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Abstract

:

The types and intensification of land use in the watershed affect the living organisms in aquatic ecosystems differently; this impact will also vary according to temporal and spatial scales. Understanding these interactions is crucial in the design of biomonitoring programs to detect the effect of different pollutants in freshwater ecosystems and improve watershed management and conservation strategies. Therefore, this paper qualitatively reviews biomonitoring studies in freshwater ecosystems to evaluate the impact of different land use types on multiple scales in watersheds. The paper is organized into four sections. The first section presents biomonitoring in different freshwater systems (streams, rivers, lakes, and reservoirs). In the second section, we describe the biomonitoring characteristics of the main land use types. In the third section, we explain how spatial and temporal scales affect biomonitoring. Finally, in the fourth section, we focus on biomonitoring planning and future prediction and discuss how to design biomonitoring programs and how to use models and eDNA in biomonitoring. Our review will assist in decision-making regarding biomonitoring programs in watersheds and will guide future studies on the different bioindicators for various land use types in diverse ecosystems worldwide.
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1. Introduction


Human activities have significantly altered freshwater ecosystems worldwide [1], affecting flow regimes, freshwater biodiversity, water quality, and water security [2,3,4,5,6]. Pollutant accumulation patterns in freshwater ecosystems are influenced by land use and land cover in the catchment areas [7]. The type and intensity of land use in the riparian zone and/or in the watershed will affect aquatic organisms differently, according to temporal and spatial scales [8,9]. Biomonitoring is thus essential to assess the state and health of water bodies and to improve watershed management [3,10]. It is also used to record their improvements following management or restoration actions.



Land use changes affect the physical, biological, and chemical linkages between watercourses, the riparian system, and the surrounding watershed. The impacts are far-reaching for many processes, such as nutrient cycling, food webs, streamflow, runoff, and sedimentation, affecting the aquatic biota [11,12]. In addition, the chemical compounds associated with land use can accumulate in the environment and in the tissues of living organisms [7]. Biomonitoring can thus be used at a watershed scale to evaluate diffuse pollution from different land use types [13], to assess pollution from specific activities such as industrial production or mining [14], or to monitor river conditions after environmental disasters such as the collapse of a mining dam [15] or oil spills in rivers [16].



Different biological groups are used in freshwater ecosystem biomonitoring programs due to species differences in terms of their sensitivity to pollution and response time to contamination [17]. The various assemblages used include: cyanobacteria, diatoms, and microbial communities [15,17,18,19]; fungal communities [20]; biofilms [14]; phytoplankton [21]; algae [13]; zooplankton [16,22]; macroinvertebrates [7,23,24]; fish [25,26,27]. For example, microbial communities may respond to sudden disturbances by exhibiting resilience, enabling rapid recovery toward pre-existing ecosystem functions [15,18]. Due to the relatively short life cycles of zooplankton organisms, these communities respond quickly to environmental changes of both natural and anthropogenic origin [22]. Macroinvertebrates are recognized as one of the most suitable organisms for biomonitoring as they have low mobility, display a wide range of responses to contaminants, and are in contact with both sediments and the water column, thereby being exposed to pollutants in both compartments [10]. Fish are also widely used in biomonitoring, due to their ease of collection and identification, quick responses to environmental changes, representativeness in the trophic chain, and presence in different aquatic habitats [28]. The choice of which biological group to monitor depends on the pollution source and the system being evaluated. Therefore, it is crucial to consider the differences between the impacts of each contaminant on each taxon [20].



Systematic biomonitoring is essential for assessing pollution status, determining contaminant sources, and evaluating the remediation outcomes of pollutants in watersheds [29]. For that purpose, in addition to choosing the best biological groups to monitor, biomonitoring programs should be designed that consider spatial and temporal scales [8,30]; they should also be cost-effective, ecologically relevant, sensitive, and standardized [31]. Models and new techniques, such as the advent of environmental DNA (eDNA) metabarcoding, are increasingly being used to evaluate and predict the impacts of land use on aquatic biota [5,32]. These new methods are capable of handling the lack of data and the difficulties of field sampling when upscaling biomonitoring to a global scale [33].



In this paper, we review biomonitoring in freshwater ecosystems to evaluate the impacts of different land use types at multiple scales on aquatic biota. For this purpose, we collected relevant academic publications from Scopus and the Web of Science databases. We prioritized articles published in English over the last ten years but included essential papers that had been published prior to that period. Our intention was not to generate a quantitative review of biomonitoring in watersheds but to focus on pertinent examples illustrating the general patterns, main stressors, indicators, types of impacts, scale effects, potentials, and gaps in biomonitoring in watersheds. The paper is organized into four sections. First, we describe the process of biomonitoring in different freshwater systems (streams, rivers, lakes, and reservoirs). Second, we describe biomonitoring characteristics for the main land use types. Third, we elaborate on how spatial and temporal scales affect biomonitoring. Finally, we discuss biomonitoring planning and future predictions, explaining how to design biomonitoring programs and use models and eDNA in biomonitoring. This review will facilitate decision-making regarding biomonitoring programs in watersheds and guide future studies about the different bioindicators for various land use types in diverse ecosystems worldwide.




