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Abstract

Rivers in tropical semi-arid regions face increasing anthropogenic pressures yet remain
critically understudied despite their global importance. This study evaluated the aquatic
macroinvertebrate community structure in the Rancheria River, Colombia, across three land
use conditions: conserved zones (CZs), urban/agricultural zones (UAZs), and mining in-
fluence zones (MZs). Ten sampling stations were established, and macroinvertebrate com-
munities were assessed alongside physical, chemical, and hydromorphological variables
during the dry season (January-March 2021). A total of 9288 individuals from 84 genera
across 16 orders were collected. Generalized Linear Models revealed significant differences
among zones for 67 genera (79.8%), indicating strong community responses to land use
gradients. Conserved zones exhibited the highest diversity according to the Hill numbers
and were dominated by sensitive taxa, including Simulium, Smicridea, and Leptohyphes. Ur-
ban/agricultural zones showed the lowest richness (35 genera) and were characterized by
disturbance-tolerant species, particularly Melanoides. Mining zones displayed intermediate
diversity but exhibited severe habitat alterations. A redundancy analysis with variance
partitioning revealed that land use types constituted the primary driver of community
structure (a 24.1% pure effect), exceeding the physical and chemical variables (19.5%) and
land cover characteristics (19.2%). The integrated model explained 63.5% of the total com-
positional variation, demonstrating that landscape-scale anthropogenic disturbances exert
a greater influence on aquatic communities than local environmental conditions alone.
Different anthropogenic activities create distinct environmental filters affecting macroinver-
tebrate assemblages, emphasizing the importance of land use planning for maintaining
aquatic ecosystem integrity in semi-arid watersheds.

Keywords: benthic invertebrates; anthropogenic impacts; freshwater ecosystems; semi-arid
regions
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1. Introduction

Rivers constitute fundamental ecosystems that support critical ecological functions
and provide essential services for both aquatic and terrestrial organisms [1]. However, these
systems face increasing pressures from anthropogenic activities that alter environmental
conditions and substantially impact functional diversity [2-4]. Human interventions includ-
ing urbanization, intensive agriculture, and extractive industries contribute significantly
to biodiversity loss in riverine ecosystems [5,6]. Concurrently, climate change exacerbates
these anthropogenic pressures, intensifying ecosystem degradation globally [7].

Aquatic macroinvertebrates are effective bioindicators of environmental quality in
riverine systems, accurately reflecting ecosystem health through their sensitivity to physical,
chemical, and habitat modifications [8,9]. Community dynamics respond predictably to en-
vironmental changes, with alterations in taxonomic diversity, abundance, and species com-
position serving as early warning indicators of ecosystem degradation [10,11]. In neotrop-
ical rivers, macroinvertebrate assemblages have proven valuable for assessing anthro-
pogenic impacts and environmental gradients [12-16]. Studies consistently demonstrate
substantial negative effects of land use changes on freshwater biodiversity patterns [17].

The Sierra Nevada de Santa Marta (SNSM), a UNESCO Biosphere Reserve in northern
Colombia, exemplifies the complex interactions between exceptional biodiversity and in-
tense anthropogenic pressures in tropical semi-arid systems. This region shows a unique
socioecological context where arid conditions intersect with diverse land uses, including
conservation, mining, and agriculture. This provides an ideal natural laboratory for un-
derstanding ecosystem responses to multiple stressors with direct applicability to similar
systems worldwide. Semi-arid ecosystems cover approximately 40% of the Earth’s land
surface and are expanding under climate change scenarios. Insights from the SNSM are
directly transferable to comparable regions across Mediterranean, African, Australian,
and other global contexts. While research in temperate and humid tropical rivers has
extensively documented the impacts of land use on aquatic communities [12-16], semi-arid
systems remain critically understudied despite their distinct hydrological regimes, height-
ened vulnerability to disturbances, and growing global significance for conservation and
management strategies [18].

The Rancheria River, located in La Guajira, Colombia, within the Sierra Nevada
de Santa Marta region, represents a crucial aquatic ecosystem for the region due to its
multiple ecosystem services. This watercourse has undergone various transformations
that have generated negative impacts on regional biodiversity [19,20]. It has become
the primary recipient of waste from socioeconomic activities and human settlements [21]
while experiencing progressive deterioration in its ecological condition related to mining
operations in the territory [22].

In a study focused on the Rancheria River, Granados-Martinez et al. [23] investigated
the aquatic macroinvertebrate diversity along a gradient of human disturbance, from
minimally disturbed reference sites to areas near urban centers and open-pit mining. Their
results demonstrated environmental (conductivity, pH, temperature, dissolved oxygen)
and community structure changes along the anthropogenic gradient, with sensitive taxa
like Ephemeroptera and Coleoptera associated with pristine conditions, while tolerant
species such as Rhagovelia and the invasive Melanoides dominated disturbed areas. While
this research confirmed that human activities significantly influence macroinvertebrate
assemblages, said study focused on broad disturbance gradients rather than examining how
specific land use practices (mining, agriculture, urbanization) create distinct environmental
filters affecting functional community organization.

Our study advances our understanding of the mechanisms through which different
land use types affect the structure of macroinvertebrates. Unlike the previous gradient-based
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approach, our research examines three contrasting land use conditions—conserved zones, coal
mining, and urban/agricultural practices—to understand how different anthropogenic
activities selectively filter species. We aim to enhance the understanding of the factors de-
termining the distribution patterns and taxonomic composition of benthic fauna in tropical
fluvial systems subjected to varied anthropogenic pressures.

