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Abstract: The Potrerillo wetland (Chimborazo Reserve, Ecuador, 4318 m a.s.l.) is a fragile ecosystem 
due to its importance for water regulation and carbon storage, threatened by glacial retreat and 
anthropogenic activities. This study analyzed the influence of soil texture, land cover, and 
photosynthetic activity on floristic composition at three altitudinal gradients (low: 4280–4306.6 m; 
middle: 4306.7–4333.2 m; high: 4333.3–4360 m). Using DJI M200 drones and multispectral sensors, an 
NDVI between 0.6 and 0.8 was determined, reflecting high photosynthetic activity. Fourteen species 
and nine families were inventoried, with Asteraceae being dominant (Calamagrostis intermedia, 
Distichia muscoides). Diversity ranged from moderate to low, with greater richness at the top of the 
gradient and interspecific competition at the middle and top levels. Statistical results identified two key 
components: Factor 1, which links soil texture and cover with lower diversity; and Factor 2, which 
establishes a positive correlation between photosynthetic assimilation and floristic richness. Redundancy 
analysis (RDA) integrated floristic and edaphic variables, confirming ecological gradients defined by the 
interaction between photosynthetic capacity and soil physical properties. The study demonstrates that 
floristic composition, ecosystem productivity, and plant diversity depend on edaphic and hydrological 
conditions and vegetation cover. 

Keywords: Floristic richness, Interspecific competition, Multivariate analysis, Photosynthetic activity, Species dominance. 

 
1. Introduction  

High Andean wetlands, located above 3,800 meters above sea level in countries such as Colombia, 
Ecuador, Peru, Bolivia, Chile, and northeastern Argentina, are high mountain ecosystems with great 
ecological, hydrological, and socioeconomic importance. They act as essential habitats for a rich 
diversity of flora and fauna, contributing to the conservation of biodiversity in hostile mountain 
environments [1, 2]. In addition, they regulate water cycles by recharging aquifers, purifying water, 
and cycling nutrients, providing fundamental ecosystem services such as soil protection, carbon storage, 
and the production of high-quality pasture for wildlife and camelids [3, 4]. 
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These ecosystems face significant threats that compromise their functionality and biodiversity. The 
expansion of dominant species displaces native flora, reducing plant diversity, while glacial retreat, 
driven by climate change, alters hydrological regimes [5, 6]. Likewise, climate changes, such as 
variations in precipitation and extreme weather events, cause habitat degradation and biodiversity loss, 
affecting wetlands' ability to maintain their environmental services and landscape value [7, 8]. 

In the Andean region of Ecuador, specifically in the Chimborazo Reserve (RCH), which has been 
part of the National System of Protected Areas (SNAP) since 1987, covering 52,683.27 hectares, there 
are wetlands of varying sizes that occupy 5.36% of the protected area. One of the most important and 
difficult-to-access bogs is Potrerillo, located in the province of Tungurahua, at an altitude of 4,318 
meters above sea level [9]. The extent of these ecosystems has decreased significantly, from 16,480.3 ha 
in 1991 to 6,456.34 ha in 2016, with projections of a reduction to 4,600 ha by 2032 due to anthropogenic 
factors and climate variability [10]. 

One of the main wetlands in the protected area is the Potrerillo wetland, located at the foot of the 
Carihuairazo volcano in the Yatzaputzan community, which is an ecosystem characterized by specialized 
biota adapted to extreme high-altitude conditions [11]. These systems exhibit significant vulnerability 
to climate change [12] despite their hydrological and ecological roles. Evidence indicates that greater 
vegetation cover in these wetlands correlates with higher sustainable water flows, highlighting their 
function as “water towers” for lower-altitude regions [13]. Additionally, they contribute to ecosystem 
services through carbon sequestration and nutrient cycling [14]. At the same time, they provide critical 
habitats for species such as amphibians and waterfowl [15]. The complexity of these wetlands extends 
to the specialized microbial communities that thrive under conditions of high radiation and low oxygen 
pressure, which are essential for maintaining the health and resilience of the ecosystem [11]. 

Furthermore, the floral composition of wetlands is determined by a complex interaction of climatic, 
anthropogenic, and other variables. These influence the composition, abundance, and survival of plant 
species, favoring communities adapted to flooding conditions or seasonally wet soils [16-20]. 

In this context, we analyzed the influence of texture, land cover, and photosynthetic activity on the 
floristic composition of three altitudinal gradients in the Potrerillo wetland within the Chimborazo 
Reserve, aiming to identify whether specific diversity patterns exist in each gradient. 
 

2. Materials and Methods 
2.1. Study Area 

As shown in Figure 1, field surveys determined that the Potrerillo wetland covers an area of 87.67 
hectares and is located in the province of Tungurahua, in the canton of Ambato, in the parish of 
Pilahuín, in the Andean community of Yatzaputzan on the slopes of the Carihuairazo volcano [21, 22]. 
The wetland is characterized by a maximum temperature of 8.0 °C in December and a minimum of -2.2 
°C in August. Maximum precipitation is 90 millimeters per square meter (mm) in April, and minimum 
precipitation is 27 mm in August. Maximum solar radiation is 15.06 kWh/m² in September, and the 
minimum is 11.72 kWh/m² in February. The maximum wind speed is 5.5 m/s in July, and the minimum 
is 3.7 m/s in March. 
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Figure 1.  
(A) Location of the study area in relation to South America, located in Ecuador. (B) The territory of Ecuador (gray area: 
provinces of Chimborazo, Tungurahua, and Bolivar). (C) Protected area (green area: Chimborazo Wildlife Production Reserve). 
(D) The Chimborazo Wildlife Production Reserve (white area: where the Potrerillo wetland is located). 
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2.1.1. Methodology 
 

 
Figure 2.  
Methodological process. 

 
2.2. Research Methodology 
2.2.1. Structure and Composition of Vegetation Cover 
2.2.1.1. Floristic Inventory 

Three altitudinal gradients were defined: low, medium, and high [23]. Altitude was considered 
because it influences water availability and vegetation variation [24]. 

The low gradient covered an area of 10.82 hectares at an altitude of 4,280 to 4,306.6 meters above 
sea level. The medium gradient covered 52.56 hectares at an altitude of 4,306.7 to 4,333.2 meters, while 
the high gradient covered 24.29 hectares at an altitude of 4,333.3 to 4,360 meters. To calculate the 
sample, 100 x 100-meter cells were created using the Create Fishnet and Spatial Join tools in QGIS 
version 3.40.1, recording 89 grids throughout the study area [25, 26]. 

A stratified proportional sampling was carried out, ensuring adequate representation [27]. The 

sample was calculated using the formula [28]: 𝒏 =
N∗𝑍2∗p∗(1−p)

(N−1)∗𝑒2+𝑍2∗p∗(1−𝑝)
. Where: population size (𝑁): 

89.0, confidence level (𝑍): 1.96 (for a confidence level of 95%), expected proportion (𝑝): 0.5 (maximum 

variability), margin of error (𝑒): 0.20, the sample result is n: 20. Then, the proportionality constant 𝚱 =
19,07

89
= 0,21. And it is multiplied by the number of grids in each gradient [29]. The environmental 
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conditions and topographical complexity inherent in high mountain ecosystems increase sample 
variability, justifying the application of a margin of error greater than 5% [30]. 

 

 
Figure 3.  
The map shows low, medium, and high altitude gradients and sampling points. 

 
Table 1.  
Stratified sample distribution 

Gradient Sample size by gradient. 
Low 3 

Medium  11 
High 6 

Total 20 

 
In Table 1, three sampling cells were identified for the low altitude gradient, 11 for the medium 

gradient, and six for the high gradient. For the floristic inventory, the transect methodology (Parker) 
was applied in high Andean wetlands, allowing for replicability and precision through straight lines of 
standard length and uniform width, enabling comparability in variable terrains [31]. Its integration 
with remote sensing improves reliability by capturing vegetation dynamics in challenging environments 
[32]. This involves walking a straight line of 100 steps in cardinal directions: north, south, east, and 
west. This technique assesses vegetation abundance and dominance, correlating habitat structure with 
biodiversity, and is valid for various taxa and abundance patterns [33]. During the plant species 
recording phase, this was only carried out in the selected grids. Finally, the species were identified in the 
Espoch herbarium [9]. 
 
2.2.2. Biodiversity Indices 

The Shannon index was calculated using the formula: 𝑆𝐻 = − ∑ (longnPi)𝑛
𝑖=1 . Where: N: Number of 

species, Pi: Proportion of the total number of individuals. 

