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ABSTRACT 

 
Background: Similar to its impact on high latitude boreal and arctic ecosystems, climate 

change is predicted to also alter high-elevation ecosystems such as páramos: Andes alpine 

ecosystems that contain vast water and soil carbon reservoirs that harbor up to six times more 

soil carbon compared with surrounding lowlands. In particular, warming temperatures due to 

climate change are predicted to accelerate the release of stored carbon from soils to the 

atmosphere via microbial respiration, yet to date few studies have examined the impact of 

warming on páramos vegetation, soil properties, and soil microbial communities. Methods: As 

part of a larger study examining the impact of artificial warming in two páramo sites in Colombia 

(Sumapaz and Matarredonda), this study re-analyzed two years of vegetation and soil survey 

data in conjunction with Illumina ITS nrDNA amplicon sequencing of soil fungal communities to 

assess (i) the impact of the warming treatment on the richness and composition of plant, lichen, 

and soil fungal communities, as well as on edaphic parameters in each site; (ii) differences in 

biotic and abiotic factors between sites; and (iii) how biotic and abiotic factors in both sites 

changed over the period of the experiment (2016-2018). Comparisons accounted for the non-

independence of experimentally warmed and control plots in each sampling block using paired 

t-tests. Results: Paired t-tests of warming treatment vs. control plots revealed that experimental 

warming did not significantly alter per plot soil properties, air temperature, or vegetation or soil 

fungal richness in either site. The two sites had different plant and lichen richness and 

composition, as well as climate and soil properties: Matarredonda is characterized by warmer 

temperatures and increased precipitation compared to Sumapaz, as well higher soil gravimetric 

water content and plant and lichen richness at both the species and family levels. However, in 

both sites no correlations were observed between vegetation or fungal species richness with 

soil properties or temperature in 2016 or 2018. Despite differences in fungal soil community 

richness between sites, communities in both sites had similar phylum and species-level 
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composition. From 2016 to 2018, plant and lichens richness, as well as soil bulk density and 

gravimetric water content increased in both sites. In Matarredonda, increased vegetation 

richness was positively associated with changes in pH and negatively associated with changes 

in gravimetric water content over time. Mean soil fungal richness decreased over time in 

Sumapaz, but not Matarredonda. The composition of fungal communities changed over time, 

associated with increased differences in soil properties between sites. Discussion. Here, we 

found that experimental warming treatment had little impact on biotic or abiotic properties when 

paired treatment and control plots were compared. Although fiberglass open-top chambers have 

previously been used to artificially increase soil warming, previous studies also have noted few 

effects on vegetation or soil microbial communities in the first years following their 

implementation. Here, despite no impact of warming we found that over the two-year period 

both sites experienced increases in plant and lichen species and family-level richness, as well 

as altered soil properties and more distinct fungal communities. Overall, additional studies are 

needed to address changes in the function of páramo vegetation and soil fungal communities 

over longer time periods, as changes in certain groups of soil communities may severely impact 

carbon cycling in these important ecosystems.  
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1. INTRODUCTION 

 Increased levels of greenhouse gases (CO2, methane, halocarbons) in Earth's 

atmosphere have resulted in a rise in average global temperatures by 0.8 ºC since 1880 (1) and 

global mean surface temperature is predicted to rise an additional 0.4 ºC to 4.8 ºC by the end of 

the 21st century (2). Warming temperatures have already impacted processes that regulate the 

global carbon cycle. For example, studies have shown that the soil microbiome shifts and may 

favor methanogens during permafrost thaw in carbon-rich arctic peatlands (3–8). However, the 

effects of warming temperatures and climate change are not globally uniform (9) such that 

boreal and arctic ecosystems at higher latitudes, as well as high-elevation montane ecosystems 

are predicted to experience more rapid changes due to their greater sensitivity to warming (10). 

Currently, a significant portion of research on climate change has focused on the Arctic (11); 

yet, high elevation ecosystems are also critical to regulating global carbon cycling (12, 13). 

Thus, additional information on how climate change will impact sensitive ecosystems across 

ecosystems is key to predicting future global carbon cycles. 

The Andes are the world's longest terrestrial mountain range (14). The northern Andes 

(i.e., Tropical Andes) are dominated by ecosystems known as páramos. Páramos are alpine 

tundra ecosystems located between the tree line and the permanent snowline (typically 2,800 to 

4,700 meters above sea level) (15–18) that are dominated by giant rosette plants such as 

Espeletia, as well as grasses, shrubs, and forbs (19), with a high proportion of endemic species 

(13). Due to cold conditions, high precipitation, and seasonally anoxic soils with high water 

storage capacity that result in slow rates of decomposition and organic matter buildup, páramos 

are one of the largest carbon stores in the tropics (10, 13, 16). However, temperatures in the 

Andes are projected to warm > 5ºC by the end of the 21st century (10, 17), which may alter the 

composition and functions of páramos, which are also at risk due to disturbances from 

agriculture, resource extraction, and invasive species expansion (17, 20, 21).  
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 Due to the sensitivity of páramos to climate change and the potential for warming to alter 

soil carbon fluxes, scientists recently employed Open-Top Chambers (OTCs) in two Colombian 

páramo sites to study the impact of warming on ecosystem carbon balance-related processes 

such as rates of organic matter decomposition, soil respiration, photosynthesis, plant 

productivity, and vegetation structure (10). After three years of warming, a previous study found 

that the warming treatment had no impact on CO2 emissions due to soil respiration, 

decomposition rates, photosynthesis, or productivity (10). However, the same study concluded 

that warming may be gradually increasing the amount of total C and N in the soil, as well as 

altering vegetation structure, although changes in vegetation were not consistent between the 

two sites (10). These results are in contrast to observations in high latitude Boreal and Arctic 

ecosystems, where a meta-analysis suggested that warming treatments result in a 20% 

increase in soil respiration, 46% increase in the rate of N mineralization, and 19% increase in 

plant productivity (22). 