2. Biomonitoring in Different Freshwater Systems


2.1. Streams and Rivers


When biomonitoring lotic ecosystems such as streams and rivers, one needs to consider, among several stressors, the effects of precipitation in the streamflow, which is one of the most critical components in controlling fluvial ecosystem structure and function [34,35], due to the convergence of the flow of matter and energy in the watershed. Other peculiarities of these environments that are relevant to biomonitoring programs are: (i) a strong connection to adjacent landscapes, whereby the aquatic communities also reflect impacts from terrestrial ecosystems [36,37]; (ii) the quality, quantity, and frequency of the inputs of organic matter from the riparian zone and adjacent landscapes, which influence the lotic ecosystems’ organisms [38,39,40]; (iii) the hydrological and geochemical characteristics of the watershed influence the biological communities found in lotic ecosystems [41]. Therefore, biomonitoring programs in streams and rivers largely depend on local and regional characteristics because of climate, land use patterns, and physical characteristics that affect their flow.



Rivers are transitional systems, changing from small, shallow, flashy first-order streams that are closely connected to the landscape to large, relatively deep, and steady rivers that may be tidally influenced as they become estuarine near their outlets [42]. For biomonitoring programs, it is thus necessary to consider the order or the streamflow and the interplay between light, nutrients, and turbulent energy and circulation structures in the biotic community, which changes along the river from the sources to the mouth.



Multimetric indices (see Section 5.2) have previously been applied in large-scale biomonitoring programs to assess the different anthropogenic stressors related to different climates, biogeography zones, geology features, and relief characteristics. Such indices incorporate taxonomic richness, assemblage composition, and functional feeding groups, among other biological responses [43,44]. An example of the use of large-scale multimetric indices is the National Rivers and Streams Assessment (NRSA), which provides information on the ecological condition of the rivers and streams on both ecoregional and national scales in the United States. It is based on a statistically valid survey design that samples a representative set of rivers and streams across the country. The goal of the NRSA is to provide information on the ecological condition of rivers and streams, identify the trends and stressors that impact their health, and guide actions to improve and protect them.



Another large-scale biomonitoring program is the European Union Water Framework Directive (WFD), which monitors streams and rivers with the aim of reducing water pollution. WFD follows an integrative assessment methodology for evaluating the ecological status of water bodies, forcing a re-orientation of existing monitoring procedures toward an integrative type- and reference-specific approach [45], which will be discussed in Section 5.2.




2.2. Lakes and Reservoirs


The biomonitoring of lentic systems such as lakes and reservoirs remains critical since sediment accumulation and contaminant loading can influence aquatic habitat conditions. A common characteristic of natural lakes and the man-made impoundments of streams is that they can easily become eutrophic due to the increased input of substances [46].



Aquatic ecosystems with high organismal diversity respond to the impacts of water quality on biological and ecological traits through habitat pressures [47]. Vertebrates, macroinvertebrates, phytoplankton, zooplankton, cyanobacteria, and macrophytes are commonly used as bioindicators in lakes and reservoirs [19,25,48,49,50]. The integrative use of biotic indices and ecotoxicological endpoints can allow the determination of water quality and ecological status [51]. In addition, the fish size spectrum can provide information on responses to environmental changes and management efficiency [52]. Aquatic macroinvertebrates are primarily used in water-quality assessment in lakes and reservoirs because of specific life-history traits and ecology (e.g., limited mobility, relatively long lifespans, and a broad tolerance range); these assessments include saprobic (organismal capacity), diversity (richness, uniformity, and abundance), and biotic (ecological sensitivity) approaches [50,53]. Macroinvertebrate assemblages also experience multiple pressures, depending on the lake zones (littoral and profundal habitats), which influence the choice of biomonitoring tools [54].



Lake and reservoir biomonitoring has its own challenges in sampling, related to biogeographical and spatial variations in their chemical and physical properties [54]. Changes along the water column, especially solar incidence, oxygenation, and the nature of stratification, are critical dimensions of biomonitoring design in lakes and reservoirs. Differing methods that characterize each lake habitat zone [54] are suggested to capture variability in lake characteristics. Bioindicators and sampling design can be defined to match the habitat zones (e.g., littoral or limnetic, photic or aphotic, and epilimnion or hypolimnion) of reservoirs and lakes. Variables selected for biomonitoring, in general, should be of societal relevance, sensitive to environmental stresses, low in uncertainty, cost-effective, and have minimal ecological impacts [55].





3. Biomonitoring the Effects of Different Land Uses on Freshwater Ecosystems


In this section, we describe the main physical and chemical stressors affecting freshwater ecosystems, according to each land use type (Table 1), along with their biological responses, and present the main monitoring techniques that can be used to capture these responses.



3.1. Agriculture


The main stressors related to agriculture are the ones pertaining to sedimentation due to heavy machinery use, agricultural practices, agrochemicals from fertilization, and pest control [7,8,20]. Chemical pesticides persist in freshwater ecosystems for many years, causing impacts on non-target organisms [27]. Another stressor is represented by the increased temperature range due to deforestation, especially in the riparian zones of agricultural watersheds [56]. The single and combined effects of these stressors are related to shifts in aquatic biodiversity and processes [57,58,59]. The intensity, type of agricultural management, and the riparian conservation status will also influence how these stressors impact aquatic biodiversity [8].



