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Abstract: Tropical streams host diverse benthic macroinvertebrates, essential for ecolog-
ical processes and bioindicators of ecosystem health. However, land use changes, such
as sugarcane cultivation, negatively impact stream structure and function. This study
examined these effects by comparing streams in sugarcane-dominated areas with those in
native vegetation. Streams with native vegetation showed 2226 individuals across 107 taxa,
39 families, and 52 genera, with Chironomidae (Chironominae, Tanypodinae), Leptoceridae,
Leptophlebiidae, and Calamoceratidae being the most abundant. In contrast, sugarcane
streams showed 692 individuals from 47 taxa, 24 families, and 19 genera, with Chirono-
midae (Chironominae, Tanypodinae), Dryopidae, and Simuliidae dominating. The first
hypothesis suggested that sugarcane plantations reduce taxonomic and functional diversity.
The results partially confirmed this, showing lower abundance and richness in sugarcane
streams, though functionality remained unchanged. The second hypothesis proposed
greater seasonal taxonomic variation in sugarcane streams due to hydrological differences.
Results supported this, revealing stronger seasonal shifts, particularly during the rainy
season. These findings highlight the significant impact of sugarcane cultivation on aquatic
ecosystems. Continuous monitoring of macroinvertebrates in agricultural landscapes is
crucial for assessing environmental impacts and guiding conservation strategies.
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1. Introduction

Deforestation and agricultural expansion can significantly alter the quantity and
quality of water in aquatic ecosystems, with widespread effects on both terrestrial and
aquatic environments [1,2]. Such land-use changes disrupt natural landscapes, creating
inhospitable conditions for many species and leading to a decline in biodiversity [3-6].
Understanding the scale of these impacts is complex, as the consequences of anthropogenic
activities manifest at multiple spatial levels [7-9]. These impacts are influenced not only
by land use at the watershed level but also by conditions along the riparian corridor and
at the stream reach scale, all of which interact to shape aquatic biota [7]. In agricultural
landscapes, the proximity and intensity of land-use practices near watercourses can result
in increased sedimentation, nutrient loading, and degradation of water quality, which are
reflected in changes in biological indicators such as macroinvertebrate assemblages [8,9].
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In Brazil, sugarcane is a major crop that supports ethanol and sugar production,
helping to reduce reliance on fossil fuels. However, this crop’s cultivation is also a primary
contributor to stream degradation, posing a significant environmental challenge [10,11].
Freshwater ecosystems globally bear the burden of agricultural growth, which uses about
85% of global freshwater, often leading to water quality deterioration through chemical
and physical alterations [12]. In sugarcane-dominated landscapes, such as those found in
southeastern Brazil, stream degradation is closely linked to changes in land use that include
the removal of riparian vegetation, increased soil erosion, and the input of agrochemicals
and sediments into water bodies [8,10]. These pressures affect not only abiotic parameters,
such as conductivity and turbidity, but also biological communities [8,9]. Furthermore,
studies have highlighted that the proximity of intensive agricultural areas to stream margins
intensifies these effects, reinforcing the importance of maintaining and restoring riparian
buffers as a key strategy for mitigating environmental impacts [7-9].

Headwater streams are highly interlinked with their surrounding landscapes, creating
meta-ecosystem complexes where biotic and abiotic processes closely interact [13]. The
ecological condition of these terrestrial surroundings strongly influences stream structure
and functioning [14-17]. This sensitivity is particularly evident in small streams, which
are highly reactive to human activities due to their extensive connectivity with adjacent
areas [18]. This interdependence underscores the importance of integrating landscape-level
assessments when evaluating freshwater ecosystems, as land use and habitat structure
at both local and broader scales directly influence stream biodiversity and ecological in-
tegrity [1,3,5]. In particular, the degradation of riparian zones and watershed modifications
have been shown to disrupt key ecosystem functions, such as organic matter decomposition,
nutrient cycling, and biological regulation [2,6,7]. Moreover, the spatial configuration and
intensity of land use practices—especially agriculture—can trigger threshold responses in
biotic communities, leading to abrupt losses in species richness and functional diversity
once critical environmental limits are crossed [14,15]. Such effects are especially pronounced
in agricultural or fragmented landscapes, where reduced vegetation cover and increased
sediment and pollutant loads compromise the ecological services provided by riparian
systems [4,8,9,17].

