedings of the XII International Symposium 

on Biological Control of Weeds, La Grande Motte, France, 22-27 April, 2007, 680-

686. https://doi.org/10.1079/9781845935061.0680 

https://doi.org/10.1890/06-2091.1
https://doi.org/10.14198/INTURI2021.21.11
https://doi.org/10.1111/aec.12476
https://doi.org/10.1007/s10530-010-9829-1
https://doi.org/10.1007/s10530-010-9829-1
https://doi.org/10.1007/s11104-022-05324-5
https://doi.org/10.30843/nzpp.1996.49.11440
https://doi.org/10.1080/0028825X.2001.9512734
https://doi.org/10.1079/9781845935061.0680


33. Hornoy, B., Atlan, A., Tarayre, M., Dugravot, S., & Wink, M. (2012). Alkaloid 

concentration of the invasive plant species Ulex europaeus in relation to geographic 

origin and herbivory. Naturwissenschaften, 99(11), 883-892. 

https://doi.org/10.1007/s00114-012-0970-9 

34. Hsieh, T. C., Ma, K. H., & Chao, A. (2016). iNEXT: An R package for rarefaction and 

extrapolation of species diversity (Hill numbers). Methods in Ecology and Evolution, 

7(12), 1451–1456. https://doi.org/10.1111/2041-210X.12613 

35. Hume, L. J. (1993). Edaphic adaptation of gorse (Ulex europaeus L.) [Lincoln 

University]. https://hdl.handle.net/10182/1500 

36. Ivens, G. W. (1983). The influence of temperature on germination of gorse (Ulex 

europaeus L.). Weed Research, 23(4), 207-216. https://doi.org/10.1111/j.1365-

3180.1983.tb00539.x 

37. JASP Team (2024). JASP (Version 0.18.3) [Computer software]. Retrieved from, 

https://jasp-stats.org/. 

38. Jost, L. (2019). What do we mean by diversity? The path towards quantification. 

Mètode Science Studies Journal, 9, 55–61. 

39. Kafle, A. (2018). Tripartite Interactions of Legumes with Arbuscular Mycorrhizal Fungi 

and Rhizobial Bacteria: Insight into Plant Growth, Seed Yield, and Resource 

Exchange - ProQuest. 

https://www.proquest.com/openview/475eb3a4990dbc16e29aec09ade663a6/1?pq-

origsite=gscholar&cbl=18750&diss=y 

40. Kariyawasam, C., & Ratnayake, S. (2019). Reproductive biology of gorse, Ulex 

europaeus (Fabaceae) in the Mount Lofty Ranges of South Australia and Sri Lanka. 

Reproductive biology, 145-152. 

41. Kassambara, A. (2016). Factoextra: Extract and visualize the results of multivariate 

data analyses. R Package Version, 1. https://cir.nii.ac.jp/crid/1370004235968325765 

42. Kooch, Y., & Noghre, N. (2020). Nutrient cycling and soil-related processes under 

different land covers of semi-arid rangeland ecosystems in northern Iran. CATENA, 

193, 104621. https://doi.org/10.1016/j.catena.2020.104621 

43. Lacerda, D. R., Filho, J. P. L., Goulart, M. F., Ribeiro, R. A., & Lovato, M. B. (2004). 

Seed-dormancy variation in natural populations of two tropical leguminous tree 

species: Senna multijuga (Caesalpinoideae) and Plathymenia reticulata 

(Mimosoideae). Seed Science Research, 14(2), 127-135. 

https://doi.org/10.1079/SSR2004162 

44. Lê, S., Josse, J., & Husson, F. (2008). FactoMineR: An R Package for Multivariate 

Analysis. Journal of Statistical Software, 25, 1-18. 

