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A B S T R A C T   

The hydrobiological diversity in the basin depends on biotic and abiotic factors. A predictive 
model of hydrobiological diversity for periphyton and macrobenthos was developed through 
multiple linear regression analysis (MLRA) based on the physicochemical parameters of water 
(PPW) and metal content in sediments (MCS) from eight monitoring stations in the Asana- 
Tumilaca Basin during the dry and wet seasons. The electrical conductivity presented values 
between 47.9 and 3617 μS/cm, showing the highest value in the Capillune River due to the in-
fluence of geothermal waters. According to Piper’s diagram, the water in the basin had a 
composition of calcium sulfate and calcium bicarbonate-sulfate. According to the Wilcox diagram, 
the water was found to be between good and very good quality, except for in the Capillune River. 
The Shannon–Wiener diversity indices (H′) were 2.62 and 2.88 for periphyton, and 2.10 and 2.44 
for macrobenthos, indicating moderate diversity; for the Pielou’s evenness index (J′), they were 
0.68 and 0.70 for periphyton, and 0.68 and 0.59 for macrobenthos, indicating similar equity, in 
the dry and wet seasons, respectively, for both indices. In the model there were three cases, where 
the first two cases only worked with PPW or MCS, and case 3 worked with PPW and MCS. For case 
3, the predicted values for H′ and J′ of periphyton and macrobenthos concerning those observed 
presented correlation coefficients of 0.7437 and 0.6523 for periphyton and 0.9321 and 0.8570 for 
macrobenthos, respectively, which were better than those of cases 1 and 2. In addition, principal 
component analysis revealed that the As, Pb, and Zn contents in the sediments negatively 
influenced the diversity, uniformity, and richness of the macrobenthos. In contrast, Cu and Cr had 
positive impacts because of the adaptation processes.  
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1. Introduction 

The diversity of aquatic life within a river basin is determined by several factors, such as physicochemical parameters of water 
(PPW), metal content in sediments (MCS), flow variations, and regional climate conditions [1,2]. The PPW are determined by the 
concentration of dominant cations and anions, which are in turn influenced by factors such as precipitation, weathering, and evap-
oration [3]. To preserve aquatic diversity, it is crucial to distinguish between natural and anthropogenic sources and understand the 
elements that can modify water chemistry. This understanding also encompasses the movement of pollutants and the composition of 
groundwater [4]. 

Physicochemical parameters, including dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand 
(COD), pH, temperature, electrical conductivity (EC), bicarbonates, chlorides, sulfates, calcium, magnesium, potassium, and sodium 
are used to assess water quality [5,6]. The values of these parameters are represented by Piper and Wilcox diagrams, which indicate the 
type of water used according to the abundance of dominant ions and the quality of water used for irrigation, respectively [7,8]. 

Heavy metals present in sediments are ecologically significant because of their toxicity and tendency to accumulate in organisms. 
These nonbiodegradable heavy metals are integrated into the global ecological cycle and pose cumulative and toxic threats to aquatic 
ecosystem organisms [9,10]. Previous studies have demonstrated accumulation of heavy metals in plankton, benthos, fish, and 
humans. To evaluate the toxicity of sediment metals on aquatic organisms, the Canadian Sediment Quality Guidelines for the pro-
tection of aquatic life incorporate the Interim Sediment Quality Guideline (ISQG), the interim sediment quality reference value, and 
the Probable Effect Level (PEL) [1]. Sediments exceeding ISQG and PEL values may potentially harm aquatic organisms, although these 
values alone do not provide a complete prediction of the frequency, nature, and severity of biological effects [11]. 

Previous research in the upper Asana-Tumilaca Basin in the southern Peruvian Andes found that the hydrochemistry of the water is 
of a calcium sulfate nature, mainly influenced by the weathering process of the rock [8]. This is closely related to the presence of 
volcanic soils in the region and the melting of glaciers, which results in the exposure of new, easily erodible soils owing to the steepness 
of the terrain [8,12]. Glacier melting affects the quantity and quality of water, which subsequently affects biotic components. This is 
due to the emergence of new, erosion-prone soils that are often rich in aluminum and other minerals. The extent of glacial melt zones 

Abbreviations 

As Arsenic in sediment 
Hg Mercury in sediment 
Cd Cadmium in sediment 
Cu Copper in sediment 
Cr Chromium in sediment 
Pb Lead in sediment 
Zn Zinc in sediment 
H’ Shannon-Wiener index 
J’ Pielou’s evenness index 
EC Electrical conductivity 
DO Dissolved oxygen 
pH Hydrogen potential 
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− Bicarbonates 
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Mg Total magnesium 
K Total potassium 
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RAS Sodium absorption ratio 
ISQG Interim Sediment Quality Guideline 
PEL Probable Effect Level 
INGEMMET Geological, Mining and Metallurgical Institute 
NDSI Normalized Difference Snow Index 
MLRA Multiple linear regression analysis 
RMSE Root mean square error 
PCA Principal component analysis 
PPW Physicochemical parameters of water 
MCS Metal content in sediments 
DS Dry season 
WS Wet season  
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can be assessed using the Normalized Difference Snow Index (NDSI). The NDSI quantifies the relative difference in reflectance between 
ultraviolet (UV) and infrared light, allowing snow to be distinguished from other surfaces [13]. 

In hydrobiological monitoring in river basins, hydrobiological indices, such as the Shannon–Wiener diversity index and Pielou’s 
evenness, are used to determine the diversity of hydrobiological communities, such as periphyton and macrobenthos (benthic mac-
roinvertebrates) [14,15]. Periphyton are widely distributed organisms with a high colonization rate, which makes them particularly 
sensitive to external disturbances such as increased flow and the presence of suspended materials that can have an abrasive effect, 
reducing light penetration into the riverbed [2]. Macrobenthos, a group of commonly used biological indicators, are valuable tools for 
assessing the quality of surface water resources and aquatic ecosystems [16]. Relationships exist among the hydrobiological indices, 
macrobenthos composition patterns, and various environmental factors. These factors include increased flow, current velocity, al-
terations in benthic macroinvertebrate community structure, drift of many benthic macroinvertebrates, changes in habitat structure 
and ecological functions [17–19]. The assessment of hydrobiological diversity contributes to advancing ecological theory and helps in 
making informed decisions and recommendations for river basin management and conservation. 

Predictive models are useful tools for risk management because they are reliable, accurate, and provide data on eminent risks [5, 
20]. Few studies have modeled hydrobiological diversity indices based on water physicochemical parameters [21,22], although these 
models can be improved by including other parameters such as MCS. 