Riparian vegetation plays a crucial role in maintaining stream health by serving as
a physical buffer that reduces sediment, fertilizer, and pesticide runoff from agricultural
lands [19,20]. The narrowing of riparian zones directly impacts stream biota, leading to
sedimentation that disrupts benthic habitat structure, reduces resources such as shelter and
food, and ultimately diminishes species diversity over time [21]. In addition to acting as
a filter for pollutants, riparian vegetation regulates stream temperature through shading,
stabilizes stream banks against erosion, and contributes organic material essential for
aquatic food webs [2,6,7]. The loss or degradation of this vegetation—often due to the
expansion of intensive agriculture—compromises these functions, creating unstable habitats
and promoting homogenization of aquatic communities. This is particularly concerning in
tropical agricultural landscapes, where high rainfall can exacerbate surface runoff and soil
loss in the absence of adequate vegetative buffers [8-10].

To assess these environmental changes, biological assessments are essential, as aquatic
organisms reflect both direct and indirect responses to habitat quality [22]. Biological assess-
ments use bioindicator species, including bacteria, fungi, fish, protozoa, algae, macrophytes,
and benthic macroinvertebrates, to evaluate ecosystem health and detect environmental
disturbances [23,24]. Among these indicators, benthic macroinvertebrates are particularly
valuable due to their widespread distribution, taxonomic diversity, varying tolerance lev-
els to pollution, limited mobility, and relatively long life cycles, all of which make them
responsive indicators of ecological conditions [25,26].
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The use of benthic communities as bioindicators is widespread due to their effec-
tiveness in assessing ecosystem structure, providing insights for watershed restoration,
and measuring resilience against environmental pressures such as extreme spates [27,28].
Functional feeding groups (FGs), a classification that has been in use for over 30 years,
is a powerful approach to examining these communities. FGs help clarify trophic re-
lationships and community dynamics, illustrating species interactions and roles within
ecosystems [29-31].

Given the anticipated expansion of sugarcane cultivation in Brazil, it is critical to
examine how this crop affects headwater stream ecosystems, particularly the benthic
macroinvertebrate community. This study aims to compare the taxonomic and functional
traits of benthic macroinvertebrates in streams within sugarcane-dominated landscapes
against those in streams bordered by native vegetation (Brazilian Woodland Savannas—
Cerrado biome). The study hypothesizes the following: (i) benthic macroinvertebrate
communities will show reduced taxonomic and functional diversity in streams drain-
ing sugarcane plantations, and (ii) different periods of sampling would influence the
macroinvertebrate community.

2. Materials and Methods

This study was conducted in the municipalities of Sao Carlos and Itirapina in Sao
Paulo State, Brazil. The local climate is subtropical, characterized by hot summers with tem-
peratures exceeding 22 °C and more than 30 mm of rainfall in the driest month. This climate
is classified as Cfa under the Képpen system and falls within the Cerrado biome [32]. The
research focused on five catchments draining first-order streams, with two catchments pri-
marily occupied by sugarcane plantations and three covered by native vegetation (Figure 1).
These catchments were selected based on their dominant land cover, determined using
Quantum GIS and Google Earth.

Sampling was conducted during two campaigns, one in December 2018 (wet season)
and another in October 2019 (dry season). A 100 m stretch of each stream was sampled,
with five replicates taken per stream using a D-net with a 250 mm mesh. Sampling involved
stirring the substrate for 3 min near the net and exploring different bank conditions and
bottom substrate types [33]. At each stream, water parameters—including pH, temperature,
electrical conductivity, dissolved oxygen, and redox potential—were measured on-site with
a YSI Professional Series multiparameter probe (YSI, Yellow Springs, OH, USA).

