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Developing multi-metric indices (MMIs) as a tool for inland water ecosystem assessment has attracted the attention of the global scientific community. The number of studies, which developed macroinvertebrate-based multi-metric indices for wetlands, however, was very limited. Thus, more work is needed to refine and implement it depending on the ecological contexts of wetlands. On top of this, we developed multi-metric indices based on macroinvertebrate assemblages that could be used for the ecological health assessment of wetlands that are impacted by agricultural activities in North-western Ethiopia. About 20 sampling sites were established in four wetlands along the disturbance gradient to take water and macroinvertebrates samples. The reference sites, which were least disturbed by human intervention, were established for the construction of multi-metric indices. Six core metrics were selected for the development of the final multi-metric indices from fifty-six potential metrics of macroinvertebrate assemblages after passing through sensitivity and statistical tests. The findings demonstrated all reference sites had good or high ecological conditions. On the contrary, the ecological statuses of nearly 70% of the impaired sites were found to be in bad to poor conditions. A significant distinction between reference and impaired sites suggested our index ability to identify the gradient variation in the ecological condition of wetlands. A strong negative relationship of the multi-metric indices model with most of the physicochemical variables and all human disturbance factors also suggested the appropriateness of the developed index in informing the ecological status of wetlands. Thus, we believe that our multi-metric indices could be a useful biomonitoring tool for the assessment and monitoring of wetland ecological conditions in predominantly agricultural landscapes in the Upper Blue Nile basin and beyond.
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1 INTRODUCTION
A wetland is a concept that is defined differently by various authors. In other words, there is no universal definition of wetlands in which authors have reached a consensus. In spite of differences, most authors agreed that wetlands are the ecosystems that have either seasonal or permanent water, hydric soils, and hydrophytic vegetation. Because of their unique characteristics, wetlands are renderring a wide range of ecosystem services that contribute to human wellbeing. Despite providing such a wide variety of services, they are severely threatened ecosystems on our planet by anthropogenic activities (MEA, 2005; Kingsford et al., 2016) that lead to major hydrologic alterations, loss of biodiversity and ecological functions (MEA, 2005; Zedler and Kercher, 2005). Globally, 69%–75% of inland wetlands had been lost in the 20th century (Davidson, 2014) and more than 1/3rd of global wetlands have been lost in the two decades of the 21st century. In order to reverse an enormous loss of wetlands, governments in many countries have committed themselves to promote sustainable wetland management in their territory since the Ramsar Convention (Gardner and Davidson, 2011). The growing acceptance of sustainable wetland management as an overarching guiding principle has stimulated the demand for information on the ecological health status of wetlands and their threats (Jørgensen, 2005). Various ecological indicators have, thus, been developed to assess the ecological health of aquatic ecosystems (Jørgensen, 2010). Bioassessment methods are among the ecological health assessment indicators that have been developed for aquatic ecosystems (Karr and Chu., 1999; Bonada et al., 2006). Multi-metric indices (MMIs) are among the bioassessment methods that have been widely applied for the assessment of the ecological condition of the inland water ecosystem (Karr, 1981; Kuehne et al., 2017; Martins et al., 2020) since the early 1980s. MMIs are developed based on individual metrics such as taxa richness, diversity measures, the proportion of sensitive and tolerant species, and trophic structure. These metrics are able to reflect various dimensions of the environmental conditions and characteristics of the community (Karr and Chu, 2000).
In spite of missing the biological information during the aggregation of metrics (Suter, 1993), MMIs development is more advantageous than other single-taxon metrics like species richness and diversity indices (Karr and Chu, 1999; Ruaro et al., 2020) because of their flexibility or adaptability to various local conditions (Gabriels et al., 2010; Nguyen et al., 2014). Their ability to reflect human impacts on aquatic ecosystems by integrating multiple variables into a single value (Karr and Chu, 1999) and its efficiency of distinguishing the cumulative and synergistic impacts of water pollution, hydrological alteration, and physical habitat degradation (Karr, 1981; Lunde and Resh, 2012; Karr et al., 2022) have also made MMIs more preferable to single taxa metrics.
Fish communities were used as bioindicators in the early periods of multi-metric index development. Later, macroinvertebrates have, however, been widely used to develop the MMIs for aquatic ecosystems’ ecological health assessment (Plafkin et al., 1989; Barbour et al., 1992; Kerans and Karr, 1994; Karr and Chu, 2000; Ruaro and Gubiani, 2013) due to their ability to indicate all kinds of anthropogenic disturbances (Karr and Chu, 1999), their response to a broad range of environmental conditions (Bonada et al., 2006; Mereta et al., 2013) and their abundance in aquatic ecosystems (Bonada et al., 2006).