The Simpson biodiversity index was calculated using the formula: IDS = 1 − ∑ 2(Pi) , where: Pi: 

Proportion of the total number of individuals, with an interpretation range of 0 to 1, where 0 represents 
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high diversity and 1 represents low diversity [34]. Margalef's biodiversity index, using the formula: 

IDM =
S−1

lnN
. Where: S = Number of species, N = Total number of individuals [35, 36]. 

 
2.3. Soil Texture and Land Cover Variables 

Vector information in polygons was used, prepared in 2022 by the Ecuadorian Space Institute (IEE), 
the Ministry of Agriculture and Livestock (MAG) through the SIGTIERRAS program, and the areas of 
the State Natural Areas Heritage (PANE). For this analysis, the shapefiles were downloaded from the 
Geoportal of the Military Geographic Institute (IGM) in compressed .shp format (*.rar), with a 2D 
geographic coordinate system (WGS84 datum). The soil texture layer contains geolocated information 
on soil count, type, description, area, and length, while the land cover layer contains information on the 
code, description, and area of the cover. The layers were cut using the clip tool in the spatial analysis 
software.  

 
2.4. Photosynthetic Activity 

To evaluate photosynthetic activity, the normalized difference vegetation index (NDVI) was 
calculated using multispectral images captured by the DJI M200 industrial drone, which has a Sentera 
multispectral camera [37]. Flight planning was carried out using the Forecast and DJI Pilot 
applications, executing a total of six flights at a speed of 6 m/s and a duration of two hours per flight 
[38]. The flights were conducted at an altitude of 100 meters, capturing 633 images with a GSD pixel 
resolution of 4.31 cm/pixel and using 80 control points. The captures were made between 11:30 a.m. 
and 1:00 p.m., the optimal time for photosynthetic activity according to Essaadia et al. [39]. 

The calculation was performed using multispectral images obtained by a drone and processed with 
Pix4DmapperAg software. This index was determined using the equation NDVI = (NIR - RED) / (NIR 
+ RED), which quantifies photosynthetic activity and plant biomass based on the absorption of the red 
band (RED) by chloroplasts and the near-infrared reflectance (NIR) generated by internal scattering in 
the leaf mesophyll [40-43]. 

The captured images were transferred from the multispectral camera to a computer and processed in 
Pix4DmapperAg, which recognizes the associated metadata (GPS coordinates, camera parameters) and 
the WGS 84 Zone 17 South geographic reference system. Radiometric calibration was applied during 
processing to obtain true reflectance values [44-46], ensuring spectral and geometric accuracy by 
incorporating ground control points (GCPs). 

From the photogrammetric alignment, multispectral orthomosaics corresponding to the RED and 
NIR bands were generated, along with 3D models and dense point clouds [46]. Using the reflectance 
maps obtained, the NDVI was calculated within the software, derived directly from the spectral 
response of vegetation to the captured electromagnetic spectrum. 

The resulting NDVI index enabled analysis and monitoring of vegetation's physiological conditions, 
coverage, and dynamics in the study area, providing accurate quantitative information on the 
vegetation's state [47]. 

 
2.5. Factor Analysis 

To identify adjacent variables, reducing the dimensionality of the data and grouping them into 
principal factors, multivariate factorial analysis was used, for which a matrix was constructed in which 
the altitudinal gradients were placed in the rows and the variables, such as diversity indices, land cover, 
soil texture, NDVI index, were placed in the columns. The statistical software MULTBIPLOT 23.11.0 

was used, which analyzed the different simultaneous variables using the equation: 𝑋𝑖 =  λ𝑖1𝐹1 + 𝜆𝑖2𝐹2 +
⋯ + 𝜆𝑖𝑚𝐹𝑚 + 𝜖𝑖 Where: 𝑋𝑖 : Is an observed variable. λ𝑖𝑗: The factor loadings indicate the relationship 

between variable i and factor j. 𝐹𝑗: Are the latent factors that are not clearly observed. 𝜖𝑖: Is the specific 

error associated with λ𝑖, which is not explained by the frequent factors. Where the variables 𝑋𝑖 are 
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correlated due to common factors (𝐹𝑗).  The common factors (𝐹𝑗) are independent of each other. The 

specific errors 𝜖𝑖 are not correlated with each other or with the common factors [9]. 
 

2.6. Redundancy Analysis 
A Redundancy Analysis (RDA) was performed using the vegan package in R, with Shannon, 

Simpson, and Margalef indices as response variables and environmental variables (water cover, litter, 
bare soil, vegetation cover, soil texture, rock, and NDVI) as explanatory variables.  

Redundancy Analysis (RDA) is a robust multivariate statistical tool for evaluating relationships 
between community composition and environmental variables [48, 49]. In Andean páramo ecosystems, 
it allows the influence of gradients such as altitude, humidity, and temperature on the distribution of 
plant species to be quantified [50, 51]. By combining ordination and regression, RDA determines the 
proportion of floristic variance explained by abiotic factors, identifying the main drivers of plant 
diversity [52-54]. 

Based on a linear model of the main formula: 𝑦𝑗= 𝑋𝐵𝐽 + 𝑒𝐽 para j=1,…….,p. Where: 𝑦𝑗= column j of 

the response matrix Y(n*p). X: matrix of explanatory variables (n*m), usually centered. Bj: vector of 

coefficients. Matrix of adjusted values: 𝑌̂ = 𝑋(𝑋𝑇𝑋)−1𝑋𝑇𝑌 = 𝑋𝐵. Where: B = e is the matrix of 

regression coefficients. 𝑌̂ = covariance matrix. 
Analyze the species matrix as a function of environmental variables [55-57]. Its application in 
ecological studies of páramo allows for a more accurate understanding of climatic interactions and 
provides key information for conservation strategies and sustainable management of these high Andean 
ecosystems [58-60]. 
 

3. Results 
3.1. Floristic Composition 

Nine families and 14 species were identified across the three gradients (Table 2). The family with 
the most species is Asteraceae, known for its floristic richness and traits that favor adaptation to various 
climatic conditions. It also excels in expanding within aquatic and terrestrial environments due to its 
morphological adaptations. These grasses are used in soil stabilization and carbon sequestration, 
contributing to climate change mitigation [61]. 
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Table 2.  
Families, species, and number of individuals. 

Family Scientific name  Low 
gradient 

(# individuals) 

Middle 
gradient 

(# individuals) 

Upper 
gradient 

(# individuals) 
Poaceae Cinnagrostis intermedia (J.Presl) 

P.M.Peterson, Soreng, Romasch. & Barberá 
88 1341 675 

Plantaginaceae Plantago rigida Kunth 131 200 168 

Bartramiaceae Breutelia tomentosa (Sw. ex Brid.) Spruce 53 131 101 

Lycopodiaceae Huperzia crassa (Humb. & Bonpl. ex Willd.) 
Rothm 

88 219 141 

Juncaceae Distichia muscoides Nees & Meyen 192 213 181 

Caprifoliaceae Valeriana aretioides Kunth 155 176 109 

Asteraceae Xenophyllum humile (Kunth) V.A.Funk 11 3 5 

Poaceae Calamagrostis fibrovaginata Laegaard 32 173 104 

Apiaceae Eryngium humile Cav 64 235 307 

Asteraceae Loricaria thuyoides (Lam.) Sch. Bip. 8 29 29 

Asteráceae Baccharis caespitosa (Ruiz & Pav.) Pers. 5 67 11 

Asteráceae Gentiana sedifolia Kunth 0 29 11 

Asteráceae Lachimella orbiculata (Ruíz & Pav) 0 5 5 

Asteráceae Lasiocephalus ovatus D.F.K.Schltdl. 0 0 11 

Total 827 2821 1858 

 
The three altitudinal gradients clearly differ in the number of species present: only 11 species are 

shared among the three gradients, with the middle gradient having two exclusive species (Gentiana 
sedifolia, Baccharis caespitosa) absent in the low gradient. The high gradient has one exclusive species 
(Lasiocephalus ovatus) not present in the middle and low gradients, showing marked segregation along 
the altitudinal gradient. 

A total of 310 individuals were recorded in the low gradient, grouped into 9 families and 11 species. 
Noteworthy is the presence of the species D. muscoides with 72 individuals, V. aretioides with 58, and, 
in smaller numbers, B. caespitosa with 2. In the medium gradient, a total of 1,058 individuals were 
recorded, grouped into 9 families and 13 species. Noteworthy is the presence of the species C. intermedia 
with 503 individuals, E. humile with 88 individuals, and, in smaller numbers, the species X. humile with 
1 individual. In the high gradient, a total of 697 individuals were recorded, grouped into 9 families and 
14 species. Also noteworthy is the species C. intermedia with 253 plant individuals, E. humile with 115 
plant individuals, and, in smaller numbers, X. humile and L. orbiculata with 2 individuals. 
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3.2. Biodiversity Indices 
 

 
Figure 4.  
Biodiversity indices of low, medium, and high altitudinal gradients. 