Following sampling, benthic macroinvertebrates were stored in plastic bags with
water from each sampling site, frozen, and then sorted. Sorting involved transferring
samples to white polyethylene trays with backlighting, where substrates (leaves, sticks,
logs, rocks, and sediment) were washed with running water over a 250 pm mesh to remove
any attached macroinvertebrates. The collected macroinvertebrates were preserved in 70%
ethanol and identified to the family level, or the lowest possible taxonomic level, using
a DI 224 stereoscope and identification manuals [34,35]. Morphological and behavioral
characteristics were also considered for classification [36]. Benthic macroinvertebrates
were assigned to seven functional feeding groups: collector-gatherer, collector-filterer,
herbivorous-sucker, predator, scraper, scraper-grazer, and shredder [29,34,37].

Univariate statistical analyses were performed to compare the water’s physical and
chemical parameters, with visualizations provided via boxplots. Median differences in
these parameters were assessed using the Mann-Whitney test. To examine the effects of
land use on benthic macroinvertebrate communities, we calculated the relative abundance,
taxon richness and functional feeding groups across different seasons and land uses. We
conducted a Redundancy analysis (RDA) followed by ANOVA to assess community struc-
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ture across land uses. All analyses were performed in R, using the “factoextra”, “ggplot2”,

“gegpubr”, and “vegan” packages.

Legend

O Outlets
Headwater streams

L___i Native vegetation catchments

I Sugarcane catchments

Figure 1. Catchments selected for the study, where 3 are covered by sugarcane plantations
((a,b)—orange polygons) and 2 are occupied by native vegetation ((c—e)—green polygons). The
streams are in the countryside of the state of Sao Paulo. Coordinates of each sampling catchment
are labeled: (a) 21°56/50" S 47°51'53" W; (b) 21°56/28" S 47°51'30" W; (c) 21°58'46" S 47°52/23" W;
(d) 21°58’00” S 47°50'33"” W; (e) 22°11'36" S 47°53'52" W.

3. Results

3.1. Physical and Chemical Characteristics of Stream Water Draining Sugarcane Cultivation and
Native Vegetation

The physical and chemical water parameters in the streams exhibited significant dif-
ferences between land uses associated with sugarcane cultivation and native vegetation.
Streams draining sugarcane plantations showed consistently higher values and concentra-
tions across all assessed parameters (Figure 2). Regarding the sampling periods, higher
water temperatures were observed in December, while higher conductivity values were
recorded in September (Figure 2).
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Figure 2. Boxplots of the physicochemical characteristics of the water representing the medians
and quartiles of the different parameters evaluated, comparing the different land uses (LU) and the
different seasonal periods (Season); Dots represents outliers. * p < 0.1, *** p < 0.01, **** p < 0.001.
(a) Water temperature between seasons; (b) water temperature between land uses; (c) dissolved
oxygen concentrations between seasons; (d) dissolved oxygen concentrations between land uses;
(e) water conductivity between seasons; (f) water conductivity between land uses; (g) water pH
between seasons, and (h) water pH between land uses.

3.2. Taxonomic and Functional Characteristics of the Benthic Macroinvertebrate Community in
Streams Draining Sugarcane and Native Vegetation

A total of 2918 individuals were sampled from both land uses (Supplementary Material
S1). A total of 2226 individuals were collected in streams draining native vegetation; these
individuals were distributed among 107 taxa, 39 families, and 52 genera. The most abun-
dant families were Chironomidae (subfamily Chironominae and Tanypodinae) (n = 1182),
Leptoceridae (n = 118), Leptophlebiidae (n = 283), and Calamoceratidae (n = 68). The
streams draining sugarcane had 692 individuals divided into 47 taxa, 24 families, and
19 genera, with the families Chironomidae (Chironominae and Tanypodiinae) (n = 405),
Dryopidae (n = 60), and Simuliidae (n = 73) being the most abundant.

There was a distinct difference in the benthic macroinvertebrate community composi-
tion between streams draining native vegetation and those draining sugarcane plantations.
Streams in sugarcane areas showed higher relative abundances of Diptera and Trichoptera,
with Diptera predominating in the second sampling period and Trichoptera predominat-
ing in the first (Figure 3a,c). In contrast, streams draining native vegetation exhibited
higher relative abundances of Diptera, Ephemeroptera, and Trichoptera, with Diptera
dominant in the second period and Ephemeroptera and Trichoptera dominant in the first
period (Figure 3a,c). Regarding functional groups, streams draining sugarcane plantations
had greater relative abundances of collector-gatherers, collector-filterers, and predators
compared to those in native vegetation (Figure 3b). Conversely, streams in native vegeta-
tion showed higher abundances of shredders and scraper-grazers (Figure 3b). Seasonal