https://doi.org/10.18637/jss.v025.i01 

https://doi.org/10.1007/s00114-012-0970-9
https://doi.org/10.1111/2041-210X.12613
https://hdl.handle.net/10182/1500
https://doi.org/10.1111/j.1365-3180.1983.tb00539.x
https://doi.org/10.1111/j.1365-3180.1983.tb00539.x
https://jasp-stats.org/
https://www.proquest.com/openview/475eb3a4990dbc16e29aec09ade663a6/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/475eb3a4990dbc16e29aec09ade663a6/1?pq-origsite=gscholar&cbl=18750&diss=y
https://cir.nii.ac.jp/crid/1370004235968325765
https://doi.org/10.1016/j.catena.2020.104621
https://doi.org/10.1079/SSR2004162
https://doi.org/10.18637/jss.v025.i01


45. Lee, S. C.-H., & Burke, P. J. (2022). NanoStat: An open source, fully wireless 

potentiostat. Electrochimica Acta, 422, 140481. 

https://doi.org/10.1016/j.electacta.2022.140481 

46. Lowe, S., Browne, M., Boudjelas, S., & De Poorter, M. (Eds.). (2000). 100 of the 

World’s Worst Invasive Alien Species: A Selection From The Global Invasive Species 

Database. In Encyclopedia of Biological Invasions (pp. 715-716). University of 

California Press. https://doi.org/10.1525/9780520948433-159 

47. Manoharachary, C., & Kunwar, I. K. (2002). Root—Clearing Techniques and 

Quantification of Arbuscular Mycorrhizal Fungi. In K. G. Mukerji, C. Manoharachary, 

& B. P. Chamola (Eds.), Techniques in Mycorrhizal Studies (pp. 231-248). Springer 

Netherlands. https://doi.org/10.1007/978-94-017-3209-3_12 

48. Markin, G. P., Yoshioka, E. R., & Conant, P. (1996). Biological control of gorse in 

Hawaii: A program review. 

49. Mason, N., Mudge, P., Palmer, D., McLeod, M., Ausseil, A.-G., & Dymond, J. (2016). 

Catchment-scale contribution of invasive nitrogen fixing shrubs to nitrate leaching: A 

scoping study. Journal of the Royal Society of New Zealand, 46(2), 85-102. 

https://doi.org/10.1080/03036758.2015.1127261 

50. Mollot, G., Pantel, J. H., & Romanuk, T. N. (2017). Chapter Two - The Effects of 

Invasive Species on the Decline in Species Richness: A Global Meta-Analysis. In D. 

A. Bohan, A. J. Dumbrell, & F. Massol (Eds.), Advances in Ecological Research (Vol. 

56, pp. 61-83). Academic Press. https://doi.org/10.1016/bs.aecr.2016.10.002 

51. Mooney, H. A. (2005). Invasive Alien Species: A New Synthesis. Island Press. 

52. Neina, D. (2019). The Role of Soil pH in Plant Nutrition and Soil Remediation. 

Applied and Environmental Soil Science, 2019, e5794869. 

https://doi.org/10.1155/2019/5794869 

53. Ngo-Mbogba, M., Yemefack, M., & Nyeck, B. (2015). Assessing soil quality under 

different land cover types within shifting agriculture in South Cameroon. Soil and 

Tillage Research, 150, 124-131. https://doi.org/10.1016/j.still.2015.01.007 

54. Öpik, M., Vanatoa, A., Vanatoa, E., Moora, M., Davison, J., Kalwij, J. M., Reier, Ü., & 

Zobel, M. (2010). The online database MaarjAM reveals global and ecosystemic 

distribution patterns in arbuscular mycorrhizal fungi (Glomeromycota). New 

Phytologist, 188(1), 223-241. https://doi.org/10.1111/j.1469-8137.2010.03334.x 

55. Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’hara, R.B., 

Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagner, H. and Oksanen, M.J. 

(2018). Package ‘vegan’. Community ecology package, version, 2(3). 