 
Regarding the Shannon index, the values range from 1.98 in the high gradient, 1.83 in the medium 

gradient, and 2.06 in the low gradient. These values indicate average diversity across all gradients. For 
the Simpson index, the values obtained were 0.81 in the high gradient, 0.74 in the medium gradient, and 
0.85 in the low gradient, indicating low diversity in the high and low gradients and medium diversity in 
the medium gradient. This suggests dominance of one or a few species, especially in the high and low 
gradients. Finally, in the Margalef index, the values are between 1.99 in the high gradient, 1.72 in the 
medium gradient, and 1.74 in the low gradient, indicating low richness across all gradients. 

 
3.3. Soil Texture Variables 
 
Table 3.  
Details of soil texture in the gradients. 

Gradient Medium soil texture Moderately coarse soil texture No soil texture 
Low gradient 0.3 0 10.51 

Middle gradient 38.21 11.56 2.75 

High gradient 6.89 5.62 11.73 

Medium texture dominates the wetland with 38.21 hectares (Table 3). This soil is characterized by a 
balance of sand, silt, and clay, contributing to water retention, nutrients, and aeration. 

 
3.4. Land Cover Variables and Photosynthetic Activity 
 
Table 4.  
Land cover 

Gradient Inceptisol Snow and ice Bodies of water 

Low gradient 9.06 0 1.76 

Middle gradient 31.94 20.62 0 

High gradient 0 24.29 0 
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Inceptisol soil predominates in the bofedal, covering 31.94 ha (Table 4). Additionally, 1.76 ha of 
water bodies, including streams, lagoons, and ponds, are present in the low-gradient area (Table 3), 
which are essential for maintaining ecosystem diversity. 

 
3.5. Photosynthetic Activity 
 

 
Figure 5.  
Normalized Difference Vegetation Index (NDVI) (A) low altitudinal gradient. (B) medium 
altitudinal gradient. (C) high altitudinal gradient. 

 
In the low gradient, high NDVI values (0.6–0.8) indicate greater photosynthetic activity and are 

located in the southwest of the bofedal, while low values (-0.8–0) are located in the south. On the 
medium gradient, high NDVI values (0.6–0.8) are found in the southeast of the bofedal, and low values 
(-0.9–0) are located in the west-southeast. Meanwhile, in the high gradient, high NDVI values (0.6–0.8) 
are located north-southeast of the bofedal, and low values (-0.9–0) indicate water and are located east-
southeast (Figure 5). On the other hand, vegetation with high photosynthetic activity in the low 
gradient has an area of 0.5 ha, and water 0.17 ha. In the medium gradient, vegetation with higher 
photosynthetic activity covers an area of 1.13 ha, and water covers 0.07 ha. In the high gradient, 
vegetation with high photosynthetic activity covers an area of 0.61 ha, and water covers 0.05 ha (Figure 
5). 
 
3.6. Influence of Underlying Factors 

Factor 1 explains 76.35% of the variance, demonstrating that this factor captures most of the 
information in the data. Factor 2 explains the remaining 23.65%, totaling 100% of the cumulative 
variance with the two main factors. Factor 3 does not provide additional information (eigenvalue = 0). 
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Table 5.  
Factor loadings matrix.   

Inertia 
 

Axes Value Expl Var Cumulative 

Factor 1 8.399 76.356 76.356 
Factor 2 2.601 23.644 100 

Factor 3 0 0 100 
Loadings 

 
Factor 

 

Columns Factor 1 Factor 2 Factor 3 
Shannon Ind -0.995 -0.101 0 

Simpson Ind -0.993 -0.119 0 

Margalef Ind -0.338 0.941 0 
Water Cob -0.474 -0.88 0 

Litter Cob 0.993 0.122 0 
Bare Soil Cob 0.993 0.119 0 

Vegetative Cob 0.996 0.089 0 
STex mean 0.996 -0.085 0 

STex moderately thick 0.967 0.256 0 
STex without soil -0.931 0.365 0 

NDVI -0.572 0.82 0 

Rows Factor 1 Factor 2 Factor 3 
Gradient 1 (low) 0.754 0.246 0 

Gradient 2 (medium) 0.98 0.02 0 
Gradient 3 (high) 0.205 0.795 0 
Note. Table 5 shows the factor loadings matrix, which illustrates how the variables are linked to the factors. A concentration of high loadings 
can be seen in factors 1 and 2. 

 

 
Figure 6.  
Distribution of adjacent variables. 

 
3.7. Gradient Analysis of Factors 1 and 2 

The factorial analysis identified two main factors revealing data variability: factor 1, represented by 
“Vegetation cover and soil type,” and factor 2, represented by “Richness and photosynthetic activity.” 
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“GRADIENT 1 (LOW)” has low loadings on both factors, indicating it receives information from all 
variables in factors 1 and 2. “GRADIENT 2 (MEDIUM)” contributes most to factor 1 with 0.98 units, 
while its value in factor 2 is very low at 0.02 units. “GRADIENT 3 (HIGH)” has a low contribution to 
factor 1 with 0.205 units, but a very high value for factor 2 at 0.795 units (Figure 6). 

 
3.7.1. Factor 1 Variance (76.356%) 

Variables with high and positive factor loadings include "litter (ha)," "bare ground cover (ha)," 
"vegetation cover (ha)," "medium soil texture," and "moderately coarse texture," indicating a strong 
association with vegetation cover and soil type. Variables with high and negative loadings are "Shannon 
Index" and "Simpson Index," suggesting an inverse relationship with vegetation diversity and 
dominance. 

 
3.7.2. Factor 2 Variance (23.644%) 

Variables with high positive factor loadings include the "Margalef Index" and "NDVI," indicating a 
link to richness and photosynthetic activity. Variables with high negative loadings are "Water coverage 
(ha)" and "Simpson Index," showing an inverse relationship with plant species dominance and water.  
3.8. Influence of Underlying Factors 

The RDA effectively integrates floristic data, including diversity indices, edaphic data, and 
photosynthetic activity data (NDVI), with results reflecting ecological patterns in the bofedal. 
 
 
Table 6.  
Load Matrix 

Component RDA1 RDA2 
Eigenvalue 0.0279 0.0026 
Proportion Explained 90-95% 5-10% 

Site Scores 
  

Gradient (Low) -0.965 -0.261 

Gradient (Medium) -1.298 0.123 

Gradient (High) 0.333 0.139 

Species Scores 
  

Shannon 0.601 -0.799 

Simpson 0.681 -0.733 

Margalef 0.992 0.131 

Biplot Scores (Variables Explicativas) 
  

Cob water -0.985 0.174 
Cob vegetable 0.999 0.013 

Rock -0.519 0.855 

NDVI -0.366 0.931 
VIF Scores 

  

Cob water 3.96 
 

Cob vegetable 5.69 
 

NDVI 2.89 
 

 
RDA1 explains between 90-95% of the variance in diversity indices, representing the main gradient 

of variation, while RDA2 accounts for 5-10%, capturing secondary variations. The low gradient, 
influenced by water coverage, has intermediate diversity, probably limited by waterlogged conditions. 
The medium gradient, with high vegetation coverage, could be dominated by competitive species, 
reducing diversity. The high gradient, soils with creeping vegetation and higher NDVI, suggests 
conditions that allow for greater species richness, possibly due to less competition and better resource 
availability. It should be noted that the small sample size (n=3) implies an overfitted model (100% 
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explained variance), which limits statistical inference. However, RDA remains valid as an exploratory 
analysis to identify patterns. 
 

4. Discussion 
The Potrerillo wetland is dominated by the Asteraceae family, whose efficient propagation and seed 

dispersal provide it with competitive advantages in open, high-light areas [62]. Its capacity for self-
fertilization and tolerance to disturbances enables it to predominate in fragmented and humid 
environments [63-65]. 

D. muscoides is notable for its adaptation to poorly drained soils and positive water balance at high 
altitudes. It contributes to ecological processes like carbon storage and moisture retention, enhancing 
soil organic matter and creating microhabitats that stabilize plant communities, facilitating colonization 
in environments impacted by climate change. Its role is vital in these ecosystems [8, 66-69]. 