 Warming can also increase microbial mediated heterotrophic respiration in soils, 

resulting in increased global carbon emissions; however, microbial responses to warming differ 

among geographic locations (23, 24). As fungi are the primary drivers of organic matter 

decomposition in soils (25) and soils store more carbon than the atmosphere and terrestrial 

biomass combined (26–28), numerous studies have examined the drivers of soil fungal richness 

and taxonomic composition among ecosystems (e.g., tropical, temperate, boreal) (29). For 

example, a global analysis revealed the importance of climate and edaphic factors on fungal 

diversity and community composition  (29). In addition, a recent study along five elevational 

gradients in the mountains of the Neo- and Paleotropics (i.e., northern Argentina, southern 

Brazil, Panama, Malaysian Borneo and Papua New Guinea) reported that most soil fungal taxa 

inhabit relatively narrow elevation ranges as a result of different environmental preferences 

among taxonomic groups (30). These results suggest that fungal communities in tropical 
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montane forests will be sensitive to climate change, resulting in shifts in taxonomic composition 

that may impact carbon cycling (30).  

 In this study, we used Illumina ITS nrDNA amplicon sequencing to examine the diversity 

and composition of páramo soil fungal communities in two sites in Colombia. Soil fungal 

community data, in conjunction with vegetation survey data from the two páramo sites from a 

previous study (10), were used to assess how artificial warming treatments, as well as time 

alone, impacts the species richness, phylogenetic diversity, and composition of soil fungi as well 

as vegetation. Specifically, we addressed the following questions: (i) what is the impact of the 

warming treatment on the richness and composition of plant, lichen, and soil fungal 

communities, as well as on edaphic parameters in each site; (ii) how do biotic and abiotic 

factors differ between the two páramo sites; and (iii) within each site, do biotic and abiotic 

factors change over the period of the experiment (2016 - 2018)?  

 

2. METHODS 

2.1. Study area and sampling design. As part of a larger study to investigate the impact of 

warming on páramo ecosystems (10), two study sites were established in 2016 within 

Colombia’s protected Cruz-Verde Sumapaz Páramo complex: Parque Ecológico Matarredonda 

(4°33'10.4"N, 73°59'35.4"W) and Páramo Sumapaz (3°49'36.3"N, 74°24'47.1" W). Both sites 

have been undisturbed by direct human activity since before they were designated national 

parks in 1977 (10). In both sites, 10 sampling blocks (spaced ca. 4-8m apart) were established 

following a randomized complete block design. Each block contained paired plots (warming 

treatment and control) that were spaced ca. 1-2m apart (10). Plots within each block were 

chosen to represent similar vegetation and included at least one individual of the most abundant 

vegetation taxa per site and one individual of the genus Espeletia (10). Plot locations were also 

restricted to areas with an average slope of less than 15º, as described in (10). Plot elevation 
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ranged from 3,224 to 3,612 meters above sea level (masl) in Sumapaz and 3,280 to 3,399 masl 

in Matarredonda. Control plots represent unmanipulated areas (10), whereas each of the 

warming treatment plots contained an Open Top Chamber (OTC) constructed from Sun-Lite HP 

fiberglass to form a dome-like structure (10). OTCs were attached to the ground by UV-resistant 

wires to prevent any possible movement (16). OTCs were installed within a two week period in 

June, 2016 in both study sites (10, 16). Small animals and insects could still access the area 

within each OTC either through the top or through small openings below the fiberglass walls of 

the chambers (10).  

 

2.2. Vegetation surveys and soil sampling. Annual vegetation surveys were conducted in 

each plot as described in (10). Briefly, vegetation in each plot was recorded in June of each 

year (starting in 2016) in the same location using a 1 m2 quadrat. Plant and lichen species were 

recorded to the lowest known taxonomic rank (i.e., typically genus or species) following ref (10), 

resulting in a species matrix consisting of 103 unique vegetation species identifiers (10). In 

addition, to measure soil fungal community diversity and composition soil cores in each plot 

were collected in June 2016 and 2018 at a depth of 20 cm using surface-sterilized steel cores (5 

cm-D x 15 cm-L). Air and soil temperature data were also collected during these times using 

iButton sensors placed at 30 cm above the soil surface for air temperature and 10 cm 

belowground (10, 16). In 2016, soil cores from Sumapaz were taken only from control plots in 

each block (n = 10 samples), but cores from both treatment plots were collected in 

Matarredonda (n = 20) (total of 30 cores in 2016 for microbial analysis). In 2018, all plots were 

sampled for a total of 40 soil cores for microbial analyses.  