The objective of the present study was to develop a predictive model of hydrobiological diversity for periphyton and macrobenthos 
in the Asana-Tumilaca Basin using multiple linear regression analysis (MLRA) and to represent the results using a Taylor diagram. This 
study was conducted at eight monitoring stations in the basin during the dry and wet seasons. Water physicochemical parameters such 
as EC, DO, pH, temperature, and concentrations of bicarbonate, chloride, sulfate, sodium, potassium, calcium, and magnesium were 
analyzed and are represented in Piper and Wilcox diagrams. The concentrations of metals such as arsenic, mercury, cadmium, copper, 
chromium, lead, and zinc in the sediments were compared using the ISQG and PEL indices. Species richness was analyzed, and 
Shannon–Wiener diversity and Pielou’s evenness indices were calculated and compared with data predicted by models based on PPW 
and MCS. Principal component analysis (PCA) was used to investigate the relationships between these variables. In addition, the NDSI 
was used to assess the degree of melting of the Arundane and Chuquiananta glaciers. 

Fig. 1. Monitoring stations along the Asana-Tumilaca River Basin: Asana 1 (a), Altarani (b), Asana 2 (c), Asana 3 (d), Asana 4 (e), Charaque (f), 
Capillune (g), and Tumilaca (h). 
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2. Methodology 

2.1. Study area 

The study area encompasses eight monitoring stations situated along the Asana (Asana 1, Asana 2, Asana 3, Asana 4), Altarani, 
Capillune, Charaque, and Tumilaca rivers in the Asana-Tumilaca Basin, located in Moquegua, Peru, within the Western Andes 
(Fig. 1a–h). This area is mainly influenced by the deglaciation of snow-capped mountains as a result of climate change, soil mass 
movement, and rock erosion processes [8], which, in turn, influence the hydrobiological diversity of the basin. The initial conditions of 
the basin make it possible to evaluate biological diversity during mining activities that will occur in this area. In this region, in-
vestigations have been conducted to analyze the PPW, MCS, glacial coverage, and hydrobiological diversity. The Asana River origi-
nates from the volcanic glaciers of Arundani and Chuquiananta [8], an area subject to continuous glacial melting and the erosion of 
exposed soils. These rivers traverse ecological zones classified as tundra, humid forest, desert shrubland, and arid desert. The 
Asana-Tumilaca Basin spans an elevation range of 5492-1912 m above sea level (masl) and experiences a temperate sub-humid and 
cold boreal climate. Seasonal annual precipitation varies from 243 to 460 mm per year, primarily from January to March [23], with the 
dry season extending from May to December. The primary use of water in the basin is for irrigation, with secondary applications 
including human consumption, industrial use, and mining. 

2.2. Evaluation of the PPW and MCS 

The results of six water and sediment quality assessments were analyzed, with three conducted during the dry season (2013, 2017, 
and 2020) and three during the wet season (2014, 2018, and 2019). These assessments were part of a participatory environmental 
monitoring program for establishing an environmental baseline for a mining project in the region (data from 2013 to 2014 and 2017) 
and the surveillance monitoring program conducted by the Peruvian Agency for Environmental Assessment and Enforcement (data 
from 2018 to 2020). 

To assess the PPW, on-site measurements of EC, DO, pH, and temperature were conducted. The bicarbonate content was assessed 
using the volumetric method outlined in SMEWW-APHA-AWWA-WEF 2320B, whereas the chloride and sulfate contents were 
determined using anion chromatography, as described in EPA METHOD 300.1. Additionally, sodium, calcium, magnesium, and po-
tassium concentrations were measured as total metals using an ICP-MS instrument following EPA method 6020A. The main mecha-
nisms governing the nature of water bodies in this area are rock weathering and the entry of geothermal water that influences the 
composition of the ions, EC, temperature, and DO [8]. However, in areas with low populations, concentrations of organic matter 

Fig. 2. Flow chart for methodology and proposed models.  
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expressed as BOD and COD were not detected, nor was the presence of thermotolerant coliforms detected. The results for anions and 
cations were plotted on a Piper diagram to determine the water classification in the basin. The Wilcox index was also determined as a 
function of the sodium adsorption ratio and EC to determine the water quality for agricultural use [7]. 

To evaluate the MCS, heavy metal concentrations were determined using ICP-MS equipment, following the guidelines outlined in 
EPA method 200.8. The metals evaluated were As, Hg, Cd, Cu, Cr, Pb, and Zn. The results were compared with the ISQG, interim 
sediment quality value, and PEL. 

2.3. Glacier melt coverage assessment 

Satellite images and the NDSI were used to track how the melting area changed over time and its influence on the study area. This 
comparison involved analyzing images from the dry seasons of 2013 and 2017 and those from the wet seasons of 2014 and 2018, and 
comparing the wet season of 2019 with the dry season of 2020. Areas covered by snow or ice were considered potential indicators of 
regions at risk of soil erosion caused by glacial melting. 

2.4. Evaluation of the hydrobiological community 

The results of six hydrobiological monitoring assessments were examined, which included analyzing periphyton and macrobenthos 
using the SMEWW-APHA-AWWA-WEF Part 10 300 C and 500 C methods (22 nd Ed, 2012), respectively. Diversity was assessed using 
the Shannon-Wiener index, classifying values below 1.5 as low diversity, values between 1.5 and 3.5 as moderate diversity, and values 
between 3.5 and 5 as high diversity [24,25]. Species richness was estimated as the total number of different species found at a 
monitoring station, and the Pielou’s evenness index was calculated to measure the proportion of the observed diversity relative to the 
maximum expected diversity. This index ranges from zero to one, where one corresponds to a situation in which all species are equally 
abundant [15]. 

A predictive model for hydrobiological diversity indices was proposed by evaluating three cases: case 1 used PPW data, case 2 used 
MCS data, and case 3 used PPW and MCS data (Fig. 2). MLRA was used for each case, and the results were represented by a Taylor plot 
as a function of the normalized standard deviation, correlation coefficient (R), and root mean square error (RMSE) [20]. The as-
sumptions of the model were checked by assessing the normality of the residuals using the Shapiro–Wilk test and the homogeneity of 
variances. 

2.5. Statistical analysis 

The minimum, maximum, and mean values of the PPW and MCS of the rivers of the Asana-Tumilaca Basin are reported in 
Tables 1–3. Conversely, all basin monitoring data (PPW, MCS, and, hydrobiological diversity indices) were represented by box plots, 
and their distributions was analyzed using the Jarque–Bera test. PCA was used to assess the spatiotemporal variability of hydrobio-
logical diversity in the Asana-Tumilaca Basin and its relationship with PPW and MCS. PCA is one of the most widely accepted 

Table 1 
Mean findings of the physicochemical water parameters at monitoring stations in the Asana-Tumilaca Basin during the dry (2013, 2017, and 2020) 
and wet (2014, 2018, and 2019) seasons.  