2. Materials and Methods
2.1. The Study Area

The Ranchera River basin (Figure 1) is located in the northernmost part of Colombia
(11°33" N, 72°54’ W), specifically in the Department of La Guajira. The river originates in
the Chirigua paramo on the eastern slope of the Sierra Nevada de Santa Marta (SNSM)
mountain range at an elevation of 3875 m above sea level (m.a.s.l.). The river basin has an
area of 4070 km? and extends for approximately 248 km until it flows into the Caribbean Sea
near the city of Riohacha [24,25]. The region is considered the most arid zone in Colombia,
with an annual precipitation regime ranging between 501 and 1000 mm, presenting a
decreasing rainfall gradient from the headwaters toward the north [24].
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Figure 1. Sampling points across different land use areas in 10 stations of the Rancheria River, 2021.

A total of 10 sampling stations were classified into three categories according to the
predominant land use: conserved zones (CZs; n = 3), urban and agricultural zones (UAZs;
n = 4), and mining influence zones (MZs; n = 3) (Figure 1). The selection of the sampling
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sites followed a stratified random design: (1) first, the river was divided into three segments
based on the predominant land use through a GIS analysis of 2021 Landsat imagery;
(2) within each segment, potential sampling points were identified at approximately equal
intervals (every 8-10 km); and (3) the final selection considered accessibility and the
representation of the land use category. Site independence was ensured by maintaining a
minimum distance of 2 km between consecutive sampling points, exceeding the average
width of the river (15-60 m) by more than 30 times, thus minimizing potential spatial
autocorrelation [25].

Land cover characterization was conducted by analyzing an area of influence of 3 km
around each sampling point, following the established methodologies for tropical fluvial
systems. This buffer distance was selected based on previous studies [26-29] that have
demonstrated its effectiveness for capturing the primary anthropogenic influences on
river ecosystems while minimizing local point source effects. The land use classification
was performed using ArcGIS 10.8 with a supervised classification algorithm (maximum
likelihood) applied to 2021 Landsat 8 OLI imagery (30 m resolution), validated using
50 ground control points (overall accuracy = 89%). The delimitation of the 3 km influence
area was based on studies that have demonstrated the effectiveness of this spatial scale
for evaluating the impacts of land use on fluvial systems. Allan [26] and Leal et al. [27]
analyzed the land cover within a 2-5 km radius and effectively identified patterns that
influenced aquatic ecosystems. This scale has been validated by Sponseller et al. [28] and
Jimenez-Valencia et al. [29].

2.2. Field Methods

A 100 m reach was selected at each sampling station, where five replicates were col-
lected using a Surber net (area: 0.09 m?; mesh size: 250 um), following the methodology
of Char [30]. Three sampling campaigns were conducted monthly during the dry season
(January—March 2021). The samples integrated all substrate types present in each reach.
Collected specimens were preserved in 96% ethanol for subsequent dietary analysis and
were identified to the most specific taxonomic level possible using stereoscopic microscopy
and specialized taxonomic keys [31-34]. Physical and chemical variables were measured
in situ during each sampling campaign (three times per site) using a calibrated Multi 350i
WTW multiparameter probe, which recorded the temperature (°C), pH, electrical conduc-
tivity (uS/cm), total dissolved solids (mg/L), and dissolved oxygen (mg/L). Additionally,
water samples were collected in sterilized polyethylene bottles for laboratory analysis, fol-
lowing the standardized APHA protocols [35]. Nutrients, including nitrites (NO;y), nitrates
(NO3), phosphates (POy), and chlorides (Cl), were analyzed, as was the total hardness
and alkalinity (expressed as CaCO3 mg/L). The microbiological analyses included total
and fecal coliforms (MPN /100 mL). Hydromorphological characterization was conducted
through transects every 20 m along the 100 m reach (5 transects per site), where the bankfull
width, depth (measured at 3 points per transect), and discharge were measured using the
float method [36]. River habitat characteristics were evaluated by quantifying the flow
types (riffles, slow currents, and pools), dominant substrates (rocks, sand), and the presence
of macrophytes. Substrate composition was quantified using a modified Wentworth scale
with 10 categories (bedrock, boulder, cobble, pebble, gravel, sand, silt, clay, organic matter,
and macrophytes), with 100 particles randomly selected and measured along each transect.
Riparian zone characterization included estimating the cover percentage of forest, shrubs,
grasses, crops, urban areas, livestock, and mining activities in a 3 km buffer on each side of
the channel using ArcGIS 10.8 software and Landsat satellite imagery from 2021.
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2.3. Statistical Analysis

Statistical analyses were conducted to evaluate the differences in the physical, chem-
ical, hydromorphological, and biological variables across land use zones (conserved
zones—CZs; urban/agricultural zones—UAZs; mining zones—MZs). Generalized Linear
Models (GLMs) were employed to account for non-normal data distributions, with zone
as a fixed factor [37]. The model selection was based on the Akaike Information Criterion
(AIC) values, using Poisson or negative binomial distributions for count data and Gaussian
distributions for continuous variables. Post hoc pairwise comparisons were performed
using Tukey’s Honest Significant Difference (HSD) tests [38].

The diversity profiles were analyzed using Hill numbers (q = 0, 1, 2) and sample-
size-based rarefaction and extrapolation curves [39]. The sampling completeness was
assessed through sample coverage. The 95% confidence intervals were obtained through
bootstrapping with 1000 replications [40].