To quantify edaphic properties (pH, bulk density, gravimetric water content), replicate 

soil cores were taken in each plot in 2017 and 2018. All soil samples for physical measurements 

and temperature measurements were taken in either the same month (January/March/June) or 
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the same season. Due to the remoteness of the sites and limited sampling intervals site, here 

we use soil characteristic data collected in 2017 as a proxy for soil characteristics of the 2016 

cores. All soil cores were immediately placed on ice and transported to the laboratory within 24-

48 h of collection. Soil cores collected for microbial analysis were homogenized and subset for 

DNA extraction (see below). Soil cores collected to measure chemical and physical properties 

were homogenized and subset to measure gravimetric water content (GWC), soil bulk density 

(BD), and pH. Fresh soil subsamples were weighed before and after being oven dried at 105 ºC 

for 24 h to estimate GWC. BD was calculated using the fresh weight of the core and the core 

volume. To determine soil pH, 3 g of freshly sieved soil were mixed with 15 mL distilled water 

and allowed to stand for 30 min before pH was measured. In addition to soil and air temperature 

data, WorldClim historical climate data (31) was used to examine changes in monthly and yearly 

average minimum temperatures (Tmin), maximum temperatures (Tmax), and average 

precipitation (mm) in each site.  

 

2.3. Soil DNA extraction and Illumina amplicon sequencing. Genomic DNA was extracted 

from ~0.25 g of soil from each core using the Qiagen PowerLyzer PowerSoil kit (Germantown, 

MD) following the manufacturer’s instructions. A single extraction was performed for each soil 

sample collected in 2016, whereas a minimum of two DNA extractions were performed for each 

sample collected in 2018. The ITS1 nrDNA locus was PCR amplified for each sample following 

a two-step amplification protocol using dual barcodes (see (32, 33)) with the primers 

ITS1ngs/ITS4 (29, 34). PCR cycling conditions followed (32) and amplification was verified on 

2% agarose gels that were stained with SYBR Green I (Molecular Probes, Invitrogen). All PCR 

included negative controls that failed to amplify. As a positive control, DNA from a mock 

community of 32 phylogenetically distinct taxa representing four phyla (Chytridiomycota, 

Mucoromycota, Basidiomycota, and Ascomycota) was amplified and sequenced in parallel (see 
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details in ref (32)). Final PCR products for each sample were quantified fluorometrically, 

normalized to equimolar amounts, and 20 ng of each sample were pooled. The final amplicon 

pool was purified with Agencourt AMPure XP beads according to the manufacturer’s instructions 

(Beckman Coulter). A BioAnalyzer 2100 (Agilent Technologies) was used to determine the DNA 

concentration and fragment-size distribution of the final library before paired-end sequencing 

was performed using an Illumina MiSeq with the Reagent Kit v3 (2 × 300 bp). Two separate 

Illumina runs were performed at The University of Idaho Institute for Bioinformatics and 

Evolutionary Studies (IBEST) Genomics Core Facility: one containing the 2016 samples and 

one containing the 2018 samples. Data from the mock communities were analyzed to 

statistically assess the potential impact of run identity on community analyses (see below).  

 

2.4. Bioinformatic methods. Raw Illumina data from each run were demultiplexed and 

sequences were removed if they represented PhiX or a diversity shotgun library (i.e., genomic 

DNA from a different cellular organism; see details in ref (32)), contained more than one 

mismatch to the barcodes and/or more than four mismatches to the primers. The remaining R1 

reads (corresponding to the ITS1 nrDNA region) were trimmed for quality control using a cut-off 

length of 245 bp and a maximum error rate of 1.0 in USEARCH v11.0.667 (35). Due to the 

potential for different error profiles on different Illumina runs, data from each run were quality-

filtered separately and all resulting high-quality reads from both runs were deprelicated with 

vsearch v1.11.1 (36) using a minimum unique size of three. Dereplicated sequences were 

clustered into operational taxonomic units (OTUs) at 97% sequence similarity using the 

UPARSE-OTU algorithm as implemented in USEARCH (35, 37). In addition to de novo chimera 

checking performed during clustering, representative sequences for each OTU were subjected 

to reference-based chimera checking using the UNITE database (38) with UCHIME (39). To 

construct an OTU table with more accurate read counts, raw R1 reads were then mapped back 
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to the chimera-checked OTUs. Sequences from the mock community included on each Illumina 

run were used to validate quality control and clustering methods as described in (32), as well as 

to ensure that sequencing run date did not impact the results of analyses (i.e., there was no 

significant difference in mock community sample richness or composition between runs). 

To ensure each sequence contained the ITS1 nrDNA region, a representative sequence 

of each OTU was analyzed with ITSx (40) as implemented in DeCIFR 

(https://decifr.hpc.ncsu.edu/). ITSx (40) identified 462 OTUs that lacked the ITS1 region, which 

were subsequently removed from downstream analyses. The remaining representative 

sequences were then queried against the UNITE fungal database (38) with a cut-off threshold of 

80% confidence as implemented in the Tree Based Alignment Selector Toolkit (T-BAS) v2 (41). 

OTUs representing sequences with no hits were removed from the downstream analyses. 

Lastly, 164 OTUs corresponding to members of the fungal mock community or OTU 

representing potential contaminants (i.e., OTUs with >1 read in the negative controls and <7 

reads in soil samples and/or OTUs with <3 total reads) were removed from the OTU table. The 

final OTU table consisted of 153,762 reads representing 1,315 fungal OTUs across 70 soil 

samples. After pooling replicate samples per core, the average read depth per soil sample was 

15,028 (min = 33; max = 35,851 reads).  