Monitoring stations  Electrical 
conductivity 

Dissolved oxygen pH Temperature 

μS/cm mg/L  %C 

Min Max Mean Min Max Mean Min Max Mean Min Max Mean 

Asana 1 DS 115.8 170.8 143.3 5.9 7.3 6.6 7.5 7.7 7.6 9.2 15.2 12.2 
WS 144.1 154.5 149.3 7.5 7.9 7.7 7.6 7.8 7.7 6.9 13.1 10 

Altarani DS 47.9 162.9 105.4 5.9 7.1 6.5 7.2 8 7.6 10.9 14.9 12.9 
WS 49.4 70.8 60.1 6.8 7 6.9 7.8 8.2 8 9.9 14.9 12.4 

Asana 2 DS 114.6 135 124.8 6.3 7.1 6.7 7.4 7.8 7.6 11.2 13 12.1 
WS 111.4 138.2 124.8 6.8 7.4 7.1 7.4 8.2 7.8 9.7 14.7 12.2 

Asana 3 DS 148.3 163.1 155.7 6.2 7.2 6.7 6.8 7.8 7.3 13.2 15.2 14.2 
WS 140.6 180.6 160.6 7.4 7.6 7.5 6.4 7.8 7.1 10.4 14.4 12.4 

Asana 4 DS 151.3 170.3 160.8 5.5 7.5 6.5 7.4 7.8 7.6 12 17.2 14.6 
WS 136.7 173.3 155 7.5 8.5 8 7.1 7.5 7.3 10 10.6 10.3 

Charaque DS 79.9 100.1 90 5.6 7.2 6.4 7.5 7.7 7.6 12.1 15.1 13.6 
WS 81.9 104.7 93.3 6.7 7.3 7 7.9 8.1 8 12.2 17.2 14.7 

Capillune DS 801.6 2348.6 1575 6 7.6 6.8 8.2 8.4 8.3 16.7 20.5 18.6 
WS 1275.9 3616.7 2446 5.5 7.7 6.6 8.1 8.7 8.4 14.1 22.7 18.4 

Tumilaca DS 202.6 339 270.8 6.1 9.7 7.9 7.5 8.1 7.8 12.7 18.5 15.6 
WS 342.7 370.7 356.7 8.1 8.3 8.2 8.1 8.5 8.3 15.8 18.8 17.3 

WQS Cat 4 River OMS Global average*  1000 5 6.5–9  

DS: dry season April–December, WS: wet season January–March. * 
Source: Tsering et al. [30]. 
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Table 2 
Mean findings of the major water ions at monitoring stations in the Asana-Tumilaca Basin during the dry (2013, 2017, and 2020) and wet (2014, 2018, and 2019) seasons.  

Monitoring stations  Bicarbonates Chlorides Sulfates Ca Mg K Na 

mg/L  

Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean 

Asana 1 DS 16.5 24.9 20.7 0.6 1.2 0.9 31.2 52.4 41.8 10 21.7 16 2.2 5 3.6 1.3 2.5 1.9 5 11.6 8.3 
WS 17.2 25.4 21.3 0.6 1.4 1 41.3 48.3 44.8 14 16.3 15.1 2.8 3.6 3.2 1.9 2.5 2.2 5.1 7.5 6.3 

Altarani DS 15.3 23.5 19.4 0.7 0.7 0.7 4.7 47.1 25.9 3 21.6 12.3 0.4 4.8 2.6 1.7 2.1 1.9 3.1 11.1 7.1 
WS 15.3 22.1 18.7 0.5 1.3 0.9 4.6 6.4 5.5 3.5 4.5 4 0.7 0.9 0.8 1.5 1.7 1.6 3.8 4.2 4 

Asana 2 DS 16.1 24.7 20.4 0.7 1.1 0.9 32.2 37.6 34.9 9 21.6 15.3 1.6 6.2 3.9 1.6 3.4 2.5 4.9 12.5 8.7 
WS 17.2 22.8 20 0.6 0.8 0.7 26.4 43.8 35.1 11 14.2 12.4 1.9 3.3 2.6 1.7 2.3 2 5.5 6.3 5.9 

Asana 3 DS 3.2 30 16.6 1 1.2 1.1 40.7 54.1 47.4 15 19.4 17 2.5 5.1 3.8 2 3 2.5 5.3 12.3 8.8 
WS 4.9 15.1 10 0.5 1.7 1.1 45.8 66.4 56.1 14 17.2 15.4 2.7 4.1 3.4 2.4 2.4 2.4 6.6 7.4 7 

Asana 4 DS 6.9 29.9 18.4 0.7 2.7 1.7 47.1 56.1 51.6 13 19.8 16.5 2.7 4.5 3.6 2.1 2.5 2.3 5.7 10.3 8 
WS 12.3 13.1 12.7 0.4 4 2.2 – – – 13 16.5 14.8 2.3 3.9 3.1 2.3 2.7 2.5 6.5 7.1 6.8 

Charaque DS 19.5 26.5 23 1.2 2.6 1.9 12.8 16 14.4 6.9 11.9 9.4 1.5 4.1 2.8 2.6 3.2 2.9 4.5 9.1 6.8 
WS 23.5 29.5 26.5 1.3 2.1 1.7 13.1 16.7 14.9 6.4 7 6.7 2 2.2 2.1 2.5 3.3 2.9 5 5.8 5.4 

Capillune DS 60.8 111 85.9 54.7 489 271.9 137 411 274 46 175 110.3 1.7 19.1 10.36 0.6 10 5.34 71 259 165.1 
WS 109 120 114.9 225 692 458.5 174 784 478.8 80 281 180.6 11 28.5 19.8 6.1 7.7 6.9 141 431 286.2 

Tumilaca DS 27.6 78.2 52.9 5.1 17.5 11.3 47.6 139 93.5 19 37.8 28.3 3.6 6 4.8 2.2 3.2 2.7 14 22.1 18 
WS 65.6 80 72.8 12.6 18.6 15.6 70 76 73 34 45.4 39.8 4.3 6.1 5.2 2.1 3.9 3 18 23.4 20.8 

WQS Cat 4 River OMS Global average* 52 5.5 8.9 14.4 4 1.2 5.4 

DS: dry season April–December, WS: wet season January–March. * 
Source: Tsering et al. [30]. Ca = total calcium, Mg = total magnesium, K = total potassium, Na = total sodium. 
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Table 3 
Metal content in sediments at monitoring stations in the Asana-Tumilaca Basin during the dry (2013, 2017, and 2020) and wet (2014, 2018, and 2019) seasons.  