Most biomonitoring tools that have been used to detect the impacts of agricultural practices on freshwater biodiversity are related to benthic invertebrates, benthic algae, and fishes. The macroinvertebrate community has been helpful in successfully detecting the effects of pesticide contamination in freshwater systems, especially in streams [60,61,62]. They also respond clearly to sedimentation and eutrophication in streams impacted by agricultural activities [63,64]. However, in most cases, it is very difficult to relate the shifts in community composition to specific stressors because there are often several stressors interacting at the same time in freshwater ecosystems [65]. Modules such as the saprobic and general degradation indices are used in some countries to assess the status of aquatic ecosystems [66].



Another biological community that has been very useful in detecting agricultural impacts in freshwater ecosystems is the benthic algae community, also called the periphyton. Being primary producers, this community can be very sensitive to nutrient enrichment and herbicide contamination in freshwater ecosystems. For example, the periphytic community successfully responded to the single and combined effects of sedimentation, nutrient addition, and warming in the stream mesocosm [59]. This community also responded to herbicide contamination [67] and agricultural pollution in large rivers [68]. However, other natural stressors can override anthropogenic stressor responses in benthic algae. For example, in the tropics, intense rains can modulate the benthic algae community because of the resulting elevated streamflow, overriding the effects of eutrophication and herbicide contamination [69,70].



Compared to benthic algae and macroinvertebrates, fish are used less widely for biomonitoring agricultural impacts. Some studies indicate that depending on the community structure of this group (e.g., the dominance of omnivores), they might not represent the local environmental conditions [71]. In addition, fish have a greater ability to move around and avoid harsh environmental conditions, compared with benthic algae and macroinvertebrates and, therefore, are less susceptible to agricultural impacts on a local scale.




3.2. Urban and Industry


Urban areas, including industrial regions, are the major sources of metal pollution [14,29,32] and many other pollutants, such as dissolved nutrients, pharmaceuticals, and personal care products (PPCPs), through industrial effluents and domestic wastewater [72,73,74,75]. The primary pollutants in domestic effluents are related to organic load, which enriches the water with nutrients and facilitates saprobity increases and eutrophication. Usually, this process is indicated by an increase in nitrogen and phosphorus concentrations, an increase in turbidity and the presence of suspended solids, and increased microbiological activity, which leads to a reduction in dissolved oxygen concentrations [76]. In addition, precipitation flowing over impervious surfaces transfers a complex mixture of contaminants to streams and water bodies. Metals, polycyclic aromatic hydrocarbons (PAH), pesticides, and other pollutants emitted by urban activities are washed from streets and parking lots or leached from roofs, along with other construction material, by stormwater runoff and are subsequently carried into aquatic ecosystems [75]. Industrial effluents, on the other hand, include all kinds of elements linked to industrial activity, especially heavy metals (e.g., As, Cd, Pb, Ni, Co, Hg, and Ag) that limit the presence of and development of sensitive organisms [77].



Countries in the Global South suffer more intensely from urban and industrial pollution than developed countries, where the problem of punctual loads has already been overcome in most cases through the implementation of effluent collection and treatment systems [78] and, to some extent, the recovery of watercourses [79]. However, even in areas with wastewater treatment, this process could be deficient in removing specific pollutants via conventional treatment, such as pharmaceutical compounds, heavy metals, and microplastics [78]. In this way, the countries of the Global North have major problems in urban areas that are linked to diffuse runoff, which is difficult to control, and this can be related to all types of pollutants present on the surface [76,77].



Due to the extensive range of pollutant types, biomonitoring based on biological metrics such as taxa richness, diversity, and abundance is effective for environmental monitoring in urban landscapes. Therefore, various biological groups have been used in urban biomonitoring abroad, including benthic macroinvertebrates, algae, diatoms, fish, and zooplankton [28]. Within this perspective, the before–after control–impact (BACI) approach is generally focused on taxonomic composition and diversity indices and is used in urbanized areas to identify changes between pre-intervention periods in point pollution sources—especially sewage in a post-intervention situation, where, in general, punctual pollution inputs are predominant against diffuse sources [80,81]. In recent years, studies have shown that urban areas are important sources and dispersers of microplastics in the environment that can be incorporated into organic tissues. Microplastics are considered a pollutant of significant impact but they are difficult to detect and control [82].



Currently, biomonitoring programs in urban landscapes also adopt citizen science [83]. The idea is to replicate simplified monitoring methodologies in such a way that people with a basic level of training can perform them. Examples in urban areas showed that the qualitative analysis carried out with macroinvertebrate data collected by citizens (i.e., taxonomic richness) was fairly similar to data analyzed in the laboratory by specialists [83,84].