 

2.5. Richness and diversity of vegetation and fungi. Analyses included vegetation species 

richness data previously measured for each plot by reference (10). Due to large variation in 

sequencing depth among soil samples, richness of fungal OTU per sample was estimated after 

removing samples with fewer than 5,000 reads (n = 2) and rarefying to 6,328 reads per sample, 

which resulted in a final dataset with 1,217 OTUs and 68 samples. Following reference (29), 

fungal richness was also calculated after accounting for sampling depth (i.e., residuals of OTU 

richness divided by the square root of read depth).  
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To account for the study’s block design and the potential for spatial non-independence of 

paired treatment and control plots, paired t-tests were used to test the following null hypotheses 

for both vegetation and fungal richness: (H1) the mean difference in richness for Treatment 

plots - Control plots is equal to zero; (H2) the mean difference in richness for samples taken in 

2018 - samples taken in 2016 is equal to zero. The same statistical approach was used to 

analyze differences in average pH, air temperature (Tair), soil temperature (Tsoil), bulk density 

g•cm-3 (BD), gravimetric water content g/g (GWC), March minimum temperature ºC (Tmin), 

March maximum temperature ºC (Tmax), and March precipitation (mm) between sampling years 

(2018, 2016) and between treatment and control plots in each site. Analyses were performed 

separately for each site. Analyses comparing treatment vs. control plots were tested for each 

year separately as well as with all years combined. To compare abiotic characteristics between 

the sites, Welch’s two-sided t-tests were performed in R (42). Pearson's correlation coefficient 

was computed in R (42) to assess the degree of correlation between the richness of vegetation 

and fungal communities with the edaphic and environmental parameters in each site. 

 

2.6. Community composition of vegetation and fungi. Multivariate statistical analyses were 

performed in R (42) using the packages vegan (43) and phyloseq (44). Bray-Curtis dissimilarity 

was used to compare community composition among sites and years for vegetation and fungi. 

Non-metric multidimensional scaling (NMDS) analyses were performed with 20 iterations after 

square root transformation and Wisconsin double standardization using vegan (43) in R (42). 

Due to the sparseness of the fungal matrix and the resulting non-convergence of NMDS 

analyses, OTUs with <25 reads were removed prior to performing multivariate analyses, which 

resulted in a final dataset of 628 total OTUs. Permutational multivariate analysis of variance 

(PERMANOVA), as implemented in vegan (43) was used to quantify differences in vegetation 

and fungal community composition between sites and between treatments and years for each 
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site separately. In addition, PERMANOVA and Constrained Analysis of Principal Coordinates 

(CAP) (implemented with vegan’s capscale() function (43)) were used to assess the impact of 

edaphic and climatic properties on vegetation and fungal community composition.  

 

3. RESULTS 

3.1. Impact of warming treatment. Annual vegetation surveys of both sites in 2016-2018 

resulted in a total count of 103 species (92 plant and 11 lichen) and 31 families (30 plant and 4 

lichen) across both sites (10). After accounting for the block sampling design using paired t-

tests, we found the warming treatment did not significantly impact vegetation richness 

(measured at both the species and family level) over the two years in either site (Fig. 1A). In 

addition, plant and lichen community composition did not differ significantly as a function of 

treatment over the two years for both sites (PERMANOVA: Sumapaz R2 = 0.02, P = 0.3770; 

Matarredonda R2 = 0.03, P = 0.1140). Similarly, the treatment did not impact soil fungal richness 

(Fig. 1B) or community composition (PERMANOVA: Sumapaz R2 = 0.03, P = 0.8110; 

Matarredonda R2 = 0.02, P = 0.8920). The warming treatment did not alter plot average BD, 

GWC (Fig. 1C), pH (Fig. 1D), or air temperature (Fig. 1E) in either site, although mean soil 

temperature per block was 0.74 ºC ± 4.8 ºC higher in control plots compared to artificially 

warmed chambers in Sumapaz (Fig. 1E). Due to the fact that the warming treatment did not 

significantly impact vegetation and fungal richness and diversity or edaphic factors, control and 

treatment plots were combined for all subsequent analyses.  

 

3.2. Differences in abiotic and biotic factors between sites. Despite their geographic 

proximity (< 100km), we found the two páramos sites differed in edaphic properties, soil 

temperature, and climate (Fig. 2). Mean soil pH in Sumapaz plots was 0.3 higher than mean pH 

in Matarredonda (Fig. 2A) and mean soil bulk density (BD) also was 0.18 g/cm3 higher in 
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Sumapaz than Matarredonda (Fig. 2B). In contrast to pH and BD, mean soil GWC was 0.10 

g/cm3 higher in Matarredonda than Sumapaz (Fig. 2B). On average, Sumapaz soils were 1.4 ºC 

warmer than soils in Matarredonda (Fig. 2C). Mean air temperature measured in situ did not 

differ between the two sites (Fig. 2C). However, WorldClim data from 2016 - 2018 (31, 45) 

revealed that mean maximum and minimum March temperatures in Matarredonda were 1.5 ºC 

and 2.1 ºC warmer, respectively, compared to Sumapaz (maximum: Matarredonda 15.0 ºC ± 

0.6 ºC vs. Sumapaz 13.5 ºC ± 0.6 ºC; minimum: Matarredonda 4.2 ºC ± 0.1 ºC vs. Sumapaz 6.3 

ºC ± 0.1 ºC). Mean March precipitation (i.e., corresponding to the month soil cores were 

sampled) was 2.1X greater in Matarredonda than Sumapaz (86.6 mm ± 14.7 mm vs. 40.8 mm ± 

7.2 mm).  