Monitoring 
stations  

As  Hg Cd Cu Cr Pb Zn 

mg/L  

Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean 

Asana 1 DS <0.4 <0.4 <0.4 <0.02 <0.02 <0.02 <0.03 3.88 1.94 17.9 36.84 27.37 9.55 17.5 13.52 <0.4 8.42 4.41 36.4 59.4 47.85 
WS <0.4 3.3 1.12 <0.02 1 0.05 <0.03 2.27 0.77 15.6 31.8 21.1 8.81 11.9 10.59 <0.4 7.53 4.04 36.7 42 40 

Altarani DS <0.4 4.2 1.4 <0.02 <0.02 <0.02 <0.03 10.7 3.65 25.8 26.6 26.18 7.9 62.5 29.45 12.4 15.1 13.38 41.3 85.4 61.76 
WS <0.4 2.6 1.69 <0.02 <0.02 <0.02 <0.03 1.26 0.51 20 42.15 28.85 7.39 14.4 9.8 10.7 25.5 16.46 27.8 48.9 37.03 

Asana 2 DS <0.4 <0.4 <0.4 <0.02 <0.02 <0.02 <0.03 4.58 2.29 24.4 46.55 35.45 20.9 22.4 21.67 13.5 20.1 16.81 51.9 83.6 67.76 
WS <0.4 <0.4 <0.4 <0.02 <0.02 <0.02 <0.03 0.16 0.08 18.9 57.24 38.07 12.4 13.2 12.78 <0.4 10.8 5.6 37.7 47.6 42.65 

Asana 3 DS <0.4 <0.4 <0.4 <0.02 <0.02 <0.02 <0.03 4 2 48.5 169.4 109 22.6 93.3 57.96 10.8 14.2 12.5 45.1 52.4 48.71 
WS <0.4 2.6 0.96 <0.02 <0.02 <0.02 <0.03 1.49 0.51 31 130.5 94.71 7.81 73.8 29.99 6.44 10.6 8.34 33.2 39.7 37.3 

Asana 4 DS <0.4 13 4.33 <0.02 <0.02 <0.02 <0.03 1.99 0.88 33.3 166.6 116.6 7.72 126 51.93 12.4 61.8 31.49 38.6 227 104.7 
WS <0.4 <0.4 <0.4 <0.02 <0.02 <0.02 <0.03 0.16 0.08 160 186.3 173 3.45 7.1 5.27 6.15 18.9 12.52 39.2 40.5 39.86 

Charaque DS <0.4 2.3 1.77 <0.02 <0.02 <0.02 <0.03 2.41 0.84 30.1 38.2 35.04 5.9 36.8 18.12 5.46 17.4 10.54 29.5 42.7 34.6 
WS <0.4 3.22 1.61 <0.02 <0.02 <0.02 <0.03 1.27 0.47 27.7 52.8 42.27 3.7 52.8 20.68 7.49 14.2 11.76 19.3 35.9 32.72 

Capillune DS <0.4 6.6 2.2 <0.02 <0.02 <0.02 <0.03 2.26 0.8 15.3 37.9 24.57 1.9 6.69 4.64 3.69 24.3 11.84 33 57 48.41 
WS <0.4 3.91 2.57 <0.02 <0.02 <0.02 <0.03 2.46 0.87 19.5 30.2 23.46 3.21 10.2 6.25 8.07 66.2 30.31 28.7 44.8 37.08 

Tumilaca DS <0.4 <0.4 <0.4 <0.02 <0.02 <0.02 <0.03 3.54 1.77 73.3 97.05 85.18 11.7 15 13.36 9.46 16 12.73 41.5 75.9 58.69 
WS <0.4 5.8 1.65 <0.02 <0.02 <0.02 <0.03 1.62 0.33 32.3 119.2 95.42 2.76 8.5 4.68 3.46 7.95 5.71 21.4 38 37.14 

ISQG 5.9  0.17 0.6 35.7 37.3 35 123 
PEL 17  0.486 3500 197 000 90 91.3 315 

DS: dry season April–December, WS: tweet season January–March. 
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multivariate statistical techniques for reducing the parameters in environmental indices [26], enabling the reduction of extensive data 
matrices into a limited number of factors [27]. Through PCA, the analysis incorporated PPW, MCS, and hydrobiological diversity 
indices, all of which are linked to factors such as runoff, precipitation, groundwater influx, anthropogenic contamination, and soil 
erosion in snow-covered areas, among others [28,29]. 

3. Results and discussion 

3.1. Physicochemical composition of water (PPW) 

Analyzing the relationship and trends among various PPW plays a crucial role in understanding environmental conditions and their 
potential impacts on aquatic ecosystems. Hence, the focus of this study was examining the relationship and trends among electrical 
conductivity (EC), dissolved oxygen (DO), pH, temperature, and ions like bicarbonates, chlorides, sulfates, sodium, potassium, cal-
cium, and magnesium. These ions exert significant effects on water quality and aquatic life. 

Tables 1 and 2 show the results of PPW using the minimum, maximum, and mean values for each river in the basin, and Fig. 3a 
shows the total values for each parameter. The temperature in the Asana-Tumilaca Basin fluctuated between 10.0 and 18.6 ◦C during 
the dry and wet seasons. The rivers Asana (monitoring stations Asana 1, Asana 2, Asana 3, and Asana 4), Altarani, and Charaque, 
situated in the upper part of the basin (ranging from 3908 to 2500 masl), recorded the lowest temperature values, varying between 10 
and 14.7 ◦C. These values were attributed to the particular environmental conditions of the high Andean region. In contrast, the 
Tumilaca River, located in the lower part of the basin (1680 masl), exhibited higher temperature values, ranging from 15.6 to 17.3 ◦C, 
mainly due to its proximity to the Moquegua Valley. Conversely, the Capillune River (2850 masl) displayed the highest temperature 
values, ranging from 18.4 to 18.6 ◦C, due to the influence of geothermal waters from the area known as "Calientes." Elevated tem-
peratures promote evaporation, which adversely affects hydrobiological richness, as was the case for the Capillune River. Furthermore, 
moderate temperatures, combined with intense solar radiation fostered an increase in richness, although not in diversity, which is 

Fig. 3. Box-plot presentation of the global variability in a) physicochemical parameters of water, b) metal content in sediments, c) hydrobiological 
diversity indices in the Asana-Tumilaca Basin. 
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attributed to the higher proliferation of photosynthetic microorganisms, as observed in the Tumilaca River. 
Throughout the dry and wet seasons, DO levels fluctuated within the range of 6.5–8.2 mg/L. In the dry season, the Tumilaca River 

exhibited the highest DO concentration at 7.9 mg/L, whereas during the wet season, the Asana 4 and Tumilaca Rivers had concen-
trations of 8.0 and 8.2 mg/L, respectively. This increase in the DO concentration is linked to increased photosynthetic processes driven 
by intense solar radiation [8]. 

The pH values in the Asana-Tumilaca Basin ranged from 7.1 to 8.4 during both dry and wet seasons. The Tumilaca and Capillune 
Rivers exhibited the highest pH values, reaching 7.8 and 8.3, and 8.3 and 8.4, respectively, during the dry and wet seasons. In both 
rivers, elevated pH was linked to increased bicarbonate concentrations. Additionally, in the case of the Tumilaca River, higher pH 
levels were associated with enhanced photosynthesis. EC values ranged from 60 to 2446 μS/cm in the dry and wet seasons. The highest 
EC values were found in the Capillune River, reaching 1575 μS/cm during the dry season and 2446 μS/cm during the wet season. This 
phenomenon was attributed to the influx of geothermal water into the Capillune River, causing water evaporation and subsequent ion 
concentration. Similar results were reported by Pandey et al. [6]. Consequently, this process had a detrimental impact on the hy-
drobiological richness in the study area, as evidenced by the reduction in hydrobiological richness during both seasons (Fig. 4a and b), 
which were also reported by Reid et al. [31]. 