Limnol. Rev. 2025, 25,13

6 of 14

Q

Relative Abundance

(¢}

Relative Abundance

40

30

20

10

40

30

20

10

Annelida

Annelida

Bivalvia

Bivalvia

®©
9]
© a
o 8 3
T @ =
S = @
= a
EEE
o= 2
S
I}
©
o O
T o
Qo =
= O
=0
m

Gastropoda

Ephemeroptera

differences also influenced functional group composition, with higher abundances of
collector-filterers and shredders in the second sampling period and more predators and
scrapers in the first period (Figure 3d).
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Figure 3. Taxonomical and functional relative abundances of benthic macroinvertebrates in different
land uses and seasons in the sampled headwater streams. (a) Relative abundances of benthic
invertebrates between different land uses; (b) relative abundances of the functional feeding groups of
benthic invertebrates between different land uses; (c) relative abundances of benthic invertebrates
between different seasons; (d) relative abundances of the functional feeding groups of benthic
invertebrates between different seasons.

Redundancy Analysis (RDA) revealed that the benthic macroinvertebrate community
at the order level was significantly influenced by both land use and season (LU:Df =1,
F =8.65, p = 0.008; Season: Df =1, F = 4.75, p = 0.04) (Figure 4). The taxa most strongly
associated with streams draining native forests were Trichoptera and Ephemeroptera during
the wet season, while Diptera was more closely related to streams draining sugarcane in
both seasons. The variance explained by RDA axis 1 was 91%, while axis 2 explained 8%.
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Figure 4. Redundancy analysis using the benthic macroinvertebrate community at order level for
ordinating the orders, land uses, and seasons.

4. Discussion

The physicochemical characteristics of the streams in this study showed significant
differences. Streams draining sugarcane plantations exhibited higher water temperature,
pH, conductivity, and dissolved oxygen levels. Additionally, differences in stream depth
and width were observed. These results can be attributed to the conversion of native
vegetation into sugarcane crops. The removal of native vegetation often leads to increased
water temperature due to reduced shading, and higher concentrations of dissolved ions,
which directly contribute to increased conductivity [11]. The higher dissolved oxygen
levels may be linked to enhanced primary production, driven by increased solar radia-
tion after vegetation removal, as well as higher ion concentrations, which can stimulate
photosynthetic activity in benthic algae [38]. Furthermore, land-use changes like this can
also lead to greater sediment and nutrient inputs, which can further alter water quality.
Seasonal differences were also evident, with higher water temperatures during the rainy
season, likely due to the coincidence of the rainy season with the summer months in tropical
regions, and increased conductivity during the dry season, driven by reduced rainfall and
the lack of dilution.

The first hypothesis of this study was that the benthic macroinvertebrate community
is taxonomically and functionally impoverished in streams occupied by sugarcane plan-
tations. Our results showed that the streams draining sugarcane plantations had lower
abundance and taxonomic richness, but in terms of the functional feeding groups, the
streams showed no significant differences, partially corroborating the proposed hypoth-
esis. The streams with native vegetation had a greater abundance of macroinvertebrates
(n = 2226), unlike the streams occupied by sugarcane (n = 692), possibly due to the adja-
cent structural characteristics and the diversity of microhabitats provided by the native
vegetation [39]. Studies analyzing the link between conserved riparian vegetation and
benthic macroinvertebrate structure have shown a decrease in the diversity and richness of
sensitive organisms in streams following partial or total vegetation degradation [15,40-44].
Streams with conserved native vegetation tend to have specialized fauna that are more
vulnerable to habitat alterations, while modified environments tend to show high rates
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of abundance of organisms, although for groups that tolerate impacts [41]. Therefore, a
significant benefit to stream biodiversity would be to protect an even larger riparian zone
around small watercourses (up to 10 m or more) [15]. Studies conducted in Brazil that
evaluated different land uses (urbanization, agriculture, and pasture) revealed that after
modifying riparian vegetation, low richness and changes in the composition of benthic
macroinvertebrates were observed [41,43-45]. In a study conducted in the same streams, it
was observed that the structure of the streams was also different in relation to the different
land uses, showing more degraded conditions in the streams draining sugarcane crops,
while differences in habitat structure were observed as well. Considering that habitat struc-
ture is directly related to the dynamics and structure of the benthic community, these results
show that this factor may be more important than changes in anthropized landscapes [46].