The relationships between environmental variables and macroinvertebrate assem-
blages were examined through a Redundancy Analysis (RDA) [41,42] with variance par-
titioning. The RDA was selected over a Canonical Correspondence Analysis because the
gradient length in the preliminary Detrended Canonical Correspondence Analysis was
<3 SD units (0.59 SD), indicating linear species—environment relationships. Environmen-
tal variables were organized into three ecologically meaningful groups: (1) physical and
chemical variables (pH and temperature); (2) land cover variables (bare soil, crops, riparian
grass, riparian forest, riparian shrubs, and urban areas); and (3) land use types (conserved
zones, mining zones, and urban/agricultural zones).

Prior to the analysis, the collinearity was assessed using Variance Inflation Factors
(VIFs > 10), and stepwise selection (using the ordistep() function) identified the most
parsimonious variable set based on the AIC. Variance partitioning (using the varpart()
function) decomposed the total explained variance into the pure effects of each variable
group, shared effects among groups, and unexplained variance. The model significance and
pure effects of each group were evaluated through permutation tests (999 permutations),
with the performance assessed using adjusted R? values [42].

All of the statistical analyses were performed in R software version 4.3.3 [43] using
the following packages: vegan [44] for the RDA and VIF calculations; ade4 [45] for the
multivariate analyses; iNEXT [46] and iNEXT.4 steps [47] for the diversity analysis and
rarefaction curves; ggplot2 [48] for data visualization; ggrepel [49] for plot labeling; and
dplyr [50] for data manipulation.

3. Results
3.1. Physical and Chemical Parameters

The GLM analysis showed significant spatial differentiation in the basic water chem-
istry parameters across the land use zones. The mineral content indicators (TDS, conductiv-
ity, and total hardness) showed consistently elevated levels in conserved zones compared
to those in urban/agricultural areas (p < 0.04), with mining zones displaying intermediate
values. The analysis identified no significant cross-zone variations in the temperature
regimes, dissolved oxygen concentrations, or pH levels (all p > 0.35). The nutrient parame-
ters (nitrites, nitrates, phosphates) and microbiological indicators (total and fecal coliforms)
similarly showed no statistically significant spatial differences despite numerical variations
among zones (all p > 0.15) (Table 1)
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Table 1. Physical, chemical, and microbiological parameters (mean =+ standard deviation) in different
land use zones of the Rancheria River. CZ: Conserved Zone; UAZ: Urban and Agricultural Zone;
MZ: Mining Influence Zone. TCs: Total Coliforms; FCs: Fecal Coliforms. Differences among zones
were analyzed using Generalized Linear Models (GLMs), followed by Tukey’s HSD post hoc test.
Different letters (a, b) indicate significant differences (* p < 0.05).

Variable cz UAZ MZ p-Value
Physical and chemical

pH 817 +£0.21°% 830+£0.15% 8.43 +£040° 0.36

TEMP (°C) 2717 £1.652 24.83 +£2.382 26.00 £2.302 0.36

TDS (mg/L) 317.33 £132.01% 83.00 4 24.97° 305.67 + 330.31 P 0.03 *

COND (puS/cm) 318.67 £133.102 83.10 4+ 24.88 296.63 + 324.40 P 0.03 *

DO (mg/L) 6.23 +1.33° 725+0.79% 6.53 +1.29° 0.49

Flow (m?/s) 710+ 1.44° 10.33 £2.75% 823 +214° 0.13

Nutrients

NO; (mg/L) 0.0487 + 0.0143 2 0.0340 + 0.0010 2 0.0350 £ 0.0020 2 0.15

NOj3 (mg/L) 0.1253 +0.1029 2 0.0253 + 0.0051 2 0.1195 £+ 0.0759 2 0.36

POy (mg/L) 0.2883 £ 0.0390 2 0.4483 £ 0.3050 2 0.3490 + 0.1644 2 0.80

Cl (mg/L) 34.7333 4 24.9833 @ 15.7333 £ 1.4434 @ 26.0000 =+ 22.5055 @ 0.80

CaCOg3; (total hardness, mg/L) 67.13 £23.35% 30.70 +3.50 42.63 +27.322b 0.04*

CaCO; (alkalinity, mg/L) 127.50 4 38.81 2 76.57 +12.49 107.28 + 67.12 2 0.26
Microbiological

TCs (MPN/100 mL) 840.00 £ 66.86 * 689.50 4+ 289.31 2 819.33 £91.79 2 0.68

FCs (MPN/100 mL) 121.33 £71.54¢ 118.25 £79.89 2 70.00 £ 28.16 2 0.68

3.2. Hydromorphological Variables

The GLM analysis showed significant effects of land use on both the riparian vegetation
structure and the channel’s morphological characteristics. Riparian vegetation exhibited
a clear gradient across the land use zones, with the forest cover decreasing progressively
from conserved to urban to mining areas (p = 0.027), while anthropogenic vegetation types
including crops, urban areas, and livestock pastures dominated the urban/agricultural
zones (p = 0.027 for all categories) (Table 2).

The channel morphology demonstrated distinct zone-specific patterns. Conserved
zones were characterized by riffle-dominated flow regimes (76.7% versus 13.3% in mining
zones; p = 0.027) and predominantly a rocky substrate composition (83.3% versus 8.3% in
mining zones; p = 0.027). Conversely, mining zones exhibited a prevalence of slow-flowing
currents (83.3%) and pool formations (76.7%; both p < 0.03). Urban/agricultural zones
displayed intermediate morphological characteristics but were distinguished by extensive
macrophyte colonization (71.3%; p = 0.026).

In contrast, the riparian corridor width, bare soil coverage, and overall substrate
composition showed no significant variations across the land use zones (all p > 0.05),
suggesting that these parameters are less sensitive to anthropogenic modifications in this
watershed system.
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Table 2. Hydromorphological variables (mean =+ standard deviation) in different land use zones
of the Rancheria River. Differences were analyzed using Generalized Linear Models (GLMs) with
Tukey’s HSD post hoc test. Different letters (a, b, c) indicate significant differences (* p < 0.05).