Vegetation surveys over a two-year period revealed that plots in Matarredonda 

contained 1.2X higher richness of plant and lichen species and 1.4X higher vegetation family 

richness compared to Sumapaz (Fig. 3A). Multivariate analyses illustrated that site alone 

explained ca. 30-31% of variation in plant and lichen community composition when years were 

analyzed separately (Fig. 3B). Sites shared 45 plant and lichen species representing 23 

families, although the relative abundance of many of the most abundant families differed 

between sites (Fig. 3C). For example, Sumapaz had a higher proportion of plants in the families 

Poaceae (i.e., grasses) and Rubiaceae (i.e., shrubs), whereas Matarredonda had a higher 

proportion of mosses in the families Bryaceae and Meteoriaceae (Fig. 3B). Overall, Sumapaz 

had 73 unique plant and lichen species (representing 22 plant families and four lichen families) 

and Matarredonda had 75 unique species and 29 families (representing 26 plant families and 3 

lichen families).  

Illumina sequencing of soil fungal communities revealed that plots in Matarredonda 

contained a mean of 1.2X fewer fungal OTUs compared to Sumapaz (Fig. 3D). Multivariate 

analyses revealed that in 2016 fungal communities did not differ between sites; however, fungal 
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community composition differed between sites in 2018 (Fig. 3E). Comparison of taxonomic 

information revealed that both sites were dominated by fungi in the Ascomycota and the relative 

abundance of other fungal phyla was consistent between sites (Fig 3F).  

 

3.3. Impact of sampling year on biotic and abiotic factors. In both sites, abiotic factors 

differed between 2016 and 2018 (Fig. 4). Mean BD per plot decreased by 1.2X per plot from 

2016 to 2018 (Fig. 4A) from 0.86 g/cm3 ± 0.08 g/cm3 to 0.71 g/cm3 ± 0.09 g/cm3 per plot in 

Sumapaz and 0.65 g/cm3 ± 0.09 g/cm3 to 0.55 g/cm3 ± 0.13 g/cm3 per plot in Matarredonda. In 

Sumapaz, the magnitude of change in BD differed significantly between lower elevation plots 

(i.e., mean decrease of 0.22 g/cm3) and higher elevation plots (i.e., mean decrease of 0.09 

g/cm3; t18 = 3.96, P = 0.0009). GWC increased by 1.2-1.5X per plot in both sites from 2016 to 

2018 (Fig. 4A), from 0.32 ± 0.05 to 0.47 ± 0.04 g/cm3 per plot in Sumapaz and 0.45 ± 0.06 to 

0.55 ± 0.06 g/cm3 in Matarredonda. No significant difference was observed between changes in 

pH and GWC with elevation in Sumapaz (P > 0.05). In Sumapaz, mean soil pH per plot 

increased from 4.4 ± 0.2 to 5.1 ± 0.4; although mean pH per plot was similar between years in 

Matarredonda (Fig. 4B).  

In Sumapaz, mean plant and lichen species richness per plot increased from 12.1 ± 2.1 

species/plot in 2016 to 15.4 ± 2.1 species/plot in 2018. Accordingly, the mean number of plant 

and lichen families increased from 8.4 ± 1.4 families/plot in 2016 to 9.6 ± 1.5 families/plot in 

2018, as mosses in the Sphagnaceae were replaced by lichens (e.g., Cladoniaceae) or plants in 

the Juncaceae (i.e., rushes). In Matarredonda, mean plant and lichen species richness 

increased from 14.9 ± 2.9 to 18.9 ± 2.9 species/plot and mean family-level richness increased 

from 11.4 ± 2.1 to 12.9 ± 1.9 families/plot. Family-level changes were the result of the plant 

families Gentianaceae, Meteoriaceae, and/or Fabaceae increasing in abundance whereas ferns 

in the family Dryopteridaceae decreased. There was no significant correlation between plant 
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and lichen species richness and soil properties or temperature in either site when analyzed by 

year (P > 0.05).  

Comparison of plant and lichen richness from 2016 to 2018 using paired t-tests revealed 

that mean richness per plot increased by 3.4 species and 1.2 families in Sumapaz and 4.1 

species and 1.6 families in Matarredonda (Fig. 4C). In Matarredonda, changes in species 

richness of vegetation in each plot was positively associated with changes in pH over time 

(Pearson's r = 0.52, P = 0.0201), but negatively correlated with changes in gravimetric water 

content over time (Pearson's r = -0.52, P = 0.0208); however, changes in vegetation richness in 

Sumapaz were not correlated with abiotic factors. Multivariate analysis of plant and lichen 

community composition illustrated that sampling year accounted for 6 and 11% of variation in 

vegetation composition in Matarredonda and Sumapaz, respectively (PERMANOVA, 

Matarredonda: R2 = 0.06, P = 0.045; Sumapaz: R2 = 0.11, P = 0.001).  

Analyses of soil fungal richness from 2016 to 2018 revealed that mean fungal richness 

per plot decreased over time in Sumapaz (Fig. 4D). No differences in fungal richness were 

observed between sampling years in Matarredonda, although there was a large amount of 

variance among plots (Fig. 4D). Similar to vegetation, there was no significant correlation 

between fungal species richness with either edaphic properties or vegetation richness in either 

site. However, multivariate analysis of soil fungal communities revealed that sampling year 

accounted for ca. 10% of variation in fungal OTU composition in both Sumapaz and 

Matarredonda, (PERMANOVA: Sumapaz R2 = 0.10, P = 0.007; Matarredonda R2 = 0.10, P = 

0.001). Richness of soil fungi was also positively associated with elevation, although the 

strength of this relationship decreased over time (2016: r = 0.72, P = 0.0238; 2018: r = 0.43, P = 

0.0639). Statistical analysis illustrate that differences in soil fungal communities are related to 

elevation and soil properties such as GWC (Table 1; Fig. 5), yet soil factors and altitude 

explained more variation in community composition in 2018 compared to 2016, resulting in 
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increased separation in communities between sites, especially the higher elevation sites in 

Sumapaz.  