As in other countries of the world, rivers and wetlands ecological assessments have been done in Ethiopia (Assefa et al., 2020; Fentaw et al., 2022). Most of these assessment studies were mainly focused on the water quality of rivers and wetlands. Physicochemical parameters have been used by most of studies as important indicators of the water quality of rivers and wetlands even though they could not properly reflect the conditions of fresh water ecosystems (Rosenberg and Resh, 1993). Rosenberg and Resh (1993) stated that physicochemical variables give information about only the situation of water at the time of measurement. Due to the pitfalls of physicochemical parameters in demonstrating the ecological conditions of freshwater ecosystems including wetlands, the use of biotic indices has recently increased in Ethiopia (Assefa et al., 2020). Most of the bioindicators, however, were a single metric biotic approach (e.g., Getachew et al., 2012; Beneberu et al., 2014; Gezie et al., 2017; Desalegne, 2018). The use of MMIs for wetland ecological health assessment has gained limited attention. Besides, multi-metrics indices that have been developed in Ethiopia are skewed in riverine systems (Lakew and Moog, 2015; Moges et al., 2016; Alemneh et al., 2019; Zewudu et al., 2022). Only a few studies developed MMIs based on macroinvertebrates in wetland ecosystems (e.g., Yimer and Mengistou, 2010; Mereta et al., 2013).
ECCC (Environment and Climate Change Canada) (2018) Boulton et al. (2008), Pearson and Boyero (2009) argued that metrics and indices that are developed for riverine ecosystems may not be directly used for wetlands due to the variation of macroinvertebrate assemblages and the disparity of dominant taxa between rivers and wetlands. Thus, the local-based multi-metric index development is important (Chessman and McEvoy, 1997). According to Martins et al. (2020), MMIs are more accurately assess ecological conditions in the areas where they are developed. Taking this into account, the present study aimed to develop a new multi-metric index based on macroinvertebrate assemblages that were sensitive to the impacts of agricultural activity. Developing MMIs is very important to understand the impact of human activities on the ecological conditions of the studied wetlands and then to take wetland conservation or management measures in the Fetam River Watershed of Upper Blue Nile. Besides, it will be vital in developing methodological guidance for the wider application of biomonitoring programs at the national level.
2 MATERIALS AND METHODS
2.1 Study area
This study was conducted in four wetlands (Chakun, Denbun, Kotlan and Bergiz) located in Bure and Wonberma Woredas, Amhara National Regional State, Ethiopia. All of them are belonging to Fetam River watershed, lying between 10°57 ʹ17 ʹto 11°03 ʹ05 ʹNorth and longitude of 36°39 ʹ09″ to 36°48 ʹ25” East (Figure 1). The area of these wetlands varied from 149 to 1,602 ha and their average elevation ranges from 2020 to 2047 m above sea level. The major soil types of the study wetlands’ watersheds include Alisols, Nitosols, Vertisols and Leptosols. Typha Latifolia and Cyprus Latifolious are dominant types of macrophytes in both studied wetlands. Juncus and Persicaria species are also covered significant area of Bergez and Kotlan wetlands.
[image: Figure 1]FIGURE 1 | The location of the study area and wetland sampling stations in the Fetam River watershed, Upper Blue Nile basin, northwestern Ethiopia.
The climatic condition is generally a sub-humid type. The rainfall pattern is uni-modal, stretching from May to September. Based on records from 2010 to 2016, the mean annual rainfall of the wetlands’ watersheds was 1,750 mm. The highest rainfall is recorded from June to September and the lowest from February to May. The mean monthly temperature varies between 17.9°C and 22.7°C with a mean temperature of 19.8°C.
The projection made based on the 2007 housing and population census (CSA, 2008) indicated that the total population of the kebele administrations found in the study wetlands’ watersheds was estimated to be 68,209 in 2021 i.e., 284.20 persons resided per km2, which was higher than the population density of Amhara Region (143.58 people per km2). The higher population density of the wetland watershed implies a situation that puts pressure on the wetlands.
The primary economic activity of the people, who are residing in the watersheds of the study wetlands, is a subsistence mixed crop-livestock farming system. Crop production is mainly rain-fed. Cereals such as maize and wheat are dominant crops. More than 60% of the watersheds of the study wetlands are used for the cultivation of these crops (Figure 1). Mineral fertilizers have been applied for the enhancement of crop productivity. Based on woreda agricultural offices, the mean amount of chemical fertilizers applied from 2013 to 2021 in the watersheds of the study wetlands was 11,500 ton/ha. An increase in chemical fertilizers application in the upper watersheds may contribute to the concentration of higher nutrients in the study wetlands. Livestock husbandry has also a significant contribution to the livelihood of farmers. Farmers in the watersheds of the study wetlands have reared cattle, sheep, goats, donkeys, and mule. Based on agricultural office reports, the total livestock population kept in the wetlands’ watersheds was 87,477.8 TLU. Keeping livestock in conjunction with crop production may create heavy pressure on the study wetlands.
Watershed, Upper Blue Nile basin, northwestern Ethiopia.