The family of benthic macroinvertebrates with the highest abundance in both land
uses was Chironomidae, which combined the subfamilies Chironominae and Tanypo-
dinae (reed beds n = 405 and native vegetation n = 1182), and these organisms were
categorized as collectors/gatherers. This family is relevant for biomonitoring and has
considerable use as a bioindicator in several countries. They are very abundant organisms
in freshwater aquatic ecosystems and are ecologically important in the bioturbation process
(sediment—water) [47,48]. The results of this study also revealed a greater abundance
of the EPT group in streams draining native vegetation catchments. Organisms of the
EPT orders (Ephemeroptera, Plecoptera, Trichoptera) are inherent to sites with good water
quality [22,49]. These groups of macroinvertebrates are more sensitive and show a decline
in abundance in streams adjacent to monocultures, indicating the impact generated by
this activity since they are organisms that are sensitive to environmental changes and
serve as bioindicators of environmental quality [37]. In the study by [50], which com-
pared macroinvertebrates between pastures and native forest streams in New Zealand, a
greater abundance of macroinvertebrates was observed in the pasture areas than in the
native forest areas, but with a high quantity of Chironomidae and mollusks, while the
forested areas had a high abundance of the EPT group. Studies show that the degradation,
suppression, or change of native vegetation by monocultures promotes homogeneity in en-
vironments [51-53]. Therefore, our results highlight the importance of maintaining riparian
forests in agricultural streams to preserve aquatic biodiversity and ecosystem functions.

The second hypothesis of this study proposed that differences between sampling
periods influence the taxonomic composition of the macroinvertebrate community. Our
results support this hypothesis, as seasonality had a significant effect on the redundancy
analysis. During the dry season, Diptera dominated the community, whereas Trichoptera
and Ephemeroptera were more abundant in the wet season. This seasonal shift is likely
driven by increased streamflow during the wet season, which transports insects down-
stream, enhances oxygen saturation, and contributes to sediment and organic matter input.
Seasonal hydrological changes also play a key role in shaping macroinvertebrate assem-
blages. During the rainy season, an influx of allochthonous organic matter from terrestrial
sources affects electrical conductivity, water depth, substrate deposition, and habitat com-
position for invertebrates [22,54]. Increased streamflow changes the benthic zone and
increases dissolved oxygen concentrations and water temperature [55,56]. As a result, these
environmental changes during the wet season often support higher macroinvertebrate
abundance [56].

Ephemeroptera, Plecoptera, and Trichoptera (EPT) are common in low- and mid-order
streams and serve as effective bioindicators of water quality due to their sensitivity to
anthropogenic disturbances [57,58]. These taxa thrive in clean streams with well-preserved
riparian vegetation, stable temperatures, high dissolved oxygen levels, and diverse meso-
habitats [59-61]. Seasonal variations influence EPT distribution as observed in a study
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which found that Ephemeroptera and Plecoptera were more prevalent in summer and
autumn, showing some tolerance to climatic variation, whereas Trichoptera was more
sensitive to seasonal shifts and dissolved oxygen fluctuations [62]. Similarly, ref. [63] found
that reduced flow and lower oxygen levels led to declines in rheophilic taxa-like EPT,
which prefer well-aerated water [64]. Our findings suggest that higher streamflow and
increased dissolved oxygen concentrations in forested streams support greater abundances
of sensitive taxa, particularly Trichoptera and Ephemeroptera.