The waters of the Asana and Tumilaca Rivers are categorized as calcium sulfate waters, whereas those of the Capillune River are 
sodium and magnesium chloride sulfate waters. In contrast, the Altarani and Charaque Rivers exhibit properties of calcium bicar-
bonate water, as shown in the Piper diagram (Fig. 4); results similar were reported by Visitación et al. [8]. Notably, there are no distinct 
variations in river water classifications between the dry and wet seasons. Additionally, according to the Wilcox index, the water quality 
was classified as very good (C1S1) for the Asana, Charaque, and Altarani Rivers, good (C2S1) for the Tumilaca River, and poor (C4S1 
and C4S2) for the Capillune River (Fig. 5a and b) [6]. 

The prevailing ions in the river basin were Ca, Na, and sulfates. The decreasing order of cations is Ca > Na >Mg > K, and for anions, 
it followed the sequence sulfates > bicarbonates > chlorides. Cations Ca and Na collectively contribute 81.4%, which is consistent with 
that of Tsering et al. [30]. Similarly, anions sulfates and bicarbonates constituted 95.8% of the total. The presence of sulfates in rivers 
primarily results from the dissolution of sulfated sedimentary minerals, weathering of sulfurous sedimentary minerals, and volcanic 
emissions [32]. In the upper reaches of the basin, the concentration of Ca and Mg ions in the Asana, Altarani, and Charaque rivers were 
higher during the dry season than during the wet season because of dilution processes in the wet season and concentration in the dry 
season. The elevated ion concentration in the Capillune River has been attributed to the inflow of geothermal water or groundwater 
(classified by INGEMMET as a volcanic fractured Barroso aquifer), water evaporation processes, and ion concentrations. The Tumilaca 
River exhibited the highest ion concentration of Na compared to the Asana, Altarani, and Charaque Rivers, owing to ion contributions 
from the soil in the proximity of the valley and the influence of groundwater. Furthermore, the elevated concentrations of anions and 
cations in the Capulline and Tumilaca Rivers, when compared to the global mean (Table 2), provide further evidence of the distinctive 
nature of subsurface water. 

In the upper region of the basin, specifically in the Asana rivers (Asana 1, Asana 2, Asana 3, and Asana 4), Altarani, and Charaque, 
the concentrations of bicarbonate, chloride, and magnesium ions were below the global mean. In contrast, the concentrations of 
sulfate, potassium, and calcium ions exceeded this mean, as reported by Tsering et al. [30]. This variation can be attributed to the 
presence of sulfated minerals such as alunite KAl₃(SO₄)₂(OH)₆ [8,33], which generate acidity that is subsequently neutralized by bi-
carbonates. In the lower part of the Tumilaca River, the concentrations of bicarbonate, chloride, sulfate, calcium, magnesium, 

Fig. 4. Piper diagram of the water from the monitoring points in the Asana-Tumilaca Basin during the a) dry season (DS) and b) wet season (WS).  
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potassium, and sodium ions were higher than the global mean because of the influx of groundwater and soil leaching typical of the 
valley area. Meanwhile, in the case of the Capillune River, the excess over the global mean can be attributed to the inflow of 
geothermal water and reduced flow, leading to ion concentrations. 

Higher ion content in the water enhances the diversity and evenness of periphyton, but not its hydrobiological richness, particularly 
during the dry season when water flow is limited. Conversely, high ion concentrations reduced the diversity and evenness of mac-
robenthos, particularly during the dry season. 

3.2. Metal content in sediments (MCS) 

The MCS using the minimum, maximum, and mean values for each river in the basin are reported in Table 3, and the total values for 
each metal are shown in Fig. 3b. The mean values varied as follows: Cu (172.98 mg/kg) > Zn (104.73 mg/kg) > Cr (57.96 mg/kg) > Pb 
(31.49 mg/kg) > As (4.33 mg/kg) > Cd (3.65 mg/kg) > Hg (0.05 mg/kg) (Table 3). Notably, the Cd, Cu, and Cr levels exceeded the 
ISQG, suggesting potential harm to aquatic organisms. Cd concentrations remained relatively stable across the basin during the dry and 
wet seasons. In contrast, elevated Cu levels were observed in the lower section of the Asana River (Asana 3 and Asana 4), and the 
Charaque and Tumilaca Rivers exhibited high Cu values. 

The sediment samples in the basin exhibited a range of mean metal concentrations: As (from <0.4 to 4.33 mg/kg), Hg (from <0.02 
to 0.05 mg/kg), Cd (from 0.08 to 3.65 mg/kg), Cu (from 21.1 to 172 mg/kg), Cr (from 4.64 to 57.96 mg/kg), Pb (from 4.04 to 31.49 
mg/kg), and Zn (from 32.72 to 104.73 mg/kg). These concentrations are consistent with the natural levels found in the Earth’s crust: 
1.8 mg/kg for As, 0.08 mg/kg for Hg, 0.2 mg/kg for Cd, 55 mg/kg for Cu, 100 mg/kg for Cr, 12.5 mg/kg for Pb, and 70 mg/kg for Zn 
[34]. This suggests that the metals in the study area have a natural origin, likely resulting from processes such as rock erosion, surface 
runoff [8], and susceptibility to soil mass movements in the study area [35]. The mean concentration of As in the sediment remained 
within the ISQG limits throughout the dry and wet seasons at all monitoring stations. The highest concentrations were observed during 
the dry season at the lowest monitoring station along the Asana River (Asana 4). This increase can be attributed to the groundwater 
inflow during periods of low water flow, which promotes heightened sedimentation and deposition of soil material. The Hg con-
centration was detected only during the wet season at monitoring station Asana 1 and did not exceed the ISQG threshold. In contrast, 
the Cd concentration exceeded the ISQG values at all monitoring stations during the dry season. This can be primarily attributed to the 
bioaccumulation of Cd in plankton, followed by its deposition in seabed sediment and soil exposure during the formation of mountain 
chains [36], a common occurrence in Peruvian soils. Cu concentrations in the sediment at all monitoring stations surpass the ISQG 
thresholds, primarily because of the geological abundance of this metal in the Moquegua region. Additionally, Cu levels were higher 
during the wet season, influenced by runoff that transports soil material to the riverbed [11]. Likewise, the Cr concentration in the 
sediment exceeded the ISQG value at Asana 3 and Asana 4 stations during the dry season, mirroring the trend observed for Cu. 
Furthermore, Pb and Zn concentrations were typically lower than the ISQG limits and tended to increase during the dry season, 
showing a clear correlation with As concentration. At low concentrations, Cu and Zn play crucial roles in biological systems. In 
contrast, Cd, As, Hg, and Pb are nonessential heavy metals [37]. Notably, Pb and Cd are highly toxic to the biota [38]. 