2.2 Site selection
A total of 20 sample sites were established in four study wetlands (Chakun, Denbun, Kotlan and Bergiz). Their area coverage was used as a criterion to determine the number of sample sites established in each study wetland. Human disturbance parameters such as hydrological modifications (ditching or draining), habitat alteration (grazing intensity, buffer alteration, the intensity of invasive plants infestation, eucalyptus plantation and macrophyte coverage) and land use practices (crop farming and conservation practices in the watershed) were used as criteria to select the sample sites. Prior to the selection of sample sites, transect walks were employed for the assessment of the extent of human disturbance along the whole studied wetlands. During the transect walks, observations of hydrological modifications, habitat alteration and land use practices were done. Afterward, we digitized a 50 m buffer zone of each wetland from Google Earth and then calculated it in ArcMap 10.4 to rate the extent of buffer zone alteration. Other land use types (cultivated land and settlement) were measured at the landscape scale using Landsat satellite images. Detailed methodological information can be obtained from Assefa et al. (2022).
2.3 Water quality sampling
The water samples were collected from 20 selected sample sites. Limnological characteristics such as dissolved oxygen (DO), electrical conductivity (EC), total dissolved solids (TDS), pH and water temperature were measured on-site using a professional YSI multi-probe. Likewise, turbidity and, the depths of water and sludge were measured with a portable turbidimeter and graduated stick in the standing water with the deepest point, respectively. Furthermore, integrated water samples (500 mL) from a wetland with standing water were taken with a plastic bottle washed with hydrochloric acid. These samples were kept in an ice box and brought to the laboratory for nutrient determination. In the laboratory, water samples were immediately filtered through a Whatman GF/F filter (0.7 µm) paper. Total nitrogen-TN and total phosphorus-TP were measured from unfiltered water samples using the persulfate digestion procedure and standard colorimetric method (APHA, 1995). Dissolved nutrients were analyzed on filtered water samples using standard colorimetric methods (APHA, 1995). The NO2−, NO3−, and PO43− were analyzed by using the cadmium reduction method, and the acid ascorbic, respectively.
2.4 Macroinvertebrate sampling and identification
Sampling of macroinvertebrates took place in March and April 2022. The main reasons for taking macroinvertebrates during dry season are: 1) The signature of maximum anthropogenic impacts is more easily detected during dry period (Helson and Williams, 2013), 2) macroinvertebrate abundance and richness are greatest in the dry season (Leung and Duudgeon, 2011; Eriksen et al., 2021), 3) sampling environmental variables and macroinvertebrates during heavy precipitation season is unsafe or difficult (Dedieu et al., 2016; Nhiwatiwa et al., 2017).
Macroinvertebrate samples were collected at each sample site using a handheld kick net (30 × 30 cm) with a mesh size of 500 μm (ECCC (Environment and Climate Change Canada), 2018). Sweeping nets were used due to 1) its ability to collect all invertebrates from wetlands and 2) its lower cost by reducing sample volume and processing time relative to the 250 μm mesh sieve (Pinna et al., 2014). Samplings were carried out by disturbing and kicking the bottom sediment and vegetation for 10 min over a distance of 10 m covering different multiple-habitats (open water, submerged vegetation and emergent vegetation) of the wetlands at each site (Baldwin et al., 2005; Mereta et al., 2013). Excess sediment, detritus and vegetation debris associated with the samples were removed by passing through a series of sieves (250, 500, 1,000, and 2,000 μm). The 250 μm sieve is used to retain chironomids dislodged from the vegetation. Subsequently, macroinvertebrates were hand-sorted in the field and placed in a labeled vial containing 80% ethanol (Baldwin et al., 2005) and transported to the laboratory.
Macroinvertebrates were identified in the laboratory by using a dissecting microscope (×10 magnifications) Lenat and Resh argued that the precision of biological monitoring indices can be increased if the analysis is done based on genus- or species-level (Lenat and Resh, 2001). In this study, identifying macroinvertebrates based on genus or species level was difficult as other African countries (Eriksen et al., 2021) due to: 1) Limited resources for conducting analysis, 2) lack of taxonomists who trained on macroinvertebrates identification at the lowest taxonomic unit and 3) lack of developed specific keys for the identification of macroinvertebrates in the Ethiopian context. Jones (2008) argued that macroinvertebrates family based MMI development are sufficient to detect nutrient and organic pollutions as well as human disturbances even though it is not most accurate as the genus- or species-level taxonomy (Jones, 2008). Considering this into account, many previous studies that were conducted in Africa, Asia and Europe identified macroinvertebrates at family level and then developed multi-metric indices (Mereta et al., 2013; Nguyen et al., 2014; Costas et al., 2018). Similarly, we identified the macroinvertebrates at the family level except for Diptera (Chironomidae) considering their capacity in detecting nutrient and organic pollutions as well as human disturbances.