Our findings strongly emphasize the critical role of riparian forests in mitigating
the adverse effects of sugarcane cultivation on stream ecosystems. These ecosystems
are intricately linked to the surrounding landscape, and the presence of native riparian
vegetation acts as a crucial buffer that modulates physical, chemical, and biological pro-
cesses within stream environments. The conversion of native vegetation into sugarcane
monocultures leads to pronounced alterations in stream conditions—such as increased
water temperature, conductivity, and ion concentrations, along with decreased habitat
heterogeneity—directly impacting benthic macroinvertebrate communities. This transfor-
mation results in reduced taxonomic richness and abundance, particularly among sensitive
groups like Ephemeroptera, Plecoptera, and Trichoptera (EPT), which are recognized
globally as reliable bioindicators of aquatic ecosystem health [57]. Given this context,
maintaining and restoring riparian buffers is not merely a conservation ideal but a practical
necessity for sustainable land and water management [11,16]. Riparian forests contribute
to the regulation of stream temperatures by providing shade, which limits solar radiation
and reduces thermal stress on aquatic organisms [15,17]. They also stabilize streambanks,
reduce erosion, and filter sediments and agrochemical runoff before these pollutants reach
aquatic systems [11]. The root systems of riparian vegetation help trap and cycle nutrients,
which can otherwise lead to eutrophication when present in excess, particularly in agri-
cultural catchments [20]. Furthermore, riparian zones contribute to habitat complexity by
supplying allochthonous organic matter (e.g., leaf litter and woody debris), which serves
as both food and habitat for macroinvertebrates, especially shredders and collectors [45].

To effectively safeguard aquatic biodiversity and ecosystem functions in regions domi-
nated by sugarcane cultivation, a multifaceted management approach is necessary. Practical
and evidence-based recommendations include the following: (i) Riparian Buffer Width
Regulations: Current legislation in many regions, including parts of Brazil, mandates
minimum riparian buffer widths based on watercourse size. However, our findings and
other studies suggest that wider buffers—extending beyond 10 m, and ideally 30 m or
more—can significantly improve stream conditions. These wider zones provide better
protection against runoff, create more diverse microhabitats, and sustain higher biodiver-
sity levels. Policy adjustments and enforcement mechanisms should ensure that riparian
buffer widths are science-based and context-specific [15]. (ii) Riparian Reforestation and
Passive Restoration: In areas where riparian vegetation has been degraded or removed,
reforestation using native plant species can gradually restore ecological functions. Passive
restoration allowing natural regeneration by fencing off riparian areas from grazing and
cultivation—can also be effective, especially when combined with strategic planting in
more degraded sections. Restoration programs should prioritize connectivity between
forest patches to facilitate species dispersal and resilience [20,21]. (iii) Best Management
Practices (BMPs) in Agriculture: Contour Farming: Planting along the natural contours of
the land helps reduce surface runoff, thereby minimizing the transport of sediments and
agrochemicals into watercourses [16]. Vegetated Buffer Strips: Establishing herbaceous or
shrubby vegetation strips between cropland and streams can capture and absorb runoff,
further filtering pollutants before they reach aquatic ecosystems [16]. Reduced agrochem-
ical use near water bodies: Precision agriculture techniques, such as controlled fertilizer
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application and integrated pest management (IPM), can reduce our reliance on chemical
inputs and prevent their accumulation in nearby aquatic environments. Establishing no-
spray buffer zones adjacent to streams is a low-cost yet effective strategy [7]. Sediment
Traps and Constructed Wetlands: Installing sediment traps or small constructed wetlands
downstream of agricultural fields can help capture suspended solids and nutrients before
they reach the stream [57]. (iv) Environmental Monitoring and Adaptive Management:
Long-term ecological monitoring programs are essential to assess the effectiveness of
restoration and management interventions. Biological indicators such as EPT richness
and composition should be integrated into regular water quality monitoring protocols.
By comparing baseline and post-intervention data, land managers and policymakers can
adjust strategies based on observed ecological responses, ensuring adaptive and evidence-
based decision-making [16]. (v) Environmental Education and Community Engagement:
Involving local communities, particularly landowners and farmers, in conservation efforts
is fundamental. Outreach programs should focus on raising awareness about the ecological
importance of riparian zones, the ecosystem services they provide (e.g., water purification,
erosion control, biodiversity conservation), and the long-term benefits of sustainable land
use. Providing incentives, such as payments for ecosystem services (PES), tax breaks, or
technical support, can encourage the voluntary adoption of BMPs and riparian conser-
vation measures [16]. (vi) Intersectoral Coordination and Policy Integration: Effective
riparian management requires coordination among multiple sectors, including agriculture,
environment, water resources, and rural development. Policies that integrate conservation
objectives with agricultural production goals can create synergies rather than conflicts be-
tween land use and environmental protection. In Brazil, the Watershed Committees should
discuss these problems. Landscape-scale planning, where agricultural expansion is aligned
with ecological conservation priorities, can help prevent fragmentation of riparian corri-
dors and maintain ecological connectivity. (vii) Research and Innovation: Future studies
should explore the long-term ecological effects of riparian restoration on biodiversity and
ecosystem services in sugarcane-dominated landscapes. Research could focus on optimal
buffer widths for different environmental settings, the effectiveness of various native plant
species in improving water quality, and the role of functional traits in macroinvertebrate
recovery following restoration. In addition, integrating socio-economic research can help
us understand the barriers and opportunities for implementing conservation practices at
the farm level.