56. Osorio Castiblanco, D. F. (2019). Análisis de plasticidad funcional del retamo 

espinoso (Ulex europaeus) a lo largo de un gradiente altitudinal y comparación de 

https://doi.org/10.1016/j.electacta.2022.140481
https://doi.org/10.1525/9780520948433-159
https://doi.org/10.1007/978-94-017-3209-3_12
https://doi.org/10.1080/03036758.2015.1127261
https://doi.org/10.1016/bs.aecr.2016.10.002
https://doi.org/10.1155/2019/5794869
https://doi.org/10.1016/j.still.2015.01.007
https://doi.org/10.1111/j.1469-8137.2010.03334.x


sus propiedades físico-bioquímicas con el retamo liso (genista monspessulana). 

http://hdl.handle.net/1992/39393 

57. Philippot, L., Raaijmakers, J. M., Lemanceau, P., & van der Putten, W. H. (2013). 

Going back to the roots: The microbial ecology of the rhizosphere. Nature Reviews 

Microbiology, 11(11), 789-799. https://doi.org/10.1038/nrmicro3109 

58. Podwojewski, P., & Poulenard, J. (2005). Paramos Soils. In Encyclopedia of Soil 

Science—Two-Volume Set (2.a ed.). CRC Press. 

59. Porras Rey, A. M. (s. f.). Reserva Biológica Encenillo. Fundación Natura Colombia. 

Recuperado 25 de enero de 2024, de https://natura.org.co/reservas/reserva-

biologica-encenillo/ 

60. Portilla Yela, J. (2019). The invasive species Ulex europaeus modifies its seeds 

morphology and germination pattern as it moves up along an elevation gradient. 

http://hdl.handle.net/1992/45420 

61. Rada, F., Azócar, A., & García-Núñez, C. (2019). Plant functional diversity in tropical 

Andean páramos. Plant Ecology & Diversity, 12(6), 539-553. 

https://doi.org/10.1080/17550874.2019.1674396 

62. Reid, T. C. (1973). Nitrogen fixation by Ulex europaeus (gorse) and Cytisus 

scoparius (broom) [Lincoln College, University of Canterbury]. 

https://hdl.handle.net/10182/1827 

63. Richardson, R. G., & Hill, R. (1998). The biology of Australian weeds. 34. Ulex 

europaeus L. Plant protection quarterly. https://www.semanticscholar.org/paper/The-

biology-of-Australian-weeds.-34.-Ulex-europaeus-Richardson-

Hill/97a68002ecc6ca351827cbaec7a12b32338b8762 

64. Rischer, M., Neumann, R., & Domey, S. (2016, febrero). DNA Extraction from Fungi 

Environmental Field Samples: Comparing the Maxwell 16 Instrument to the 

InnuSpeed Bacteria/Fungi DNA Kit and the NucleoSpin Soil Kit. 

https://worldwide.promega.com/resources/pubhub/dna-extraction-from-fungi-

environmental-field-samples/ 

65. Roberts, J., & Florentine, S. (2021). Biology, distribution and control of the invasive 

species Ulex europaeus (Gorse): A global synthesis of current and future 

management challenges and research gaps. Weed Research, 61(4), 272-281. 