We used different guides and keys (Gerber and Gabriel, 2002; Bouchard, 2004; Marshall, 2006; Merritt et al., 2008; Thorp and Covich, 2010) to identify macroinvertebrates into different families. Chironomidae larvae were identified to genus and species levels by immersing larvae head parts in 10% KOH solution for 12–24 h and then, cleaning the samples with distilled water. Finally, individual specimens were mounted on a slide with glycerin using a dissecting microscope and identified in the compound microscope with the help of various taxonomic keys (Epler, 2001; Eggermont and Verschuren, 2004; 2003; Beneberu et al., 2014).
2.5 Selection of reference and impaired wetland sites
Establishing reference conditions is very important for the development of MMIs (Barbour et al., 1996). Hering et al. (2006) defined a reference site as a condition that is representative of a group of ‘least impaired’ sites that are characterized by selected physical, chemical, and biological characteristics. Obtaining non-disturbed sites in our study wetlands, however, was very difficult. According to Assefa et al. (2022), these study wetlands have been threatened by anthropogenic activities. Consequently, the least disturbed sampling sites were taken as reference sites. The classification of sampling sites as a reference and impaired sites was done based on the intensity of hydrological modifications, vegetation alterations, level of cultivation and upstream watershed conditions of the wetland sites (Lu et al., 2019; Melo et al., 2015; Mereta et al., 2013. A value of each parameter was given following Mereta et al. (2013) rating criteria (1 = no or minimal; 2 = moderate; and 3 = high) to classify the sample sites into reference and impaired sites (Supplementary Table S1).
2.6 Multi-metric index development
A total of 56 potential metrics (Supplementary Table S2) were nominated based on the abundance, structure and function of macroinvertebrates communities in reference and impaired sites. Five components of the macroinvertebrate community including family richness, taxonomic composition, tolerance measures, biotic indices and the composition of functional feeding groups (Barbour et al., 1996) were considered for the purpose of reflecting a diversity of responses and increasing the amount of information contained in the final index (Kerans and Karr, 1994; Barbour et al., 1996).
The metrics that are sensitive to anthropogenic perturbations were examined using a four-step procedure (Hering et al., 2006) to separate reference wetlands from impaired wetlands. Firstly, low-value metrics (median = 0) were filtered by running a range test and eliminated in the subsequent calculation due to their less importance to differentiate impaired and reference wetlands. Secondly, the metrics that demonstrated a significant difference between the reference and impaired sites were determined by using the Mann-Whitney U test (p < 0.05). Thirdly, the discrimination power (DP) of the remaining metrics was evaluated by using whisker-box plot tests. The DP was measured by the degree of interquartile overlap of each metric in the box plot, and it was represented by an interquartile range (IQ). The metrics possessing a higher DP (IQ ≥ 2) (Barbour et al., 1996) were retained for further analysis. Finally, the relationship between metrics was tested with a Pearson correlation coefficient to avoid redundant information. A pair of metrics is redundant if the correlation coefficient is greater than 0.70 (Whittier et al. (2007). Only one metric from each component of the macroinvertebrate community (composition/abundance, richness/diversity, sensitivity/tolerance, functional) (Barbour et al., 1996; Hering et al., 2006) remained in a set of correlated metrics for calculating the final MMI.
The values of core metrics were standardized and normalized to construct the final MMI. The Continuous Scoring Method suggested by Frey (1977) was used to standardize and normalize the core metrics values due to its advantage of offering better results than discrete scoring in terms of responsiveness, variability and subjectivity (Stoddard et al., 2006; Ruaro et al., 2020). The following tasks were done to complete the scoring procedure effectively (Baptista et al., 2013; Tampo et al., 2020). 1) All the selected core metrics that showed a decreasing trend with increasing impairment were calculated by using Eq. 1; 2) the metrics that showed an increasing trend with increasing impairment were calculated by using Eq. 2; 3) the metric values were adjusted between 1 and 10: Where values < 0 are regarded as 0 and values >10 are considered as 10; 3) the final MMI value was obtained by summing the scores of core metrics and class boundaries have been established to promote the local use of the index for management purposes.
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2.7 Validation of MMIs
Responsiveness, sensitivity and precision (Zhang et al., 2021) of the MMIs were measured to validate the performance of MMIs in this study. Responsiveness, which is the ability to statistically distinguish the MMI values between reference and impaired wetlands, has been assessed by using one-way ANOVA. The sensitivity of the index was tested by using Whisker-Box plot tests. Lastly, precision was measured based on the concept of correct classification percentage (CCP >80%) (Zhang et al., 2021). Reference site CCP was computed in terms of percentage and classified as “high”, “good” and “moderate”. Similarly, impacted site CCP was computed in percentage to classify as “moderate”, “poor” and “bad”.