For its part, C. intermedia dominates in the middle and upper gradients, adapting to both anaerobic 
and aerobic conditions and using its robust root system to stabilize the soil, reduce erosion, and retain 
water and nutrients [70-72]; however, its dense biomass and coverage in nutrient-rich soils may limit 
the diversity of other plant species [73-75]. 

Soil texture and cover influence the floristic composition of wetlands. Fine-textured soils, such as 
clayey or organic-rich soils, retain more moisture and nutrients, favoring plant diversity [76, 77]. 
These properties influence microbial communities and plant growth [78]. Conversely, land cover, 
especially activities like grazing and trampling, alters soil properties, reducing biodiversity and 
impacting moisture and nutrient availability [79, 80]. 

Seasonal variations, such as droughts, amplify these effects, modifying moisture regimes and species 
distribution [81, 82]. Invasive species can also exploit nutrient-rich soils, displacing native flora [83]. 
Sustainable agricultural practices, such as organic amendments, can improve soil health and plant 
diversity, while monoculture reduces them [84, 85]. Urbanization alters hydrological regimes, affecting 
soil-vegetation interactions [86]. 

The morphology of wetlands, along with soil texture, creates microhabitats supporting unique plant 
communities [87, 88]. For ecological restoration, managing soil properties and land cover must be 
integrated to preserve wetland biodiversity and functionality [89]. 

The photosynthetic activity of vegetation cover influences flora composition; increased 
photosynthesis boosts plant biomass, promoting plant community diversity [90, 91]. Submerged 
vegetation alters sediment biochemistry, affecting nutrient availability such as phosphorus and 
influencing species dominance [92]. However, climatic factors such as temperature modify 
photosynthetic capacity, altering species composition due to differential responses among them [91]. 
Likewise, grazing and trampling reduce photosynthetic efficiency by affecting water availability and soil 
properties, leading to decreased biodiversity [93]. In addition, excessive nitrogen input from fertilizers 
can intensify photosynthesis in some species but also lead to eutrophication, which alters the structure 
of the plant community [94]. 

In the middle gradient of high Andean wetlands, high vegetation cover can favor the dominance of 
competitive species, reducing plant diversity through competitive exclusion. Nutritional enrichment, 
exacerbated by practices such as cutting and drainage, promotes fast-growing species and suppresses 
species richness [73, 95, 96]. The monopoly of resources by dominant species intensifies pressure on 
subordinate species, particularly in eutrophic soils [97]. Environmental variation and water 
connectivity influence community structure, but high cover limits available niches, resulting in low 
diversity [79]. Anthropogenic alterations, including water modifications and non-native invasions, 
increase dominance and decrease floristic diversity [79, 80, 96, 97]. 

In the high gradient of high Andean wetlands, rocky soils with high water retention and higher 
NDVI indicate favorable conditions for high species richness, mediated by lower interspecific 
competition and greater resource availability [81, 82]. Hydromorphism and peat accumulation generate 
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microhabitats with abiotic variability, promoting the coexistence of hydrophilic plant species and 
associated fauna, including high avian diversity [83-85]. 

Inceptisols with high water retention capacity and organic matter sustain carbon cycles and 
facilitate niche partitioning, increasing floristic and faunistic biodiversity [86-88]. Dynamic interactions 
between biotic and abiotic factors, modulated by landscape variations, reinforce patterns of high species 
richness in these ecosystems [89, 90]. 

In the low gradient of high Andean wetlands, permanent water coverage creates waterlogged 
conditions that limit plant diversity to intermediate levels, mediated by water saturation and 
groundwater dynamics [91, 92]. Hydrological connectivity and water chemistry influence community 
structure, but fragmentation and low dispersal restrict species richness [93, 94]. 

Anthropogenic pressures, such as loss of surface area and degradation, exacerbate population 
fragmentation and reduce genetic diversity, compromising ecological integrity [73, 95]. Conservation is 
essential to mitigate these impacts and preserve characteristic intermediate diversity [96, 97]. 

 

5. Conclusions 
In the Potrerillo wetland, the vegetation cover is dominated by the Asteraceae family, with species 

such as D. muscoides and C. intermedia, adapted to extreme altitude conditions and hydrological 
fluctuations. The low species richness in the high and low gradients indicates interspecific competition 
that limits floristic diversity. Biodiversity indices reflect medium to low diversity, influenced by 
environmental factors such as water availability and soil properties. Conversely, normalized difference 
vegetation index (NDVI) values, which range between 0.6 and 0.8, indicate high photosynthetic activity 
in areas with higher humidity, contributing significantly to the ecosystem's productivity and 
functionality. 

The factor analysis of the Potrerillo wetland identified two main factors that explain 100% of the 
variance, highlighting positive and negative influences of the associated variables. Factor 1 (76.35% of 
the variance) is positively related to soil texture and cover (Inceptisols, medium texture, moderately 
coarse, and without soil), which promote water and nutrient retention, favoring the growth of plant 
species adapted to extreme climatic conditions. However, this factor shows a negative relationship with 
the Shannon and Simpson indices, indicating that high vegetation cover and soil properties are 
influenced by lower diversity and greater dominance of a few species, suggesting competition that could 
influence floristic richness. 

Factor 2 (23.65% of the variance) shows a positive correlation between floristic richness and 
photosynthetic activity, reflecting greater richness and high photosynthetic activity (Margalef index 
and NDVI) in areas with adequate water availability, which contributes to wetland biomass 
productivity. Conversely, this factor exhibits a negative relationship with water coverage and the 
Simpson index, indicating that water bodies and species dominance reduce floristic richness and 
photosynthetic activity in certain sectors. The interaction of these factors demonstrates that edaphic and 
hydrological conditions are decisive in the structure and functionality of the bofedal, although the low 
diversity in high and low gradients highlights the ecosystem's vulnerability to disturbances that 
intensify the dominance of adapted species. 

The RDA analysis integrated floristic, edaphic, and photosynthetic activity (NDVI) data, revealing 
clear ecological patterns along an altitudinal gradient in the bofedal. The main axis (RDA1) explains 90-
95% of the variance in diversity indices, while RDA2 captures the remaining 5-10%, highlighting 
secondary variations. The middle gradient, characterized by high vegetation cover, contributes to 
competitive species that reduce specific diversity. The high gradient, with soils, creeping vegetation, and 
higher NDVI, promotes greater species richness due to less competition and better resource availability. 
The low gradient, influenced by water cover, shows intermediate diversity, limited by waterlogged 
conditions. 

Soil texture and cover, along with the photosynthetic activity of vegetation, are key factors in the 
floristic composition of bofedales. Medium-textured soils, rich in organic matter, enhance moisture and 
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nutrient retention, promoting greater plant diversity and supporting microhabitats that host unique 
plant communities. 

The study of the Potrerillo wetland shows that floristic composition, ecosystem productivity, and 
plant diversity depend on soil, hydrological conditions, and vegetation cover, with species adapted to 
extreme environments dominating altitudinal gradients. However, low diversity at certain levels 
exposes ecological vulnerability to anthropogenic disturbances. These results highlight the importance 
of bofedales as key ecosystems for water and nutrient retention, water resource regulation, and 
biodiversity conservation. The information generated provides a scientific basis for proposing practical 
recommendations such as annual monitoring using remote sensors (NDVI) and soil moisture 
measurements, zoning of human use, and revegetation with native species in degraded areas for 
practical management. 
 

Funding:  
This work was funded by the Higher Polytechnic School of Chimborazo (ESPOCH) through the Dean's 
Office of Research, under the project “DIPI-003: Evaluation of the Andean glaciers of the Chimborazo 
and Carihuairazo volcanoes and their environmental, social, and cultural impact.” 
 

Transparency: 
The authors confirm that the manuscript is an honest, accurate, and transparent account of the study; 
that no vital features of the study have been omitted; and that any discrepancies from the study as 
planned have been explained. This study followed all ethical practices during writing. 
 