 

4. DISCUSSION 

Here, we used Illumina ITS nrDNA amplicon sequencing to examine the diversity and 

composition of soil fungal communities in two páramos sites in Colombia that are part of a long-

term artificial warming experiment (10). We used newly generated data on soil fungal 

communities, in conjunction with previous vegetation survey data from the two páramos sites 

(10), to assess how artificial warming treatments, as well as time, impact the diversity, and 

composition of soil fungi and vegetation.  

 

Impact of warming treatment. Previous analyses of ecosystem carbon balance-related 

processes in these two páramos sites after three years of warming concluded that the warming 

treatment had no impact on CO2 emissions due to soil respiration, decomposition rates, 

photosynthesis, or productivity (10). However, that study found that warming may be gradually 

increasing the amount of total C and N in the soil, as well as altering vegetation structure, 

although changes in vegetation were not consistent between the two sites (10). Similar to these 

previous analyses, after accounting for the paired plot experimental design we concluded that 

the warming treatment had no significant effect on soil pH, BD, or GWC. However, paired 

comparisons of soil temperature in Sumapaz for OTC vs. control plots revealed that the mean 

soil temperatures were higher in control plots compared to control plots (Fig. 1E). Although 

contrary to expectations, previous experiments using OTCs in Michigan and Alaska also 

observed decreased surface temperatures in OTCs compared to control plots, which 

hypothesized to occur as a result of higher vegetative productivity with warming that results in 

increased shading and transpiration rates inside the OTCs (46, 47).  
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 Previous analyses of vegetation in these sites broadly classified vegetation as rosettes, 

shrubs, graminoids (i.e., grasses, sedges, and rushes), forbs, cushion plants, ferns, seedless 

vascular plants (i.e., ferns and club mosses), non-vascular plants (i.e., mosses, hornworts, and 

liverworts), and lichens (10). Prior analysis of these functional categories over the three-year 

period revealed shifts in the relative abundance of shrubs, graminoids, and lichens potentially 

due to warming treatment, although patterns differed in each páramos site (10). Here, our aim 

was to assess the impact of warming on vegetation species richness and phylogenetic diversity 

(using family-level richness as a proxy) using a statistical approach that accounted for potential 

spatial autocorrelation of treatment and control plots (i.e., paired t-tests of OTC vs. Control 

plots). Using this approach, we observed no significant differences in vegetation richness or 

composition as a function of the warming treatment, suggesting that vegetation changes are 

occurring differentially across the landscape. Similarly, we did not observe significant changes 

in mean soil fungal community richness or composition as a function of warming, consistent with 

our results suggesting that passive warming with OTCs did not alter soil temperatures between 

paired treatment and control plots. In contrast, previous studies of the impact of warming on soil 

fungi at Harvard forest observed that active warming of soil by 5º C using buried heating cables 

was associated with decreased fungal diversity and altered community composition over a 

period of 10 years (48). Thus, differences among warming studies may be the result of different 

methodologies and time periods, as well as different ecosystems and climates (i.e., temperate 

mixed deciduous forest vs sub-alpine páramos).   

 

Differences in abiotic and biotic factors between sites. Both study sites are located in the 

Cruz-Verde Sumapaz Páramo complex on the North-Eastern Andean Mountain range. Geology 

of the sites are characterized as largely unsettled, blocky and massive schist and gneiss that 

are overlain with sedimented marine deposits (49, 50). Although both sites are at similar 
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elevations (ca. 3,224-3,612 masl), WorldClim data (31) illustrate that the climate of 

Matarredonda is warmer and receives more precipitation than Sumapaz. However, mean air 

temperatures measured in situ were similar between sites, although Sumapaz had a large 

degree of variance in air temperature, potentially due to larger range in the elevations among 

plots compared to Matarredonda or differences due to large diurnal temperature shifts (7). 

Differences in climate between sites may drive observed differences in vegetation richness and 

community composition. We found that site alone explained 30-31% of plant and lichen 

community composition at the species level. At the family level, Poaceae and Rubiaceae were 

more abundant in Sumapaz, whereas mosses were more abundant in Matarredonda. 

Matarredonda also had higher total vegetation richness, consistent with a warmer and wetter 

climate (51). In contrast, soil fungal community richness was lower in Matarredonda, potentially 

due to increased moss abundance and the absence of mycorrhizal fungi that associate with 

vascular plants (52) in that site compared to Sumapaz.  

 Soils within both páramos are classified as Bh3-3b: young andisols, derived from 

volcanic ejecta (10, 53, 54), but soils in Matarredonda are further classified as Typic 

Hapludands (moderately drained inceptisols) and Sumapaz soils are classified as Typic 

Dystrocryepts and Typic Haplocryands (cold, well drained andisols) (53, 55). Here, we found 

that soils in Sumapaz had higher pH and BD, whereas Matarredonda had higher GWC, but 

contrary to our expectations based on air temperature data we found that average soil 

temperatures per plot in Sumapaz were warmer than Matarredonda. Potential reasons for the 

discrepancy between WorldClim and in situ measurements include the low spatial resolution 

implemented by the historical WorldClim (31) database (30 sec, ~1km) or differences in the 

amount of rainfall prior to soil temperature measurements. Increased GWC in Matarredonda 

soils, potentially due to the increased moss abundance (56), may also buffer against 

temperature changes better than the drier soils in Sumapaz. However, when each year was 
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analyzed separately, there was no significant correlation between vegetation richness and soil 

properties in either site (P<0.05), although elevation was significantly correlated with vegetation 

richness for Sumapaz in 2017 (r = 0.61, P = 0.0041). 