2.8 Influence of environmental variables
The relationships between environmental variables, core metrics and MMIs were analyzed by employing different statistical approaches. One-way ANOVA was applied to investigate the differences of environmental variables between the reference and impacted wetlands. Pearson correlation coefficient was used to evaluate the relationship between core metrics and environmental variables as well as environmental variables and MMI. Besides, the influence of environmental variables on MMI was analyzed by Stepwise Multiple Linear Regression (SMLR). The function “lm” in the R-package “MASS” was used to analyze the relationship between SMLR and environmental factors. Then, the final model was constructed using the function “trendline” in the R-package “basicTrendline” (RCoreTeam, 2022).
3 RESULTS
3.1 Site characteristics
3.1.1 Physicochemical parameters of sample sites
The results of environmental variables for the reference and impaired wetland sites shown in Table 1 revealed that the concentrations of all nutrients (e.g., nitrogen, phosphorus) were lower in the reference sites than in impacted sites (Table 1). Moreover, the reference sites had a lower rate of human disturbance (hydrological modifications, vegetation modifications, evidence of chemical pollution and agriculture) than the impaired site. On the contrary, pH and dissolved oxygen concentrations were lower in the impacted sites than in the reference sites. There were no pronounced differences in water temperature, electrical conductivity and total dissolved solids between reference and impacted sites (Table 1).
TABLE 1 | Summary statistics of environmental variables in reference and impaired sites.
[image: Table 1]3.1.2 Macroinvertebrates assemblages in the reference and impaired sites
A total of 2,456 macroinvertebrates were recorded across all samples. They were belonged to 62 taxa, 60 families, nine orders, four classes and one phylum. Coleoptera (45%), Diptera (28.8%), Odonata (11%), and Mollusks (8%) were the most dominant taxa in the samples. The dominance of Diptera, Coleoptera and Odonata was as well in 447 wetlands by the review work (Batzer and Ruhí, 2013). The significance difference (p < 0.001) was observed between the number of taxa in reference (mean = 23) and impaired (mean = 15) sites as confirmed by the Mann–Whitney U test analysis. Similarly, macroinvertebrate assemblages’ differences were detected between the references and impacted sites (ANOSIM, p < 0.002). Dytiscidae, Chironominae (Polypedilum witti), Hydrophilidae, Hydraenidae, Elmidae and Notonectidae were abundant in the reference sites, whereas Scirtidae, Culicidae, Sphaeriidae and Chironominae (Chironomus alluaudie, Chironomus imicola) were highly abundant in the impacted sites. Chironominae (15.56%) (Chironomus alluaudie P. witti), Dytiscidae (10.96%, Scirtidae (8.51%) and Hydrophilidae (6.11%) contributed to the difference between the reference and impacted sites macroinvertebrate assemblages.
3.2 Metric selection
A set of 34 metrics (Table 2) were selected from 56 potential metrics by using a range test. Of these, about 22 metrics did not pass a range test because they had zero median values both at the reference and impaired sites, only 15 metrics that showed a significant difference between reference and impaired sites were passed to the next step and subjected to the Mann-Whitney U test (p < 0.05) analysis. Then, six core metrics were selected from 15 metrics to develop the final MMI model based on the box-whisker plot and redundancy tests. These metrics consisted of Total taxa, #ETO, ASPT-ETHbios, Marg-I, %Cole and %CF. As confirmed by the redundancy test, the six metrics were not highly correlated with their respective metric category (Pearson correlation, r < 0.70). Thus, they were selected with the highest priority for the MMI since they are representative of most sites and fulfilled all metric selection procedures. On other hand, the metrics such as ETHbios, #Odon, #Cole, and % Dyti were excluded because of their significant correlation (r > 0.70). However, we did not automatically reject one of them because of a strong correlation between two metrics representing two different biological dimensions of the macroinvertebrate community. Accordingly, we keep at least one metric representing richness-diversity (e.g., Margalef index), sensitivity/tolerance (e.g., ASPT-ETHbios), composition (e.g., %Cole) and functional feeding groups (e.g., %CF) that have high discrimination power, extensive ecological representation and application (Figure 2).
TABLE 2 | The 34-candidate metrics passed the range test and core metrics selected for the MMI development in the reference sites with their interquartile values (25th percentile, median and 75th percentile).
[image: Table 2][image: Figure 2]FIGURE 2 | Box-Whisker plots of the six-core metrics used to discriminate between reference and impaired 781 wetland sites.
The Pearson correlation coefficient analysis shown in Table 3 indicated that MMI was significantly correlated with some of the physicochemical parameters (turbidity, NO3−, TP and TN) and all of the human disturbance variables (hydrological modification, vegetation modification, chemical pollution and cultivation). The human disturbance parameters except vegetation modification were significantly correlated with MMI at p < 0.01 whereas; turbidity and TP were among the physicochemical parameter which had a significant correlation at p < 0.01. Similarly, the proportional abundance of collector-filterers had a strong correlation with nine environmental variables. Its relationship with water temperature, phosphate, TN, NO2−, and hydrological modification was significant at p < 0.05 and it was significantly correlated with turbidity, TP, chemical pollution and cultivation at p < 0.01. The final core variables such as ASPT-ETHbios and proportion of coleopteran had also a significant correlation with eight and six environmental variables, respectively (see Table 3). The core metrics, which had a significant correlation with only a few environmental variables, were #ETO, the total number of taxa and Marg_I. As is shown in Table 3, human disturbance parameters such as hydrological modification, cultivation practices, vegetation modification and chemical pollution were significantly correlated with most of the final core metrics as well as MMI. Besides, among the physicochemical parameters, TP was significantly correlated with most (66.7%) of final core metrics and MMI. It was noted from Table 3 that TDS and nitrate had insignificant correlations with the six final core metrics although their influence was predictable.