Variable cz UAZ MZ p-Value
Riparian characteristics
Average riparian width (m) 89.50 £+ 81.28 @ 56.50 £ 28.37 @ 42809972 0.801
% Bare soil 2333 £5.772 23.75+13.772 28.33 £22.552 0.962
% Crops 2.33 £0.58 2 75.00 & 10.00 ® 6.00 £ 3.61° 0.027 *
% Riparian grasses 0.67+1.15° 35.00 +20.82° 16.67 £ 5.77 0.041 %
% Riparian forest 100.00 £ 0.00 @ 55.00 4 5.77 b 31.67 £2.89°¢ 0.027 *
% Riparian shrubs 70.00 £+ 10.00 2 62.50 +12.58 @ 4333 +5.77b 0.053
% Urban riparian areas 0.00 £0.002 100.00 + 0.00® 30.00 £ 20.00 ¢ 0.027 *
% Livestock areas 0.00 £ 0.00 2 45.00 +12.91° 30.00 4 20.00® 0.027 *
% Mining areas 0.00 £ 0.00° 12.50 +25.00 2 100.00 & 0.00 0.027 *
Hydromorphology
Bankfull width (m) 13.33 £2.892 19.80 £7.85% 58.00 + 61.522 0.264
Depth (cm) 76.33 +24.422 87.50 + 20.92 @b 116.33 + 8.08 P 0.069
% Riffles 76.67 £15.28 2 33.75 +4.79 b 13.33 £5.77 ¢ 0.027 *
% Slow currents 15.00 + 5.00 @ 65.00 +17.32° 83.33 +£5.77P 0.027 *
% Pools 0.00 £ 0.00° 26.25 +29.26® 76.67 £5.77 ¢ 0.023 *
% Rocks 83.33 £11.55% 41.25427.80° 833 +£2.89°¢ 0.027 *
% Macrophytes 15.00 £5.00 2 71.25 + 15.48® 0.00 £ 0.00 € 0.026 *
% Substrates 40.00 £ 10.00® 35.00 £20.82% 26.67 £20.82% 0.497
% Sand 20.00 + 10.00 @ 42,50 +17.08° 4333 +£11.55° 0.069

3.3. Macroinvertebrates

A total of 9288 individuals (UAZs = 3342, MZs = 2887, and CZs = 3059) were collected,
distributed across 16 orders, 49 families, and 84 genera (Appendix A). Among the orders,
Ephemeroptera, Trichoptera, Coleoptera, and Diptera were the most diverse in terms
of families and genera. The Generalized Linear Models revealed significant differences
among zones for 67 genera (79.8%), indicating strong responses of the macroinvertebrate
communities to the land use gradients. The urban and agricultural zones (UAZs) and
mining influence zones (MZs) were characterized by a high abundance of disturbance-
tolerant taxa, particularly Melanoides (131.82 + 159.91 and 138.33 & 150.36 ind/m?, re-
spectively) and Pyrgophorus (7.80 £ 9.59 and 6.67 + 3.19 ind/m?), both of which were
absent from the conserved zones (CZs). Conversely, conserved zones exhibited a signif-
icantly higher abundance of sensitive taxa, including Simulium (100.38 4 92.94 ind /m?),
Smicridea (63.67 + 73.94 ind/m?), Leptohyphes (51.38 £+ 51.15 ind/ m?2), and Anacroneuria
(25.20 4 44.21 ind/m?). Several genera showed zone-specific distributions: Lachlania
(25.83 4 44.13 ind /m?), Atopsyche (1.50 & 0.71 ind/m?), and multiple Odonata genera,
Phyllogomphoides, Progomphus, and Limnogonus, were exclusive to conserved zones, while
pollution indicator taxa such as Caenis, Acanthagrion, and Chironomus were found only in
urban/agricultural areas. Mining zones showed distinctive patterns compared to other
land use categories, with significantly higher abundance of genera of the Elmidae family
(Cylloepus: 39.00 4 50.91 ind /m?; Stenhelmoides: 23.00 & 0.00 ind /m?) and the exclusive



Water 2025, 17,2142 8 of 18

occurrence of taxa like Atya (11.50 &= 4.95 ind/ m?) and several Gastropoda genera (Marisa,
Ancylidae, Physa) in this zone typeThe EPT index components showed contrasting re-
sponses: while Ephemeroptera and Trichoptera were generally more abundant in conserved
areas, Plecoptera (Anacroneuria) showed the strongest conservation signal (p = 0.038). Taxa
exhibiting no significant differences across zones included generalist species such as Trico-
rythodes (p = 0.690), Austrolimnius (p = 0.364), and Thraulodes (p = 0.456), suggesting their
broad environmental tolerance.

3.4. Diversity Profiles

The diversity analyses using Hill numbers (q = 0, 1, 2) revealed consistent patterns
among different land uses. Conserved zones (CZs) showed the highest species richness
(68 observed, 74.12 & 11.39 estimated) and effective number of species for Shannon diver-
sity (Shannon: 16.07 £ 0.30; Simpson: 9.53 %+ 0.17), with a sampling completeness of 92%.
Mining influence zones (MZs) presented intermediate values for richness (52 observed,
68.89 & 15.57 estimated) and effective number of species for Shannon diversity (9.35 & 0.33)
but with the lowest sampling completeness (75%), suggesting the potential to discover more
species. Urban and agricultural zones (UAZs) had the lowest species richness (35 observed,
36.12 £ 5.92 estimated) but the highest sampling completeness (97%) and Simpson values
(4.38 £ 0.16), slightly higher than those for MZs (4.14 & 0.17), indicating a less diverse but
more equitable and completely sampled community. The sample coverage curves (Figure 2)
illustrate these patterns for orders q = 0, 1, and 2, where q = 0 represents species richness.
These curves confirm that CZs maintain the highest diversity in all orders, with the poten-
tial for additional species, while UAZs reach an asymptote more quickly, consistent with
the high sampling completeness.
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Figure 2. The rarefaction and extrapolation curves for the three orders of diversity (q =0, 1, 2) by
land use.