3.3. Mining


Mining activities are a substantial source of pollution worldwide, causing considerable disturbances in aquatic ecosystems, especially regarding metal contamination [10,15]. Furthermore, the waste from mineral processes returns several pollutants to the environment, especially metals from the mined matrix, in much higher concentrations than are naturally available. Therefore, the primary approach currently used in biomonitoring mining areas is to monitor metal bioaccumulation, in which aquatic organisms incorporate metals into their tissues through the trophic chain and via respiration [85]. Thus, it is possible to use these biological and ecological traits to determine the contamination of specific elements in sediment or the water column [86].



Reflecting the importance of evaluating mining areas, several studies focus on assessing impacts from mining tailings and, in critical cases, the impacts associated with the failure of containment dams. In this sense, the 2015 Fundão dam rupture (Minas Gerais, Brazil), which released about 60 million cubic meters of mine tailings that reached the Doce River basin (Southeastern Brazil), has prompted several studies with efficient approaches related to the use of biological indicators. For example, studies carried out after dam failures have used a functional approach based on the assemblage taxa presence. The authors of [87] identified 12 species of fish most suitable for monitoring, while another study [88] used DNA metabarcoding to identify microbial communities affected by tailing remnants in the water column and sediment. In addition, there are studies focused on the bioaccumulation of metals at high rates in fish tissues [89,90] and in shrimp [91], showing that dam tailing effects continue to impact the Doce River and its estuary.




3.4. Forestry


Forestry activities generally show lower impacts in freshwater ecosystems when compared to agricultural activities or pasturelands because of the longer harvest cycles. However, the magnitude of their effects also depends on management practices. Harvesting represents the biggest impact on forestry activities due to catchment hydrology changes (as a result of harvesting) and the use of heavy machinery to remove the logs, which may increase sediment inputs in freshwater ecosystems [92,93]. If clear-fell logging is adopted, changes in stream invertebrates can be observed, primarily because of the changes in streamflow during rain events, which scour the streambed and alter the benthic community [94]. A study analyzing the adoption of best management practices (including soil and water conservation practices, other management techniques, and social actions that are developed in agricultural areas aiming at environmental protection; see [95]) on freshwater ecosystems has demonstrated their positive effects on macroinvertebrate communities and water chemistry [96]. Another study has demonstrated that despite their effect on water quality, forestry practices do not affect biological communities in forest plantations that adopt best management practices [97]. However, selective logging in tropical forests affects both the instream habitat [98] and fish fauna of small streams, with the latter showing little recovery eight years after the logging event [99]. Therefore, biomonitoring programs to detect the impacts of forestry should take into account management practices in the catchment.




3.5. Pasture


Pasturelands are generally dominated by grass and the presence of grazing animals, which may or may not have access to freshwater ecosystems for watering. The impacts of pasture on streams are similar to those related to agricultural practices, including the fertilization and sedimentation caused by soil compaction by grazing animals. Those effects should be more pronounced when pastures are intensively managed and watershed physical conditions are unfavorable (e.g., high slopes or inappropriate soil types) [100]. When animals can reach freshwater ecosystems, contamination by fecal coliforms is of concern, increasing the inputs of organic matter and nitrogen compounds. Because of the similarities between pasturelands and agricultural fields, studies developing tools for pasture biomonitoring are less common than for other land uses but are no less important, especially when manure contamination is present. Studies comparing freshwater communities in pasturelands and other land uses have found significant differences in community composition [101]. Still, most were not specific enough to analyze pasture management’s impacts in depth. In the case of pasture, using bacterial communities as bioindicators has been useful in detecting pasturelands’ effects on freshwater ecosystems [102]. Biomonitoring studies in pasturelands should focus on detecting changes in the biological communities as a result of changes in the riparian vegetation (due to the access of cattle to the area), changes in the organic matter inputs (due to the inputs of feces and urine), which can change the microbial communities and biogeochemical cycles, and changes in the stream structure as a result of sedimentation and cattle trampling in the watercourses of streams and rivers.





4. Multiscale Perspective of Biomonitoring


Biomonitoring requires a multiscale approach because biological responses to changes in the freshwater environment vary across space and time [103]. In addition, because of the connected nature of freshwater ecosystems, they can be affected by different stressors in different ways throughout the watershed [104,105]. Nevertheless, monitoring across meaningful spatiotemporal dimensions is often challenging because of logistical and financial constraints and our limited understanding of how freshwater ecosystems respond to anthropogenic impacts.



Accounting for appropriate spatial and temporal scales is critical to monitor freshwater ecosystem conditions effectively. However, these dimensions are often a trade-off in terms of biomonitoring: either small areas are monitored over a long period, or the opposite occurs. A failure to consider the relevant spatial and temporal scales hampers accurately capturing the changes to freshwater ecosystems. This may lead to the conclusion that there has been no impact or that it is of a lower magnitude [103]. Biomonitoring over time is important to disentangle biotic responses to impact from their natural seasonal variations, which can interfere with interpreting the results. The duration also needs to be long enough to capture both the short- and long-term responses of freshwater species to stressors (Figure 1). Responses to disturbances can initially be subtle or absent and may take a long time to fully manifest, due to time lags between the impact and the appearance of changes in biological assemblages [103,106]. However, it is often unclear how much time is needed for biomonitoring to capture these short- and long-term changes. This is because of our insufficient knowledge about freshwater ecosystems and the fact that different organisms respond differently to distinct stressors over time. Both between and within taxonomic groups, species can vary in their tolerance to anthropogenic impacts. Moreover, short-cycle species (e.g., macroinvertebrates) can manifest changes more quickly than those that live for several years (e.g., fish).