 Despite differences in soils and vegetation between sites, we found no significant 

differences in fungal community composition between sites in 2016, although statistical 

analyses indicate differences in fungal communities as a function of elevation (i.e., higher 

elevation plots in Sumapaz were distinct from soil communities in plots in Matarredonda and 

lower elevation plots in Sumapaz) (Table 1). These results are consistent with previous results 

showing shifts in soil fungal community taxonomic and functional groups with elevation (30), 

typically as a result of changes in temperature and precipitation with elevation (57–59).   

 

Changes in biotic and abiotic factors over time. Although we observed no changes in mean 

vegetation or soil fungal richness, diversity, or composition, or soil properties between paired 

OTC and control plots, our data reveal significant changes in both biotic and abiotic factors from 

2016 to 2018 in both sites. Both sites displayed increased vegetation species and family-level 

richness and soil GWC, while BD decreased in both sites. Although only Sumapaz soils 

increased in mean pH over time, changes in pH over time were positively associated with 

increased vegetation richness in Matarredonda, and negatively associated with changes in 

gravimetric water content over time. In contrast to previous studies showing the importance of 

pH in determining fungal community composition along elevation gradients in the neo and 

paleo-tropics (30), in the present study soil fungal community composition was not associated 

with pH.  

Although vegetation richness increased over time, mean soil fungal richness decreased 

over time in Sumapaz and numerous plots in Matarredonda also displayed decreased fungal 

richness (although mean differences over time in that site did not differ from zero). In addition, in 
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both sites the composition of fungal communities changed over time, which was associated with 

increased differences in soil GWC. Water content of soils has been shown to be one of most 

important edaphic factors driving plant and soil fungal activity (29, 60). Soil moisture levels also 

affect soil chemistry, enzyme activity, organic matter decomposition, and carbon outputs (16, 

61). Although the factors driving changes in GWC in both páramos sites are unknown, previous 

studies have shown that shifts in plant communities can differentially alter soil water content 

through shading, edaphic optimization, and modification of water uptake (62). Vegetation and 

soil water content can also impact soil fungal communities, further influencing soil water content 

and plant growth (63, 64); thus, additional research is necessary to identify the relationships 

between changes in vegetation, edaphic factors, and soil microbial communities in these sites.  

Statistical analysis also reveals that soil fungi in higher elevation plots (3,587-3,612 

masl) in Sumapaz became increasingly distinct from soil communities at lower elevations in 

both sites (i.e., 3,224 – 3,399 masl) from 2016 to 2018.  Overall, páramo fungal communities 

appear to be shifting as a result of edaphic and climatic properties rather than directly as a 

result of changes in vegetation composition, which is consistent with previous studies on global 

soil fungal distribution that demonstrated the importance of these abiotic factors to drive soil 

fungal community richness and taxonomic composition (29). However, additional research along 

elevation gradients in páramos are needed to determine the impact of elevation on páramos soil 

microbial communities, as well as whether microbes in higher elevation sites are more sensitive 

to climate change (57, 65). For example, a previous study of three alpine meadows (>4000 

masl) found that warming had variable effects on soil microbial communities, likely attributable 

to their different climates and soil characteristics (57), therefore additional research is needed to 

determine the effects of warming on high elevation soil microbial communities. Additionally, 

long-term studies at regular time intervals are also necessary to quantify seasonal and 

interannual variation in soil fungal community composition and functional roles to better 
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understand the potential for climate change to alter carbon fluxes in these critical ecosystems.  

 

5. CONCLUSIONS  

Our analyses revealed that two years of warming treatment had no significant impact on the 

richness or composition of vegetation or soil fungal communities, nor did it impact edaphic or 

climatic properties within plots. However, over a period of two years we observed that both 

biotic and abiotic properties changed in both sites, although the magnitude of change varied 

between sites. Despite significant differences in climate and vegetation between the two paramo 

sites studied here, sequencing data from 2016 suggests that soil fungal communities were 

initially similar between sites, but communities in each site became more distinct over time. 

Changes in fungal community composition over time appear associated with changes in 

gravimetric water content and bulk density in both sites, as well as elevation. However, despite 

significant increase in vegetation richness and diversity over time, we observed no relationship 

between vegetation richness and fungal richness. Overall, changes over time may be potentially 

due to existing impact of global climate change that is already altering these ecosystems.  



 
30 

 

FIGURES 

 

 

Figure 1. Artificial warming treatment did not impact vegetation or fungal richness, soil 
parameters, or temperature in two sites from 2016-2018. 