3.5. The Relationship Between Environmental Variables, Land Use, and Macroinvertebrates

The Redundancy Analysis (RDA) showed significant relationships between environ-
mental variables, land use types, and macroinvertebrate community composition in the
Rancheria River basin (Figure 3). Following stepwise variable selection to address multi-
collinearity issues (a VIF < 10), the parsimonious model included six key environmental
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variables—bare soil coverage (BARESOIL), agricultural crops (CROPS), riparian grass
(R_G), riparian forest (R_F), riparian shrubs (R_S), and urban areas (U_R)—along with
the physical and chemical parameters of pH and temperature (TEM). The integrated RDA
model proved statistically significant (p < 0.05), explaining 63.5% of the total variation in
macroinvertebrate community composition (adjusted R? = 0.635).

Limnocoris:
11 Stenhelmoigé
Leptohyphes
O -
Land Use
TEM
o o .
QD: cz.2 gmicridea CZ1
o RS petrophila 1 vz2
e ] uazs
Anacroneuria Chifanominae bterelmis
_1 -
_2 -
-05 0.0 05

RDA1

Figure 3. The redundancy analysis (RDA) between environmental variables, land use, and macroin-
vertebrates in the Rancheria River basin, La Guajira, Colombia, 2021. Land use zones: CZ (conserved
zone), MZ (mining influence zone), UAZ (urban and agricultural zone). Environmental variables:
TEM (temperature), R_S (riparian shrubs), R_G (riparian grasses), R_F (riparian forest), BARESOIL
(bare soil). Blue triangles indicate sampling sites, red text shows macroinvertebrate taxa, blue text
shows environmental variables, and ellipses represent 95% confidence intervals.

The variance partitioning analysis revealed that land use types constituted the pri-
mary driver of community structure, explaining 24.1% of the pure variance in species
composition, exceeding the individual contributions of the physical and chemical vari-
ables (19.5%, p = 0.089) and the land cover characteristics (19.2%, p > 0.1). Shared effects
among variable groups accounted for an additional 8.4% of the explained variance, while
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67.4% remained unexplained, likely reflecting unmeasured local habitat factors and stochas-
tic processes. The first canonical axis (RDA1) captured 46.2% of the explained variance,
representing a primary gradient of the intensity of anthropogenic disturbance, while the
second axis (RDA2) explained an additional 14.6%, reflecting the habitat heterogeneity and
riparian conditions.

As shown in Figure 3, conserved zones (CZs) clustered primarily in the negative
quadrants of the ordination space, characterized by an association with sensitive genera
such as Leptohyphes, Anacroneuria, and Simulium. These sites presented lower pH values
(8.17 £ 0.21) and moderate temperatures (27.17 £+ 1.65 °C), with higher riparian forest
coverage. In contrast, urban and agricultural zones (UAZs) were positioned in the positive
quadrant of RDA1, showing a strong association with pollution-tolerant genera, including
Melanoides and Pyrgophorus. These disturbed sites were characterized by higher pH values
(8.30 & 0.15), increased bare soil coverage, and agricultural land use intensity.

Mining zones (MZs) displayed intermediate positioning along the RDA ordination,
distributed primarily along the negative RDA2 axis (Figure 3). These sites presented
intermediate pH levels (8.43 & 0.40) and variable temperatures (24.83 £ 2.38 °C), supporting
macroinvertebrate assemblages with moderate disturbance characteristics. Genera such as
Americabaetis, Tricorythodes, and Heterelmis showed a particular association with mining-
influenced areas, suggesting intermediate tolerance to anthropogenic perturbation.

The environmental variable vectors in Figure 3 demonstrate that pH and bare soil cov-
erage were the strongest drivers along RDA1 (coefficients = —21.80 and 6.18, respectively),
while temperature variation influenced the secondary gradient represented by RDA2 (coeffi-
cient = —135.06). Riparian forest cover (R_F) and shrub coverage (R_S) showed contrasting
responses, with forest coverage being negatively associated with the disturbance intensity
(coefficient = 3.23), while shrub dominance correlated with intermediate disturbance levels
(coefficient = —8.36).

4. Discussion

This comparative analysis of the Rancherfa River revealed pronounced differences
in both the water quality and macroinvertebrate communities among the three land use
zones, demonstrating a clear environmental degradation gradient associated with an-
thropogenic activities [26]. Conserved zones consistently exhibited superior ecological
conditions, characterized by high macroinvertebrate diversity, the dominance of sensi-
tive taxa, and the maintenance of natural hydrochemical processes within structurally
complex habitats [51]. Urban and agricultural zones represented the opposite extreme,
showing a severely compromised ecosystem integrity with markedly reduced biodiversity,
the proliferation of disturbance-tolerant species, and clear chemical signatures of human
contamination, alongside extensive habitat homogenization [52]. Mining influence zones
displayed an intermediate position in terms of their biological diversity but demonstrated
the most severe physical habitat alterations, combining moderate species richness with
dramatic geomorphological changes and distinctive hydrochemical conditions [53]. These
zone-specific patterns reflect how different types of anthropogenic pressures generate
distinct environmental filters that selectively favor different biological communities, creat-
ing a mosaic of ecosystem conditions across the watershed [54]. The magnitude of these
differences underscores the critical importance of land use planning in maintaining aquatic
ecosystem integrity in tropical semi-arid regions.