Ideally, biomonitoring should take place before the impact and the follow-up from that point on, a design known as before–after control–impact (BACI) [107]. The BACI design is considered one of the best for environmental monitoring and requires that (i) the impact has not occurred before the monitoring starts, (ii) the timing and location where the impact will happen is known, and (iii) that undisturbed control sites are available for comparison. However, assumptions (i) and (ii) are not often the case when monitoring, for instance, non-point source pollution in freshwater ecosystems (e.g., groundwater contamination, agricultural land use, or the long-distance atmospheric transport of particles). Another challenge with BACI is in finding comparable control or undisturbed sites in the study area. For that reason, minimally or the least disturbed sites are often used to represent a reference condition or benchmark site for the wider region. Such regional reference sites should typify the landscape (e.g., soil, vegetation type, the land’s surface form, etc.) and local (e.g., flow, substrate, channel gradient, etc.) characteristics of the impacted sites for which they will act as the controls [45] The reference condition approach (RCA) offers an alternative to BACI that is often applied in the national monitoring of freshwater ecosystems (e.g., RIVPACS, AusRivAS-ACT, and NARS) [108,109]. It assumes that the impact has already happened and that the timing and location are not necessarily known, and usually uses regional reference sites as the control (see Section 5.2).



To what extent biomonitoring should be conducted to evaluate the impacts of different stressors is more complex and unclear. Freshwater ecosystems are connected to each other and to the environment around them through multiple pathways: laterally (i.e., exchanges between the channel and riparian area/floodplain), longitudinally (i.e., up- and downstream connections from headwaters to estuaries), and vertically (i.e., links between the atmosphere, channel surface, and groundwater) [110]. This means that the consequences of anthropogenic activities can span farther distances in the watershed [111]. For the biota, this can be amplified by metacommunity dynamics occurring at much greater distances [112,113]. Not accounting for the complex and multidimensional hydrological connections of freshwater ecosystems can result in poor or biased biomonitoring. Watershed-level biomonitoring is often recommended; however, for practical reasons, it is often constrained to the reach scale [103]. Accounting for entire river basins can be complex in large systems, both in terms of logistics and also the confounding effects of the cumulative and interactive consequences of unknown stressors that might take place.



Large-scale and long-term biomonitoring is paramount for providing a good overview of river health worldwide and understanding the impacts of issues such as climate and land-use change [43]. However, global monitoring programs do not exist. Initiatives are, at most, national or multinational but are primarily regional or catchment-wide. Moreover, regular and long-term monitoring is mainly restricted to Global North countries, due to local legislation [79]. The most notable examples are in the United States [114], the European Union [115], New Zealand [116], and South Korea [117]. In other places, biomonitoring usually follows up from a specific event with an impact, cases in which there are not always proper pre- and post-impact assessments [79]. Attempts to combine information from regional assessments to perform a global overview of freshwater conditions face multiple challenges, including different experimental designs, sampling methods, and indicators, as well as the uneven knowledge of freshwater biodiversity in many countries. Therefore, establishing wide-ranging monitoring networks, standardized sampling protocols, and reporting systems, and investing in assessments in understudied regions is essential.




5. Planning Strategies and Future Predictions


5.1. How to Design Biomonitoring Programs


Designing and implementing biomonitoring programs is a challenging endeavor undertaken by many agencies, NGOs, universities, research institutes, and citizen groups worldwide [118]. However, many monitoring programs fail to deliver helpful information for various reasons, including technical issues (e.g., with sampling design and data analysis) [118].



As discussed before, an effective biomonitoring program for watersheds must consider choosing the best biological groups to monitor and must also consider the spatiotemporal variation of multiple trophic levels to understand the underlying dynamics of both biodiversity patterns and food-web characteristics [30]. To be effective, first, it is essential to have a clear question that must be answered with the biomonitoring program. Second, a good monitoring design is critical, setting out the data collection sites and taxonomic groups to be collected. For example, bacterial groups can be helpful in detecting short-term effects, while aquatic insects and fishes can be useful in detecting long-term effects. The authors of [119] recommend using at least two taxonomic groups for bioassessment programs of streams and rivers. Several studies that have compared assemblage-specific indices with regard to their sensitivity in identifying the major stressors of a particular study area suggest that multiple assemblages are needed to accurately assess water and habitat quality [26].



The authors of [118] proposed a ten-step roadmap for designing and implementing a monitoring program, comprising four general phases:



1. Frame the problem, clarify the objectives, develop a conceptual model of the system, and identify possible management actions;



2. Design the monitoring process, including the data collection, analysis, and management components. This step entails first deciding whether monitoring is even required;



3. Implement the monitoring and learn from the data; inform decision-making;



4. Learn to improve the monitoring process; incorporate new tools and system information, and revise the objectives, design, and methods, as appropriate.