Fig. 5. The river water classification of the Asana-Tumilaca Basin according to the Wilcox diagram at the monitoring stations during the a) dry 
season (DS) and b) wet season (WS). 
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3.3. Monitoring of glacier melting zones 

In the Asana-Tumilaca Basin, the rivers originate from two snow-capped mountains, Arundane and Chuquiananta. These moun-
tains play crucial roles in shaping the basin’s PPW, water availability, MCS, and hydrobiological diversity, particularly at the higher- 
altitude monitoring stations, Asana 1 and Altarani. The snow cover on Arundane fluctuated from 0.1 to 0.3 km2 during the dry season 
and expanded to 1.5–3.0 km2 in the wet season (Fig. 6a and b). Meanwhile, in Chuquiananta, the coverage ranged from 1.1 to 2.0 km2 

during the dry season and extended to 0.5–10.5 km2 in the wet season (Fig. 6a and b). Díaz et al. [39] and Monge et al. [40] reported 
similar values. 

The most significantly thawed areas recorded between the dry season of 2017 and the wet season of 2018 in the Arundane 
mountain covered 2.7 km2. In Chuquiananta, from the wet season of 2019 to the dry season of 2020, the thawed area extended to 9 
km2. Conversely, the smallest thawed areas for both mountains, observed between the dry season of 2013 and the wet season of 2014, 
were <1 km2. A larger thawed area amplifies soil erosion and introduces mineral elements that influence the PPW and MCS [41]. 
Furthermore, increased water flow carrying suspended particles results in the detachment of periphyton from rocks owing to shear 
stress and abrasion, impacting the hydrobiological diversity of water bodies in the Asana-Tumilaca Basin. 

3.4. Monitoring of hydrobiological community 

The hydrobiological diversity indices of periphyton were higher during the initial years of monitoring. The Shannon-Wiener index 
(H′) during the dry season followed the order of 2013 > 2017>2020, and during the wet season it was 2014 > 2018>2019. Similarly, 
the Pielou’s evenness index (J′) trend during the dry season followed the order of 2017 > 2013>2020, and during the wet season, it 
was 2014 ≅ 2018>2019 (Fig. 7). The H′ diversity values during the dry season ranged from 0.74 to 4.66, with a mean of 2.62, 
indicating a low to high level of diversity. In the wet season, H′ values ranged from 0.05 to 4.94, with a mean of 2.88, suggesting a 
similar level of diversity of means (Fig. 3c), with better environmental conditions for the wet season, in agreement with that reported 
by Ochieng et al. [14]. Moreover, the J′ values during the dry season ranged from 0.23 to 0.97, with a mean of 0.68, and in the wet 
season, they ranged from 0.01 to 0.99, with a mean of 0.70. These mean values indicate that all species have equal evenness, and 
Ochieng et al. [14] reported the same trend between the dry and wet seasons, although with lower evenness values. The periphyton 
richness values during the dry season ranged from 16 to 67, with a mean of 34, whereas during the wet season, they ranged from 7 to 
81, with a mean of 36. 

During the dry season, a decline in the diversity index and a reduction in periphyton richness were observed over time, with an 
inconsistent trend in the evenness index. The decrease in diversity and evenness indices in 2020 could be linked to human activity, 
shifts in nutrient quantities and types, and physical modifications in rivers that alter their structure and function [42]. During the wet 

Fig. 6. Monitoring of snow cover in the Arundane and Chuquiananta mountain ranges during the a) dry season (DS) and b) wet season (WS).  
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Fig. 7. Shannon-Wiener diversity indices, Pielou’s evenness, and richness of a) periphyton and b) macrobenthos at the monitoring stations Asana 1 
(A), Altarani River (B), Asana 2 River (C), Asana 3 River (D), Asana 4 River (E), Charaque River (F), Capillune River (G), and Tumilaca River (H). 
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season, a fluctuating pattern in diversity and evenness indices, and in richness, was encountered, with lower values observed in 2019 
across the board. This fluctuation is likely a result of increased precipitation, which leads to alterations in physicochemical parameters, 
higher flow rates, and the presence of suspended solids. These factors diminish light penetration into the riverbed, causing shear stress 
and rock abrasion, and ultimately affecting periphyton diversity [2,43]. 

The hydrobiological diversity indices for macrobenthos exhibited a variable pattern, with the lowest values recorded in 2017. The 
Shannon–Wiener index (H′) during the dry season followed the order of 2013 > 2020>2017, and during the wet season it was 2014 >
2019>2018. Similarly, the Pielou’s evenness index (J′) trend during the dry season followed the order of 2013 ≅ 2020>2017 and 
during the wet season it was 2014 > 2019>2018 (Fig. 7). The H′ diversity values during the dry season ranged from 0.31 to 3.99, with a 
mean of 2.10, indicating a low to high level of diversity. In the wet season, the H′ values ranged from 0.45 to 4.08, with a mean of 2.44, 
suggesting a similar level of diversity. This trend was also reported by Venarsky et al. [44], who reported that macrobenthos opted for 
strategies such as osmoregulation and burrowing into the sediment that allow them to maintain their abundance over time. Moreover, 
the Pielou’s evenness index (J′) values during the dry season ranged from 0.14 to 0.96, with a mean of 0.68, and during the wet season, 
they varied from 0.18 to 0.91, with a mean of 0.59. These mean values indicate that all species had similar evenness, although equity 
was lower during the wet season because large-bodied and long-lived benthic communities predominated [44]. Macrobenthos richness 
ranged from 5 to 30 during the dry season, with a mean of 15, and from 8 to 34 during the wet season, with a mean of 24. Richness and 
diversity (H′) values during the dry season decreased over time, whereas the evenness index (J′) remained relatively constant. Simi-
larly, during the wet season, the richness values displayed a fluctuating pattern, with lower values recorded in 2018. This trend was 
also evident in diversity and evenness indices. 

During the dry season, a consistent decrease in both macrobenthic diversity and richness was observed over time, along with a 
fluctuating pattern in the evenness index, which was also reported by Venarsky et al. [44]. This decline in diversity likely resulted from 
anthropogenic activities that reshaped the structure and function of rivers [42]. During the wet season, variable values for the di-
versity, evenness, and richness indices were encountered, with lower values uniformly recorded in 2018. This variation likely resulted 
from increased precipitation, which in turn affects physicochemical parameters, including heightened flow rates and water volume 
[43]. 

As show in Fig. 7a, during the 2018 wet season, there were noticeable variations in the diversity index for periphyton among 
monitoring stations Asana 1 (1.70), Altarani (2.93), and Asana 2 (3.06), which are categorized as "moderate diversity". Notably, the 
evenness index remained relatively consistent across these monitoring stations. Additionally, richness values increased progressively 
from Asana 1 (7) to Altarani (28) and Asana 2 (25). These variations in diversity and richness resulted from the geographical location of 
the rivers. Asana 1, situated at the highest station on the Asana River, is directly affected by glacial melt, which leads to a sudden surge 
in water flow and soil erosion, releasing sulfate ions and other metals that increase overall EC [8]. These factors collectively influence 
periphyton diversity and richness [31]. This trend diminishes as it moves downstream in the basin, as seen in Asana 2, which is located 
downstream of the confluence of the Asana and Altarani rivers. 