https://doi.org/10.1111/wre.12491 

66. RStudio Team (2020). RStudio: Integrated Development for R. Boston, MA: RStudio, 

Inc. Available online at: http://www.rstudio.com/ 

67. Schenck, N. C., & Kinloch, R. A. (1980). Incidence of Mycorrhizal Fungi on Six Field 

Crops in Monoculture on A Newly Cleared Woodland Site. Mycologia, 72(3), 445–

456. https://doi.org/10.1080/00275514.1980.12021206 

http://hdl.handle.net/1992/39393
https://doi.org/10.1038/nrmicro3109
https://natura.org.co/reservas/reserva-biologica-encenillo/
https://natura.org.co/reservas/reserva-biologica-encenillo/
http://hdl.handle.net/1992/45420
https://doi.org/10.1080/17550874.2019.1674396
https://hdl.handle.net/10182/1827
https://www.semanticscholar.org/paper/The-biology-of-Australian-weeds.-34.-Ulex-europaeus-Richardson-Hill/97a68002ecc6ca351827cbaec7a12b32338b8762
https://www.semanticscholar.org/paper/The-biology-of-Australian-weeds.-34.-Ulex-europaeus-Richardson-Hill/97a68002ecc6ca351827cbaec7a12b32338b8762
https://www.semanticscholar.org/paper/The-biology-of-Australian-weeds.-34.-Ulex-europaeus-Richardson-Hill/97a68002ecc6ca351827cbaec7a12b32338b8762
https://worldwide.promega.com/resources/pubhub/dna-extraction-from-fungi-environmental-field-samples/
https://worldwide.promega.com/resources/pubhub/dna-extraction-from-fungi-environmental-field-samples/
https://doi.org/10.1111/wre.12491
http://www.rstudio.com/


68. Sixtus, C. R., Hampton, J. G., Glare, T., & Hill, G. D. (2013). Is the gorse pod moth 

an effective biocontrol agent of gorse in New Zealand? Asian-Pacific Weed Science 

Society. https://hdl.handle.net/10182/6906 

69. Sodhi, N. S., & Ehrlich, P. R. (2010). Conservation Biology for All. Oxford University 

Press. 

70. Soong, J. L., Fuchslueger, L., Marañon-Jimenez, S., Torn, M. S., Janssens, I. A., 

Penuelas, J., & Richter, A. (2019). Microbial carbon limitation: The need for 

integrating microorganisms into our understanding of ecosystem carbon cycling. 

Global Change Biology, 26(4), 1953-1961. https://doi.org/10.1111/gcb.14962 

71. Tarayre, M., Bowman, G., Schermann-Legionnet, A., Barat, M., & Atlan, A. (2007). 

Flowering phenology of Ulex europaeus: Ecological consequences of variation within 

and among populations. Evolutionary Ecology, 21(3), 395-409. 

https://doi.org/10.1007/s10682-006-9109-9 

72. Udo, N., Tarayre, M., & Atlan, A. (2017). Evolution of germination strategy in the 

invasive species Ulex europaeus. Journal of Plant Ecology, 10(2), 375-385. 

https://doi.org/10.1093/jpe/rtw032 

73. Waltert, M., Bobo, K. S., Kaupa, S., Montoya, M. L., Nsanyi, M. S., & Fermon, H. 

(2011). Assessing Conservation Values: Biodiversity and Endemicity in Tropical Land 

Use Systems. PLOS ONE, 6(1), e16238. 

https://doi.org/10.1371/journal.pone.0016238 

74. Whitcomb, S., Stutz, J.C. (2007). Assessing diversity of arbuscular mycorrhizal fungi 

in a local community: role of sampling effort and spatial 

heterogeneity. Mycorrhiza 17, 429–437. 

75. Wilgan, R. (2021). Dual and Tripartite Symbiosis of Invasive Woody Plants. In N. 

Shrivastava, S. Mahajan, & A. Varma (Eds.), Symbiotic Soil Microorganisms: Biology 

and Applications (pp. 87-97). Springer International Publishing. 

https://doi.org/10.1007/978-3-030-51916-2_5 

76. Zubek, S., Majewska, M. L., Błaszkowski, J., Stefanowicz, A. M., Nobis, M., & 

Kapusta, P. (2016). Invasive plants affect arbuscular mycorrhizal fungi abundance 

and species richness as well as the performance of native plants grown in invaded 

soils. Biology and Fertility of Soils, 52(6), 879-893. https://doi.org/10.1007/s00374-

016-1127-3 

 

Acknowledgments 

 