5.2. The Use of Models in Biomonitoring


The need for implementing biomonitoring programs at different spatial and temporal scales, combined with the fact that many regions worldwide have scarce or absent reference sites and biomonitoring stations, has fostered the development of alternative methods as predictive models [5,120,121,122,123]. Predictive models are generally based on the reference condition approach (RCA), using the best-known environmental state based on the physical, chemical, and biological habitat [124]. The expected natural biological pattern without human disturbance conditions is used to establish which environmental features best differentiate the biological groups obtained. After the given model is built, it is possible to predict biological conditions in non-sampled areas and measure how much these areas “deviate” from natural conditions by comparing the observed taxa with the expected taxa, providing a measure of the impairment level of a site that results in an observed/expected index (O/E index).



The O/E index is used by nationals’ biomonitoring schemes [79,120] abroad, such as the O/E of taxa loss in the USA, the British river prediction and classification system (RIVPACS), and the Australian river assessment system (AUSRIVAS). The US and British approaches use the following schema: E is the sum of probabilities of occurrence in a macroinvertebrate sample of those taxa with a predicted probability above a specified value (commonly 0.5), and O is the number of those taxa recorded in the sample. The O/E index, used by AUSRIVAS and similar bioassessment methods such as RIVPACS, combines two variables, namely, the predicted probability that a taxon will occur in a sample under reference conditions (a continuous variable ranging from 0 to 1) and the detection or non-detection of a taxon on a sample (a binary variable with values of 0 or 1). These tools were developed using macroinvertebrate assemblages; however, some studies also developed this approach to fish and diatoms [122].



Besides national biomonitoring programs, several studies based on the expected/observed approach have been conducted worldwide [79,122]. This approach is especially helpful for predicting species distribution over large, unsampled areas and reducing sampling costs in Latin America and Africa [121,125]. Effective habitat models need to be simple, robust, and, at the same time, biologically meaningful [125]. However, inadequate procedures, such as variable reference-site status, inappropriate model predictors, inconstant sampling methods, and the neglect of non-seasonal temporal variability resulted in poor performance in AUSRIVAS and RIVPACS studies [120].



Artificial intelligence models have been applied as predictive modeling to support the development of a standard habitat assessment protocol that links organisms and habitat information to environmental data [122,125,126]. The authors of [125] used generalized additive models (GAMs), and classification trees (CTs), combined with genetic algorithms (GA), to identify biological determinants in the context of macroinvertebrate groups and environmental parameters in the Gilgel Gibe watershed, Ethiopia. Another study [126] used classification and regression tree models (CART) and ordination analysis to identify the important variables affecting macroinvertebrate community patterns in the Lake Tana watershed, which is also in Ethiopia. The authors of [127] developed a Hydra model for Portuguese streams using support vector machines (SVM), multi-layer perceptron, and the k-nearest neighbor (KNN) algorithm to predict the taxa expected at a stream reach, using a similar RIVPACS classification. Another robust technique uses boosted regression trees (BRT), which are used by the authors of [123] for developing predictive models based on regional (land use and land cover assessment) and local (nutrients, habitat, and contaminants) stressors in the USA. In Amazonian streams, structural equation models (SEM) were helpful in predicting anthropogenic stressors on fish assemblages [128]. The authors of [32] applied multiple regression models in urban areas in the US using density maps values and land use at the sampling sites as candidate predictor variables, with heavy metals measurements as the response variables. The trained models were subsequently used to make spatially continuous predictions regarding the relative concentrations of each pollutant across the entire study area. Regardless of their mathematical formulations, these models allow the assessment of anthropic disturbances on the watershed scale as predictors of biological responses, as represented by metrics (e.g., taxonomic richness, tolerance, multimetric indices, and traits), taking into account the effect of natural environmental variations (geodynamic factors), in addition to enabling the prediction of biological responses in unsampled locations [129] or in future scenarios [130].



The multimeric index (MMI) or index of biotic integrity (IBI), elaborated with different biological indicators, yields simpler models that have been applied globally [44,131]. These indexes integrate, into a single measure, the various components of resident organism assemblages (the number of species, dominance, taxonomic composition, trophic groups, mobility, pollution tolerance, etc.) in response to natural environmental variations (also based on the RCA approach; see [124]) and anthropogenic pressures [44]. Metrics address the comparable ecological aspects of a community, regardless of the stressor to which they are responding [45]. For example, the first MMI/IBI for assessing rivers was developed to evaluate the United States’ water condition, as highlighted by the Clean Water Act of 1972 [132]. Studies and national control agencies worldwide have adopted the MMI/IBI [45,133] for use to assess macroinvertebrates, diatoms, and fish [79]. However, it is difficult to identify the metric’s sensitivity to anthropogenic impact because it can also be affected by natural gradients such as altitude, precipitation, and temperature, among others [134]. Therefore, MMIs have generally been developed for ecoregions or river typologies with the same natural conditions. There is a challenge in upscaling this method because of the many interacting pressures and stressors affecting MMI scores, which vary regionally [135,136]. Because it is a very popular approach used on all continents and in several countries, various indices are constructed robustly and then simplified [131]. The first step in MMI approaches is defining the river or lake typification or ecoregional classification a priori. The authors of [44] suggested including an appropriate reference conditions assessment; robust sampling methodology; rigorous statistical procedures; and validation with an independent dataset to improve their applicability. Elsewhere, another study [45] presents a procedure for the development of an MMI with five steps, including metrics selection, the generation of an MMI, setting class boundaries, and the interpretation of results. This “cookbook” was based on experience gained from the European AQEM and STAR projects.