TABLE 3 | Pearson correlation coefficients between core metrics and MMI, and environmental variables.
[image: Table 3]The Stepwise Multiple Linear Regression model presented in Figure 3 shows that PO43− and turbidity had significantly influenced the MMI score at p = 0.0047 and p = 0.0191, respectively. The effect of other environmental variables (TP, TN, hydrological modification, chemical pollution, vegetation modification and cultivation), which had a significant correlation with MMI, was found to be insignificant. PO43− was the most contributing variable to the variation of MMI scores, indicating that the MMI could provide information about the pressure of nutrient enrichment on macroinvertebrate assemblages (Figure 3).
[image: Figure 3]FIGURE 3 | Regression models showing the relationships between MMI and the concentration of turbidity and PO43−.
3.3 MMI development and validation
The final MMI of the study wetlands was computed by aggregating the six metrics into a single value. The value of MMI value was given from 0 to 60 by summing the minimum and maximum scores for each metric. The lowest threshold (0) represents the most impaired condition whereas the upper threshold (60) represents the most reference condition (Figure 4). The wetlands sites, thus, were categorized into five quality classes corresponding to their different biological and water quality conditions. These are 1) bad quality class with MMI score ranging from 0 to 13; 2) poor quality class with an MMI score varies from 14 to 25; 2) moderate-quality class with index values between 26 and 35; 4) good quality class with the index values range from 36 to 45; 5) high-quality class with index values range from 46 to 60. Based on these ordinal rating categories, five sites (38.46%) from the samples collected in the impaired wetland sites were classified as bad, 4 (30.76%) were classified as poor, 3 (23.08%) as moderate and only 1 (7.69%) was classified as good. In reference sites, 3 (42.87%) of them were classified as good and 4 (57.14%) were classified as high. Generally, 69.23% of the impaired wetlands sites were found to be in bad or poor-quality condition. On the contrary, 100% of the reference sites were in good or high-quality condition.
[image: Figure 4]FIGURE 4 | Box-Whisker plot of multi-metric index scores of reference and impaired wetland sites.
Reference and impacted sites had CCP values of 85.7% and 92.3%, respectively, suggesting that the newly developed MMI index is endowed with high precision. One-way ANOVA analysis also indicated the strong significance of MMI in differentiating the impacted sites from the reference sites (p = 0.003), which suggested MMI’s good responsiveness. Besides, the higher sensitivity of MMI in distinguishing the impacted sites from the reference sites (IQ = 3) was shown by box-and-whisker plots (Figure 4).
4 DISCUSSIONS
We assessed the ecosystem health of wetlands in predominantly agricultural landscapes in northwestern Ethiopia by developing the multi-metrics index based on macroinvertebrate communities. We established reference sites for the development of MMI (Hering et al., 2006). We did not find the wetland or parts of the wetlands that were not totally affected by human intervention like some previous studies (Mereta et al., 2013; Melo et al., 2015). This is because close to 30% of the study wetlands were converted to cultivated lands in the last 35 years; nearly a hundred thousand livestock have freely set to graze in the study wetlands; their sizes have been shrunk as the result of gully expansion and deposition of bulky sediments; and the macrophytes have heavily harvested (Assefa et al., 2022). Thus, as some other studies (Lu et al., 2019; Liu et al., 2022) we selected seven reference sites where the wetland areas were less polluted, hydrologically less modified, non-cultivated and least deforested, which is equivalent to 35% of the total sample sites. The rest (65%) sample sites were highly disturbed by anthropogenic activities.
Exploring a wide range of metrics is necessary for the development of a multi-metric index after differentiating the reference sites and impacted sites (Karr and Chu, 1999; Hering et al., 2006). Cognizant of this fact, fifty-six potential metrics were identified and iteratively tested. Six core metrics that are representative of five components of the macroinvertebrate community including family richness, taxonomic composition, tolerance measures, biotic indices and the composition of functional feeding groups were chosen from the potential metrics for the final MMI construction. In bioassessment studies, the most commonly used macroinvertebrate metrics were related to sensitivity/tolerance and richness/diversity measures. The metrics derived from functional feeding groups and diversity were presented only in a few studies (Ruaro et al., 2020). In our study, however, both sensitivity/tolerance and richness/diversity measures as well as functional feeding groups and diversity were identified as the core metrics for the framework of MMIs development.