During the dry season of 2013, a similar pattern in the diversity index for periphyton was observed between Asana 1 and Altarani 
monitoring stations, with Asana 1 categorized as having ’moderate diversity’ (2.80) and Altarani as having ’high diversity’ (4.45). In 
contrast, during the wet season of 2019, Asana 1 exhibited ’low diversity’ (0.97), whereas Altarani showed ’high diversity’ (3.28), 
similar to reported by Ochieng et al. [14]. In Fig. 7b, focusing on macrobenthos during the dry season of 2020, variations in the di-
versity index are evident among Asana 1, Altarani, and Asana 2, classified as "low diversity" (1.43), "moderate diversity" (2.10), and 
"moderate diversity" (2.26), respectively. The evenness index was rated as "moderate" (0.56) for Asana 1 and "good" for Altarani and 
Asana 2 (0.84 and 0.86, respectively). These variations are linked to glacial melt, causing soil erosion and the accumulation of salts, 
which subsequently increases EC and restricts greater diversity in Asana 1, as reported by Reid et al. [31]. 

As shown in Fig. 7a, during the wet season of 2019, a striking contrast was evident between the diversity indices of periphyton at 
the Asana 3 and Asana 4 monitoring stations. Asana 3 was characterized by ’high diversity’ (4.95), whereas Asana 4 exhibits ’low 
diversity’ (0.05). Additionally, the evenness index for Asana 3 was rated as ’good’ (0.99), whereas Asana 4 was classified as ’poor’ 
(0.01). This notable divergence was primarily attributed to anthropogenic activities involving land excavation between the two 
monitoring stations; Aziz et al. [24] reported a similar trend in fiches. Such activities result in an increase in metal concentrations in the 
sediment, including those of Cu and other metals. In particular, Cu has a significant impact on the development and growth of 
periphyton, which accumulates within these organisms [45]. Notably, this discrepancy was not mirrored in the macrobenthos diversity 
indices (Fig. 7b). 

In Capillune, a monitoring station near the “Calientes” area, during the 2013 and 2017 dry seasons and the 2014 wet season, 
macrobenthos richness values were 13, 9, and 8, respectively (Fig. 7b). These values were notably lower than those of the other 
monitoring stations, including Asana 1, Altarani, Asana 2, Asana 3, Asana 4, and Charaque. This behavior is attributed to the presence 
of geothermal waters in this area, which leads to elevated temperatures, water evaporation, and a higher salt concentration, subse-
quently increasing the EC. However, this trend did not affect periphyton richness during the studied seasons [6,31]. 

In Tumilaca, a monitoring station located at the entrance of the Moquegua Valley, during the 2013 dry season and 2014 wet season, 
the periphyton richness values were 67 and 81, respectively (Fig. 7a). These values were higher than those of other monitoring sta-
tions, including Asana 1, Altarani, Asana 2, Asana 3, Asana 4, and Charaque, while maintaining high diversity indices (3.64 and 3.59) 
and good evenness (0.67 and 0.65); Zhao et al. [46] also reported this trend. This behavior is attributed to the favorable environmental 
conditions in the valley, which are characterized by high temperatures and high UV radiation. These factors positively influence the 
photosynthetic processes of organisms such as periphytons. Conversely, during the 2020 dry season and the 2019 wet season, the 
diversity index classification was notably lower, categorized as "low diversity" (0.86 and 1.55), and evenness is considered "poor" (0.37 
and 0.32). This change was due to the release of wastewater from anthropogenic activities in the valley, which promoted the growth of 
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certain microorganisms and reduced the diversity and evenness indices of periphyton, a similar trend was reported by Panja et al. [21]. 
Additionally, a similar pattern was observed during the wet season of 2019, with a classification of "low diversity" (1.45) and "poor 
evenness" (0.30) for macrobenthos. 

Fig. 8a, b shows the taxonomic composition of aquatic organisms in periphyton. Notably, microalgae from the phylum Ochrophyta 
dominate during the 2013 and 2020 dry seasons and the 2014 and 2019 wet seasons. Conversely, microalgae from the phylum 
Bacillariophyta were dominant during the 2017 dry season and 2018 wet season. Both phyla exhibited adaptability to various con-
ditions, including changes in flow, current velocity, and the presence of metals and organic matter, among other factors. 

Ochrophyta and Bacillariophyta have demonstrated a greater capacity to bioaccumulate As than other algal types [45]. This ability 
likely accounts for their prevalence at monitoring stations. Regarding the taxonomic composition of aquatic organisms in macro-
benthos, arthropods have emerged as the dominant group and play a significant role in aquatic ecosystems. Many arthropods 
demonstrate resilience to environmental changes within their habitats and occupy diverse ecological niches [43,47,48]. 

The results of the efficiency indicators of the predictive model are presented in Table 4. These results comply with a normal 
distribution and homogeneity of variance of the residuals, for the diversity (periphyton-H′ and macrobenthos-H′) and evenness indices 
(periphyton-J′ and macrobenthos-J′) for the three cases. The efficiency of the prediction model for hydrobiological diversity and 
evenness indices increased in the following order: case 1 (based on PPW data) < case 2 (based on MCS data) < case 3<(based on PPW 
and MCS data). Moreover, the results for macrobenthos were better than for periphyton, the correlation values (R) between the 
observed value and the estimated diversity (H′) and equity (J′) were 0.87 to 0.73, with minimum RMSE values of 0.58 and 0.16, 

Fig. 8. Taxonomic composition of a) periphyton and b) macrobenthos at the monitoring stations Asana 1 (A), Altarani River (B), Asana 2 River (C), 
Asana 3 River (D), Asana 4 River (E), Charaque River (F), Capillune River (G), and Tumilaca River (H). 
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Table 4 
Performance of the models in prediction of hydrobiological diversity indices for cases 1 to 3.  

Performance indicators Variables 

Periphyton-H′ Periphyton-J′ Macrobenthos-H′ Macrobenthos-J′ 

Case 1 
RMSE 1.2358 0.2268 0.9998 0.2009 
Sd 0.4950 0.1176 0.8513 0.1456 
R2 0.1751 0.2688 0.4977 0.4178 
R 0.4184 0.5185 0.7055 0.6464 
Case 2 
RMSE 1.0709 0.2205 0.7616 0.1859 
Sd 0.6699 0.1057 0.9875 0.1485 
R2 0.3206 0.2169 0.6697 0.4350 
R 0.5662 0.4657 0.8183 0.6595 
Case 3 
RMSE 1.0561 0.2296 0.5834 0.1550 
Sd 0.8799 0.1480 1.1248 0.1930 
R2 0.5531 0.4255 0.8689 0.7345 
R 0.7437 0.6523 0.9321 0.8570  

Fig. 9. Taylor diagram of the observed and predicted hydrobiological diversity indices of a) periphyton-H′, b) periphyton-J′, c) macrobenthos-H′, 
and d) macrobenthos-J’. 
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respectively (Fig. 9aandb); similar results for robust models were reported by Salih et al. [5] and Yaseen et al. [20]. The results of the 
model are related to the results of the PCA [21], and it is observed that factor F1 associated with the PPW data of case 1 does not 
correlate with the diversity indices. The F2 factor associated with the MCS data (As, Pb, and Zn) from case 2 correlated with the 
diversity indices of the macrobenthos but not with those of the periphyton. However, combining the PPW and MCS data improved 
model prediction. 