Copyright:  
© 2026 by the authors. This article is an open-access article distributed under the terms and conditions 
of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 
 

References 
[1] E. J. Derlindati et al., "A review of the ecology and conservation of the Andean Flamingo Phoenicoparrus andinus and 

Puna Flamingo P. jamesi in South America," Bird Conservation International, vol. 34, p. e37, 2024.  
https://doi.org/10.1017/S0959270924000273 

[2] P. Marconi, F. Arengo, and A. Clark, "The arid Andean plateau waterscapes and the lithium triangle: flamingos as 
flagships for conservation of high-altitude wetlands under pressure from mining development," Wetlands Ecology and 
Management, vol. 30, pp. 827-852, 2022.  https://doi.org/10.1007/s11273-022-09872-6 

[3] R. A. Chimner et al., "Mapping mountain peatlands and wet meadows using multi-date, multi-sensor remote sensing 
in the Cordillera Blanca, Peru," Wetlands, vol. 39, pp. 1057-1067, 2019.  https://doi.org/10.1007/s13157-019-01134-
1 

[4] K. Yager, M. Prieto, and R. I. Meneses, "Reframing pastoral practices of bofedal management to increase the 
resilience of Andean water towers," Mountain Research and Development, vol. 41, no. 4, pp. A1-A9, 2021.  
https://doi.org/10.1659/MRD-JOURNAL-D-21-00011.1 

[5] J. R. Croy, L. A. Meyerson, W. J. Allen, G. P. Bhattarai, and J. T. Cronin, "Lineage and latitudinal variation in 
Phragmites australis tolerance to herbivory: implications for invasion success," Oikos, vol. 129, no. 9, pp. 1341-1357, 
2020.  https://doi.org/10.1111/oik.07260 

[6] L. Lind, R. L. Eckstein, and R. A. Relyea, "Direct and indirect effects of climate change on distribution and 
community composition of macrophytes in lentic systems," Biological Reviews, vol. 97, no. 4, pp. 1677-1690, 2022.  
https://doi.org/10.1111/brv.12858 

[7] L. B. Epele et al., "Perils of life on the edge: climatic threats to global diversity patterns of wetland 
macroinvertebrates," Science of the Total Environment, vol. 820, p. 153052, 2022.  
https://doi.org/10.1016/j.scitotenv.2022.153052 

[8] V. Martínez-Amigo and J. C. Benavides, "Carbon balance shift in mountain peatlands along a gradient of grazing 
disturbance in the tropical Andes (Colombia)," Plant Ecology, vol. 224, pp. 1049-1058, 2023.  
https://doi.org/10.1007/s11258-023-01356-8 

[9] P. V. Vaca-Cárdenas, E. A. Muñoz-Jácome, M. L. Vaca-Cárdenas, D. F. Cushquicullma-Colcha, and J. Guerrero-
Casado, "The recent extinction of the carihuairazo volcano glacier in the Ecuadorian Andes using multivariate 
analysis techniques," Earth, vol. 6, no. 3, p. 86, 2025.  https://doi.org/10.3390/earth6030086 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S0959270924000273
https://doi.org/10.1007/s11273-022-09872-6
https://doi.org/10.1007/s13157-019-01134-1
https://doi.org/10.1007/s13157-019-01134-1
https://doi.org/10.1659/MRD-JOURNAL-D-21-00011.1
https://doi.org/10.1111/oik.07260
https://doi.org/10.1111/brv.12858
https://doi.org/10.1016/j.scitotenv.2022.153052
https://doi.org/10.1007/s11258-023-01356-8
https://doi.org/10.3390/earth6030086


16 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484   

Vol. 10, No. 2: 1-19, 2026 
DOI: 10.55214/2576-8484.v10i2.11974 
© 2026 by the authors; licensee Learning Gate 

 

[10] S. Madrigal-Martínez, R. J. Puga-Calderón, V. Bustínza Urviola, and Ó. Vilca Gómez, "Spatiotemporal changes in 
land use and ecosystem service values under the influence of glacier retreat in a high-Andean environment," Frontiers 
in Environmental Science, vol. 10, p. 941887, 2022.  https://doi.org/10.3389/fenvs.2022.941887 

[11] R. Urrutia and M. Vuille, "Climate change projections for the tropical Andes using a regional climate model: 
Temperature and precipitation simulations for the end of the 21st century," Journal of Geophysical Research: 
Atmospheres, vol. 114, no. D2, 2009.  https://doi.org/10.1029/2008JD011021 

[12] M. E. Ryan, W. J. Palen, M. J. Adams, and R. M. Rochefort, "Amphibians in the climate vise: Loss and restoration of 
resilience of montane wetland ecosystems in the western US," Frontiers in Ecology and the Environment, vol. 12, no. 4, 
pp. 232-240, 2014.  https://doi.org/10.1890/130145 

[13] G. F. C. Fernández et al., "Mapping high-altitude peatlands to inform a landscape conservation strategy in the Andes 
of northern Peru," Environmental Conservation, vol. 50, no. 4, pp. 212-219, 2023.  
https://doi.org/10.1017/S0376892923000267 

[14] W. Liu, S. Guo, H. Zhang, Y. Chen, Y. Shao, and Z. Yuan, "Effect of altitude gradients on the spatial distribution 
mechanism of soil bacteria in temperate deciduous broad-leaved forests," Microorganisms, vol. 12, no. 6, p. 1034, 2024.  
https://doi.org/10.3390/microorganisms12061034 

[15] K. Di, C. Yuanyuan, F. Shishi, L. Qianmin, and Z. Shuzhen, "Microbial community diversity and assembly processes 
in the aridification of wetlands on the Qinghai-Tibet Plateau," iScience, vol. 28, no. 5, p. 112494, 2025.  
https://doi.org/10.1016/j.isci.2025.112494 

[16] L. Zheng, P. Zhan, J. Xu, L. Xu, Z. Tan, and X. Wang, "Aquatic vegetation dynamics in two pit lakes related to 
interannual water level fluctuation," Hydrological Processes, vol. 34, no. 11, pp. 2645-2659, 2020.  
https://doi.org/10.1002/hyp.13757 

[17] L. Jing et al., "Vegetation dynamic in a large floodplain wetland: The effects of hydroclimatic regime," Remote Sensing, 
vol. 15, no. 10, p. 2614, 2023.  https://doi.org/10.3390/rs15102614 

[18] W. Huang, X. Liu, L. Tian, G. Cui, and Y. Liu, "Vegetation and carbon sink response to water level changes in a 
seasonal lake wetland," Frontiers in Plant Science, vol. 15, p. 1445906, 2024.  
https://doi.org/10.3389/fpls.2024.1445906 

[19] B. Sun et al., "Experimental warming reduces ecosystem resistance and resilience to severe flooding in a wetland," 
Science Advances, vol. 8, no. 4, p. eabl9526, 2022.  https://doi.org/10.1126/sciadv.abl9526 

[20] D. Xu et al., "Climate change will reduce North American inland wetland areas and disrupt their seasonal regimes," 
Nature Communications, vol. 15, p. 2438, 2024.  https://doi.org/10.1038/s41467-024-45286-z 

[21] F. Suárez, A. Sarabia, P. Sanzana, C. Latorre, and J. F. Muñoz, "The Quebrada Negra wetland study: An approach to 

understand plant diversity, hydrology, and hydrogeology of high‐Andean wetlands," Wiley Interdisciplinary Reviews: 
Water, vol. 11, no. 1, p. e1683, 2024.  https://doi.org/10.1002/wat2.1683 

[22] E. Valencia et al., "Wetland monitoring technification for the Ecuadorian Andean region based on a multi-agent 
framework," Heliyon, vol. 8, no. 3, p. e09054, 2022.  https://doi.org/10.1016/j.heliyon.2022.e09054 

[23] M. Rosas-Chavoya, J. L. Gallardo-Salazar, P. M. López-Serrano, P. C. Alcántara-Concepción, and A. K. León-
Miranda, "QGIS a constantly growing free and open-source geospatial software contributing to scientific 
development," Cuadernos de Investigación Geográfica, vol. 48, no. 1, pp. 197-213, 2022.  
https://doi.org/10.18172/cig.5143 

[24] R. Ramos, B. de Souza, and D. Lucena, "Methodology for mapping the distribution of altitudinal wetland forests in 
the Brazilian Semiarid," Geogr. Ensino Pesqui, vol. 24, p. e46, 2020.  https://doi.org/10.5902/2236499447918 

[25] E. Septiana, A. B. Abd Rahman, and K. Manaf, "Development and analysis of GIS regional political profiles in West 
Java utilizing the spatial overlay join method," CoreID Journal, vol. 2, no. 1, pp. 1-10, 2024.  
https://doi.org/10.60005/coreid.v2i1.25 

[26] P. Kaviany et al., "Spatial analysis of tobacco outlet density on secondhand smoke exposure and asthma health among 
children in Baltimore City," Tobacco control, vol. 32, no. 5, pp. 607-613, 2023.  
https://doi.org/10.1136/tobaccocontrol-2021-056878 

[27] Y. Wang et al., "Develop a preliminary core germplasm with the novel polymorphism EST-SSRs derived from three 
transcriptomes of colored calla lily (Zantedeschia hybrida)," Frontiers in Plant Science, vol. 14, p. 1055881, 2023.  
https://doi.org/10.3389/fpls.2023.1055881 