Another national biomonitoring framework that can be simplified and used to assess ecological conditions is the United States Environmental Protection Agency’s biological condition gradient (BCG; see [137]). The BCG is grounded in the concepts of stress ecology. The BCG starts by describing biological conditions in natural or minimally disturbed habitats and the expected changes in biological conditions, mapped along a stressor gradient caused by human-induced environmental changes. The original BCG was developed based on the common patterns of biological responses to stressors, as observed empirically by aquatic biologists and ecologists from different geographic areas in the United States. This approach was also recently used in Kenyan rivers [79].



Watershed modeling, used to evaluate water yield and quality [138], has also been applied to predict the ecological conditions of streams. The authors of [5] used the SWAT model (soil and water assessment tool) to build an eco-hydrological model of an agricultural catchment in Spain. Evaluation of the ecological conditions of the stream network was performed by coupling the outputs of the SWAT model and the regressions between nutrient concentrations and macroinvertebrate-based metrics. Elsewhere, another study [11] proposed a dynamic simulation model using STELLA to study land use and riparian influence on dwarf wedge mussel populations in a mixed land-use watershed in the northeastern USA.




5.3. Environmental DNA


With advances in environmental DNA (eDNA) metabarcoding, studies have quickly demonstrated its vast potential to monitor target taxa and communities on a landscape scale [139]. The eDNA approach is based on isolating DNA from water samples and the subsequent high-throughput sequencing of PCR-amplified DNA barcodes. Selecting suitable PCR primers allows the identification of species from the specific taxonomic groups present in an ecosystem [139].



Metabarcoding techniques allow the parallelized and simultaneous taxonomic identification of many species from a single analyzed eDNA sample [140]. The use of eDNA is especially interesting in tropical and subtropical regions with high biodiversity and a lack of monetary resources available for large-scale biomonitoring, such as the Amazon, Congo, and Mekong River basins [139]. However, these regions lack the genomic reference libraries to identify taxa in eDNA samples [141]. This method allows the identification of biodiversity hotspots that could otherwise be overlooked, enabling the implementation of focused conservation strategies [140].



The use of DNA metabarcoding makes it possible to identify organisms at a more refined taxonomic resolution (e.g., the genus or species) concerning traditional biomonitoring, mainly in groups such as benthic macroinvertebrates [142] and diatom algae [143], when there is previous information from the river where the biomonitoring will take place (i.e., a genomic library). This approach allows the addition of information on the presence and estimated abundance of organisms that are sensitive to certain pollutants, bringing significant advances in biomonitoring [144,145].



The authors of [139] used an eDNA multi-site sampling campaign across Thailand’s 200,000 km2 Chao Phraya River basin to provide key information on fish diversity. The same author assessed the spatiotemporal patterns of multi-trophic (fish, bacteria, and invertebrate) biodiversity and food-web characteristics across the Thur catchment in Switzerland, which covers approximately 700 km2 [30]. In the same watershed, the authors of [140] combined eDNA extracted from stream water samples with models based on hydrological principles (the eDITH framework—eDNA integrating transport and hydrology) to evaluate spatial patterns of aquatic insect diversity. The authors of [146] tested the eDNA to assess eukaryotic biodiversity from the Glatt River catchment in Switzerland for broad spatial scales. Previously, the authors of [31] compared data from eDNA with morphological macroinvertebrate metrics for macroinvertebrates and found the same changes across an environmental gradient in 23 watersheds in Ontario, Canada. The authors of [25] used eDNA to monitor the fish pass system of the Itaipu Hydroelectric Power Plant at the border between Brazil and Paraguay. Elsewhere, the authors of [147] investigated the effects of land use and seasonality on headwater community richness and functional diversity via spatiotemporal dynamics, using both eDNA and traditional sampling. They found that eDNA provided greater spatial and temporal resolution in assessing macroinvertebrate diversity dynamics in the Conwy catchment, north Wales, United Kingdom.



Environmental DNA is a promising tool that allows upscaling of the biomonitoring of complex and large systems and offers a non-invasive method of collecting biodiversity information [30]. However, eDNA implementation on a large scale still faces multiple challenges, including, for instance, problems of taxa detection, depending on the ecology of individual species and seasonal variations. Another critical limitation in highly diverse tropical ecosystems is the lack of comprehensive DNA barcode reference libraries. The current coverage of such reference datasets is highly unequal globally [3,143]. The reference databases need to be continuously fed with additional information on the species that occur in a region [25]. Taxonomy-free eDNA approaches have been proposed to overcome some of these challenges concerning their broad use in biomonitoring [148]. However, they should be considered with caution, given the sensitivity of the results to different bioinformatic treatments and filtering thresholds [141].