The total number of taxa was one of the six core metrics chosen for the development of our MMI. The metric taxa richness was widely selected as a core metric by the previous studies (Mereta et al., 2013; Melo et al., 2015; Lu et al., 2019; Wu et al., 2019) as well because of its ability to separate impaired wetlands from reference wetlands. Barbour et al. (1996) reported that a high taxonomic richness implies a better status of aquatic ecosystem conditions and the existence of adequate food resources availability for many species in aquatic ecosystems As it was previous results (Burton et al., 1999; USEPA, 2002; Menetrey et al., 2011; Lunde and Resh, 2012; Melo et al., 2015), we found the decreasing trend total number of taxa with increasing anthropogenic impacts such as hydrological modification and upstream agricultural activities, This suggested the poorer status of wetland ecosystem conditions in the impaired sites of our study wetlands than the ecosystem conditions in the reference sites.
Another core metric that was selected for the construction of the MMI was Margalef’s Index. Margalef’s Index has not been commonly used to develop MMI for the assessment of ecological conditions and water quality of wetlands (Kashian and Burton, 2000; Haugerud, 2003; Lunde and Resh, 2012; Mereta et al., 2013; Melo et al., 2015; Lu et al., 2019; Wu et al., 2019). It has been selected as a core metric by the studies (Nguyen et al., 2014; Odabaşı et al., 2022), which were conducted for streams’ water quality or ecological health assessment. The representation of Margalef’s Index as a core metric of our study may be because all of the wetlands are riverine and a few sample sites were established in the river courses. Margalef’s Index focuses on the number of species relative to the number of individuals (Lakew and Moog, 2015). In this study, the value of the Margalef index in impaired sites was lower than in reference sites. The lower value of Margalef’s Index in impaired sites suggested the poor ecological condition of 65 percent of our study wetlands. On the contrary, the higher Margalef’s Index value in our reference sites suggested greater biodiversity and, a cleaner aquatic ecosystem.
Ephemeroptera, Plecoptera and Trichoptera (EPT) have not been identified for the construction of a multi-metrics index in many wetland studies because of their less abundance in the wetland ecosystem. As reported by Batzer and Ruhí (2013), EPT taxa are dominant in streams. In this study, Plecoptera was absent may be due to the ecological disturbance of our study wetlands (Assefa et al., 2022). Thus, we selected EOT as one of six core metrics by replacing Plecoptera with Odonata in the EPT metrics (Ephemeroptera, Plecoptera and Trichoptera) similar to Mereta et al. (2013) and Tampo et al. (2020). Odonata is an appropriate indicator in the freshwater bioassessment (Berquier et al., 2016; Miguel et al., 2017) because of their trophic position and sensitivity to environmental degradation (Berquier et al., 2016; Miguel et al., 2017). Ephemeroptera are ecologically sensitive groups for tracking organic pollution or degradation of aquatic ecosystems due to their abundance in freshwater habitats having adequate oxygen levels. Although they are less consistent in monitoring human impacts, Trichoptera are good to detect the short-term impacts of anthropogenic intervention (Kashian and Burton, 2000). Similar to previous studies (Mereta et al., 2013; Tampo et al., 2020), we observed the decline of the EOT abundance with increasing anthropogenic intervention. In other words, the number of EOT has decreased as we go from reference sites to impaired sites. This implied that the impaired sites (65% of parts of our study wetlands) were highly affected by anthropogenic interventions. A significant and negative correlation of EOT taxa with phosphate and anthropogenic disturbances is also important evidence for the severe impacts of anthropogenic stressors in the studied wetlands (Table 3).
Although the proportional abundance of the Coleoptera taxa metric is less widely used in other wetland studies, we selected Coleoptera as an important metric for the development of the multi-metrics index. We found that the proportion of Coleoptera decreased with increasing anthropogenic stressors which is consistent with prior reports (Lunde and Resh, 2012). Lunde and Resh reported that the proportion of the Coleoptera metric was declined negatively with increasing urbanization. As confirmed by Pearson correlation coefficient analysis, the proportion of Coleoptera taxa was significantly and negatively correlated with nutrient enrichment and anthropogenic disturbances such as hydrological modifications (Table 3). Its significant and negative relationship with environmental variables suggested that the proportion of Coleoptera taxa is the better indicator for the ecological status of the wetland ecosystem in our study areas.
Metrics namely ETHbios, ASPT-ETHbios, mFBI index, and EOT/Dipt were considered as well in the process of core metrics selection in the present study since they are highly sensitive to disturbances. However, only ASPT-ETHbios was selected as part of the core metrics for final MMI development though it was widely used for the water quality or ecological conditions of running water bodies (Aschalew and Moog, 2015). The others were discarded as possessing either weak discrimination power or redundant. Similar to Aschalew and Moog (2015) findings, we observed a strong correlation of ASPT-ETHbios with various environmental parameters (Table 3). This suggested its sensitivity to the impairment in the studied wetlands.