Interquartile box plots showing the median difference between paired treatment (OTC) and 

control plots in two sites (Sumapaz: white; Matarredonda: gray) for (A) species (Sumapaz: t29 = 

-1.2, P = 0.2350; Matarredonda: t29 = -1.0, P = 0. 3330), and family-level richness of vegetation 

family (Sumapaz: t29 = -1.5, P = 0.1500; Matarredonda: t29 = 0.2, P = 0.8560); (B) species 

richness of fungi (Sumapaz: species t8 = 1.32, P = 0.2233; Matarredonda: species t18 = -0.46, P 

= 0.6483); (C) soil bulk density (Sumapaz: t19 = 0.7 , P = 0.4755; Matarredonda: t19 = 0.8 , P = 

0.4414) and gravimetric water content (Sumapaz: t19 = 0.1 , P = 0.9778; Matarredonda: t19 = -

0.8 , P = 0.4519); (D) soil pH (Sumapaz: t19 = -0.9, P = 0.3571; Matarredonda: t19 = 0.3 , P = 

0.7367); and (E) air temperature (Sumapaz: t19 = -0.3, P = 0.7698; Matarredonda: t19 = -1.3 , P = 

0.2160) and soil temperature (Sumapaz: t19 = 2.5, P = 0.0229; Matarredonda: t19 = -0.5 , P = 

0.6425). Medians are represented by a horizontal bar, with mid quartiles encompassed by the 

box. Whiskers extend to the maximum and minimum values. For all variables except soil 

temperature in Sumapaz (denoted with asterisks (*) to indicate P ≤ 0.05), paired difference t-

tests failed to reject the null hypothesis (mean values of OTC - Control = 0). 

! !
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!
Figure 2. The two páramo sites differ in edaphic factors and soil temperature from 2016-
2018. Interquartile box plots showing the median difference between Sumapaz (white) and 

Matarredonda (grey) for (A) soil pH (t75 = 3.6, P = 0.0005); (B) soil bulk density (g/cm3) (t78 = 

7.1, P < 0.0001) and gravimetric water content (t76 = -5.4, P < 0.0001); (C); air (t42 = 1.7, P = 

0.1032) and soil temperature (t56 = 3.1, P = 0.0032). For all variables, t-tests were performed to 

compare means between sites, asterisks (*) indicate P ≤ 0.05. 

! !
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Figure 3. Comparison of richness and composition of vegetation (plant, lichen) and soil 
fungi in the two sampling sites. 

(A) Interquartile box plots showing the median difference in species and family richness of 
vegetation in both sites. Asterisks (*) indicate P ≤ 0.05 after t-test comparison of sites (species 
richness: t112 = -4.94, P < 0.0001; vegetation family richness: t109 = -10.1, P < 0.0001); (B) NMDS 
of species-level vegetation per plot for 2016 (top) and 2018 (bottom). Points are colored according 
to site. Statistical analysis with PERMANOVA indicates vegetation differs significantly by site 
(2016: R2 = 0.31, P < 0.0001; 2018: R2 = 0.30, P < 0.0001); (C) Stacked bar graph of top ten most 
abundant plant and lichen families by year in both sites; (D) Interquartile box plot showing the 
median difference in fungal species richness in both sites. Asterisk (*) indicates P ≤ 0.05 after t-
test comparison of sites (OTU richness: t66 = 3.10, P = 0.0028); (E) NMDS of species-level fungal 
communities for 2016 (top; stress = 0.27) and 2018 (bottom; stress = 0.17). Statistical analysis 
with PERMANOVA indicates fungal communities did not differ between sites in 2016 (R2 = 0.06, 
P = 0.07), although communities differ significantly in 2018 (R2 = 0.10, P = 0.0010); (F) Stacked 
bar graph of the 10 most abundant fungal phyla by year in both sites.  
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Figure 4. Per plot changes in vegetation richness, soil fungal richness, and soil 
parameters from 2018-2016. 

Interquartile box plots showing the median difference between the same plots in Sumapaz 

(white) and Matarredonda (gray) measured in 2016 vs. 2018. (A) soil bulk density (Sumapaz: t19 

= -7.6, P < 0.0001; Matarredonda: t19 = -4.0, P = 0.0009) and gravimetric water content 

(Sumapaz: t19 = 21.7, P < 0.0001; Matarredonda: t19 = 12.4, P < 0.0001); (B) soil pH (Sumapaz: 

t19 = 6.4, P < 0.0001; Matarredonda: t19 = -0.1, P = 0.9061); (C) species (Sumapaz: t19= 4.9, P = 

0.0001; Matarredonda: t19 = 10.0, P < 0.0001) and family-level richness of vegetation (Sumapaz: 

t19= 3.7, P = 0.0014; Matarredonda t19= 4.0, P = 0.0008); and (D) species richness of fungi 

(Sumapaz: t8 = -2.8, P = 0.0236; Matarredonda t18 = -2.0, P = 0.0666). Medians are represented 

by a horizontal bar and mid-quartiles are encompassed by the box. Whiskers extend to the 

maximum and minimum values. Asterisks indicate P"#$%&'(!)!*+*,!$-.'/!0$1/'2!.".'(.(!3-!.4'!5&%%!

4603.4'(1(!78'$5!#$%&'(!3-!9*:;!"!9*:<!=!*>+!!

! !
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Figure 5. Relation of soil fungal community composition to abiotic factors. 

Constrained Analysis of Principal Coordinates (CAP) of soil fungal communities from both sites 

in 2016 (A) and 2018 (B) in relation to soil factors and altitude. Points are colored according to 

site (see legend).  
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Table 1.  Results of PERMANOVA illustrate the influence of soil characteristics and 
altitude on soil fungal communities.  
 

2016 2018  
R2 P R2 P 

Altitude (masl) 0.07 0.009 0.15 0.001 
Soil Temperature (ºC) 0.05 0.177 0.04 0.014 
pH 0.04 0.240 0.04 0.014 
Gravimetric Water Content  0.03 0.702 0.05 0.007 
Bulk Density (g•cm3) 0.05 0.115 0.02 0.445 
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