[28] W. G. Cochran, Sampling techniques, 3rd ed. New York: John Wiley & Sons, 1977. 
[29] Y. Altolaguirre, J. M. Postigo-Mijarra, M. Casas-Gallego, R. Moreno-Domínguez, and E. Barrón, "Mapping the Late 

Miocene Pyrenean forests of the La Cerdanya Basin, Spain," Forests, vol. 14, no. 7, p. 1471, 2023.  
https://doi.org/10.3390/f14071471 

[30] A. H. Schweiger, S. D. Irl, M. J. Steinbauer, J. Dengler, and C. Beierkuhnlein, "Optimizing sampling approaches along 
ecological gradients," Methods in Ecology and Evolution, vol. 7, no. 4, pp. 463-471, 2016.  
https://doi.org/10.1111/2041-210X.12495 

[31] M. V. Croft and P. Chow-Fraser, "Non-random sampling and its role in habitat conservation: A comparison of three 
wetland macrophyte sampling protocols," Biodiversity and Conservation, vol. 18, pp. 2283-2306, 2009.  
https://doi.org/10.1007/s10531-009-9588-4 

https://doi.org/10.3389/fenvs.2022.941887
https://doi.org/10.1029/2008JD011021
https://doi.org/10.1890/130145
https://doi.org/10.1017/S0376892923000267
https://doi.org/10.3390/microorganisms12061034
https://doi.org/10.1016/j.isci.2025.112494
https://doi.org/10.1002/hyp.13757
https://doi.org/10.3390/rs15102614
https://doi.org/10.3389/fpls.2024.1445906
https://doi.org/10.1126/sciadv.abl9526
https://doi.org/10.1038/s41467-024-45286-z
https://doi.org/10.1002/wat2.1683
https://doi.org/10.1016/j.heliyon.2022.e09054
https://doi.org/10.18172/cig.5143
https://doi.org/10.5902/2236499447918
https://doi.org/10.60005/coreid.v2i1.25
https://doi.org/10.1136/tobaccocontrol-2021-056878
https://doi.org/10.3389/fpls.2023.1055881
https://doi.org/10.3390/f14071471
https://doi.org/10.1111/2041-210X.12495
https://doi.org/10.1007/s10531-009-9588-4


17 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484   

Vol. 10, No. 2: 1-19, 2026 
DOI: 10.55214/2576-8484.v10i2.11974 
© 2026 by the authors; licensee Learning Gate 

 

[32] C. S. Shuman and R. F. Ambrose, "A comparison of remote sensing and ground‐based methods for monitoring 
wetland restoration success," Restoration Ecology, vol. 11, no. 3, pp. 325-333, 2003.  https://doi.org/10.1046/j.1526-
100X.2003.00182.x 

[33] T. Tefera, D. Ejigu, and N. Tassie, "Avian diversity and bird-aircraft strike problems in bahir dar international 
airport, bahir dar, Ethiopia," BMC Zoology, vol. 7, no. 1, p. 36, 2022.  https://doi.org/10.1186/s40850-022-00135-8 

[34] Y. Ping, C. Li, L. Wang, and H. Zhao, "Effects of Atractylodes Macrocephala Rhizoma polysaccharide on intestinal 
microbiota composition in rats with mammary gland hyperplasia," Frontiers in Endocrinology, vol. 13, p. 1102605, 
2023.  https://doi.org/10.3389/fendo.2022.1102605 

[35] Y. Fu et al., "Impact of leavening agents on flavor profiles and microbial communities in steamed bread: A 
comparative analysis of traditional Chinese sourdough and commercial yeast," Journal of Agricultural and Food 
Chemistry, vol. 71, no. 48, pp. 18973-18985, 2023.  https://doi.org/10.1021/acs.jafc.3c05321 

[36] H. Nai et al., "Generation of secondary microbial methane of high-rank coals: Insights from the microbial community 
and carbon isotope," Frontiers in Microbiology, vol. 15, p. 1414379, 2024.  
https://doi.org/10.3389/fmicb.2024.1414379 

[37] X. Huang et al., "Federated knowledge distillation for enhanced insulator defect detection in resource‐constrained 
environments," IET Computer Vision, vol. 18, no. 8, pp. 1072-1086, 2024.  https://doi.org/10.1049/cvi2.12290 

[38] L. Song, L. Ding, T. Wen, M. Yin, and Z. Zeng, "Time series change detection using reservoir computing networks 
for remote sensing data," International Journal of Intelligent Systems, vol. 37, no. 12, pp. 10845-10860, 2022.  
https://doi.org/10.1002/int.22984 

[39] A. Essaadia, A. Abdellah, A. Ahmed, F. Abdelouahed, and E. Kamal, "The normalized difference vegetation index 
(NDVI) of the Zat valley, Marrakech: comparison and dynamics," Heliyon, vol. 8, no. 12, p. e12204, 2022.  
https://doi.org/10.1016/j.heliyon.2022.e12204 

[40] D. Patón, "Normalized difference vegetation index determination in urban areas by full-spectrum photography," 
Ecologies, vol. 1, no. 1, pp. 22-35, 2020.  https://doi.org/10.3390/ecologies1010004 

[41] G. Camps-Valls et al., "A unified vegetation index for quantifying the terrestrial biosphere," Science Advances, vol. 7, 
no. 9, p. eabc7447, 2021.  https://doi.org/10.1126/sciadv.abc7447 

[42] M. Béland and H. Kobayashi, "Drivers of deciduous forest near-infrared reflectance: A 3D radiative transfer modeling 
exercise based on ground lidar," Remote Sensing of Environment, vol. 302, p. 113951, 2024.  
https://doi.org/10.1016/j.rse.2023.113951 

[43] B. Dechant et al., "Canopy structure explains the relationship between photosynthesis and sun-induced chlorophyll 
fluorescence in crops," Remote Sensing of Environment, vol. 241, p. 111733, 2020.  
https://doi.org/10.1016/j.rse.2020.111733 

[44] H. Zhu et al., "Assessing radiometric calibration methods for multispectral UAV imagery and the influence of 
illumination, flight altitude and flight time on reflectance, vegetation index and inversion of winter wheat AGB and 
LAI," Computers and Electronics in Agriculture, vol. 219, p. 108821, 2024.  
https://doi.org/10.1016/j.compag.2024.108821 

[45] W. Chivasa, O. Mutanga, and C. Biradar, "UAV-based multispectral phenotyping for disease resistance to accelerate 
crop improvement under changing climate conditions," Remote sensing, vol. 12, no. 15, p. 2445, 2020.  
https://doi.org/10.3390/rs12152445 

[46] M. Franzini, G. Ronchetti, G. Sona, and V. Casella, "Geometric and radiometric consistency of parrot sequoia 
multispectral imagery for precision agriculture applications," Applied Sciences, vol. 9, no. 24, p. 5314, 2019.  
https://doi.org/10.3390/app9245314 

[47] R. Avtar, S. A. Suab, M. S. Syukur, A. Korom, D. A. Umarhadi, and A. P. Yunus, "Assessing the influence of UAV 
altitude on extracted biophysical parameters of young oil palm," Remote Sensing, vol. 12, no. 18, p. 3030, 2020.  
https://doi.org/10.3390/rs12183030 

[48] T. Kataoka, Y. Hodoki, K. Suzuki, H. Saito, and S. Higashi, "Tempo-spatial patterns of bacterial community 
composition in the western North Pacific Ocean," Journal of Marine Systems, vol. 77, no. 1-2, pp. 197-207, 2009.  
https://doi.org/10.1016/j.jmarsys.2008.12.006 

[49] A. H. Frank, J. A. Garcia, G. J. Herndl, and T. Reinthaler, "Connectivity between surface and deep waters determines 
prokaryotic diversity in the North Atlantic Deep Water," Environmental microbiology, vol. 18, no. 6, pp. 2052-2063, 
2016.  https://doi.org/10.1111/1462-2920.13237 

[50] F. Alzate-Guarín and J. S. Murillo-Serna, "Angiosperm flora on the páramos of northwestern Colombia: Diversity 
and affinities," PhytoKeys, no. 70, p. 41, 2016.  https://doi.org/10.3897/phytokeys.70.8609 

[51] N. L. Cuello, A. M. Cleef, and G. Aymard, "Phytogeography of the vascular páramo flora of Ramal de Guaramacal 
(Andes, Venezuela) and its ties to other páramo floras," Anales del Jardín Botánico de Madrid, vol. 67, no. 2, pp. 177–
193, 2010.  