The water quality assessment revealed that only the mineral content parameters
showed significant spatial differentiation among the land use zones, while the conventional
pollution indicators remained statistically invariant across the watershed. The significantly
elevated levels of total dissolved solids, conductivity, and total hardness in the conserved
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zones (p < 0.04) compared to those in urban/agricultural areas likely reflect natural hydro-
geochemical processes rather than anthropogenic contamination. These patterns can be
attributed to longer water residence times and enhanced mineral dissolution in undisturbed
geological settings, where natural weathering processes proceed without anthropogenic
interference [55]. The intermediate values observed in mining zones suggest that while
mining activities may alter some geochemical processes, they do not necessarily increase
the overall mineralization beyond natural levels.

Notably, traditional water quality indicators including pH, dissolved oxygen, nutrients
(nitrites, nitrates, phosphates), and microbiological parameters (total and fecal coliforms)
showed no significant differences among zones (all p > 0.15), despite numerical variations.
This absence of significant contamination gradients across land use types is particularly
noteworthy in a watershed experiencing diverse anthropogenic pressures. The lack of pH
variations (p = 0.36) suggests that the region’s predominant limestone geology provides a
consistent buffering capacity across all zones, effectively neutralizing potential acidification
from both agricultural inputs and mining activities [56,57]. Similarly, the uniform dissolved
oxygen levels (p = 0.49) and the absence of significant nutrient enrichment patterns indicate
that conventional water quality parameters may be less sensitive indicators of the impacts
of land use in this semi-arid system compared to biological and habitat structure variables.

The uniform microbiological conditions across zones (p = 0.68) suggest that coliform
bacteria sources are more influenced by regional climatic and hydrological factors than by
specific land use activities. This finding contrasts with the expectations from temperate
regions, where agricultural and urban areas typically show elevated bacterial contamina-
tion, but aligns with semi-arid system dynamics where episodic precipitation events and
high solar radiation may standardize microbial communities across the watershed [58,59].
These results highlight the importance of using multiple indicator types when assessing
the ecosystem integrity in tropical semi-arid regions, as traditional water quality metrics
may not capture the full spectrum of anthropogenic impacts.

The distinct macroinvertebrate community patterns observed among zones reflect
species-specific responses to environmental filtering processes, with the variance parti-
tioning analysis revealing that land use types constitute the primary driver of commu-
nity structure (24.1% pure effect), exceeding the individual contributions of physical and
chemical variables (19.5%) and land cover characteristics (19.2%). The integrated model
explained 63.5% of the total compositional variation, demonstrating that landscape-scale
anthropogenic disturbances exert a greater influence on aquatic communities than local
environmental conditions alone [60]. The dominance of sensitive taxa such as Simulium
and Smicridea in the conserved zones can be attributed to their requirements for high water
quality, heterogeneous rocky substrates, and well-oxygenated conditions, which are main-
tained in structurally complex habitats with intact riparian vegetation [61,62]. The exclusive
presence of indicator genera like Lachlania and Atopsyche in these zones further reflects their
narrow ecological tolerance and dependence on specific microhabitat conditions that are
disrupted by anthropogenic activities [63]. Conversely, the overwhelming dominance of
Melanoides in disturbed zones represents a classic ecological response to environmental
stress, as this invasive gastropod possesses broad environmental tolerance and thrives in
organically enriched, chemically altered waters with a simplified habitat structure [64,65].
The intermediate diversity patterns in mining zones likely result from the complex interplay
between moderate chemical alterations and severe physical habitat modifications, creating
environmental conditions that exclude the most sensitive species while still supporting
some moderately tolerant taxa [66]. The strong association between community structure
and the hydrogeomorphological variables reflects how habitat heterogeneity serves as a
template for species assembly, with flow regime alterations, substrate modifications, and
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riparian vegetation loss acting as the primary drivers of community simplification [67,68].
These biological responses demonstrate how macroinvertebrate communities function as
integrated indicators of ecosystem health, reflecting the cumulative effects of multiple
anthropogenic stressors on aquatic habitat quality [60,62]. Notably, these patterns show
remarkable consistency with those from previous assessments conducted in the same
watershed in 2010, indicating the persistence of disturbance—diversity relationships over
time and confirming the stability of these ecological responses to anthropogenic pressure
gradients in the Rancheria River system [23].

5. Conclusions

This study demonstrates that different land uses significantly influence the ecological
integrity of the Rancheria River in the semi-arid region of La Guajira, Colombia. Our
integrated approach revealed that biological and habitat structure indicators are more
sensitive to anthropogenic impacts than conventional water quality parameters are in
tropical semi-arid systems.

1. The physical and chemical parameters showed limited sensitivity to land use impacts.
Only the mineral content indicators (TDS, conductivity, total hardness) exhibited
significant differences among zones (p < 0.04), while pH, dissolved oxygen, nutrients,
and the microbiological parameters showed no significant variations (all p > 0.15)
despite diverse anthropogenic pressures.

2. The hydromorphological characteristics were significantly altered by land use. Con-
served zones maintained their natural features (riparian forest: 100%; riffles: 76.67%;
rocky substrates: 83.33%), while urban/agricultural zones showed extensive trans-
formation (crops: 75%; slow currents: 65%; macrophytes: 71.3%), and mining zones
exhibited the most severe alterations (pools: 76.67%; reduced riparian forest: 31.67%).