We thank the Encenillo Natural Reserve for letting us collect our samples in their reserve for 

our study, and Nestor Urrego (guard and tour guide) for talking to us about the story of the 

https://hdl.handle.net/10182/6906
https://doi.org/10.1111/gcb.14962
https://doi.org/10.1007/s10682-006-9109-9
https://doi.org/10.1093/jpe/rtw032
https://doi.org/10.1371/journal.pone.0016238
https://doi.org/10.1007/978-3-030-51916-2_5


reserve. We are grateful to Stijn Hantson for helping with the study design; Valeria Vargas-

Martinez and Juan J. Pinzon for help with fieldwork and data processing; Yessica D. Hoyos 

for help with mycorrhizal colonization staining and Marina Muñoz for guidance during the 

DNA and sequence analyses. Special thanks to Manigua foundation for letting us use one of 

their facilities (greenhouse). We also thank the University of Rosario and the Natural 

Sciences Faculty for providing us with funding. 

 

Funding  

 

This work was supported by a thesis research grant from the Dirección de Investigación e 

Innovación from Universidad del Rosario. 

 

Contributions 

The project was conceptualized by JSH-S and AS. Data collection methodology was 

developed by JSH-S, and data curation by JSH-S and AS. Data analysis methodology was 

performed by JSH-S. All drafts of the manuscript were written by JSH-S and AS. Both 

authors read and approved the final manuscript. 

 

Conflict of interests  

We declare we have no competing interests.  

 

 

 

  



Supplementary Information 

 

 

Figure S1. Gorse germination (%) (A) and growth rate (cm week-1) (B) between land covers. 

The bottom and top of the boxplot indicates the 25th and 75th percentiles (respectively); the 

line within the box indicates the median value. Burned grassland (BGL), Grassland (GL), 

Forest with a 15-yr old restoration process (RF), Forest with recent (< 5 yr) restoration (IRF), 

Forest border (BF), Páramo (PR) 

 

Table S1. Soil composition analysis for all the land covers sampled. Burned grassland 

(BGL), Grassland (GL), Forest with a 15-yr old restoration process (RF), Forest with recent 

(< 5 yr) restoration (IRF), Forest border (BF), Páramo (PR), Organic Carbon (OC), Nitrogen 

(N), Phosphorous (P), Cation exchange capacity (ECEC), Base Saturation (BS), and 

Exchangeable acidity saturation (EAS). 

Land cover pH EAS (%) OC (%) N (%) P (mg kg-1) ECEC BS (%) 

BGL 4.72 60 10.37 0.89 109.91 11.08 6.11 

BF 4.31 89.51 8.03 0.69 10.81 9.63 2.66 

IRF 4.23 92.03 9.55 0.82 155.94 14.06 1.44 

GL 4.82 72.77 10.76 0.93 47.38 6.87 3.01 

RF 4.14 95.23 10.45 0.9 3.76 13.85 2.28 

PR 4.81 30.09 12.16 1.05 6.77 4.82 21.24 

 

 



Table S2. Soil analysis composition of mean Organic carbon (OC) and Nitrogen (N) in all 

land covers. Burned grassland (BGL), Grassland (GL), Forest with a 15-yr old restoration 

process (RF), Forest with recent (< 5 yr) restoration (IRF), Forest border (BF), Páramo (PR). 

Distance refers to where soil samples were collected: 0 is under the adult plant or 5 m away 

from the adult. Nitrogen was only measured under adult individuals. Mean values are 

calculated for three samples. SD = standard deviation. 

Sample Distance (m) OC (%) N (%) 

BGL 0 11.12 + 0.91  

BF 0 5.76 + 0.73 0.50 + 0.07 

BF 5 7.50 + 0.96  

IRF 0 12.06 + 1.00 1.01 + 0.13 

IRF 5 9.87 + 1.91  

GL 0 11.09 + 1.58 0.94 + 0.14 

GL 5 11.47 + 0.83  

RF 0 9.24 + 0.70 0.79 + 0.06 

RF 5 10.79 + 1.19  

PR 0 12.05 + 0.51 1.04 + 0.01 

PR 5 11.87 + 0.30  

 

  



Table S3. Vector analysis to find which variable fits the NMDS axes (both 1 and 2). The 

number of permutations was 999. * shows the highest percentages that fit NMDS axes.  