The main advantage of the present predictive model lies in having rapid responses of the hydrobiological diversity of the basin 
function to the PPW and MCS, which can be used as early warnings for future changes in the composition of the basin’s water. The 
limitation of the predictive model is the low amount of hydrobiological data of periphyton and macrobenthos necessary for a temporal 
prediction. 

3.5. Multivariate analysis 

PPW and MCS did not follow a normal distribution, and hydrobiological diversity indices followed a normal distribution according 
to the Jarque–Bera test. PCA, considering five factors, revealed a cumulative variability of 77.1% for PPW, MCS, and hydrobiological 
diversity data. 

Factor F1 correlated with PPW, revealing that increased EC was linked to higher concentrations of bicarbonates (alkalinity), 
chlorides, sulfates, Ca, Mg, K, Na, and also corresponds to elevated temperatures during the dry season. Factor F2 was associated with 
the toxic influence of MCS, such As, Pb, and Zn, and the diversity and evenness of macrobenthos (Fig. 10). These heavy metals have a 
detrimental effect on aquatic insect macrobenthos because of their sedentary nature, because they spend several larval stages buried, 
and because they exhibit varied feeding habits. Multiple studies, including that by Mancilla-Villa et al. [49], have reported negative 
correlations between the concentrations of As, Pb, and Zn and the biotic indices of benthic communities. Factor F3 linked the 
geological Cu concentration and its impact as a nutrient on periphyton diversity and evenness. Research conducted by Balle et al. [50] 
suggests that Cu does not negatively affect the periphyton community and can potentially help to immobilize metals. Factor F4 is 
associated with Cr concentration and its role as a nutrient affect macrobenthos diversity. According to De Castro-Fernandez et al. [51], 
low metal concentrations, including those of Cr, appear to have a minimal impact on macrobenthos richness. Some macrobenthic 
species may have adapted to Cr levels. Finally, Factor F5 is linked to DO content, which may be associated with groundwater input, as 
indicated in Table 5. 

No correlation was observed between DO and pH, which agrees with Fadel et al. [52], who suggested that there is either a weak or 
no connection between pH and DO in rivers. However, a previous study found a negative relationship between pH and DO in river 
systems [53]. This discrepancy may be due to the unique characteristics of the water sources and the impact of human activities on 
rivers. It is also important to mention that, except for the Capillune and Tumilaca stations, there was an inverse relationship between 
the temperature and DO levels. This observation agrees with similar findings in those of Zhong et al. [54] and Rajwa-Kuligiewicz et al. 
[55]. 

4. Conclusions 

Developing a model for predicting diversity (H′) and evenness (J’) indices for periphyton and macrobenthos based on information 
from PPW and MCS is essential for comprehensive monitoring of the basin and identifying possible changes caused by natural 

Fig. 10. PCA biplot of physicochemical composition of water (EC, DO, pH, T, HCO3
− , Cl− , SO4

2− , Ca, Mg, K, Na), metal content in sediments (As, Hg, 
Cd, Cu, Cr, Pb, Zn), and hydrobiological diversity indices (periphyton-H′, periphyton-J′, macrobenthos-H′, macrobenthos-J′). 
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processes associated with thaws or anthropogenic activities. Additionally, it provides information for developing preventative stra-
tegies and early warnings of possible future alterations. The results reveal that the MLRA model is efficient for predicting the H′ and J′ 
indices for macrobenthos when the model is based on the PPW and MCS. Furthermore, these results agree with the correlations ob-
tained in the PCA. 

When analyzing the major ions, the PPW did not impact periphyton or macrobenthos. Higher temperatures and increased EC in the 
Capillune River influenced the richness of macrobenthos, whereas temperature and intense radiation in the Tumilaca River promoted 
the richness of photosynthetic organisms while decreasing evenness. The presence of metals, such As, Pb, and Zn, in the sediments of 
the Asana-Tumilaca River Basin had a more significant effect on the diversity, evenness, and richness of macrobenthos. Conversely, the 
presence of other metals with nutritional properties, such as Cu and Cr, at low concentrations positively influenced the diversity of 
periphyton and macrobenthos species because of adaptive processes. Larger glacial melt areas during the 2019–2020 period altered the 
physicochemical parameters of the water, leading to increased metal concentrations in the sediment and habitat disturbances for 
organisms. 
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Table 5 
Principal component analysis of physicochemical composition of water (EC, DO, pH, T, HCO3

− , Cl− , SO4
2− , Ca, Mg, K, Na), metal content in sediments 

(As, Hg, Cd, Cu, Cr, Pb, Zn), and hydrobiological diversity indices (periphyton-H′, periphyton-J′, macrobenthos-H′, macrobenthos-J′).   
F1 F2 F3 F4 F5 

As 0.189 0.801 − 0.037 − 0.042 0.295 
Hg − 0.064 0.073 − 0.001 0.574 − 0.480 
Cd − 0.085 0.151 − 0.432 − 0.448 − 0.323 
Cu − 0.239 0.311 0.520 0.047 0.233 
Cr − 0.272 0.467 0.486 − 0.501 − 0.091 
Pb − 0.071 0.610 0.125 − 0.416 0.017 
Zn − 0.095 0.768 0.277 − 0.364 − 0.089 
Periphyton-H’ 0.108 − 0.331 0.773 − 0.193 − 0.336 
Periphyton-J’ 0.193 0.091 0.699 0.359 − 0.376 
Macrobenthos-H’ − 0.292 ¡0.685 0.269 − 0.551 − 0.034 
Macrobenthos-J’ − 0.250 ¡0.673 0.164 − 0.404 0.322 
EC 0.976 − 0.056 0.096 − 0.056 0.010 
DO 0.035 0.097 0.403 0.450 0.574 
pH 0.571 − 0.122 − 0.147 − 0.302 0.153 
T 0.514 0.264 − 0.485 − 0.110 − 0.165 
HCO3

− 0.916 − 0.002 − 0.158 − 0.054 0.064 
Cl− 0.944 − 0.049 0.132 − 0.038 0.000 
SO4

2− 0.797 − 0.002 0.206 0.143 0.076 
Ca 0.973 − 0.055 0.099 − 0.059 0.027 
Mg 0.970 − 0.034 0.041 − 0.086 − 0.053 
K 0.944 0.020 0.000 − 0.050 − 0.037 
Na 0.972 − 0.066 0.111 − 0.068 − 0.004  
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