[52] W. Tang, T. Zhou, J. Sun, Y. Li, and W. Li, "Accelerated urban expansion in lhasa city and the implications for 
sustainable development in a Plateau City," Sustainability, vol. 9, no. 9, p. 1499, 2017.  
https://doi.org/10.3390/su9091499 

https://doi.org/10.1046/j.1526-100X.2003.00182.x
https://doi.org/10.1046/j.1526-100X.2003.00182.x
https://doi.org/10.1186/s40850-022-00135-8
https://doi.org/10.3389/fendo.2022.1102605
https://doi.org/10.1021/acs.jafc.3c05321
https://doi.org/10.3389/fmicb.2024.1414379
https://doi.org/10.1049/cvi2.12290
https://doi.org/10.1002/int.22984
https://doi.org/10.1016/j.heliyon.2022.e12204
https://doi.org/10.3390/ecologies1010004
https://doi.org/10.1126/sciadv.abc7447
https://doi.org/10.1016/j.rse.2023.113951
https://doi.org/10.1016/j.rse.2020.111733
https://doi.org/10.1016/j.compag.2024.108821
https://doi.org/10.3390/rs12152445
https://doi.org/10.3390/app9245314
https://doi.org/10.3390/rs12183030
https://doi.org/10.1016/j.jmarsys.2008.12.006
https://doi.org/10.1111/1462-2920.13237
https://doi.org/10.3897/phytokeys.70.8609
https://doi.org/10.3390/su9091499


18 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484   

Vol. 10, No. 2: 1-19, 2026 
DOI: 10.55214/2576-8484.v10i2.11974 
© 2026 by the authors; licensee Learning Gate 

 

[53] T. H. Sparks, W. A. Scott, and R. T. Clarke, "Traditional multivariate techniques: Potential for use in ecotoxicology," 
Environmental Toxicology and Chemistry, vol. 18, no. 2, pp. 128-137, 1999.  https://doi.org/10.1002/etc.5620180206 

[54] N. Hanžek, M. Šiljeg, T. Šikić, and I. Stanković, "Phytoplankton in deep lakes of the Dinaric karst: Functional 
biodiversity and main ecological features," Plants, vol. 13, no. 16, p. 2252, 2024.  
https://doi.org/10.3390/plants13162252 

[55] S. Dolédec, D. Chessel, and C. Gimaret-Carpentier, "Niche separation in community analysis: A new method," 
Ecology, vol. 81, no. 10, pp. 2914–2927, 2000.  https://doi.org/10.1890/0012-
9658(2000)081[2914:NSICAA]2.0.CO;2 

[56] Z. Xingyuan and L. Fawen, "Study on the correlation between river network patterns and topography in the Haihe 
River basin," Frontiers in Earth Science, vol. 11, p. 1124124, 2023.  https://doi.org/10.3389/feart.2023.1124124 

[57] K. Teramoto and K. Hirose, "Sparse multivariate regression with missing values and its application to the prediction 
of material properties," International Journal for Numerical Methods in Engineering, vol. 123, no. 2, pp. 530-546, 2022.  
https://doi.org/10.1002/nme.6867 

[58] H. Xu, H. Zheng, X. Chen, Y. Ren, and Z. Ouyang, "Relationships between river water quality and landscape factors 
in Haihe River Basin, China: Implications for environmental management," Chinese Geographical Science, vol. 26, no. 2, 
pp. 197-207, 2016.  https://doi.org/10.1007/s11769-016-0799-9 

[59] L. P. Smits et al., "Effect of vegan fecal microbiota transplantation on carnitine‐and choline‐derived 

trimethylamine‐N‐oxide production and vascular inflammation in patients with metabolic syndrome," Journal of the 
American Heart Association, vol. 7, no. 7, p. e008342, 2018.  https://doi.org/10.1161/JAHA.117.008342 

[60] F. C. Akamagwuna, P. K. Mensah, C. F. Nnadozie, and O. N. Odume, "Trait‐based responses of Ephemeroptera, 
Plecoptera, and Trichoptera to sediment stress in the Tsitsa River and its tributaries, Eastern Cape, South Africa," 
River Research and Applications, vol. 35, no. 7, pp. 999-1012, 2019.  https://doi.org/10.1002/rra.3458 

[61] M. L. Vaca-Cárdenas et al., "Evaluation of high Andean plant species in the absorption and translocation of heavy 
metals in the Moorlands of Reten IchuBamba, ecuador," Conservation, vol. 5, no. 3, p. 34, 2025.  
https://doi.org/10.3390/conservation5030034 

[62] L. V. V. Cruz, M. O. D. Pivari, L. Menini Neto, and F. R. G. Salimena, "Montane seasonal wetlands: an inventory of 
its associated flora in Parque Estadual do Ibitipoca, southeast Brazil," Rodriguésia, vol. 71, p. e02502018, 2020.  
https://doi.org/10.1590/2175-7860202071097 

[63] D. F. Cushquicullma-Colcha et al., "Influence of altitude and climatic factors on the floristic composition of the 
Moorlands of the Guamote Canton, Ecuador: Key revelations for conservation," Sustainability, vol. 17, no. 2, p. 383, 
2025.  https://doi.org/10.3390/su17020383 

[64] H. Dhiman, H. Saharan, and S. Jakhar, "Study of invasive plants in tropical dry deciduous forests–biological spectrum, 
phenology, and diversity," Forestry Studies, vol. 74, no. 1, pp. 58-71, 2021.  https://doi.org/10.2478/fsmu-2021-0004 

[65] D. F. Cushquicullma-Colcha et al., "Bioaccumulation and tolerance of metals in floristic species of the High Andean 
Wetlands of the Ichubamba Yasepan protected area: Identification of groups and discriminant markers," Sustainability, 
vol. 17, no. 15, p. 6805, 2025.  https://doi.org/10.3390/su17156805 

[66] J. C. Benavides, D. H. Vitt, and D. J. Cooper, "The high-elevation peatlands of the northern Andes, Colombia," Plants, 
vol. 12, no. 4, p. 955, 2023.  https://doi.org/10.3390/plants12040955 

[67] E. J. Oyague and D. J. Cooper, "Peatlands of the Central Andes Puna, South America," Wetland Science & Practice, vol. 
37, no. 4, pp. 255–260, 2020.  https://doi.org/10.1672/UCRT083-204 

[68] E. Suárez et al., "Vegetation structure and aboveground biomass of Páramo peatlands along a high-elevation gradient 
in the northern Ecuadorian Andes," Frontiers in Plant Science, vol. 14, p. 1102340, 2023.  
https://doi.org/10.3389/fpls.2023.1102340 

[69] R. Llanos et al., "Recent significant decline of strong carbon peat accumulation rates in tropical Andes related to 
climate change and glacier retreat," Biogeosciences Discussions, vol. 2022, pp. 1-19, 2022.  https://doi.org/10.5194/bg-
2022-47 

[70] Z. Lan et al., "Effects of flooding duration on wetland plant biomass: The importance of soil nutrients and season," 
Freshwater Biology, vol. 66, no. 2, pp. 211-222, 2021.  https://doi.org/10.1111/fwb.13630Digital 

[71] Y. M. Lozano and M. C. Rillig, "Effects of microplastic fibers and drought on plant communities," Environmental 
science & technology, vol. 54, no. 10, pp. 6166-6173, 2020.  

[72] S. A. Duchicela et al., "Microclimatic warming leads to a decrease in species and growth form diversity: Insights from 
a tropical alpine grassland," Frontiers in Ecology and Evolution, vol. 9, p. 673655, 2021.  
https://doi.org/10.3389/fevo.2021.673655 

[73] C. Goodwillie, M. W. McCoy, and A. L. Peralta, "Long‐term nutrient enrichment, mowing, and ditch drainage 
interact in the dynamics of a wetland plant community," Ecosphere, vol. 11, no. 10, p. e03252, 2020.  
https://doi.org/10.1002/ecs2.3252 

[74] K. A. Lodge and A. C. Tyler, "Divergent impact of grazing on plant communities of created wetlands with varying 
hydrology and antecedent land use," Wetlands Ecology and Management, vol. 28, no. 5, pp. 797-813, 2020.  