3. Macroinvertebrate communities responded strongly to the land use gradients. Of
84 genera collected (9288 individuals), 67 genera (79.8%) showed significant differ-
ences among zones. Conserved zones supported the highest diversity (68 species,
Shannon index: 16.07), with sensitive taxa (Simulium, Smicridea), while the disturbed
zones were dominated by tolerant species (Melanoides, Pyrgophorus).

4. Land use was the primary driver of community structure. The multivariate analysis
explained 63.5% of the variation in the macroinvertebrate community composition,
with the land use types accounting for 24.1% of the pure variance, exceeding the con-
tributions of the physical and chemical (19.5%) and land cover (19.2%) characteristics.

For watershed management, we recommend (1) the protection and restoration of
riparian forest; (2) the implementation of buffer zones; (3) the prioritization of biological
monitoring over traditional water quality assessments; and (4) land use policies that
consider the vulnerability of fluvial ecosystems in semi-arid regions.

This research demonstrates that biological indicators provide more robust ecosystem
health assessments than conventional physical and chemical parameters in tropical semi-
arid rivers, emphasizing the need for integrated ecological monitoring approaches in
similar regions worldwide.
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Appendix A

Table A1. Abundance (ind/m?) of aquatic macroinvertebrates in different land use zones of the
Rancheria River.

Order Family Genus Ccz UAZ MZ p-Value
. Thiaridae Melanoides 0.04+0.0P 131.82 £159.912  138.33 4 150.36 @ <0.001
Neotaenioglossa
Hydrobiidae Pyrgophorus 00+00P 7.80 £9.59 2 6.67 +3.192 0.003
Architaenioglossa Ampullariidae Pomacea 0.0£00°¢ 1.25+0.582 10.00 + 5.66 © <0.001
Marisa 0.0£00% 0.0+£0.0? 250 +£0.71° 0.012
Planorbidae
Gyraulus 2.67 +0.58° 0.0+00? 0.0£0.0? 0.001
Basommatophora
Ancylidae Ancylidae 0.0£0.0? 0.0£0.0? 5.00 +0.00° 0.001
Physidae Physa 0.0£0.0? 0.0£0.0? 1.00 + 0.00 0.032
Sphaeriida Sphaeriidae Pisidium 2.00£0.002 233 £0.582 13.00 £ 0.00° 0.023
Americabaetis 42540842 430+250? 486 +331°? 0.872
Baetidae Camelobaetidius ~ 3.00 = 1.00 4802772 543 +794% 0.752
Baetodes 20.25 +8.62° 14.00 £0.002 1.00 +0.00 0.031
Tricorythodes ~ 22.33 +16.76 ® 25.15+18.712 31.67 +£34.19% 0.690
i b a a
Ephemeroptera Leptohyphidae Leptohyphes 51.38 £ 51.15 13.30 £ 13.62 13.50 £ 12.45 0.019
Cabecar 9.00 £+ 6.00 € 0.0+0.0? 20.00 +0.00° 0.041
. Thraulodes 16.00 £ 0.00 2 9.50 +£5.682 20.00 +24.14 2 0.456
Leptophlebiidae
Farrodes 6.00 +2.83° 7.00 £0.007 0.04+0.0P 0.023
Oligoneuriidae Lachlania 25.83 + 44.13P 0.0+00? 0.0£0.0? 0.002
Caenidae Caenis 0.0+00P 3.00 £0.002 0.0+00P 0.001
Argia 3.67 +1.15P 1.60 £ 1412 1.00 £ 0.00 2 0.030
Odonata Coenagrionidae Ischnura 00+00P 6.50 £ 7.782 3.00 £0.002 0.048
Acanthagrion 0.0£00P 2.00 £ 0.002 0.0£00P 0.001
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Brechmorhoga 4.00 £0.002 6.33 £5.032 0.0+00P 0.034