Considering the clear relationship between land-use changes and declines in sensitive
aquatic taxa, it becomes evident that the health of freshwater ecosystems cannot be discon-
nected from terrestrial management. The protection and rehabilitation of riparian zones
must be considered as a core component of watershed management and agricultural sustain-
ability strategies. Moreover, incorporating ecological principles into agricultural policies is
crucial to harmonize food production with biodiversity conservation. The development of
agroecological models that maintain or enhance ecosystem functions while ensuring eco-
nomic viability for farmers can serve as a guiding framework. Ultimately, the resilience of
stream ecosystems in agricultural landscapes depends on the ability to maintain or restore
habitat heterogeneity, water quality, and ecological connectivity. Riparian forests play a
pivotal role in achieving this, serving as keystone elements of aquatic—terrestrial interface
ecosystems. Their preservation is not only an ecological imperative but a foundational
strategy for ensuring the long-term sustainability of both biodiversity and agricultural
productivity. By taking decisive actions rooted in science and guided by practical, scalable
strategies, it is possible to mitigate the negative consequences of sugarcane cultivation on
freshwater systems. Implementing these recommendations requires collaboration across
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disciplines, sectors, and stakeholders, but the benefits—healthier ecosystems, more stable
water supplies, and enhanced biodiversity—are well worth the effort.

5. Conclusions

Although agricultural expansion in the state of Sao Paulo—particularly sugarcane
monoculture—continues to play a significant role in Brazil’s economy, our findings high-
light the vulnerability of first-order streams to such land use changes. These headwater
systems, which are critical for maintaining regional biodiversity and ecological integrity,
demonstrated clear alterations in physicochemical conditions and benthic macroinverte-
brate communities associated with sugarcane cultivation. The streams draining sugarcane-
dominated catchments supported a taxonomically and numerically impoverished macroin-
vertebrate fauna, particularly with declines in sensitive groups such as Ephemeroptera,
Plecoptera, and Trichoptera (EPT). These changes were not only influenced by land use but
also by seasonal variation, underscoring the importance of temporal dynamics in shaping
aquatic communities. This study reinforces the value of using benthic macroinvertebrates
as bioindicators of stream health, as their community structure provides a sensitive and
integrative measure of both land-use impacts and seasonal shifts. Biological assessments
should be integrated into long-term water quality monitoring programs and environmental
impact assessments, particularly in regions undergoing intensive agricultural development.
Importantly, our findings advocate for the urgent protection, restoration, and expansion
of riparian buffers as a key management strategy to mitigate the impacts of sugarcane
cultivation on freshwater ecosystems. By maintaining riparian vegetation and adopting
sustainable agricultural practices, it is possible to reduce sediment and nutrient runoff,
stabilize streambanks, and preserve the microhabitats necessary to support diverse aquatic
life. In conclusion, balancing economic development with ecological sustainability re-
quires science-based land-use planning and effective conservation strategies. Protecting
small streams and their surrounding riparian zones should be considered a fundamental
component of watershed management. The resilience of freshwater ecosystems in agricul-
tural landscapes depends on our collective ability to preserve habitat complexity, ensure
water quality, and maintain ecological connectivity—goals that are essential not only for
biodiversity conservation but also for the long-term productivity and sustainability of
agricultural systems.
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