[75] S. A. Tomscha et al., "Multiple methods confirm wetland restoration improves ecosystem services," Ecosystems and 
People, vol. 17, no. 1, pp. 25-40, 2021.  

https://doi.org/10.1002/etc.5620180206
https://doi.org/10.3390/plants13162252
https://doi.org/10.1890/0012-9658(2000)081%5b2914:NSICAA%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5b2914:NSICAA%5d2.0.CO;2
https://doi.org/10.3389/feart.2023.1124124
https://doi.org/10.1002/nme.6867
https://doi.org/10.1007/s11769-016-0799-9
https://doi.org/10.1161/JAHA.117.008342
https://doi.org/10.1002/rra.3458
https://doi.org/10.3390/conservation5030034
https://doi.org/10.1590/2175-7860202071097
https://doi.org/10.3390/su17020383
https://doi.org/10.2478/fsmu-2021-0004
https://doi.org/10.3390/su17156805
https://doi.org/10.3390/plants12040955
https://doi.org/10.1672/UCRT083-204
https://doi.org/10.3389/fpls.2023.1102340
https://doi.org/10.5194/bg-2022-47
https://doi.org/10.5194/bg-2022-47
https://doi.org/10.1111/fwb.13630Digital
https://doi.org/10.3389/fevo.2021.673655
https://doi.org/10.1002/ecs2.3252


19 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484   

Vol. 10, No. 2: 1-19, 2026 
DOI: 10.55214/2576-8484.v10i2.11974 
© 2026 by the authors; licensee Learning Gate 

 

[76] P. C. G. de Souza, S. da Luz Lima Mota, R. S. Corrêa, and J. R. R. Pinto, "How substrate type and elevation drive 
woody communities and influence species ecological strategies in the Brazilian savanna at local scale," Ecological 
Research, vol. 38, no. 6, pp. 815-827, 2023.  

[77] E. Risberget, D. Hagen, and E. T. Aschehoug, "Successful restoration of alpine plant communities depends on habitat 
type," Nordic Journal of Botany, vol. 2024, no. 4, p. e03972, 2024.  

[78] Z. Zhang et al., "Effects of short-term nitrogen and phosphorus addition on soil bacterial community of different 
halophytes," Msphere, vol. 9, no. 5, pp. e00226-24, 2024.  

[79] T. Lombardi, I. Ventura, and A. Bertacchi, "Floristic inventory of ethnobotanically important halophytes of north-
western mediterranean coastal brackish areas, Tuscany, Italy," Agronomy, vol. 13, no. 3, p. 615, 2023.  
https://doi.org/10.3390/agronomy13030615 

[80] G. Wu, J. Gao, Z. Wang, and Y. Du, "Wetland-to-meadow transition alters soil microbial networks and stability in 
the sanjiangyuan region," Microorganisms, vol. 13, no. 6, p. 1263, 2025.  
https://doi.org/10.3390/microorganisms13061263 

[81] J. Sauer et al., "Estimating combined effects of climate change and land cover change on water regulation services of 
urban wetlands in Valdivia, Chile," Earth's Future, vol. 12, no. 5, p. e2023EF003801, 2024.  
https://doi.org/10.1029/2023EF003801 

[82] F. Lan et al., "Exploring long‐term datasets of land use, economy, and demography variations in karst wetland areas 
to detect possible microclimate changes," Land Degradation & Development, vol. 33, no. 15, pp. 2743-2756, 2022.  
https://doi.org/10.1002/ldr.4302 

[83] D. Lahon et al., "Growth of water hyacinth biomass and its impact on the floristic composition of aquatic plants in a 
wetland ecosystem of the Brahmaputra floodplain of Assam, India," PeerJ, vol. 11, p. e14811, 2023.  
https://doi.org/10.7717/peerj.14811 

[84] I. A. Wani et al., "Nutrient analysis and species diversity of alpine grasslands: A comparative analysis of less studied 
biodiversity hotspots," Sustainability, vol. 14, no. 2, p. 887, 2022.  https://doi.org/10.3390/su14020887 

[85] M. A. Abua et al., "Runoff, sediment loss and the attenuating effectiveness of vegetation parameters in the rainforest 
zone of Southeastern Nigeria," Sustainability, vol. 15, no. 7, p. 6262, 2023.  https://doi.org/10.3390/su15076262 

[86] Y. Hou, J. Li, G. Li, W. Qi, T. Jin, and Y. Wang, "Responses of different plant taxonomic groups to complex 
environmental factors in peri-urban wetlands," Water, vol. 16, no. 1, p. 46, 2024.  
https://doi.org/10.3390/w16010046 

[87] J. Zhang, Y. Qin, Y. Zhang, X. Lu, and J. Cao, "Comparative assessment of the spatiotemporal dynamics and driving 
forces of natural and constructed wetlands in arid and semiarid areas of northern China," Land, vol. 12, no. 11, p. 
1980, 2023.  https://doi.org/10.3390/land12111980 

[88] H. Cedillo, L. G. García-Montero, F. Bermúdez, A. Arciniegas, M. Rocano, and O. Jadán, "Ecological relationships 
between woody species diversity and propagation strategies of aulonemia queko," Plants, vol. 14, no. 5, p. 744, 2025.  
https://doi.org/10.3390/plants14050744 

[89] E. A. Sánchez-García, H. López Rosas, V. J. Sosa, R. Lindig-Cisneros, and P. Moreno-Casasola, "Towards the 
restoration of a flooded forest with Annona glabra (Annonaceae): Establishment and growth of seedlings, and change 
in accompanying vegetation," Acta Botanica Mexicana, vol. 129, p. e1923, 2022.  
https://doi.org/10.21829/abm129.2022.1923 

[90] X. Shen et al., "Asymmetric impacts of diurnal warming on vegetation carbon sequestration of marshes in the Qinghai 
Tibet Plateau," Global Biogeochemical Cycles, vol. 36, no. 7, p. e2022GB007396, 2022.  
https://doi.org/10.1029/2022GB007396 

[91] Y. Liu et al., "Spatiotemporal variation in aboveground biomass and its response to climate change in the marsh of 
Sanjiang Plain," Frontiers in Plant Science, vol. 13, p. 920086, 2022.  https://doi.org/10.3389/fpls.2022.920086 

[92] X. Wu, Y. Wang, L. Jiao, J. He, H. Zhou, and Z. Hao, "Influencing factors of phosphorus mobility and retention in the 
sediment of three typical plateau lakes," Toxics, vol. 13, no. 2, p. 120, 2025.  https://doi.org/10.3390/toxics13020120 

[93] S. Fan, J. Qin, H. Sun, Z. Dan, Z. Li, and J. Yang, "Different responses of soil nutrient dynamics and microbial 
activities to soil moisture changes in alpine wetlands and meadows on the tibetan plateau," Land Degradation & 
Development, vol. 36, no. 6, pp. 1928-1938, 2025.  https://doi.org/10.1002/ldr.5472 

[94] R. Gimbo, J. B. Mukundi, D. M. Mburu, and J. S. Balirwa, "Dynamics of land use land cover change in an East 
African inland valley wetland," African Journal of Ecology, vol. 62, no. 1, p. e13202, 2024.  
https://doi.org/10.1111/aje.13202 

[95] M. Baumane, L. Baastrup‐Spohr, K. Sand‐Jensen, I. Goldberg, K. Thorø Martinsen, and H. H. Bruun, "Nutrients, 
isolation and lack of grazing limit plant diversity in restored wetlands," Journal of Applied Ecology, vol. 62, no. 1, pp. 
144-154, 2025.  https://doi.org/10.1111/1365-2664.14824 

[96] J. E. Moeslund et al., "High nutrient loads hinder successful restoration of natural habitats in freshwater wetlands," 
Restoration Ecology, vol. 31, no. 7, p. e13796, 2023.  https://doi.org/10.1111/rec.13796 

[97] M. Slezák et al., "Soil toxicity and species dominance rather than nutrient availability drive plant species richness in 
swamp forests of Central Europe," Journal of Biogeography, vol. 51, no. 4, pp. 649-658, 2024.  
https://doi.org/10.1111/jbi.14771 

https://doi.org/10.3390/agronomy13030615
https://doi.org/10.3390/microorganisms13061263
https://doi.org/10.1029/2023EF003801
https://doi.org/10.1002/ldr.4302
https://doi.org/10.7717/peerj.14811
https://doi.org/10.3390/su14020887
https://doi.org/10.3390/su15076262
https://doi.org/10.3390/w16010046
https://doi.org/10.3390/land12111980
https://doi.org/10.3390/plants14050744
https://doi.org/10.21829/abm129.2022.1923
https://doi.org/10.1029/2022GB007396
https://doi.org/10.3389/fpls.2022.920086
https://doi.org/10.3390/toxics13020120
https://doi.org/10.1002/ldr.5472
https://doi.org/10.1111/aje.13202
https://doi.org/10.1111/1365-2664.14824
https://doi.org/10.1111/rec.13796
https://doi.org/10.1111/jbi.14771