Dythemis 3.67 +1.30°¢ 0.04+0.02 1.00 4+ 0.00 0.039

Libellulidae Elasmothemis 0.0+00°¢ 6.00 + 0.00 @ 2.00 £ 0.00P 0.041

Odonata Macrodiplax 00+00P 1.00 £ 0.00 2 00+00P 0.032

Macrothemis 0.0+0.02 0.0+0.02 1.00 4+ 0.00 0.032

Calopterygidae Hetaerina 3.00 + 1.00 6.67 + 5.13 2 1.00 + 0.00 0.045

Gomphidae Phyllogomphoides 1.00 + 0.00 © 0.0+£00% 0.0+00% 0.032

Progomphus 1.00 4+ 0.00 0.0£0.0? 0.0£0.0? 0.032

Limnocoris 2.754+1.502 1.50 +0.58 2 2.60 +2.16 2 0.322

Naucoridae Ambrysus 1.00 £0.00 1.20£0.50% 6.00 + 6.14 P 0.039

Cryphocricos 0.0+00°¢ 1.00 +0.002 3.00 +£0.00° 0.001

Pelocoris 0.04+0.02 0.04+0.02 2.00 +0.00° 0.001

Hemiptera . Rhagovelia 9.00 £ 0.00 6.50 £7.78 2 2.00 £ 0.00 2 0.354

Veliidae Microvelia 9.00 £0.00 1.00 £ 0.00 0.0+00P 0.041

Gerridae Limnogonus 3.67 £ 0.58P 00+0.0? 0.0+002 0.001

Belostomatidae Belostoma 0.04+0.0P 1.00 4+ 0.00 2 1.00 £ 0.00 2 0.048

Hidrometridae ~ Hydrometra 0.0+£00? 0.0+£0.02 6.00 +0.00 P 0.001

Oxvethira 8.00 +0.00° 1.50 £0.712 2.00 +0.002 0.023

Hydroptilidae Neotrichia 7.00 & 0.00® 0.0+0.0° 4.75 + 6.66° 0.038

Betrichia 0.0+0.02 0.04+0.02 1.00 + 0.00 0.032

Hydroptilidae ~ Mayatrichia 2.00 +0.00° 0.0+0.02 00+002 0.032

Philopotamidae Chimarra 14.83 + 11.58° 471£3952 6.50 £6.982 0.028

Hydropsychidac Smicridea 63.67 £73.94P 2433418332  37.80 + 39.00 % 0.049

Leptonema 17.40 + 1539 3.50 +2.12°2 1.00 4+ 0.00 0.016

Trichoptera Protoptila 250 +£2.12°2 8.00 +4.242 5.17 +4.03 2 0.152
Glossosomatidae

Culoptila 0.04+0.0P 2.00 +0.00 2 0.04+0.0P 0.001

Helicopsychidae  Helicopsyche 0.0+00°¢ 3.00+0.00? 5.00 £ 0.00° 0.001

Calamoceratidae Phylloicus 200+141°2 3.00 £0.002 0.0+00P 0.045

Oecetis 4.00 +1.63° 0.0+0.02 4.00 +0.00° 0.001

Leptoceridae Nectopsyche 0.0+00? 0.0+00% 3.00 +0.00° 0.001

Atanatolica 1.00 £ 0.00® 0.0+002 00+0.0% 0.032

Odontoceridae Marilia 00+002 00+002 1.00 + 0.00° 0.032

Hydrobiosidae Atopsyche 1.50 +0.71° 0.04+0.02 0.04+0.02 0.023

Heterelmis 10.20 + 6.382>  18.00 + 11.152 6.00 + 5.66 P 0.039

Austrolimnius 3550 +£49.862 2214 +19.86®  14.50 + 11.532 0.364

Coleoptera Elmidae Cylloepus 8.50 4 0.00 0.0+0.02 39.00 +50.91 P 0.034

Hexanchorus 3.75+192°2 1.50 +0.712 2.50 +1.732 0.152

Macrelmis 2.00 £0.00 € 1.00 £ 0.00 2 0.0+00P 0.001
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Order Family Genus Ccz UAZ MZ p-Value
Microcylloepus 7.00 £ 0.00 € 0.0+0.0? 2.00 +0.00® 0.041
Phanocerus 1.50+0.71% 2.00£0.00? 0.04+0.0P 0.045
Elmidae Stegoelmis 0.0+00? 0.0+00? 1.00 £ 0.00® 0.032
Stenelmis 0.0+0.0? 0.0£0.02 2.00 +£0.00° 0.001
Coleoptera Stenhelmoides 0.0+00°¢ 8.00 £0.007 23.00 +0.00° 0.041
Psephenidae Psephenops 1.00 4+ 0.00 450 +4952 9.00 £0.002 0.045
Dryopidae Pelonomus 2.00 + 1.41 % 4.00+0.00? 1.00 + 0.00 0.039
Scirtidae Elodes 0.0+00° 2.00 4 0.00° 00+00° 0.001
Staphylinidae  Staphylinidae 0.04+0.0P 4.00 +0.002 0.04+0.0P 0.001
Chironomus 0.0+00° 1.00 £ 0.002 0.0+00P° 0.032
Chironomidae Tanypodinae 233+ 1.15% 420+0.002 1.83+1.50° 0.029
Orthocladiinae  10.67 +9.173  32.80 + 39.59 2 2.00+1.26° 0.041
Chironominae 850+6.81° 16.40 + 14.112 4.50 +£0.00 2 0.152
Diptera Simuliidae Simulium 100.38 +92.94b 29,50 £ 57.952 350+£1.952 0.010
Tabanidae Tabanus 2.00 £+ 0.00 € 0.0+00? 1.00 4+ 0.00 0.001
Tipulidae Tipula 1.00 £ 0.00® 0.0£0.0? 0.0£0.0? 0.032
Ceratopogonidae Bezzia 0.04+00° 1.00 + 0.00 2 0.0+00P 0.032
Psychodidae Psychodidae 1.00 £ 0.00 P 0.0+00? 0.0£0.0? 0.032
Lepidoptera Crambidae Petrophila 1429 + 14362 7.86 +4.65° 2.00+ 126" 0.021
Plecoptera Perlidae Anacroneuria 2520 + 44.21° 200+2122 4.00+£0.00 0.038
Megaloptera Corydalidae Corydalus 1.67 +1.1520 3.00 +0.00 1.00 4+ 0.00 0.039
Palaemonidae = Macrobrachium 1.00 +0.00 2 1.00 +0.00 2 5.67 +4.04° 0.029
Decapoda Atyidae Atya 0.0£0.0? 0.0£0.0? 11.50 4+ 4.95° 0.001
Trichodactylidae  Trichodactylus 2.00 £ 0.00 ¢ 0.0£0.0? 1.00 + 0.00 0.001
Hirudinida Glossiphoniidae  Glossiphoniidae 0.0+00? 0.0+00? 1.00 +0.00 0.032
Note: CZ: Conserved Zone; UAZ: Urban and Agricultural Zone; MZ: Mining Influence Zone. Generalized Linear
Models (GLMs) were fitted to assess the differences among zones, with zone as a fixed factor. Distribution families
were selected based on the AICs (Poisson/negative binomial). Letters (a, b, c) indicate significant differences
(p < 0.05) found via Tukey’s HSD post hoc test.
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