Variables NMDS 1 NMDS 2 r2 Pr(>r) 

EAS % 0.883 0.469 0.774 0.001 

BS % -0.978* -0.208 0.837 0.001 

ECEC 0.789 0.615 0.774 0.001 

pH -0.536 -0.844 0.683 0.001 

Organic C -0.811 -0.585 0.568 0.001 

Nitrogen -0.809 -0.587 0.574 0.001 

Phosphorus 0.996* 0.088 0.560 0.001 

Growth rate -0.251 0.968* 0.425 0.001 

Germination -0.427 0.904* 0.575 0.001 

 

  



Table S4. Results from statistical tests used for comparing nitrogen content (N) organic 

carbon content (OC), germination, growth rate and mycorrhizal colonization, between land 

covers. Burned grassland (BGL), Grassland (GL), Forest with a 15-yr old restoration process 

(RF), Forest with recent (< 5 yr) restoration (IRF), Forest border (BF), Páramo (PR). Sample 

size (N), and degrees of freedom (df). 

Analysis Test Statistic 

value 

p-value df N Post-hoc 

N content  
ANOVA 13.8 <0.001 4 14 

BF<GL, IRF, P. 

BF=RF 

OC content  
ANOVA 16.46 <0.001 5 38 

BF<GL, RF, 

IRF, P, BGL 

Germination (%) Kruskal-

Wallis 
14.76 0.011 4 134 

PR>GL, BGL; 

BF>GL, BGL 

Growth rate (cm 

week-1) 
ANOVA 0.92 0.46 4 63 NA 

Mycorrhizal 

colonization, root 

tips 

T-test -1.64 0.11 28 30 NA 

Mycorrhizal 

colonization land 

covers (root tip) 

ANOVA 0.32 0.85 4 15 NA 

Mycorrhizal 

colonization 

comparison land 

covers (root end) 

ANOVA 1.68 0.23 4 15 NA 

 

  



Table S5. Number of seeds that germinated in all land covers and at 0. 2.5 and 5 m from the 

adult individual. Burned grassland (BGL) does not have data for distances at 2.5 and 5 m, as 

this land cover had no individuals. Burned grassland (BGL), Grassland (GL), Forest with a 

15-yr old restoration process (RF), Forest with recent (< 5 yr) restoration (IRF), Forest border 

(BF), Páramo (PR).  

Land cover 0 m 2.5 m 5 m Total 

PR 24 24 14 62 

BF 21 7 2 30 

RF 9 5 7 21 

IRF 8 3 5 16 

GL 2 2 0 4 

BGL 1 NA NA 1 

Total 65 41 28 134 

 

  



Table S6. Statistical data from all analysis when comparing distances data within each land 

cover point for germination (%), growth rate (cm week-1) and root colonization (%). All data 

were tested using parametric test ANOVA (for gorse germination and growth rate) and T-test 

(for root colonization). For IRF gorse growth we used Kruskal-Wallis. Burned grassland 

(BGL), Grassland (GL), Forest with a 15-yr old restoration process (RF), Forest with recent 

(< 5 yr) restoration (IRF), Forest border (BF), Páramo (PR). 0, 2.5 and 5 m refer to the 

comparison between gorse germination at different distances from the adult individual. 

 Germination Growth rate Root colonization 

Land cover Statistic  p Statistic  p Statistic  p 

RF  0.2 0.82 0.21 0.18 -1.14 0.32 

IRF  0.19 0.83 5.45 0.07 -2.14 0.1 

BF  2.85 0.14 0.84 0.38 -1.47 0.22 

GL  0.5 0.63 NA NA 0.98 0.38 

PR  0.24 0.79 2.22 0.13 -0.63 0.56 

0 m  2.14 0.13     

2.5 m  0.56 0.7     

5 m  0.53 0.72     

 