Last but not least core metric that was selected for the development of the current multi-metric index was the proportion of Collector-Filterers. Most of the Collector-Filterers in this study belonged to tolerant taxa such as the Bivalvia (Uniodidae, Sphaeriidae), Culicidae, and Simuliidae. Trophic metrics based on FFGs reflect the availability of food sources (Barbour et al., 1999). Thus, their distribution and relative abundance can be used to detect changes in the availability of various types of food (Balderas et al., 2016). FFGs-based macroinvertebrate metrics are considered as a reliable indicator due to their variability in responses to anthropogenic impact (Barbour et al., 1999; Moya et al., 2011). On the contrary to some prior studies carried out in wetlands (Kashian and Burton, 2000; Mereta et al., 2013), we observed an increasing trend of % of Collector-Filterers with increasing human disturbance (impairment). This may be due to the dominance of some Collector-Filterers such as Uniodidae, Sphaeriidae, Culicidae, and Simuliidae in our study wetlands. Our findings, however, were consistent with the results obtained in rivers (Balderas et al., 2016) which reported that the proportion of Collectors-Filters was high in sample sites where anthropogenic interventions were intensive. The high abundance of tolerant taxa implied the existence of ecological disturbance of freshwater ecosystems (Odume et al., 2012; Masese et al., 2013).
Generally, considering the potential variation of ecoregions in terms of environmental characteristics and biological communities (Ruaro et al., 2020), we developed the MMI for four wetlands located in Bure and Wonberma Woreda, Upper Blue Nile. As our prior expectation, our MMI has accurately differentiated the reference and impaired wetlands. The results indicated that more than 69.23% of the impaired wetland sites had poor water quality. On the contrary, all reference wetlands had good to high (excellent) water quality. The developed MMI also able to categorize the ecological status into classes as high, good, moderate, fair, and bad in the context of water quality. Moreover, it could able to provide information about the influence of nutrient enrichment on the studied wetlands’ ecological status, which is in line with Zhang et al. (2021) study on lake systems. Overall, our index has successful in detecting the effects of anthropogenic pressures on macroinvertebrate community assemblages. The endowment of developed MMI with high precision (85.5% and 92.3% CCP values of reference and impacted cites, respectively), its good responsiveness (p = 0.003) and its higher sensitivity (IQ = 3) in distinguishing the impacted sizes from reference sites clearly confirmed its worth for the assessment of wetland ecological conditions in predominantly agricultural landscapes in the upper Blue Nile Basin and beyond. As stated by Hering et al. (2006) and Zhang et al. (2021), the developed MMI can be considered as a robust tool for ecological status assessment when its precision (CCP) is higher than 80%, has good responsiveness (p < 0.05) and its sensitivity is higher than IQ greater than 2.
Nonetheless, the use of our MMI was not exempt from some limitations. As stated by NRC, (2000), capturing the dynamics of essential ecological components by a simple index may obscure the necessary information. The selection of six core metrics from 56 candidate metrics for our MMI development may thus limit the tracking of all sources of contamination and environmental perturbations. The other limitation of our MMI development may be related to sampling procedures. As explained in the site selection section, human disturbance parameters were used as criteria to select the sample sites. For the selection of sampling sites, extent of each human disturbance parameter was scaled into three categories (1 = no or minimal; 2 = moderate; and 3 = high)). Then, sampling sites were selected from minimally impacted sites, medium impacted sites, and highly disturbed sites following Mereta et al. (2013) rating criteria. Scaling of human disturbance rates into three may not able to select representative samples. According to Connors and DiFranco (2019), the extent of each human disturbance rate should be categorized into five scales for increasing of representativeness of the samples. In addition, evaluation of the magnitude of human disturbance based on visual assessment may affect the selection of representative samples. Gill et al. (1996) argued that quantitative approach is better to measure the magnitude of human disturbance than a qualitative assessment.
5 CONCLUSION
In this study, an MMI index has developed based on macroinvertebrates to assess the ecological condition of wetlands in predominantly agricultural landscapes, the Upper Blue Nile basin, Northwestern Ethiopia. The index was constructed by combining six core metrics selected based on rigorous criteria from 56 potential metrics. These six-core metrics (total number of taxa, Margalef’s index, #EOT, ASPT-ETHbios, %Cole, %Collector-Filterers) differed significantly between reference and impaired wetland sites. They represent a variety of macroinvertebrate community attributes such as the richness, biodiversity, relative abundance, tolerance, and functional feeding groups. The newly developed MMI could separate degraded sites from reference sites and has also shown a strong negative relationship with most of the physicochemical variables and all human disturbance factors. Thus, we believe that our MMI could be a useful biomonitoring tool for the assessment and monitoring of wetland ecological conditions in predominantly agricultural landscapes in the upper Blue Nile basin and beyond.
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