5.4. Live-Cell Sensors


Biosensors using intact and functional cells are commonly referred to as live-cell biosensors. Measuring diverse cell attributes such as viability, proliferation, metabolic state, and many others serves as a readout to detect toxic changes in the water sample [149]. The authors of [150] observed that various live-cell biosensors had been developed using native and recombinant cell lines. Live-cell sensors use cell attributes to detect changes in water quality and can be used in developing biological early warning systems or for the online detection of water quality changes [149]. Emerging approaches in the biosensing of multiple pollutants include recombinant microbes, cell immobilization techniques, and live-cell microarrays [149,151].




5.5. Stable Isotopes and Bioaccumulation


More sophisticated approaches have also been employed in biomonitoring, including the use of stable isotopes, the bioaccumulation of heavy metals, and the presence of microplastics in organic tissue.



The analysis of stable isotopes such as carbon (ẟ13C) and nitrogen (ẟ15N) represents an approach that is especially useful in areas that suffer from point source pollution [152,153]. These isotopes are related to the assimilation of carbon and nitrogen in the trophic chain and allow identifying the origins of these elements (i.e., if it comes from anthropic sources, such as sewage, or the ecological processes of nutrient cycling) [153,154]. However, this approach is also interesting for assessing the quality of effluent treatment as observed by the authors of [155] through an analysis of the community of the benthic macroinvertebrates.



Assessment of the bioaccumulation of metals is also used, especially in areas with potential impacts from industrial plants [77] and mining [85]. For example, the authors of [156] recorded lead concentrations higher than 1000 times that expected in algal biomass, suggesting that algal biomass is a very good heavy metal accumulator.



More recently, biological indicators have been used to identify the amounts of microplastics incorporated into biological tissues. Studies involving fish [157] and benthic macroinvertebrates [158] in urban areas have shown significant amounts of microplastics.





6. Conclusions


This paper provides a comprehensive overview of the key elements of biomonitoring programs for various freshwater systems worldwide. Choosing the right organisms and spatial and temporal scales is crucial to accurately detect the primary impacts resulting from land use and other human activities. An inadequately designed biomonitoring program may fail to identify negative effects, leading to a misinterpretation of the true impact of human activities on the freshwater ecosystem. Thus, it is essential to carefully plan and implement biomonitoring programs to obtain reliable data and ensure the effective management of freshwater resources.



For this purpose, we must consider that lentic and lotic freshwater ecosystems present different physical, chemical, and biological dynamics. Moreover, we must assume that the different taxa have different sensitivities to the diversity of stressors linked to land use and land cover in the watershed and that the stressors are acting at the same time.



The multiscale approach is important because biological responses to changes in the freshwater environment vary across multilevel space and time and can be affected by different stressors in different ways throughout the watershed system. Ideally, biomonitoring should take place before the impact and the follow-up from that point on, a design known as before–after control–impact.



The need for implementing biomonitoring programs at different spatial and temporal scales, combined with the fact that many regions worldwide have scarce information available, is fostering the development of alternative methods such as predictive models, e-DNA metabarcoding, live-cell sensors, stable isotopes, and bioaccumulation.



Finally, we need to integrate biomonitoring with other monitoring data (i.e., water quality and hydrologic dynamics) to understand the anthropogenic stressors affecting the watershed better and identify the most effective management strategies for reducing these stressors’ impacts. Such an understanding is crucial to plan effective measures to reduce the effects of human influences on water resources synergically.
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Figure 1. The spatiotemporal dimensions to be considered in the biomonitoring design. 
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Table 1. Main physical and chemical stressors on freshwaters of each land use type in the watershed.
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	Land Use Type
	Main Stressors





	Agriculture
	Sedimentation, nutrient loading, changes in pH, increased temperature range (due to deforestation), and the increased runoff of pesticides and herbicides



	Urban and industry
	Industrial effluents, domestic wastewaters, the complex mixture of pollutants from urban drainage, heavy metals, temperature range increases, microplastics, increased nutrient loading, and changes in pH



	Mining
	Metal contamination from mining processes; sedimentation



	Forestry
	Fluctuations in water yield and nutrient load, changes in pH, pest control, and increased sediment inputs from harvesting



	Pasture
	Fertilizer runoff, organic matter loads, increased temperature range, and sedimentation
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  diversity-15-00636


  
    		
      diversity-15-00636
    


  




  





media/file0.png





media/file2.png
Temporal scale

(@)
=
S
Local assessment of ~Regional assessment
long-term changes ~ of long-term changes
Regional
assessment of rapid
changes
¢
o
R
w
Sma" |arge

ABiomonitoring design

Spatial scale

B

Example of type of biomonitoring

Watershed-wide change in fish
communities

Continuous monitoring of community
structure at a site over a longer period
Watershed-wide assessment of fish
communities for long-term changes





media/file1.jpg
Temporal scale
long

short

Biomonitoring design

Local assessment of - Regional assessment
long-term changes ~ of long-term changes

Regoonal
assessment of rapid
changes

small
Spatial scale L

Example of type of biomonitoring

Watershed-wide change in fish
communities

Continuous monitoring of community
structure at a site over a longer period

Watershed-wide assessment of fish
communities for long-term changes





